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Update on neutrino mixing in the early universe

P. Di Bari*
Deutsches Elektronen-Synchrotron DESY, 22603 Hamburg, Germany

~Received 23 August 2001; published 22 January 2002!

From the current cosmological observations of cosmic microwave background~CMB! and nuclear abun-
dances, we show, using an analytic procedure, that the total effective number of extra neutrino speciesDNn

tot

,0.3. We also describe the possible signatures of nonstandard effects that could be revealed in future CMB
observations. This cosmological information is then applied to neutrino mixing models. Taking into account the
recent results from the Sudbury Neutrino Observatory~SNO! and SuperKamiokande experiments, disfavoring
pure active to sterile neutrino oscillations, we show that all four neutrino mixing models, both of 212 and
311 type, lead to a full thermalization of the sterile neutrino flavor. Moreover such a sterile neutrino produc-
tion excludes the possibility of an electron neutrino asymmetry generation and we conclude thatDNn

tot.1, in
disagreement with the cosmological bound. This result is valid under the assumption that the initial neutrino
asymmetries are small. We suggest the existence of a second sterile neutrino flavor, with mixing properties that
generate a large electron neutrino asymmetry, as a possible way out.

DOI: 10.1103/PhysRevD.65.043509 PACS number~s!: 14.60.Pq, 98.80.Cq
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I. INTRODUCTION

Neutrino mixing is the simplest explanation of the da
from the atmospheric@1# and solar neutrino experimen
@2,3#, while alternative mechanisms are becoming more
more unlikely@4#. The results from the Liquid Scintillation
Neutrino Detector~LSND! experiment can also be explaine
by neutrino mixing@5#.

In this work, we investigate the possible cosmologic
effects of neutrino mixing. The theory of big bang nucle
synthesis has been proposed for a long time as a probe
particle physics@6,7#, but the systematic uncertainties in th
measurements of nuclear abundances represent an ob
for improvement. In the past two years, different experime
confirmed the existence of acoustic peaks in the power s
trum of CMB temperature anisotropies@8#, from which it has
been possible to measure, with improved precision, m
different cosmological parameters@9–12#. The precision of
these measurements will be further improved by the n
satellite experiments: the Microwave Anisotropy Pro
~MAP! satellite, already launched and on the way to its fi
orbit about the L2 Lagrangian point@13#, and the Planck
satellite, whose launch is scheduled for the year 2007@14#.
These new observations represent a way to integrate
nuclear abundance observations while partly overcoming
obstacle of systematic uncertainties and thus offering n
opportunities to detect or isolate new physics in the ea
Universe, in particular the effects of neutrino mixing.

In Sec. II, we describe a simple new analytic and grap
cal procedure to confront a large class of possible nonsta
ard effects with the cosmological observations. We cons
both the present situation, finding that the total effect
number of neutrino speciesDNn

tot,0.3, but we also point ou
which results from future observations could be interpre
as signatures of nonstandard effects. In Secs. III and IV,
examine the specific predictions of those neutrino mix
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models that have been proposed to explain the current d
including or excluding the LSND experiment, and, with th
new procedure, we confront them with the cosmological o
servations. We explain why the early Universe encount
difficulties in detecting effects from three ordinary neutrin
mixing models~Sec. III!, while we emphasize the uniqu
capability of the early Universe to probe a mixing with a ne
sterile neutrino sector even for very small mixing angle
otherwise out of reach of Earth experiments~Sec. IV!. In the
case of four neutrino mixing models~Sec. V!, we study the
cosmological predictions using the results obtained in
simple active-sterile neutrino mixing and neglecting the p
sible presence of phases. We find the remarkable results
the new data from the SNO and SuperKamiokande~SK! ex-
periments favor those four neutrino mixing models, both
‘‘2 12’’ and ‘‘311 type,’’ that lead to a finalDNn

tot.1. In Sec.
VI, we show how an additional sterile neutrino flavor cou
solve the disagreement with the cosmological bound if
mixing is able to generate a large electron neutrino asym
try generation that produces a negative contribution toDNn

tot .
In Sec. VII, we conclude by outlining the possible signatu
of neutrino mixing models that should be searched for
future observation.

II. COSMOLOGICAL OBSERVATIONS

A. Current constraints

The recent observations of CMB anisotropies@10–12#
provide a useful consistency test for the other cosmolog
observations. The interpretation of data depends on theo
cal assumptions. Therefore, it is important that the simp
model used to fit the data, which makes use of seven in
pendent parameters, gives results that are consistent with
other observations. A combined analysis of the experime
allowing also for the presence of tensor fluctuations an
hot dark matter component by increasing the number of
rameters to 11@15# does not show hints of the presence
©2002 The American Physical Society09-1
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such components, and it is remarkable that, when infor
tion from galaxy clustering is added, an upper bound of
eV on the sum of neutrino masses is found. Although th
analyses support a cosmological consistency, one has t
aware that we may be excluding important possible effe
that are still compatible with the data or that maybe so
cosmological observations are affected by systematic un
tainties and are misleading us to wrong conclusions an
excluding important pieces of the picture. We will take t
attitude of considering the simplest results as reasonable
at the same time we will check whether these assumpt
are compatible with the neutrino mixing models that we w
examine.

In this section, we attempt to quantify the possibility th
some nonstandard effects of big bang nucleosynthesis~BBN!
arise from neutrino mixing models. In order to test neutri
mixing models, CMB anisotropies are particularly importa
because they provide a measurement of the baryon con
This information has an important role in constraining t
presence of new physics when taken into account in mo
of BBN. The BOOMERANG and DASI Collaborations fin
an identical value@10,11#:1

~Vbh2!CMB50.02220.003
10.004 ~1!

while the MAXIMA Collaboration finds (Vbh2)CMB

50.032520.0125
10.0125 at 95% C.L.@12#. A combined analysis ha

been performed in@15#, in which both hot dark matter an
tensor fluctuations are allowed, and for the CMB alone
95% C.L. it gives (Vbh2)CMB50.0220.01

10.06. If information
from the Infrared Astronomy Satellite~IRAS! PSCz survey
on galaxy clustering is used, they find, at 68% C.
(Vbh2)CMB50.02020.003

10.003 @16#. This result practically coin-
cides with Eq.~1!, even though different assumptions ha
been used. Therefore, this seems quite a stable and re
able value to be used for our analysis.

The standard BBN model~SBBN! assumes the particl
physics content of the standard model of particle physics~in
particular, zero masses and no mixing for neutrinos!. More-
over, it assumes that the neutrino distributions are descr
by the Fermi-Dirac ones with zero chemical potentials a
with a temperatureTn}R21 @17#. The predicted primordia
nuclear abundances are functions of the only parameteh,
the baryon to photon ratio, related toVbh2 by the simple
relation h10[1010h.273.6Vbh2. The value ~1! for
(Vbh2)CMB corresponds to2

hCMB56.020.8
11.1. ~2!

These predictions have to be compared with the meas
values. A first group finds ‘‘high’’ values for the primordia
Helium abundance@18#:

1We indicate 1s errors for all quantities unless differently explic
itly indicated. More precisely, the DASI experiment quotes at 6
C.L. (Vbh2)CMB50.02220.033

10.035.
2From this moment we will always show values ofh in units of

10210, omitting the subscript ‘‘10’’ to simplify the notation.
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Yp
exp50.24460.002, ~3!

while a second group finds ‘‘low’’ values@19#:

Yp
exp50.23460.003. ~4!

At the moment, there is a tendency to admit that there
systematic uncertainties in these kinds of measurements
to unify the two ranges of values. However, we prefer
continue to distinguish the two different measurements.

The primordial deuterium abundance is measured in q
sar absorption systems at high redshift. This kind of m
surement gives the result@20#

~D/H !exp5~3.060.4!31025. ~5!

We will not consider measurements of the primordial lithiu
abundance since it is not fully understood whether we
really able to estimate how stellar processes could h
modified it to the present. A test for the SBBN means
check whether the following conditions are satisfied:

Yp
SBBN~hCMB!5Yp

exp, ~6!

~D/H !SBBN~hCMB!5~D/H !exp. ~7!

The functionsYp
SBBN(h) and (D/H)SBBN(h) do not have ex-

act analytical expression, but fits aroundh55 give the re-
sults @21–23#3

Yp
SBBN~h!.0.246610.01 ln~h/5!, ~8!

~D/H !SBBN~h!.3.631025~h/5!21.6. ~9!

Using the CMB value~2! for h, one finds that the SBBN
predicts

Yp
SBBN~hCMB!50.248420.0014

10.0017, ~10!

~D/H !SBBN~hCMB!5~2.760.7!31025. ~11!

If we compare these values with the experimental meas
ments, we see that the SBBN is in agreement with the ob
vations if high values ofYp are used, otherwise for low
values ofYp there is a 4s discrepancy. Such a comparison
SBBN with the observations can also be done saying
SBBN predicts, from the currentYp

exp and (D/H)exp, the fol-
lowing values forh~3s!:

hhigh Yp

SBBN 53.821.8
13.2, ~12!

h low Yp

SBBN 51.420.8
12.1, ~13!

h~D/H !
SBBN55.621.1

12.1, ~14!

3We are considering the neutrino heating frome12e2 annihila-
tions as a nonstandard effect~see the discussion later on! and thus
we are subtracting this contribution~DYp.1.431024 @24#! from
the result found in@21#: Yp

SBBN(h55,tn5887 sec)50.2467, where
tn is the neutron lifetime.
9-2
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and comparing them withhCMB, the same previous conclu
sions follow.

We want now to quantify the possibility that BBN is non
standard, and of course in doing this we will be particula
interested in those nonstandard BBN models that can re
from neutrino mixing. In this case, the possible nonstand
effects are of two kinds and quite well known. Thefirst effect
is the possibility that the number of energy density degr
of freedomgr[(30/p2)(r/T4) differs from its SBBN value
gr

SBBN5(22/4)1(21/4)(Tn /T)4 before or during the BBN
period. In this way, the expansion rate and the standard B
predictions for the primordial nuclear abundances would
modified@6#. The change ofgr can be expressed in terms
the ~effective! extra number of neutrino species@7# DNn

r :

gr5gr
SBBN1 7

4 DNn
rS Tn

T D 4

. ~15!

From the definition ofgr , it follows that DNn
r is related to

the neutrino energy densities by the following simple expr
sion:

DNn
r5(

X

rX1rX

r0
23, ~16!

wherer05(7p2/120)Tn
4 and the ‘‘X’’ particles include the

three ordinary neutrinos plus possible new species~we will
be interested in possible new sterile neutrino flavors!. Again
we can make use of linear fits that account for the contri
tion of a nonzeroDNn

r in the BBN predictions for the pri-
mordial nuclear abundances,4

Yp
BBN~h,DNn

r!.Yp
SBBN~h!10.0137DNn

r , ~17!

~D/H !BBN~h,DNn
r!.~D/H !SBBN~h!~110.135DNn

r!0.8.
~18!

A second class of deviations from SBBNare those related to
distortions of electron neutrino and antineutrino SBBN d
tributions, given by the Fermi-Dirac distribution with zer
chemical potential~the same for neutrinos and antineut
nos!. In general, deviations cannot be described in terms
finite number set of parameters but by an infinite numbe
parameters~the occupation numbers for each quantum st
with a given momentum!. However, one can first calculat
the change inYp caused by these deviations and then n
malize this change by introducing the quantity

DN
n

f ne[
@Yp~h,DNn

r ,d f ne ,n̄e
!2Yp~h,DNn

r!#

0.0137
. ~19!

In this way, one weighs the effect of distortions in terms
the presence of an extra number of neutrino species. A

4The number 0.0137 can be inferred from the expansion give
@21# for h.6, while the dependence of (D/H) on DNn

r can be
easily calculated considering that this abundance stays constan
h/Agr5const@25#.
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cific model of nonstandard BBN should be able to spec
the deviationsd f ne ,n̄e

(p,t) at each momentum and during a
the period of BBN. However, it has to be remarked that on
the neutron-to-proton ratio has frozen, the electron neutr
distributions no longer have a direct role in the nuclear re
tions. Thus, everything will depend only on the frozen val
of n/p and still on DNn

r . This means that the deuterium
abundance will depend only indirectly on the electron ne

trino distortions through the quantityDN
n

f ne . Actually, such a
dependence is very weak and we will neglect it. Of cour

differentd f ne ,n̄e
can produce the sameDN

n

f ne and this degen-
eracy represents a loss of information.5 The predictions of
such nonstandard BBN models can again be compared
the experimental observations:

Yp
BBN~hCMB,DNn

r ,d f ne ,n̄e
!5Yp

exp, ~20!

~D/H !BBN~hCMB,DNn
r!5~D/H !exp.

~21!

The Yp measurement puts a constraint on the quantity6

DNn
tot5DNn

r1DN
n

f ne[DYp
BBN/0.0137. ~22!

At 3s, assuming high values forYp
exp, we find

DNn
tot520.320.6

10.6, ~23!

while assuming low values we find

DNn
tot521.0560.75. ~24!

The deuterium abundance provides complementary infor
tion onDNn

r and the comparison between the prediction a
the observed value gives, conservatively at a 3s level, an
upper bound onDNn

r :

~DNn
r!BBN&13 ~25!

in

for

5The only way to have more information on thed f ne ,n̄e
would be

to detect the electron relic neutrino distributions from which o
could infer their values during BBN. Unfortunately, relic neutrin
detection appears at the moment beyond the current observa
but there are some interesting developments from study of ultra
energy neutrino~UHEn! scattering on relic neutrinos and producin
Z bursts@26#.

6Note there could be other kinds of nonstandard effects not c
sidered here, such as those ones associated with the possibility
during the BBN epoch there were baryon inhomogeneities on
scale of neutron diffusion length~see@27# and references therein!.
The quantityDNn

tot2DNn
r would assume a more general interpre

tion and depend also on other nonstandard parameters such a
size of inhomogeneities and thus should be more generally i

cated, for example, withDN
n

f ne1 inh . In this paper, we are intereste
in focusing on nonstandard effects from neutrino mixing mod
and thus we completely neglect the possibility for these kinds
inhomogeneities, but it is interesting that this procedure could
employed also in a different context.
9-3
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P. DI BARI PHYSICAL REVIEW D 65 043509
while a lower bound is still not obtained with the curre
precision of measurements. The constraints~23!, ~24!, and
~25! are shown in Fig. 1, in a plotDNn

tot2DNn
r .

B. Future observations and possible signatures

It is interesting to see how one can expect that these c
straints will improve from future CMB measurements ofh.
The Planck experiment should be able to measureh with a
precision at the level of 1% or less@28#. In this way, the
uncertainties in the theoretical predictions of the nucl
abundances,Yp

BBN and (D/H)BBN, will become negligible
compared to the errors in the experimental values.

Assuming that the future measured valuehCMB will cor-
respond to the current central value of (D/H) in SBBN, h
55.6 @see Eq.~14!#, the current deuterium observations w
constrainDNn

r to be&4.0 ~3s! ~the horizontal thick dashed
line in Fig. 1!, while still one does not get a lower bound7

The same exercise can be performed withYp to see how the
constraints onDNn

tot would improve, and the result is show
with vertical dashed lines in Fig. 1. This time the improv
ment is slight because theYp abundance is much less sen
tive to h than (D/H) and the error onDNn

tot is dominated by
the error onYp

exp. The two constraints together, from (D/H)
andYp , give the gray region in Fig. 1 with thick dashed lin
contours.

On the other hand, it could happen that future CMB o
servations will indicatehCMB.hhigh Y

p
exp

SBBN
@see Eq.~12!#. In

Fig. 1, we show, in light gray, the allowed cosmological r
gion ~at 3s! in the planeDNn

tot2DNn
r for hCMB57.0 ~1%

error! for a ‘‘low1high’’ joint range ofYp values. The SBBN
would be ruled out at 3s and negativeDNn

tot,DNn
r would be

required. Therefore, in future, a 1% error measurem
hCMB*7 @or (Vbh2)CMB*0.0256# will represent the oppor-
tunity to have a significant signature of nonstandard B
effects with the current nuclear abundance observations
the other hand, the current allowed 3s range of values of
hCMB, 3.6–9.9@see Eq.~2!#, excludes already now the pos
sibility that a future 1% error measurement ofhCMB, with
currentYp measurements, can give indications for posit

values of DN
n

f ne , which meansDNn
tot,DNn

r , because it

would requirehCMB&2 using highYp values@see Eq.~12!#
and even lower values ofhCMB using lowYp values.

From Eq.~14!, one can see that from a 1% error measu
ment hCMB*7.7 the deuterium abundance would requ

also DNn
r.0 ~other than negativeDN

n

f ne!. Conversely, for

7One findsDNn
r*24, which is not particularly meaningful. A

2s, one getsDNn
r*22, which implies the presence of at least o

standard neutrino species. Note that a model in which a Met
neutrino was decaying prior to the onset of BBN was propose
solve the BBN crisis from lowYp

exp values@29#. In such a case, one
can get negative values ofDNn

r as low as21. Nowadays, such a
model is very disfavored by the neutrino oscillations experime
but nevertheless it gives an example of why it is not meaningles
put a negative lower bound onDNn

r , which moreover can be con
sidered a sort of consistency check of the basic BBN assumpti
04350
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hCMB&4.5, negative values ofDNn
r would be required.

Another important improvement, from future observatio
of CMB anisotropies, will be the direct measurement
DNn

r . The presence of an extra radiative component chan
the CMB spectrum, in particular leading to the enhancem
of the height of the first acoustic peak. At present, a co
pletely independent measurement ofDNn

r from CMB
anisotropies gives a very loose constraint (DNn

r)CMB,19 ~at
95% C.L., CMB alone! @30#. However, future MAP and
Planck satellite experiments should reach a precision
1023– 1021 according to whether the information on th
other cosmological parameters from other observations
be used or not and whether the CMB polarization will
measured or not@31#. In Fig. 1, we indicated with horizonta
thin dashed lines a realistic future constraintu(DNn

r)CMBu
,0.1. It has to be said that the CMB observations will me
sureDNn

r around the time of recombination and thus it cou
be different in principle from the value ofDNn

r during the
earlier period of BBN if some intervening effect modified
For example, (DNn

r)CMB can be higher than (DNn
r)BBN in the

case of massive neutrino decays. In this case, a compa
between the two quantities will test the ‘‘relativity param
eter’’ a}mn

2t @32#.
Their comparison could also give another resu

(DNn
r)CMB,(DNn

r)BBN. This is possible only if one can sa
that (DNn

r)BBN.0. If one looks at the expressions~8! and
~14!, such a conclusion is possible if future 1% error obs

to

,
to

s.

FIG. 1. Constraints on nonstandard BBN models from meas
ments ofh (CMB), Yp , and (D/H). The solid vertical lines are the
constraints~23! and ~24! with the thick ones indicating the join
range coming from low1high Yp values. The horizontal solid lines
are the constraint~25!. The dark gray region is the allowed one b
current observations. The dashed lines, contours of the gray reg
are the constraints obtained neglecting the error onhCMB in the
BBN predictions and assuming a valueh (CMB)5hSBBN55.6, corre-
sponding to (D/H)53.031025 in SBBN. The light gray region is
the allowed region if one assumeshCMB57 and low1high Yp

exp

range of values. The dotted horizontal lines are the realistic c
straints that will be obtained onDNn

r from future CMB anisotropy
observations. The BBN from the standard model of particle phys
lies well within the circle centered around the origin.
9-4
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UPDATE ON NEUTRINO MIXING IN THE EARLY UNIVERSE PHYSICAL REVIEW D65 043509
vations will givehCMB*7.7. For example, fromhCMB*7.8
one can deduce (DNn

r)BBN*0.2, while it can happen at th
same time that CMB constrainsDNn

CMB&0.1. This paradoxi-
cal situation could occur ifDNn

tot is inhomogeneous. We ne
glected a dependence of (D/H)BBN on DNn

tot , which means
on Yp or, equivalently, on the frozen value of neutron-t
proton ratio. This is because theYp observations suggest tha
Yp cannot differ from the SBBN value so much to modi
(D/H) in a sensible way, while the value ofDNn

r is much
less constrained and it can considerably alter the value
(D/H). However, the observations measureYp only within
about 100 Mpc around us, while the (D/H) abundance is
measured in the quasar absorption systems at much la
distances. Thus it cannot be excluded thatYp can be ‘‘there’’
much more than what we observe around us@33#. The am-
plitude of CMB anisotropies excludes the possibility that t
spatial variation can be due to an inhomogeneousDNn

r , and

thus it can be due only to an inhomogeneousDN
n

f ne that
should be ‘‘there’’ much more~and positive! than is observed
around us. In this case, the (D/H) nuclear abundance can b
higher than that predicted by SBBN and compatible w
hCMB.hSBBN. Such a possibility should, however, be a
companied by the observation of dispersion in the (D/H)
measurements in the range of values (1.8– 3.6)31025. Note
that at the moment values ofhCMB*7.7 are already exclude
at 1.5s and thus a small improvement in the measurem
precision ofhCMB should be able to disfavor~or reveal! such
a situation. However, only constraining the dispersion in
values of measured (D/H) can put more general limits o

the presence of inhomogeneities inDN
n

f ne .
Another important possibility is whether future observ

tions will indicateDNn
r.0.3, because then, in order not

violate the boundDNn
tot,0.3, one can conclude that there

a negative contributionDN
n

f ne .

C. Two special cases of nonstandard effects

The SBBN corresponds, in the planeDNn
tot2DNn

r , to the
origin. One can consider the correction to the approximat
of full neutrino decoupling at the time of electron-positro
annihilations~implying Tn}R21!. It has been shown tha
such a correction yieldsDNn

tot.0.012 andDNn
r.0.034@24#.

Thus the predictions of nuclear abundances within the s
dard model of particle physics do not exactly coincide w
those of SBBN. In the optimistic case that future CMB o
servations will be able to detectDNn

r as small as 0.01, the
small effect of neutrino heating should be distinguished@31#
and this would represent an important confirmation of
early Universe standard scenario below;10 MeV.

A particular subclass of nonstandard BBN models, of
type considered here, is that in which neutrinos still ha
thermal distributions but with nonzero chemical potenti
~fulfilling the chemical equilibrium conditionmn̄a

52mna
!.

In this particular case, one has the following corresponden

DNn
r5(

a
F30

7 S ja

p D 2

1
15

7 S ja

p D 4G , DN
n

f ne.16je

~26!
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with ja[ma /T.8 These kinds of models have been large
studied in the literature for many years@17,34#. Constraints
from the most recent cosmological observations have a
been recently obtained in@35#. Their procedure put con
straints onDNn

r , assuming that it is equal in BBN and CMB
epochs, and onh in a statistical combined way and takin
into account a slight dependence ofhCMB on DNn

r . This
allows them to get more restrictive constraints but in a m
specific context and at the expense of physical insight. In
procedure, we get more conservative constraints becaus
the poorest statistical procedure. On the other hand, we
more physical insight from an analytical procedure valid in
more general framework in which we distinguishDNn

r in

BBN and CMB, the role ofDN
n

f ne is emphasized as we nee

for our purposes, and we find a bound onDNn
tot missing in

@35#. All these features are important for our following co
siderations.

III. THREE ORDINARY NEUTRINO MIXING

With the exclusion of the LSND experiment, usually ju
tified with the argument that it is the only experiment not y
confirmed by a second one, three ordinary neutrino mix
can explain the current data from solar and atmospheric n
trino experiments. The three ordinary neutrino flavor eige
statesuna& (a5e,m,t) are connected to three mass eige
statesun i& with definite massesmi ( i 51,2,3) by a 333
neutrino mixing matrixU:

una&5(
i 51

3

Ua i* un i&. ~27!

The atmospheric neutrino experiments are then explained
the mixing of un2& and un3& mass eigenstates withum3

2

2m2
2u5dmatm

2 .2.531023 eV2 with a large mixing angle
sin2 2u23*0.88 @1# and with a negligibleuUe3u!1 ~as re-
quired by the CHOOZ experiment@36#! that implies a small
mixing angleu13. In this way, thenm’s are converted almos
only to nt’s. The solar neutrinos are explained by the mixi
of n1 and n2 eigenstates withum2

22m1
2u5dm(

2 !1023 eV2.
With the new data from the SNO experiment, large mixi
angle solutions (sin2 2u12.1) are also favored@37,38#. In
this way, the favored three neutrino mixing models are th
close to the the bimaximal mixing scenario@39#. Three ordi-
nary neutrino mixing does not have relevant effects on
cosmological picture and in particular on the quantitiesDNn

r

andDN
n

f ne . It has been noted that a mixing of electron ne
trinos with muon/tauon neutrinos during the period of free
eout of the neutron-to-proton ratio would exchange the ab
dances of the two types that are slightly different due to
different effect of neutrino heating@40#. In this way, the ef-
fect of neutrino heating would change. However, the n
trino heating effect is small, as is the difference between

8The second relation is a good approximation forujeu!1 and
DNn

r!20.
9-5
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P. DI BARI PHYSICAL REVIEW D 65 043509
muon/tauon and the electron neutrino populations. Thus
bimaximal mixing would represent a correction of an alrea
correcting effect. Therefore, at the moment, such a mix
model seems out of reach of cosmological investigation.9

IV. ACTIVE-STERILE NEUTRINO MIXING

An explanation in terms of neutrino mixing of the sol
and atmospheric neutrino experiments, together with
LSND experiment, implies three different scales of ma
squared differences:dm(

2 !dmatm
2 !dmLSND

2 . This requires
the existence of at least one new neutrino flavor@41# that has
to be sterile in order to escape the constraintNn

Z53.00
60.06 from the invisible decay width of theZ boson@42#.
Two neutrino mixing between one ordinary neutrino flav
na and one sterile neutrino flavorns is the simplest case o
mixing involving new sterile neutrino flavors. With the ne
data from the atmospheric and the solar neutrino exp
ments, such a simple scheme seems to be excluded, a
three ordinary neutrino flavors appears to be mixed am
themselves. However, the solutions of the kinetic equatio
necessary to calculateDNn

r and DNn
tot , present many diffi-

culties and this basic case represents an important sta
point. Moreover, it can represent a limit case for some of
possible submixings within a realistic multiflavor mixing, a
we will see in the next section. It is described by only tw
parameters,dm2[m2

22m1
2 ands2[sin2 2u0, whereu0 is the

vacuum mixing angle. Theuv1& mass eigenstate (uv2&) cor-
responds to the ordinary~sterile! neutrino eigenstate in th
limit of no mixing. The straightest cosmological effect is th
sterile neutrino production with a consequent generation
DNn

r that can be as high as 1 in the case of full thermali
tion. In doing these calculations, one has to make some
sumptions about the initial value of the ordinary neutri
asymmetries. We define the asymmetry of a lepton~baryon!
particle speciesX as

LX~BX![
NX2NX

Ng
in ~28!

with NX being the particle number per comoving volume a
Ng

in is the number of photons per comoving volume at
initial temperatureTin.10 MeV@mel/2.0.25 MeV. The(ef-
fective) totala-neutrino asymmetryis defined as

L ~a![Lnp
1Lne

1Lnm
1Lnt

1Qa , ~29!

with Qm,t52(1/2)Bn and Qe5Le2(1/2)Bn . For initial
valuesuL (a)u!1026(udm2u/eV2!1/3 ~‘‘small’’ neutrino asym-
metries!, the effects on the oscillations can be neglect
while for much higher values an initial neutrino asymme
can modify, usually suppressing, the sterile neutrino prod

9Cosmology is, however, useful to get information on the m
pattern; in particular, structure formation and CMB observations
currently sensitive to a few eV masses@15#, while the Planck ex-
periment will be sensitive to a few 0.1 eV masses@28#.
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tion prior to the onset of BBN@43,44#. For small neutrino
asymmetries, the sterile neutrino production is given
@45,44#

Nns

r 512exp@2g6
a ~s2,udm2u/eV2!#. ~30!

The functiong6
a (s2,udm2u/eV2! can be written in the form

g6
a ~s2,dm2/eV2!5KaF6

a ~s2!s2Audm2u/eV2, ~31!

where the subscript1 ~2! stands for positive~negative! dm2

andKa.657 ~898! for a5e(m,t). The functionF6
a (s2) is

given by the following integral:

F6
a ~s2!5E

0

`

dt
t2

s21a0
2t121~c6t6!2 ~32!

with c[cos 2u0 andd0.0.008~0.02! for a5e(m,t). These
results have been obtained within the static approxima
@46# that neglects the Mikheyev-Smirnov-Wolfenste
~MSW! effect at the resonance. In the resonant case,
negativedm2, this approximation holds only for very sma
mixing angles (s2!1024) and for small neutrino asymme
tries @47#. Note thatDNn

r5Nns

r 1((b
e,m,tNnb

r 23), where the

second term takes into account the depletion of ordinary n
trinos that is negligible when the bulk of sterile neutrin
production occurs before the neutrino chemical decoupli
and this case one has approximatelyDNn

r.Nns

r . This is veri-

fied for udm2u*1024 eV, which, for values ofNns
*0.01,

corresponds to having small mixing angless2&1022 in the
nonresonant case ands2&1024 in the resonant case. In thes
regimes of small mixing angles, the functionF6

a (s2) is well
approximated by its asymptotic valueF6

a (0) and one has for
a5e(m,t)

g1
a ~s2&1022,1!/s2.KaF1

a ~0!.1.69 ~2.33!3102,
~33!

g2
a ~s2&1024,1!/s2.KaF2

a ~0!.4.28 ~2.27!3104.
~34!

In the nonresonant case, these analytical results agree
well with the numerical ones found in@48#10 for s2>1024,
while in @49# it is claimed thatDNn

r is approximately three
times lower.

All these results have been obtained assuming small n
trino asymmetries. However, in the resonant case, at sm
mixing angles, even if one starts with small neutrino asy
metries, a largea-neutrino asymmetry is generated arou
the critical temperature:

s
e

10In @48#, the results are presented forDNn
tot , however for small

enough mixing angles the contribution toDN
n

f ne is negligible and a
comparison is possible at least for the nonresonant case. In
resonant case, a comparison with the results of@48# at s2>1024 is
not possible because these take into account also the negative
tribution (b

e,m,tNnb
23 to DNn

r and are performed in a quantum
kinetic formalism that accounts also for the MSW effect.
9-6
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Tc.15.0 ~18.6! MeV~ udm2u/eV2!1/6~2/yc!
1/3, ~35!

whereyc is the critical~rescaled! momentum@46,50,51#. The
growth is first driven by the neutrino collisions that suppre
the MSW effect. When the asymmetry reaches a value
which the interaction length at the resonance is larger t
the resonance width, then the growth starts to be driven
the MSW effect@47,51#, which can bring thena asymmetry
up to a maximum value of 0.375. A remarkable feature is t
the MSW effect is adiabatic fors2*1029 (eV2/udm2u)1/4

@51#. Below this value, the MSW effect becomes nonad
batic and ordinary neutrinos are not converted efficiently i
sterile neutrinos anymore. However, such a small value
the vacuum mixing angle represents by far the best exam
of how matter effects can enhance the mixing in vacuu
considering that in the Sun enterior the MSW effect occ
for s2*1024 @52#.

One would also like to know which is the upper limit o
the vacuum mixing angle for the neutrino asymmetry to
generated. This is a point that has still not been investiga
in the literature, but we will see, in the next section, tha
will prove to be very important for our considerations. Fo
tunately, it is possible to get an analytic estimation. We w
be particularly interested in values ofudm2u.dmLSND

2

.1 eV2. For these values, one can use Eq.~34! to calculate
the sterile neutrino productionNns

r . When the sterile neu

trino production is negligible (Nns

r &0.1), the value of the

critical momentum is approximately given by the peak
Fermi-Dirac distribution: yc.2 @43,44#. Once the asym-
metry generation has started, the sterile neutrino produc
is suppressed in the collision-dominated regime. This has
effect that the sterile neutrino production calculated by E
~30! is halved. Thus, taking into account this effect, one c
easily calculate that the conditionDNns

r ,0.1 corresponds to

mixing angles s2,0.52 (0.98)31025AeV2/udm2u. When
this condition is verified, together with the lower limit from
the adiabaticity, the final value of the neutrino asymmetry
very close to the impassable limit corresponding to a sit
tion in which, for an initial positive~negative! value ofL (a),
all antineutrinos~neutrinos! are converted into antisteril
~sterile! neutrinos and thusuLna

umax5nna
(nn̄a

)/ng53
8 @50#.

Therefore, the maximum value is also independent of
mixing angle in this range of values. When the sterile n
trino production becomes not negligible (DNn

r*0.1), it has
the effect to delay the asymmetry generation since the v
of yc increases and thereforeTc decreases. Whenyc becomes
higher than;10, the asymmetry generation at the critic
temperature is driven by resonant neutrinos well in the tai
the distribution. Thus it is reasonable to think that when t
happens, the asymmetry generation mechanism will sta
turn off. Unfortunately, it is not easy to give an analyt
description of this effect. However, there is a much simp
reason for which the final value of the neutrino asymme
has to decrease when the sterile neutrino production beco
not negligible. The reason is that the final value is reac
during the MSW-dominated regime that starts when
asymmetry has become large enough, during the collis
04350
s
r
n
y

t

-
o
f
le
,
s

e
d

t

l

f

n
he
.

n

s
-

e
-

e

l
f
s
to

r
y
es
d
e
n-

dominated regime, that the neutrino and antineutrino re
nances get completely separated and only antineutrino r
nance can give a relevant effect, while the neutri
resonance is by far in the tail of the distribution ifL (a) is
initially positive, and vice versa if it is negative. In this wa
the MSW effect enhances the asymmetry to its maxim
value@50#. However, if sterile neutrinos have been produc
during the previous collision-dominated regime, not on
will ordinary antineutrinos be converted into sterile a
tineutrinos, but also the already produced sterile antineu
nos will be converted back into ordinary antineutrinos. Th
the maximum value of the final neutrino asymmet
becomes11

uLna
uexp5 3

8 ~12Nns

r !. ~36!

It will prove useful to assume, as the upper limit on t
mixing angle for the generation of neutrino asymmetry, t
value for whichNns

r .0.9, corresponding to a final neutrin

asymmetryat least one order of magnitude less than i
maximum value3

8. It is easy to calculate this value:

s2.0.5~1!31024AeV2/udm2u. ~37!

Let us discuss now the effects of a large neutrino asy
metry. The neutrino asymmetry generation yields two corr
tions to theNns

r calculated, in the resonant case, from E

~30!. A first correction is due to the effect, just described,
suppression of the sterile neutrino production after the g
eration of the asymmetry and can be described by a cor
tive factor to Eq.~30! that can be as low as 0.5 forNns

r

&0.1 and that quickly becomes 1~no suppression! for Nns

r

*0.1 @44#. A second effect takes into account the ster
neutrino production in the MSW-dominated regime that
sults as an additive contribution toNns

r from Eq. ~30!, which

accounts only for the sterile neutrino production in t
collision-dominated regime. In the calculation ofDNn

r , one
has to take into account also the depletion of ordinary n
trinos. For2dm2!100 eV2, the contribution to the sterile
neutrino production from the MSW-dominated regime o
curs below the neutrino chemical decoupling and is comp
sated by an opposite ordinary neutrino depletion, and t
there is no contribution toDNn

r . For higher values of2dm2,
ordinary neutrinos are repopulated by the annihilations,
this second contribution toDNn

r can be as high as 0.4@53#.
However, values ofudm2u*20 eV2 are disfavored by struc
ture formation1CMB considerations~see, for example,
@15#!. In any case, the sum of the two contributions to t
total DNn

r , from the two different regimes, cannot be mu

11In @44#, it has been shown that the distribution function of ster
neutrinos produced during the collision-dominated regime, foryc

@1, is given just by the equilibrium distribution times a coefficie
a<1 in such a way thatnns

/nn
eq5rns

/rn
eq5Nns

r 5a.
9-7
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P. DI BARI PHYSICAL REVIEW D 65 043509
higher than 1. Thus the account of the neutrino asymm
generation leads only to corrections to the calculation
DNn

r .
In the casea5m,t, the contributionDNn

r to DNn
tot is the

leading effect12 and we can approximately say that the a
cessible region in the plotDNn

tot2DNn
r lies along DNn

tot

5DNn
r for 0<DNn

r&1 ~see Fig. 2!.

In the casea5e, a largeDN
n

f ne can arise from two dif-

ferent processes. A first process is thene ,n̄e number density
depletion that this time is a direct and relevant effect occ

ring for udm2u&1024 eV2 and yields always a positiveDN
n

f ne

that can be even higher than 1.13 The cosmological con-
straints are thus strongly strengthened by the account of
effect @56,48# and this can be seen in the plotDNn

tot2DNv
r

considering that the regionDNn
tot.DNv

r lies largely outside
the cosmological allowed region~see Fig. 2!. The second
process is the generation of a large electron neutrino as
metry in the resonant case and at small mixing angles. T
time the sign is the same as that of the initialL (e) that is
observationally unknown and that could be predicted o
within a full baryo-leptogenesis model, and thus it can
both positive and negative.

For negative values, it is remarkable that the reg
DNn

tot,DNgn
r becomes accessible in theDNn

tot2DNn
r plot. In

@53#, it has been calculated thatDN
n

f ne can be as low as21.4

~for 2dm2&3 eV2! and in Fig. 2 one can see that for valu

DN
n

f ne&20.3, there is compatibility with the region allowe

by the low Yp
exp values. Thusne↔ns oscillations provide a

viable mechanism to solve the claimed SBBN crisis@57,50#.
Another interesting possibility, shown in Fig. 2, is th

ne↔ns oscillations would also be able to reconcile possi
future ~1% error! values of hCMB*7*hSBBN, with the
nuclear abundance observations.14

Still another interesting effect could be the possibility
generate the electron neutrino asymmetry in an inhomo
neous way. This would require the presence of small bar
number inhomogeneities@60#. This effect could produce in
homogeneous nuclear abundances that could have two k
of indications as discussed in the previous section: indire

12There is a small positive contribution toDN
n

f ne at large mixing
angles andudm2u&1024 due to a small depletion ofne number
density induced by the much higherna number density depletion
@48,53#.

13For example, in@54# it is shown that, fors251 and dm2.3
31028 eV2, the YP production is 0.02 higher than in SBBN, co

responding toDNn
tot.11.5 and implyingDN

n

f ne at least as high as
10.5 ~the value ofDNn

r is not separately shown!. Extrapolating to
higher values ofudm2u, it seems also quite evident that much high

values ofDNn
tot ~3, 4,...,?! and ofDN

n

f ne ~2, 3, . . . , ?! are possible.
This is confirmed by the results of a very recent work@55# in which

it is found that (DNn
tot)max.6, implying DN

n

f ne at least as high as
.5.

14This possibility has been proposed in@58#, when the first data
from BOOMERANG-MAXIMA were indicatinghCMB59.061.4

@59#.
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if one finds hCMB.hD/H
SBBN and (DNn

r)CMB,(DNn)BBN, or
directly if one finds a dispersion in the values of (D/H)
measured from quasar absorption systems.15

Thus the generation of an electron neutrino asymme
yields many interesting cosmological effects but, within
two neutrino mixing scenario, it appears as a special po
bility, considering that it requiresa5e, negativedm2, and
small mixing angles. However, we saw that the generat
takes place even for tiny values of the vacuum mixi
angles, and because of this, the early Universe is the m
sensitive way to probe small mixings with new sterile ne
trino flavors. Moreover, when considering realistic multifl
vor mixing scenarios, the conditions for the occurrence of
electron neutrino asymmetry generation can be more n
rally satisfied.

V. FOUR NEUTRINO MIXING

Four neutrino mixing models represent the minimal w
to explain, in terms of neutrino oscillations, all three anom

15It is also interesting that inhomogeneous neutrino asymmetr
though on much smaller scales than those necessary to pro
inhomogeneous nuclear abundances, could be responsible fo
generation of galactic magnetic fields and give rise to a detect
cosmological background of gravitational waves@61#.

FIG. 2. Accessible region forna↔ns in the plane DNn
tot

2DNn
r . The thick segment along the lineDNn

tot5DNn
r corresponds

to the casea5m,t, while the striped regions are for the casea
5e. The solid striped region is accessible in the case ofne ,n̄e

number density depletion below the neutrino chemical decoup

or in the case ofnegativeelectron asymmetry generation (DN
n

f ne

>0) plus sterile neutrino production (DNn
r>0). The dashed striped

region is accessible when a largepositiveelectron neutrino asym-
metry is generated. The thick dashed segment forDNn

r50 corre-
sponds to the region of mixing parameters for which the ste
neutrino production in the collision-dominated regime is negligib
The possibility to have both an asymmetry generation and a st

neutrino production (DN
n

f neÞ0,DNn
r.0) has not been studied in

detail and there are only particular numerical examples. The do
line is a simple interpolation between the two extreme casesDNn

r

50 andDNn
r51 that provides a reasonable approximation.
9-8
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lies including the results of the LSND experiment. The
models are described by a 434 unitary mixing matrixU
connecting the four mass eigenstatesun i&, with definite
masses mi , to the four flavor eigenstatesuna& (a
5e,m,t,s):

una&5(
i 51

4

Ua i
! un i&. ~38!

There are different possible patterns for the mass spe
but all of them can be distinguished in two types@62–64#. In
the first type, the ‘‘311’’ models, the mass eigenvaluem4 is
separated by the other three,mi , by the LSND gap in a way
that udm4i

2 u.dmLSND
2 . This case is a minimal modification o

a three neutrino mixing model, since the introduction o
fourth mass eigenstate, to incorporate the LSND results,
perturbs the mixing among the other three explaining so
and atmospheric neutrino results. This means that the fo
eigenstate almost coincides with the sterile neutrino fla
(uUs4u2.1,uUasu2!1,aÞs). In the second type of mode
the ‘‘212’’ models, the spectrum splits in two nearly dege
erate pairs withudm2u5dm(

2 ,dmatm
2 , separated by the muc

larger LSND scaledmLSND
2 . In this case, the neutrino mixin

matrix is very different from the case of three neutrino m
ing models.

There is an ongoing debate on which of the two types
better describe the experimental data@63,65–68#. The new
data from atmospheric neutrino experiments plus the in
sion of tritium b decay data corner ‘‘311’’ models in only
two allowed regions, at 99% C.L., arounddmLSND

2 ;0.9 and
2 eV2 @67#. On the other hand, the fact that both atmosphe
@69#16 and solar neutrino@3# data disfavor pure active-steril
oscillations suggests, for ‘‘212’’ models, that thene’s ~for
solar! and the nm’s ~for atmospheric! are converted into
some admixture of both active and sterile neutrinos@71,68#.
Thus from solar and atmospheric neutrino experiments, th
is no evidence of the existence of sterile neutrinos and
simplest four neutrino mixing models, predicting pure act
to sterile neutrino oscillations, are disfavored. Howev
there is no incompatibility among the three experime
when the full range of possible four neutrino mixing mode
is considered. We will now study the cosmological effects
both ‘‘311’’ and ‘‘2 12’’ classes of models.

A. 3¿1 models

The ‘‘311’’ models can be distinguished in two classe
A andB, such thatm4@miÞ4 in A andm4!miÞ4 in B. In the
B case, the three heavier mass eigenstates are almost d
erate with mi.AdmLSND

2 .0.95 or 1.4 eV according to
which of the two allowed islands is considered. T
Heidelberg-Moscow experiment on (bb)0n decay puts re-
strictions on theB class@72#. We can make use of the resul
seen forna↔ns to get some simple estimations on the co
mological output of the two different classes.

16See also@70# for a critical discussion.
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Class A. One has to consider the different possible wa
of oscillation into the sterile neutrino flavor. The sterile ne
trino flavor almost coincides with the fourth eigenstate bu
is also slightly present in the other three eigenstates.
mixing between the three light eigenstates and the fou
eigenstate is set bydm4i

2 , and, since it is positive, there is n
neutrino asymmetry generation. The mixing of the three
tive neutrinos with the sterile neutrino can be described
three different mixing angles, sin2 2uas.4Ua4

2 . For a5e,m,
there are limits from the CDHS and BUGEY experiments
which sin2 2uas&1021. For a5t, we can assume the sam
limit. Thus from the mixing set bydmLSND

2 and using Eqs.
~30! and ~33!, one can can see that there is a total therm
zation (DNn

r51). The LSND experiment relates the tw
mixing angles in such a way that sin2 2ues3sin2 2ums.3
31024. Therefore, even in the case of minimum sterile ne
trino production, when sin2 2ues5sin2 2ums.1022, one has
DNn

r.0.9, very close to a complete thermalization. A mixin
of the three active neutrinos with the sterile neutrino can a
be driven bydm(

2 and dmatm
2 , since the sterile neutrino is

also slightly present in the three light eigenstates. Now
sign of dm2 can also be negative and thus a neutrino asy
metry generation could occur in principle, but the presen
of a large sterile neutrino population, from the mixing set
dmLSND

2 , will largely decrease the final value of the asymm
try, at least by one order of magnitude@see Eq.~36!#. In any
case, such a generation of neutrino asymmetry occurs
udm2u!1022 eV2, and in this case the critical temperatu
would be lower than the freezing temperature of the neutr
to-proton ratio and would not affect BBN predictions in

way that uDN
n

f neu is negligible. Thus the only relevant cos

mological effect isDNn
r.0.9

Class B. In this case, the mixing of the three quasidege
erate heavier eigenstates with the fourth eigenstate h
negativedm4i

2 .2dmLSND
2 . Therefore, the sterile neutrin

production is of resonant type, and from Eq.~34! with
udm2u.1 eV2 and sin2 2u.1022– 1021, one can see tha
again a complete thermalization would occur withDNn

o very
close to 1. In principle, an electron asymmetry generat
can also occur but the complete sterile neutrino thermal
tion has the effect of suppressing completely the asymm
generation mechanism, and thus we can conclude that al

the B caseuDN
n

f neu!1 and thereforeDNn
tot5DNn

r.1.

B. 2¿2 models

These can also be distinguished in two classes,A andB.
In the A ~B! class, the two lightest mass eigenstates, w
massesm1 andm2 , explain solar~atmospheric! neutrino data
while the two heavier eigenstates, with massesm3 andm1 ,
explain the atmospheric~solar! neutrino data@63,64#. Let us
define simple limit cases in which the lightest and heavi
pairs of mass eigenstates are made only of two flavor eig
states, which means considering a mixing matrix with tw
unmixed 232 blocks. Since the atmospheric neutrino e
periments constrain the probability ofnm→ne conversions to
be very small, one has only four different possibilities:~i!
9-9
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P. DI BARI PHYSICAL REVIEW D 65 043509
Them3 ,m4 mass eigenstates are made only ofnm ,nt and the
m1 ,m2 mass eigenstates only ofne ,ns ; ~ii ! them3 ,m4 mass
eigenstates are made only ofne ,ns and them1 ,m2 mass
eigenstates only ofnm ,nt ; ~iii ! the m3 ,m4 mass eigenstate
are made only ofnm ,ns and them1 ,m2 mass eigenstate
only of ne ,nt ; and ~iv! the m3 ,m4 mass eigenstates ar
made only ofne ,nt and them1 ,m2 mass eigenstates only o
nm ,ns .

Note that cases~i! and ~iii ! belong to theA class, while
cases~ii ! and ~iv! belong to theB class. A given neutrino
flavor is only contained in one of the two pairs of ma
eigenstates, which we call thenormal couple, while it is
absent in the other one, which we call theopposite couple. It
is simple to calculate the cosmological output since no n

trino asymmetry generation is possible~thusDN
n

f ne50! and

DNn
r51 for the cases~iii ! and~iv! and also for the cases~i!

and ~ii ! if the LMA solution is considered for the sola
neutrinos,17 otherwiseDNn

r.431024 for the SMA solution
~sin2 2uSMA.1023,udm2uSMA.531026 eV2 @38#!.18

These simple four limit cases cannot explain the exp
ments for two reasons. The first reason is that in orde
explain the LSND experiment, the probability ofnm→ne
conversions cannot vanish, and the second reason is tha
SK experiment@69# and the SNO experiment@3# disfavor
pure active-to-sterile oscillations. In order to explain t
LSND experiment, it is necessary that a small mixing b
tween the heavy and light pairs of mass eigenstates is in
duced in a way that there is a small contamination ofne and
nm also in the respectiveopposite couple@63,64#. In order to
explain the SK and SNO results one has to introduce a
rameter that allows also forne→nm,t conversions19 in the
cases~i! and ~ii ! and for nm→nt in the cases~ii ! and ~iv!.
This is usually done by introducing a mixing angle betwe
the sterile and nm,t in such a way that (nm,t ,ns)
→(nm,t8 ,ns8)5U(a)(nm,t ,ns), whereU(a) is a 232 rota-
tion matrix @64#. In this way, cases~i! and~ii ! correspond to
a50, while cases~iii ! and ~iv! correspond toa5p/2, and
for a50→p/2 there is a continuous transformation from~i!
to ~iii ! and from~ii ! to ~iv!.

Class A. Let us first consider the transformation from~i!
to ~iii !. It is remarkable that when the condition for adiab
ticity is satisfied for very small mixing angles sin2 a
*1029(eV2/udm2u)1/4, a large muon-tauon neutrino asym
metry can be generated. This asymmetry generation can
suppress the sterile neutrino production fromne→ns and
also be partly transferred into an electron neutrino asym

try yielding DN
n

f ne.20.3 or DN
n

f ne.0.1, according to the

sign of the initial total asymmetryL (m,t) @73#. However, for

17A LMA solution for a mixingne↔ns is excluded by the Home
stake experiment but it becomes possible if some mixture ofnt is
added tons @68# or if Homestake is disregarded@66#.

18The SMA solution cannot give an electron neutrino asymme
generation becausedm2 is positive.

19With nm,t we indicate a mixture ofnm and nt . This further
mixing has no relevance in cosmology, since thenm andnt flavors
cannot be distinguished.
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sin2 2a*1024 @see Eq. ~37!#, the mixing nm,t↔ns with
dm2.2dmLSND

2 produces a sterile neutrino productio
DNn

r*0.9 that suppresses a large neutrino asymmetry g

eration and the finaluDN
n

f ne!0.1. The experimental data fa

vor, like best fits, sin2 a.0.03– 0.09 and sin2 a50.80– 0.82
@68#20 and disfavor the possibility of havinga ~and alsoa8
[p/22a! smaller than 1024. Therefore, the cosmologica
effects are a resonant sterile neutrino production withDNn

r

.1 and uDN
n

f neu!1 for sin2 a around the range 0.03–0.0

and a nonresonant sterile neutrino production withDNn
r.1

and uDN
n

f neu50 for sin2 a around 0.80–0.82. Note that th

result is alwaysDNn
r.1, even assuming a SMA solution t

solve the solar neutrino problem. In Fig. 3, the approxim
accessible region for the classA ‘‘2 12’’ models and for
sin2 a*1029(eV2/udm2u)1/4 is shown in theDNn

tot2DNn
r plot

with thick solid lines. The experimental results from th
SNO and SK experiments corner it to the ‘‘point’’DNn

r

5DNn
tot.1, represented as a small circle.

Class B. The other possibility is to consider a transitio
from the case~iv! to the case~ii ! for a85p/22a50
→p/2. Again when sin2 2a8 becomes
*1029(eV2/udm2u)1/4, a neutrino asymmetry generation o
curs and this inhibits the sterile neutrino production fro
nm↔ns .21 However, again the SNO and SK experimen
favor sin2 2a8@1024 and the consequent large sterile ne
trino production prevents a large neutrino asymmetry to
generated and againDNn

r.DNn
tot.1. In Fig. 3, we againy

20In the notation of@68#, cosa5c23c24.
21Calculations ofuDN

n

f neu are missing in this case.

FIG. 3. Approximate accessible regions in theDNn
tot2DNn

r plot,
in the case of four neutrino mixing models. The solid lines are foA
class ‘‘212’’ models. The region between the dashed lines deno
B class ‘‘212’’ models. The dotted segment is for theA class ‘‘3
11’’ model. The small circle is for theB class ‘‘311’’ model and
for all ‘‘2 12’’ models when the information from SNO and SK
used, and it can be seen that it lies well outside the allowed cos
logical region~in gray!.
9-10
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show a plausible accessible region in theDNn
tot2DNn

r plot.
Since in the case of asymmetry generation there are no

culations ofuDN
n

f neu, we show the most conservative regio

~between the dashed lines! assuming thatuDN
n

f neu can take all

values between zero and the maximum possible value.
value corresponds to the case of an electron neutrino as
metry generation in the limit of two neutrino mixin
ne↔ns , for 2dm2.1 eV2, as calculated in@53#.

Let us try to quantify to which confidence level the resu
found in @68# constrain the possibility to have very sma
mixing angle sin2 a&1024 or sin2 2a8&1024, which is
equivalent to excluding the possibility of a neutrino asy
metry generation, respectively, in theA class and in theB
class. This depends on which solution one assumes for
solar neutrino data. If one assumes a LMA solution, then
best fit is for sin2 a50.80– 0.82 or equivalently for sin2 a8
50.18– 0.2. Very small values sin2 2a8&1024 are excluded
approximately at 95% C.L. If one assumes a SMA soluti
then the best fit is for sin2 a50.03– 0.09. In this case, ver
small values sin2 a&1024 are slightly disfavored and canno
be excluded to a significant statistical confidence level. Ho
ever, from the reported values ofxmin

2 , the first case, assum
ing the LMA solution, is favored compared to the seco
case, assuming the SMA solution, and thus values of si2 a
&1024 are disfavored approximately at the 90% C.L. In t
next year, the SNO experiment should be able to const
more significantly pure active-to-sterile neutrino oscillatio
in solar neutrinos and in particular the case when the S
solution is considered, unless evidence forne→ns is found.

Therefore, we arrive at the conclusion that current exp
ments favor those four neutrino mixing models, both of
11 and 212 type, in which the sterile neutrino flavor i
brought to a complete, or almost complete, thermalizat
and no large electron asymmetry generation is possible
way that the final result is alwaysDNn

r5DNn
tot.1. There-

fore, from the upper limitDNn
tot<0.3, current cosmological

observations disfavor four neutrino mixing models. There
are, however, some possibilities for which the cosmolog
bound could be evaded.

Systematic uncertainties or statistical errors have been
derestimated inYp and/orhCMB measurements. In the cas
of higher Yp and/or lowerhCMB, then DNn

tot51 could be
possible. For example, one total extra neutrino species w
be allowed at 3s in the case of underestimated systema
uncertainties ifYp50.25460.002 andhCMB unchanged as in
Eq. ~2! or if hCMB53.520.8

11.1 and high valuesYp
exp are used,

and in the case of underestimated statistical errors ifYp
exp

50.24460.006 andhCMB as in Eq. ~2! or if hCMB56.0
61.5 and high values ofYp

exp are used.22

We assumed small initial neutrino asymmetries. If so
unknown mechanism created large neutrino asymme

22These are qualitative estimations because we are calculatin
99% C.L. just multiplying by a factor 3 the error at 68% C.L., as f
a Gaussian distribution. This is a very rough assumption whendh/h
is not!1 and a more elaborate statistical procedure should be u
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(;1025– 1024) aboveT;15 MeV ~the characteristic tem
perature for oscillations withudm2u5dmLSND

2 ;1 eV2!, then
the sterile neutrino production would be completely su
pressed@43#. In this case, the constraints that we obtained

Sec. II should be applied to the values ofDNn
r and DN

n

f ne

associated to large neutrino asymmetries@see Eq.~26!#.
We neglected completely the presence of phases in

four neutrino mixing matrix since we used the analogy w
two neutrino mixing to calculate the cosmological outp
The role of phases in cosmology has never been studie
possibility could be that, when phases are taken into acco
then the active-sterile neutrino mixing, even with lar
angles sin2 2a*1024, can generate a large neutrino asymm
try that suppresses the sterile neutrino production, or in
case of an electron neutrino asymmetry, yields a nega

DN
n

f ne . This possibility should be verified in a full four neu
trino mixing kinetic theory.

VI. FIVE NEUTRINO MIXING

If one assumes the existence of a mixing with a seco
light sterile neutrino flavorns8 , then it is possible to evade
the cosmological bound if the mixing generates a large n
trino asymmetry able to suppress the production of the fi
sterile neutrino and in the case of an electron neutrino as

metry also to yield a large negativeDN
n

f ne . This new mass
eigenstate should be added to the four neutrino mixing s
tions that explain the experiments and that we describe
the previous section. For convenience, let us refer to the
neutrino flavor as the LSND neutrino. It is necessary to d
tinguish between models in which the LSND neutrino pr
duction is resonant and models in which it is not resonan

In the nonresonant case, even though the asymmetry ca
start to be generated by the mixing with thes8 neutrino,
afterwards it gets destroyed by the mixing with the LSN
neutrino@43,44#. Thus the addition of a second sterile ne
trino flavor to the A class ‘‘311’’ type models and to the
‘‘2 12’’ models that are close to the limit cases~ii ! and ~iii !
cannot help to evade the cosmological bound.

In the resonant case, the generation of a neutrino asym
metry from the mixing withvs8 is not obstacled by the mix
ing with the LSND neutrino. Thus anya-neutrino asymme-
try generation has the effect of suppressing the ste
neutrino production. However, there cannot be a full su
pression, because necessarilyudmas8

2 u.udmas
2 u and the

asymmetry generation starts when already about half of
sterile neutrino production occurred and the final result
DNn

r.0.5. This is the only effect in the case of generation
a muon or tauon neutrino asymmetry, and thusDNn

tot5DNn
r

.0.5. This means that adding a second sterile neutrino fla
to the ‘‘212’’ models ‘‘close’’ to the limit case 1~those for
sin2a.0.05! improves the agreement with cosmology b
still not within 3s. In the case of an electron asymmet
generation, one can have also a negative contribution f

DN
n

f ne and the cosmological bound can be fully evaded. T
means that the addition of a second sterile neutrino fla
makes it possible to evade the cosmological bound o

the

d.
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when it is added to four neutrino spectra of type ‘‘311’’
class B or ‘‘212’’ models close to the limit case~iv!
(sin2 a.0.80), in which the LSND neutrino is prese
mainly in the light pair of mass eigenstates and an elec
neutrino asymmetry can be generated. This possibility
evade the bound can be tested both with futurebb0n decay
experiments but also with future cosmological CMB obs
vations that should find (DNn

r)CMB.0.5. Moreover, one
should also havehCMB.hD/H

SBBN, but considering the curren
error on D/H measurement, this possibility can be disti
guished only if future CMB observations will givehCMB

*7.7 ~at 3s!.

VII. DISCUSSION AND CONCLUSIONS

We described an analytical and graphical procedure
search for nonstandard effects from nuclear abundances
CMB observations. The recent measurement of the bar
content from CMB anisotropies improves remarkably t
cosmological information on new physics. The present
servations do not show evidence of the presence of nonst
ard effects, and constraints can be conveniently displaye
the DNn

tot2DNn
r plot.

However, future measurements ofh andDNn
r from CMB,

together with the current measurements of primord
helium-4 and deuterium nuclear abundances, could pro
some interesting signatures. Here is a summary list of
possible signatures as we found in the second section.

~i! If hCMB*7, thenDNn
tot,0 and a negativeDN

n

f ne can be
invoked.

~ii ! If hCMB*7.7, then also (DNn
r)BBN.0.

~iii ! If ( DNn
r)CMB.0, then (DNn

r)BBN.0 if one can ex-
clude massive neutrino decays or other exotic effects in
vening between the BBN and recombination epochs.

~iv! If ( DNn
r)BBN*0.3, then, from the boundDNn

tot,0.3,

one can conclude thatDN
n

f ne,0.

~v! If the point ~ii ! is verified but (DNn
r)CMB

,(DNn
r)BBN, then this can be interpreted as a signature

inhomogeneousDN
n

f ne . This should be confirmed by inho

mogeneities in (D/H) measurements that should be search
for independently of CMB observations.

We have applied these cosmological tools to the searc
nonstandard effects from neutrino mixing. In the case
three ordinary neutrino mixing, it seems impossible to fi
relevant cosmological effects. When a mixing with new lig
sterile neutrino flavors is considered, as the LSND exp
ment seems to suggest, then the early Universe becom
powerful probe. We have shown how the SNO and SK
periments favor those four neutrino mixing models for whi
the sterile neutrino flavor is brought into thermal equilibriu
or very close to it, implying thatDNn

r.1. At the same time,
a mechanism of electron neutrino asymmetry generation

not be invoked to have a negativeDN
n

f ne and thus in the end

DNn
tot.1. The cosmological boundDNn

tot,0.3 is already
quite conservative and future cosmological observations
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be compatible withDNn
tot.1 only if they will measure a

value forhCMB that should be approximately half the valu
measured by current observations or, alternatively, a valu
Yp that should be about 0.01 higher. This of course wo
mean that present observations are affected by large sys
atic uncertainties or that statistical errors have been larg
underestimated. If one excludes such a possibility, the
way out could be the presence of large initial neutrino asy
metries suppressing the sterile neutrino production. In
case, the cosmological information can still be used to c
strain the values of the neutrino asymmetries. Such a con
sion would have a quite remarkable impact on bary
leptogenesis models. Another possibility is that phases in
neutrino mixing matrix could play an important role in th
derivation of cosmological output and thus should be tak
into account. Another intriguing possibility is to assume t
existence of more than one sterile neutrino flavor. The n
sterile neutrino flavor should be mixed with the electron ne
trino flavor with the proper mixing parameters such tha
relevant electron neutrino asymmetry is generated and b
halves the sterile neutrino production and yields a nega

DN
n

f ne . This is possible only if the electron neutrino flavor

mainly present in the heavy mass eigenstates withmi

;1 eV. Therefore, this scenario will be testable in futu
bb0n decay experiments and with the cosmological to
that we described.

This investigation thus shows that light sterile neutrinos
cosmology are now more constrained than before, beca
the possibility of a neutrino asymmetry generation in fo
neutrino mixing models is disfavored within the statistic
significance of the results from the SNO@3# and the SK@69#
experiments. The result is that the sterile neutrino flavor,
quired by the LSND experiment, gets fully thermalize
Therefore, the confirmation of the existence of light ster
neutrino flavors in future neutrino mixing experiments wou
be of great relevance for cosmology. Such a confirmat
should come in the next few years by many planned exp
ments. In particular, the MINIBOONE experiment shou
confirm or disprove the evidence of neutrino oscillations
the LSND experiment, while many other different expe
ments will be able to exclude exotic solutions to expla
solar and atmospheric neutrino data.

ACKNOWLEDGMENTS

The author thanks the Alexander von Humboldt Foun
tion for financial support. He wishes to thank L. Mersini f
many valuable comments and discussions. He also thank
Foot and R. R. Volkas for encouraging comments, M.
Gonzalez-Garcia for a useful discussion during the EPS H
conference in Budapest, M. Tegmark and X. Wang for exp
nations on CMB data analysis, and Q. Shafi and A. Ringw
for nice discussions. He is grateful to M. Lusignoli for ha
ing drawn to his attention important points on the statisti
significance of current four neutrino mixing data analysis
excluding pure active to sterile neutrino oscillations.
9-12



T.

91

,

.

H

s

.

ker,

ys.

.

ker,
r-

,

v.
s-

, J.

iler,

ucl.

B
.

s.

t.

s.

UPDATE ON NEUTRINO MIXING IN THE EARLY UNIVERSE PHYSICAL REVIEW D65 043509
@1# Super-Kamiokande Collaboration, Y. Fukudaet al., Phys. Rev.
Lett. 81, 1562~1998!; 82, 2644~1999!; Kamiokande Collabo-
ration, Y. Fukudaet al., Phys. Lett. B335, 237 ~1994!; IMB
Collaboration, R. Becker-Szendyet al., Nucl. Phys. B~Proc.
Suppl.! 38, 331 ~1995!; Soudan Collaboration, W. W. M. Alli-
sonet al., Phys. Lett. B449, 137 ~1999!; MACRO Collabora-
tion, M. Ambrosioet al., ibid. 434, 451~1998!; C. McGrew, in
Neutrino Telescopes 2001, Venice, Italy, 2001; T. Toshito, in
Moriond 2001, Les Arcs, France, 2001; for a review, see
Kajita and Y. Totsuka, Rev. Mod. Phys.73, 85 ~2001!.

@2# B. T. Clevelandet al., Astrophys. J.496, 505 ~1998!; Kamio-
kande Collaboration, Y. Fukudaet al., Phys. Rev. Lett.77,
1683~1996!; GALLEX Collaboration, W. Hampelet al., Phys.
Lett. B 447, 127 ~1999!; SAGE Collaboration, J. N. Abdu-
rashitov et al., Phys. Rev. Lett.83, 4686 ~1999!; Super-
Kamiokande Collaboration, Y. Fukudaet al., ibid. 81, 1158
~1998!.

@3# SNO Collaboration, Q. R. Ahmadet al., Phys. Rev. Lett.87,
071301~2001!.

@4# P. Lipari and M. Lusignoli, Phys. Rev. D60, 013003~1999!;
G. L. Fogli, E. Lisi, A. Marrone, and G. Scioscia,ibid. 60,
053006~1999!; N. Fornengo, M. Maltoni, R. Toma`s Bayo, and
J. W. F. Valle,ibid. 65, 013010~2002!.

@5# LSND Collaboration, A. Aguilaret al., Phys. Rev. D64,
112007~2001!.

@6# V. F. Shvartsman, Pis’ma Zh. Eksp. Teor. Fiz.9, 315 ~1969!
@JETP Lett.9, 184 ~1969!#.

@7# G. Steigman, D. N. Schramm, and J. R. Gunn, Phys. Lett.66B,
202 ~1977!.

@8# P. de Bernardiset al., Nature ~London! 404, 955 ~2000!; S.
Hananyet al., Astrophys. J. Lett.545, L5 ~2000!; N. W. Hal-
versonet al., astro-ph/0104489.

@9# A. E. Langeet al., Phys. Rev. D63, 042001~2001!; A. Balbi
et al., Astrophys. J. Lett.545, L1 ~2000!.

@10# C. B. Netterfieldet al., astro-ph/0104460.
@11# C. Prykeet al., astro-ph/0104490.
@12# R. Stomporet al., astro-ph/0105062.
@13# http://map.gsfc.nasa.gov/m–mm/ms–status.html
@14# http://astro.estec.esa.nl/Planck/
@15# X. Wang, M. Tegmark, and M. Zaldarriaga, astro-ph/01050
@16# M. Tegmark~private communication!.
@17# R. V. Wagoner, W. A. Fowler, and F. Hoyle, Astrophys. J.148,

3 ~1967!; M. S. Smith, L. H. Kawano, and R. A. Malaney
Astrophys. J., Suppl. Ser.85, 219 ~1993!.

@18# Y. I. Izotov and T. X. Thuan, Astrophys. J.500, 188 ~1998!.
@19# K. A. Olive and G. Steigman, Astrophys. J., Suppl. Ser.97, 49

~1995!.
@20# J. M. O’Meara, D. Tytler, D. Kirkman, N. Suzuki, J. X

Prochaska, D. Lubin, and A. M. Wolfe, Astrophys. J.552, 718
~2001!.

@21# R. E. Lopez and M. S. Turner, Phys. Rev. D59, 103502
~1999!.

@22# T. P. Walker, G. Steigman, D. N. Schramm, K. A. Olive, and
Kang, Astrophys. J.376, 51 ~1991!.

@23# S. Sarkar, Rep. Prog. Phys.59, 1493~1996!.
@24# A. D. Dolgov, S. H. Hansen, and D. V. Semikoz, Nucl. Phy

B503, 426 ~1997!.
@25# E. Lisi, S. Sarkar, and F. L. Villante, Phys. Rev. D59, 123520

~1999!.
04350
.

.

.

@26# Z. Fodor, S. D. Katz, and A. Ringwald, hep-ph/0105064.
@27# H. Kurki-Suonio and E. Sihvola, Phys. Rev. D63, 083508

~2001!.
@28# G. Jungman, M. Kamionkowski, A. Kosowsky, and D. N

Spergel, Phys. Rev. D54, 1332 ~1996!; J. R. Bond, G. Ef-
stathiou, and M. Tegmark, Mon. Not. R. Astron. Soc.291, 33
~1997!.

@29# N. Hata, R. J. Scherrer, G. Steigman, D. Thomas, T. P. Wal
S. Bludman, and P. Langacker, Phys. Rev. Lett.75, 3977
~1995!.

@30# S. Hannestad, Phys. Rev. D64, 083002~2001!.
@31# R. E. Lopez, S. Dodelson, A. Heckler, and M. S. Turner, Ph

Rev. Lett.82, 3952~1999!.
@32# S. Hannestad, Phys. Rev. Lett.85, 4203~2000!.
@33# A. D. Dolgov and B. E. Pagel, New Astron.4, 223 ~1999!.
@34# H. Reeves, Phys. Rev. D6, 3363 ~1972!; A. Yahil and G.

Beaudet, Astrophys. J.206, 26 ~1976!; G. Beaudet and P
Goret, Astron. Astrophys.49, 415 ~1976!; K. A. Olive, D. N.
Schramm, D. Thomas, and T. P. Walker, Phys. Lett. B265, 239
~1991!; H. Kang and G. Steigman, Nucl. Phys.B372, 494
~1992!.

@35# J. P. Kneller, R. J. Scherrer, G. Steigman, and T. P. Wal
Phys. Rev. D~to be published!, astro-ph/0101386; J. Lesgou
gues and A. R. Liddle, Mon. Not. R. Astron. Soc.327, 1307
~2001!; S. H. Hansen, G. Mangano, A. Melchiorri, G. Miele
and O. Pisanti, Phys. Rev. D~to be published!,
astro-ph/0105385.

@36# CHOOZ Collaboration, M. Apollonioet al., Phys. Lett. B466,
415 ~1999!.

@37# G. L. Fogli, E. Lisi, D. Montanino, and A. Palazzo, Phys. Re
D 64, 093007~2001!; A. Bandyopadhyay, S. Choubey, S. Go
wami, and K. Kar, Phys. Lett. B519, 83 ~2001!.

@38# J. N. Bahcall, M. C. Gonzalez-Garcia, and C. Pena-Garay
High Energy Phys.08, 014 ~2001!.

@39# F. Vissani, hep-ph/9708483; V. Barger, S. Pakvasa, T. J. We
and K. Whisnant, Phys. Lett. B437, 107~1998!; A. J. Baltz, A.
S. Goldhaber, and M. Goldhaber, Phys. Rev. Lett.81, 5730
~1998!; G. Altarelli and F. Feruglio, Phys. Lett. B439, 112
~1998!.

@40# P. Langacker, S. T. Petcov, G. Steigman, and S. Toshev, N
Phys.B282, 589 ~1987!.

@41# J. T. Peltoniemi, D. Tommasini, and J. W. Valle, Phys. Lett.
298, 383 ~1993!; J. T. Peltoniemi and J. W. Valle, Nucl. Phys
B406, 409~1993!; D. O. Caldwell and R. N. Mohapatra, Phy
Rev. D48, 3259~1993!.

@42# Particle Data Group, D. E. Groomet al., Eur. Phys. J. C15, 1
~2000!.

@43# R. Foot and R. R. Volkas, Phys. Rev. Lett.75, 4350~1995!.
@44# P. Di Bari, P. Lipari, and M. Lusignoli, Int. J. Mod. Phys. A15,

2289 ~2000!.
@45# J. M. Cline, Phys. Rev. Lett.68, 3137~1992!.
@46# R. Foot, M. J. Thomson, and R. R. Volkas, Phys. Rev. D53,

5349~1996!; R. Foot and R. R. Volkas,ibid. 55, 5147~1997!.
@47# P. Di Bari, R. Foot, R. R. Volkas, and Y. Y. Wong, Astropar

Phys.15, 391 ~2001!.
@48# K. Enqvist, K. Kainulainen, and M. Thomson, Nucl. Phy

B373, 498 ~1992!.
@49# A. D. Dolgov, Phys. Lett. B506, 7 ~2001!.
@50# R. Foot and R. R. Volkas, Phys. Rev. D56, 6653~1997!.
9-13



l.

ys

s.

,
.

nt,

y,

na-

s.
.

P. DI BARI PHYSICAL REVIEW D 65 043509
@51# P. Di Bari and R. Foot, Phys. Rev. D~to be published!,
hep-ph/0103192.

@52# S. P. Mikheev and A. Y. Smirnov, Nuovo Cimento Soc. Ita
Fis., C 9, 17 ~1986!; Yad. Fiz. 42, 441 ~1985! @Sov. J. Nucl.
Phys.42, 913 ~1985!#.

@53# R. Foot, Phys. Rev. D61, 023516~2000!.
@54# D. P. Kirilova and M. V. Chizhov, Nucl. Phys.B591, 457

~2000!.
@55# D. P. Kirilova, astro-ph/0109105.
@56# K. Kainulainen, Phys. Lett. B244, 191~1990!; R. Barbieri and

A. Dolgov, ibid. 237, 440~1990!; X. Shi, D. N. Schramm, and
B. D. Fields, Phys. Rev. D48, 2563~1993!; D. P. Kirilova and
M. V. Chizhov, Phys. Lett. B393, 375 ~1997!.

@57# X. Shi, Phys. Rev. D54, 2753~1996!.
@58# P. Di Bari and R. Foot, Phys. Rev. D63, 043008~2001!.
@59# A. H. Jaffeet al., Phys. Rev. Lett.86, 3475~2001!.
@60# P. Di Bari, Phys. Lett. B482, 150 ~2000!.
@61# A. D. Dolgov and D. Grasso, astro-ph/0106154.
@62# N. Okada and O. Yasuda, Int. J. Mod. Phys. A12, 3669~1997!.
@63# S. M. Bilenkii, C. Giunti, and W. Grimus, Eur. Phys. J. C1,

247 ~1998!.
@64# V. Barger, S. Pakvasa, T. J. Weiler, and K. Whisnant, Ph

Rev. D58, 093016~1998!.
@65# S. M. Bilenkii, C. Giunti, W. Grimus, and T. Schwetz, Phy
04350
.

Rev. D60, 073007~1999!; C. Giunti and M. Laveder, J. High
Energy Phys.02, 001 ~2001!; O. L. Peres and A. Y. Smirnov
Nucl. Phys.B599, 3 ~2001!; W. Grimus and T. Schwetz, Eur
Phys. J. C20, 1 ~2001!.

@66# V. Barger, B. Kayser, J. Learned, T. Weiler, and K. Whisna
Phys. Lett. B489, 345 ~2000!.

@67# M. Maltoni, T. Schwetz, and J. W. Valle, Phys. Lett. B518,
252 ~2001!.

@68# M. C. Gonzalez-Garcia, M. Maltoni, and C. Pena-Gara
hep-ph/0108073; for earlier works~pre-SNO results@3#!, see,
for example, C. Giunti, M. C. Gonzalez-Garcia, and C. Pe
Garay, Phys. Rev. D62, 013005 ~2000!; O. Yasuda,
hep-ph/0006319; M. Hirsch and J. W. Valle, Phys. Lett. B495,
121 ~2000!.

@69# Super-Kamiokande Collaboration, S. Fukudaet al., Phys. Rev.
Lett. 85, 3999~2000!.

@70# R. Foot, Phys. Lett. B496, 169 ~2000!.
@71# V. Barger, D. Marfatia, and K. Whisnant, hep-ph/0106207.
@72# H. V. Klapdor-Kleingrothaus, H. Pas, and A. Y. Smirnov, Phy

Rev. D63, 073005~2001!; S. M. Bilenky, S. Pascoli, and S. T
Petcov,ibid. 64, 113003~2001!.

@73# N. F. Bell, R. Foot, and R. R. Volkas, Phys. Rev. D58, 105010
~1998!.
9-14


