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Update on neutrino mixing in the early universe
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From the current cosmological observations of cosmic microwave backgi@m@&) and nuclear abun-
dances, we show, using an analytic procedure, that the total effective number of extra neutrinoA;Né’éies
<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 Observat@\O) and SuperKamiokande experiments, disfavoring
pure active to sterile neutrino oscillations, we show that all four neutrino mixing models, both »fahd
3+1 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 concluddifiat1, 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.
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I. INTRODUCTION models that have been proposed to explain the current data,
including or excluding the LSND experiment, and, with the
Neutrino mixing is the simplest explanation of the datanew procedure, we confront them with the cosmological ob-
from the atmospheri¢1l] and solar neutrino experiments servations. We explain why the early Universe encounters
[2,3], while alternative mechanisms are becoming more andifficulties in detecting effects from three ordinary neutrino
more unlikely[4]. The results from the Liquid Scintillation mixing models(Sec. Il)), while we emphasize the unique
Neutrino DetectofLSND) experiment can also be explained capability of the early Universe to probe a mixing with a new
by neutrino mixing[5]. sterile neutrino sector even for very small mixing angles,
In this work, we investigate the possible cosmologicalgiherwise out of reach of Earth experime(@ec. IV). In the
effects (_Jf neutrino mixing. The theory of pig bang nucleo- .5se of four neutrino mixing mode(Sec. \j, we study the
synthesis has been proposed for a long time as a probe fepgmological predictions using the results obtained in the

particle physic46,7], but the systematic uncertainties in the simple active-sterile neutrino mixing and neglecting the pos-
;neasurements of nuclear abundances Teprese”t an_obsta&lgle presence of phases. We find the remarkable results that
or improvement. In the past two years, dlffe_rent experiments, .\ data from the SNO and Superkamiokaf®ié) ex-
confirmed the existence of acoustic peaks in the power spec- . . -
trum of CMB temperature anisotropif], from which it has Perlm?nts f?vor those"four neutrino n.1|xmgt2t10dels, both of
been possible to measure, with improved precision, many2 +2" and “3+1 type,” thatlead to a finahN,,"=1. In Sec.
different cosmological parametef8—12). The precision of I, we shovy how an addm_onal sterile neutrllno flavor cqul_d
these measurements will be further improved by the newelve the disagreement with the cosmological bound if its
satellite experiments: the Microwave Anisotropy ProbeMixing is able to generate a large electron neutrino asymme-
(MAP) satellite, already launched and on the way to its finaltry generation that produces a negative contributiof kg

orbit about the L2 Lagrangian poiif3], and the Planck In Sec. VII, we conclude by outlining the possible signatures
satellite, whose launch is scheduled for the year 2[0@4. of neutrino mixing models that should be searched for in
These new observations represent a way to integrate tHeture observation.

nuclear abundance observations while partly overcoming the

obstacle of systematic uncertainties and thus offering new

opportunities to detect or isolate new physics in the early Il. COSMOLOGICAL OBSERVATIONS
Universe, in particular the effects of neutrino mixing. )
In Sec. II, we describe a simple new analytic and graphi- A. Current constraints

cal procedure to confront a large class of possible nonstand- The recent observations of CMB anisotropigd—12
ard effects with the cosmological observations. We consideprovide a useful consistency test for the other cosmological
both the present situation, finding that the total effectiveobservations. The interpretation of data depends on theoreti-
number of neutrino speciesN'*<0.3, but we also point out cal assumptions. Therefore, it is important that the simplest
which results from future observations could be interpretednodel used to fit the data, which makes use of seven inde-
as signatures of nonstandard effects. In Secs. Il and 1V, weendent parameters, gives results that are consistent with the
examine the specific predictions of those neutrino mixingother observations. A combined analysis of the experiments
allowing also for the presence of tensor fluctuations and a
hot dark matter component by increasing the number of pa-
*Email address: dibari@mail.desy.de rameters to 1115] does not show hints of the presence of
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such components, and it is remarkable that, when informa- Ygxpz 0.244+0.002, 3

tion from galaxy clustering is added, an upper bound of 4.4

eV on the sum of neutrino masses is found. Although thes&hile a second group finds “low” valuell9]:

analyses support a cosmological consistency, one has to be

aware that we may be excluding important possible effects Yp'P=0.234+0.003. 4

that are still compatible with the data or that maybe some : .

cosmological observations are affected by systematic unce‘rA—‘t the mpment, thefe. IS a tenden(_:y to admit that there are
tainties and are misleading us to wrong conclusions and t8ysternat|c uncertainties in these kinds of measurements and
excluding important pieces of the picture. We will take the© unn‘y the two ranges of valuc_as. However, we prefer to
attitude of considering the simplest results as reasonable, pGpntinue to distinguish the two different measurements.

at the same time we will check whether these assumptions Thg primordial deuterlumhab#nd(ajmﬁ_(}: IST?'ealf'urch ]ln qua-
are compatible with the neutrino mixing models that we will S& @bsorption systems at high redshiit. This kind of mea-
examine. surement gives the resuR0]

In this section, we attempt to quantify the possibility that exp_ -5
some nonstandard effects of big bang nucleosyntiiB&sI) (DIH)™=(3.0=0.4 %10 ©
arise from neutrino mixing models. In order to test neutrinowe will not consider measurements of the primordial lithium
mixing models, CMB anisotropies are particularly importantabundance since it is not fully understood whether we are
because they provide a measurement of the baryon contengally able to estimate how stellar processes could have
This information has an important role in constraining themodified it to the present. A test for the SBBN means to

presence of new physics when taken into account in modelsheck whether the following conditions are satisfied:
of BBN. The BOOMERANG and DASI Collaborations find

an identical valud10,11]:* Y5EEN 5 MB) = Y P, (6)
(Qph?)MB=0.022" 5304 1 (D/H)SBBN( 7CMB) = (D /H) e, @)

while the MAXIMA Collaboration finds (,h?)CM8  The functionsY®®N(#) and ©/H)%*®Y(7) do not have ex-
=0.0325 3912 at 959 C.L.[12]. A combined analysis has act analyticagl expression, but fits aroune=5 give the re-
been performed ifi15], in which both hot dark matter and Sults[21-23

tensor fluctuations are allowed, and for the CMB alone at SBBN, . _

95% C.L. it gives Q,h?)MB=0.02"33°. If information Yo (1)=0.246610.011r(#/5), ®)
from the Infrared Astronomy SatellitdRAS) PSCz survey SBBN( )~ 3 6% 10~ 5 -16

on galaxy clustering is used, they find, at 68% C.L., (D/H) (7)=3.6x107(5/5) "> ©
(Q5h?)MB=0.020"5:0%3 [16]. This result practically coin-  Using the CMB value(2) for 7, one finds that the SBBN
cides with Eq.(1), even though different assumptions have predicts

been used. Therefore, this seems quite a stable and reason-

able value to be used for our analysis. Y RPN MB) = 0.2484° 0 0017, (10)
The standard BBN modglSBBN) assumes the patrticle BN, CMB s
physics content of the standard model of particle phy§its (D/H)="X (") =(2.7£0.7) X 10™>. (11

particular, zero masses and no mixing for neutrind4ore- h | it th . |
over, it assumes that the neutrino distributions are describel We compare these values with the experimental measure-
ents, we see that the SBBN is in agreement with the obser-

by the Fermi-Dirac ones with zero chemical potentials and"® e '

with a temperaturd <R~ [17]. The predicted primordial vations if high values off, are used, otherwise for low

nuclear abundances are functions of the only paramgter Values ofY, there is a 4 discrepancy. Such a comparison of

the baryon to photon ratio, related f,h? by the simple SBBN with the observations can also be done saying that
! ; ex

relation 7,=10"7=273.83,h%. The value (1) for ~ SBBN predicts, from the current;and O/H)®? the fol-

(Q,h?)CME corresponds fo lowing values forn(30):

7VB—6 011 @) ﬁﬁigﬁNYp: 3.8 %%, (12)
These predictions haye to b_e compared with the. mea;ured 77%5“8%:1'4%%’ (13
\Iilaelllﬁr? thrritjagrcggfgﬂnds high” values for the primordial n(sg,ﬂ:S.Gfﬁ, 14

We indicate I errors for all quantities unless differently explic-  3We are considering the neutrino heating frefh— e~ annihila-
itly indicated. More precisely, the DASI experiment quotes at 68%tions as a nonstandard effdsee the discussion later oand thus

C.L. (Q,h?)ME=0.022"33%. we are subtracting this contributiodY,~1.4x10"* [24]) from
“From this moment we will always show values gfin units of  the result found if21]: Y5*®"(5=5,7,=887 secj=0.2467, where
1079 omitting the subscript “10” to simplify the notation. 7, is the neutron lifetime.
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and comparing them witly®B, the same previous conclu- cific model of nonstandard BBN should be able to specify
sions follow. the deviationsf, 5 (p,t) at each momentum and during all

We want now to quantify the possibility that BBN is non- the period of BBN. However, it has to be remarked that once
standard, and of course in doing this we will be particularlythe neutron-to-proton ratio has frozen, the electron neutrino
interested in those nonstandard BBN models that can resulfistributions no longer have a direct role in the nuclear reac-
from neutrino mixing. In this case, the possible nonstandargions. Thus, everything will depend only on the frozen value
effects are of two kinds and quite well known. Thrst effect  of n/p and still on AN?. This means that the deuterium

is the possibility that the number of energy density degreegpndance will depend only indirectly on the electron neu-
of freedomg,=(30/m?) (p/T*) differs from its SBBN value

gSPEN= (22/d)+ (21/4)(T,IT)* before or during the BBN "0 distortions through the quammfv%' Actually, such a
period. In this way, the expansion rate and the standard BBidePendence is very weak and we will fneglect it. Of course,
predictions for the primordial nuclear abundances would bélifferentsf, - can produce the sandeN "= and this degen-
modified[6]. The change o, can be expressed in terms of eracy represents a loss of informatiithe predictions of
the (effective) extra number of neutrino specifg] AN®: such nonstandard BBN models can again be compared with
the experimental observations:

T 4

%:gfm”%ANi?' (19 YEBN(OMB ANE 8, 1) = Y2, (20

From the definition ofg,, it follows that AN? is related to (D/H)BBN(5CMB ANP)=(D/H)®*®.
the neutrino energy densities by the following simple expres- (21

sion:
The Y, measurement puts a constraint on the quéhtity
pxt px

ANG=2) ot (16) ANO=ANS+AN=AYEN0,0137. (22

where po=(77%/120)T* and the “X” particles include the At 30, assuming high values fof®, we find
thrge ordinary_ neutrinos plus pos;ible new speties wi.II ANW= _.3"06 (23)
be interested in possible new sterile neutrino flauokgain v ~-0.61

we can make use of Ilpear fits that acc.ou.nt for the Contr,'buWhiIe assuming low values we find
tion of a nonzerdAN? in the BBN predictions for the pri-

mordial nuclear abundancés, AN™'=—1.05+0.75. (24)

Y5EN(7,AND)=Y;B%(7) +0.013ANY, (17 The deuterium abundance provides complementary informa-
tion on AN’ and the comparison between the prediction and
(D/H)®®N(5,ANS)=(D/H)%®N(5)(1+0.138AN%)%% the observed value gives, conservatively atalével, an
(18)  upper bound om\N?:

A second class of deviations from SBBN those related to (ANP)BBN<13 (25)
distortions of electron neutrino and antineutrino SBBN dis- !
tributions, given by the Fermi-Dirac distribution with zero
chemical potentiathe same for neutrinos and antineutri- _ _
nos. In general, deviations cannot be described in terms of a 1€ only way to have more information on taé, , would be

finite number set of parameters but by an infinite number of0 dett_act the e_Iectron rellc_neutrlno distributions from_ which one
parametergthe occupation numbers for each quantum statéomd _|nfer their values during BBN. Unfortunately, relic neutrlng

with a given momentuin However, one can first calculate detection appears at the moment beyond the current observations

the change ian caused by these deviations and then nor-bUt there are some interesting developments from study of ultrahigh

malize this change by introducing the quantity ;nbelzgsﬁsrgganUHEv) scattering on relic neutrinos and producing

®Note there could be other kinds of nonstandard effects not con-
sidered here, such as those ones associated with the possibility that
during the BBN epoch there were baryon inhomogeneities on the
scale of neutron diffusion lengttsee[27] and references thergin
In this way, one weighs the effect of distortions in terms of The quantityAN'"—AN? would assume a more general interpreta-
the presence of an extra number of neutrino species. A spéen and depend also on other nonstandard parameters such as the
size of inhomogeneities and thus should be more generally indi-
cated, for example, witIANZ”eH”“. In this paper, we are interested
“The number 0.0137 can be inferred from the expansion given ifin focusing on nonstandard effects from neutrino mixing models
[21] for »=6, while the dependence oD(H) on AN’ can be and thus we completely neglect the possibility for these kinds of
easily calculated considering that this abundance stays constant fathomogeneities, but it is interesting that this procedure could be
n/\/g_p= const[25]. employed also in a different context.

Yo AN B, 5) = Y7, AND)]

AN = 0.0137

(19
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while a lower bound is still not obtained with the current
precision of measurements. The constraif@3), (24), and
(25) are shown in Fig. 1, in a plaAN""'—AN?.

B. Future observations and possible signatures

It is interesting to see how one can expect that these con

straints will improve from future CMB measurements mf
The Planck experiment should be able to measuweith a
precision at the level of 1% or le428]. In this way, the

uncertainties in the theoretical predictions of the nuclear

abundancesY5®" and O/H)®EN, will become negligible
compared to the errors in the experimental values.

Assuming that the future measured valg&® will cor-
respond to the current central value &@/H) in SBBN, »
=5.6[see Eq(14)], the current deuterium observations will
constrainAN? to be <4.0 (30) (the horizontal thick dashed
line in Fig. 1), while still one does not get a lower bouhd.
The same exercise can be performed withto see how the
constraints om\ N'* would improve, and the result is shown
with vertical dashed lines in Fig. 1. This time the improve-
ment is slight because th§, abundance is much less sensi-
tive to 5 than (O/H) and the error olAN'*' is dominated by
the error ony . The two constraints together, fror(H)
andY,, give the gray region in Fig. 1 with thick dashed line
contours.

On the other hand, it could happen that future CMB ob-

servations will indicatey*MB> ﬂ:izﬁﬁexp [see Eq.(12)]. In
p

Fig. 1, we show, in light gray, the allowed cosmological re-

gion (at 30) in the planeAN''—AN? for 7°MB=7.0 (1%
errop for a “low +high” joint range ofY, values. The SBBN
would be ruled out at@ and negative\ N'"'<AN? would be

required. Therefore, in future, a 1% error measurement

7*MB=7 [or (Q,h?)MB=0.0256 will represent the oppor-
tunity to have a significant signature of nonstandard BB
effects with the current nuclear abundance observations.
the other hand, the current allowed 3ange of values of
7»“MB 3.6-9.9[see Eq.(2)], excludes already now the pos-
sibility that a future 1% error measurement 9f“&, with

currentY, measurements, can give indications for positive

f . .
values of AN ", which meansAN<AN/, because it

would requiren“M<2 using highY, values[see Eq(12)]
and even lower values 0f°™® using lowY,, values.
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FIG. 1. Constraints on nonstandard BBN models from measure-
ments of »°“®), Y, and O/H). The solid vertical lines are the
constraints(23) and (24) with the thick ones indicating the joint
range coming from low high Y, values. The horizontal solid lines
are the constrain25). The dark gray region is the allowed one by
current observations. The dashed lines, contours of the gray region,
are the constraints obtained neglecting the errorsGN® in the
BBN predictions and assuming a valy&V8) = SBBN=5 6 corre-
sponding to D/H)=3.0x10"% in SBBN. The light gray region is
the allowed region if one assumeg™®=7 and lowthigh Y;*°
range of values. The dotted horizontal lines are the realistic con-
straints that will be obtained oAN? from future CMB anisotropy
observations. The BBN from the standard model of particle physics
lies well within the circle centered around the origin.

n®MB<4.5, negative values afN” would be required.
Another important improvement, from future observations
of CMB anisotropies, will be the direct measurement of

NAN’;. The presence of an extra radiative component changes
Otnl?e CMB spectrum, in particular leading to the enhancement

of the height of the first acoustic peak. At present, a com-
pletely independent measurement a&fN? from CMB
anisotropies gives a very loose constraiit\®) °MB< 19 (at
95% C.L., CMB along [30]. However, future MAP and
Planck satellite experiments should reach a precision of
10 3-10! according to whether the information on the
other cosmological parameters from other observations will
be used or not and whether the CMB polarization will be

FromCEéq.(M), one can see that from a 1% error measureéneasured or nd1]. In Fig. 1, we indicated with horizontal
ment »~"°=7.7 the deuterium abundance would requireiyin dashed lines a realistic future constraji N?) CME|

also AN?>0 (other than negativekNi”e). Conversely, for

"One findsAN?=—4, which is not particularly meaningful. At
20, one getsAN?=—2, which implies the presence of at least one
standard neutrino species. Note that a model in which a MeV
neutrino was decaying prior to the onset of BBN was proposed t
solve the BBN crisis from lowr &P values[29]. In such a case, one

P
can get negative values &fN’ as low as—1. Nowadays, such a

model is very disfavored by the neutrino oscillations experiments,
but nevertheless it gives an example of why it is not meaningless t§AN

put a negative lower bound akN?, which moreover can be con-

<0.1. It has to be said that the CMB observations will mea-
sureAN? around the time of recombination and thus it could
be different in principle from the value afN’ during the
earlier period of BBN if some intervening effect modified it.
For example, AN?)MB can be higher thanN?)BBN in the

case of massive neutrino decays. In this case, a comparison

between the two guantities will test the “relativity param-

eter” axm?r [32).
Their comparison could also give another result:
P)EMB(ANP)BEN, This is possible only if one can say

that (AN?)BBN>0. If one looks at the expressioii8) and

sidered a sort of consistency check of the basic BBN assumptiong14), such a conclusion is possible if future 1% error obser-
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vations will give °B=7.7. For example, from;*MB=7.8  with £,=pu,/T.® These kinds of models have been largely
one can deduceAN?)BBN=0.2, while it can happen at the studied in the literature for many yedrs7,34]. Constraints
same time that CMB constrairzH\IfMBso.l. This paradoxi- from the most recent cosmological observations have also

cal situation could occur iAN'® is inhomogeneous. We ne- been recently obtained if85]. Their procedure put con-
glected a dependence db(H)BEN on ANtyot, which means Straints omAN® | assuming that it is equal in BBN and CMB

on Y, or, equivalently, on the frozen value of neutron-to- €Pochs, and om in a statistical combined way and taking
proton ratio. This is because tivg observations suggest that into account a slight dependence 9fMB on AN’. This

Y, cannot differ from the SBBN value so much to modify allows them to get more restrictive constraints but in a more
(D/H) in a sensible way, while the value &fN’ is much  specific context and at the expense of physical insight. In our
less constrained and it can considerably alter the value gfrocedure, we get more conservative constraints because of
(D/H). However, the observations measifg only within  the poorest statistical procedure. On the other hand, we gain
about 100 Mpc around us, while th®(H) abundance is more physical insight from an analytical procedure valid in a
measured in the quasar absorption systems at much larggfore general framework in which we distinguigN? in

distances. Thus it cannot be excluded fiigican be “there”  ppy\ g CMB, the role oAN " is emphasized as we need
much more than what we observe around 38]. The am- v

plitude of CMB anisotropies excludes the possibility that thisfor our purposes, and we find a bound &N} missing in
Spatia| variation can be due to an inhomogenabmg’ and [35] A” these features are |mp0rtant for our fO”OWlng con-
thus it can be due only to an inhomogeneahNi”e that siderations.

should be “there” much moréand positive than is observed

around us. In this case, th®(H) nuclear abundance can be IIl. THREE ORDINARY NEUTRINO MIXING

higher than that predicted by SBBN and compatible with
»*MB> ,SBBN Such a possibility should, however, be ac-
companied by the observation of dispersion in tie'H)
measurements in the range of values (1.8—8H) °. Note
that at the moment values gfM8=7.7 are already excluded
at 1.5 and thus a small improvement in the measuremen
precision of7“MB should be able to disfavdor revea) such

a situation. However, only constraining the dispersion in th
values of measuredD/H) can put more general limits on

the presence of inhomogeneitiesAN " 3

Another important possibility is whether future observa- |Va>=2 U*|v). (27
tions will indicate AN?>0.3, because then, in order not to =1
violate the boundAN'®'<0.3, one can conclude that there is

. . . f
a negative contrlbutlom\NV”e.

With the exclusion of the LSND experiment, usually jus-
tified with the argument that it is the only experiment not yet
confirmed by a second one, three ordinary neutrino mixing
can explain the current data from solar and atmospheric neu-
Erino experiments. The three ordinary neutrino flavor eigen-
states|v,) (a=e,u,7) are connected to three mass eigen-
e'states|vi> with definite massesn; (i=1,2,3) by a X3
neutrino mixing matrixy:

The atmospheric neutrino experiments are then explained by
the mixing of |»,) and |v;) mass eigenstates witm3
_ —m3|=6mZ,,=2.5x10 2eV? with a large mixing angle
C. Two special cases of nonstandard effects sin? 20,5=0.88 [1] and with a negligible|U83|<1 (as re-
The SBBN corresponds, in the planeN'®—AN?, to the ~ quired by the CHOOZ experime86]) that implies a small
origin. One can consider the correction to the approximatiodnixing angleéy. In this way, thev,’s are converted almost
of full neutrino decoupling at the time of electron-positron only to »;’s. The solar neutrinos are explained by the mixing
annihilations (implying T,<R"1). It has been shown that Of »; and v, eigenstates withms—m3| = 6mZ <10 3eV2
such a correction yieldAN'"'=0.012 andAN?=0.034[24]. ~ With the new data from the SNO experiment, large mixing
Thus the predictions of nuclear abundances within the starngle solutions (sf26;,~1) are also favored37,3§. In
dard model of partide physics do not exacﬂy coincide W|thth|S way, the favored three neutrino miXing models are those
those of SBBN. In the optimistic case that future CMB ob-close to the the bimaximal mixing scenaf&g]. Three ordi-
servations will be able to detedtN” as small as 0.01, the nary neutrino mixing does not have relevant effects on the
small effect of neutrino heating should be distinguisfigt] ~ cosmological picture and in particular on the quantities
and this would represent an important confirmation of theandANi”e. It has been noted that a mixing of electron neu-
early Universe standard scenario belovi0 MeV. trinos with muon/tauon neutrinos during the period of freez-
A particular subclass of nonstandard BBN models, of thesgut of the neutron-to-proton ratio would exchange the abun-
type considered here, is that in which neutrinos still havegances of the two types that are slightly different due to the
thermal d|str|but|or_15 but vy|_th ‘nonzero .c.hem|cal potentialsyifferent effect of neutrino heating0]. In this way, the ef-
(fulfilling the chemical equilibrium condition;, =—wu, ).  fect of neutrino heating would change. However, the neu-
In this particular case, one has the following correspondencerino heating effect is small, as is the difference between the
2 4
sng-3 [ &) 2 )

fV
7 ) ANye:]-Gge

o T 7

8The second relation is a good approximation fég<1 and
(26) ANP<20.
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muon/tauon and the electron neutrino populations. Thus thgon prior to the onset of BBN43,44]. For small neutrino
bimaximal mixing would represent a correction of an alreadyasymmetries, the sterile neutrino production is given by
correcting effect. Therefore, at the moment, such a mixind45,44
model seems out of reach of cosmological investigation.
NJ, =1—exd —g%(s?|om?/eV?)]. (30

V. ACTIVE-STERILE NEUTRINO MIXING The functiong? (s?,| m?|/eV?) can be written in the form

An explanation in terms of neutrino mixing of the solar
and atmgspheric neutrino experiments, toggether with the g4 (s?,om?leV?) =K F1(s?)s?\|sm?|/eV?,  (31)
LSND experiment, implies three different scales of mass- . " . 5
squared differencessm?3 < 6mZ,< dm’gyp. This requires where the subscript (—) stands for p03|t|v<én.egat(|1ve) 25 m
the existence of at least one new neutrino flddi that has ~ 2dK.=657 (898 for a= e('“’_T)' The functionF= (s7) is
to be sterile in order to escape the constraift=3.00 given by the following integral:
+0.06 from the invisible decay width of th& boson[42]. o
Two neutrino mixing between one ordinary neutrino flavor F;’(sz)zj dt
v, and one sterile neutrino flavar; is the simplest case of 0

mixing involving new sterile neutrino flavors. With the new with c=cos %, anddy=0.008(0.02 for a=e(u,7). These

data from the a_tmosphenc and the solar neutrino EXPEMlagyits have been obtained within the static approximation
ments, such a simple scheme seems to be excluded, as

three ordinary neutrino flavors appears to be mixed amon | that neglects the Mikheyev-Smimov-Wolfenstein
y app L . SW) effect at the resonance. In the resonant case, for
themselves. However, the solutions of the kinetic equatlonsn 2

e egativeém?, this approximation holds only for very small
necessary to calculatéNj and AN, present many diffi- mixing angles $><10 *) and for small neutrino asymme-
culties and this basic case represents an important startiqg en.T

. ) - es[47]. Note thatAN?=N’ +(=%*"N? —3), where the
point. Moreover, it can represent a limit case for some of the [47] Y s (=g Vg ) )
possible submixings within a realistic multiflavor mixing, as Sécond term takes into account the depletion of ordinary neu-

we will see in the next section. It is described by only two trinos that is negligible when the bulk of sterile neutrino
parameterssm?= mi—mf ands?=sir? 26,, whered, is the produgtlon occurs before the-neutrlno chemlcql ollecou.plmg,
vacuum mixing angle. Thiv;) mass eigenstatd(,)) cor- and this case one has approximat&i}=N/, . This is veri-
responds to the ordinargsteril® neutrino eigenstate in the fied for [sm?/=10"*eV, which, for values ofN, =0.01,
limit of no mixing. The straightest cosmological effect is the corresponds to having small mixing angk¥s<10 2 in the
sterile neutrino production with a consequent generation ofionresonant case asé<10" 4 in the resonant case. In these
AN that can be as high as 1 in the case of full thermalizaregimes of small mixing angles, the functié (s?) is well

tion. In doing these calculations, one has to make some agpproximated by its asymptotic val& (0) and one has for
sumptions about the initial value of the ordinary neutrino,—g(y, 1) -
asymmetries. We define the asymmetry of a legtmaryon
particle specieX as g%(s*<10 2,1)/s?’=K F%(0)=1.69 (2.33 x 1(?,
(33

t2
s>+ ast?+ (c+1°)?

(32

Ny—N
Lx(Bx)=— g (29) 9% (s2=10"4 1)/s2=K F*(0)=4.28 (2.27)x 10".
y (34

with Ny being the particle number per comoving volume andin the nonresonant case, these analytical results agree very
N';‘ is the number of photons per comoving volume at anwell with the numerical ones found i#8]'° for s>=10 4,
initial temperaturel"=10 MeV>m,/2=0.25 MeV. The(ef-  while in [49] it is claimed thatAN” is approximately three

fective) totala-neutrino asymmetris defined as times lower.
All these results have been obtained assuming small neu-
L(“)ELVer L, +t LV#+ L, + Q. (29)  trino asymmetries. However, in the resonant case, at small

mixing angles, even if one starts with small neutrino asym-
with Q, ,=—(1/2)B, and Q.=L.—(1/2)B,. For initial metrie_s, a largex-neutrino asymmetry is generated around
values|L(®)|<10-¢(|sm?|/eVA)¥3 (“small” neutrino asym-  the critical temperature:
metrieg, the effects on the oscillations can be neglected,
while for much higher values an initial neutrino asymmetry
can modify, usually suppressing, the sterile neutrino produc- °In [48], the results are presented N}, however for small
enough mixing angles the contribution M\lfv is negligible and a
comparison is possible at least for the nonresonant case. In the
%Cosmology is, however, useful to get information on the masgesonant case, a comparison with the result6f at s°=10"* is
pattern; in particular, structure formation and CMB observations aréot possible because these take into account also the negative con-
currently sensitive to a few eV massgkb], while the Planck ex- tribution 3N, —3 to AN{ and are performed in a quantum
periment will be sensitive to a few 0.1 eV mas$2§]. kinetic formalism that accounts also for the MSW effect.
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T.=15.0 (18.6 MeV(|5m2|/eV2)1’6(2/yc)1’3, (35) dominated regime, that the neutrino and antineutrino reso-
nances get completely separated and only antineutrino reso-
nance can give a relevant effect, while the neutrino

wherey_ is the critical(rescaletdmomentun{46,50,53. The  resonance is by far in the tail of the distributionLif® is

growth is first driven by the neutrino collisions that suppressitially positive, and vice versa if it is negative. In this way,

the MSW effect. When the asymmetry reaches a value fothe MSW effect enhances the asymmetry to its maximum
which the interaction length at the resonance is larger thapajue[50]. However, if sterile neutrinos have been produced
the resonance width, then the growth starts to be driven bkjuring the pre\/ious collision-dominated regime, not 0n|y

the MSW effect{47,51], which can bring thes, asymmetry il ordinary antineutrinos be converted into sterile an-
up to a maximum value of 0.375. Aremarkable feature is thatineutrinos, but also the already produced sterile antineutri-

the MSW effect is adiabatic fos?=10"° (eV?/[sm*)¥*  nos will be converted back into ordinary antineutrinos. Thus
[51]. Below this value, the MSW effect becomes nonadiathe maximum value of the final neutrino asymmetry
batic and ordinary neutrinos are not converted efficiently intcthecome¥

sterile neutrinos anymore. However, such a small value of

the vacuum mixing angle represents by far the best example exp_ 3 )

of how matter effects can enhance the mixing in vacuum, IL, |#P=5(1=NJ). (36)
considering that in the Sun enterior the MSW effect occurs

for s°=10* [52]. . I

One would also like to know which is th ¢ limit on It will prove useful to assume, as the upper limit on the

€ would aiso like to kno ch IS the uppe N mixing angle for the generation of neutrino asymmetry, the

the vacuum mixing angle for the neutrino asymmetry to bevalue for whichN? >0.9, corresponding to a final neutrino
generated. This is a point that has still not been investigated vg” T P g. )
in the literature, but we will see, in the next section, that itaSymmetryat leastone order of magnitude less than its
will prove to be very important for our considerations. For- Maximum valueg. It is easy to calculate this value:
tunately, it is possible to get an analytic estimation. We will
be particularly interested in values dfdm?/=émigyp §2=0.51)x 10~ */eVZ/[om?]. 37)
=1 e\?. For these values, one can use Bf) to calculate

the sterile neutrino productioN’ . When the sterile neu- q he eff fal
. I - s Let us discuss now the effects of a large neutrino asym-
P
trino production is negI|g|bIemysso.1), the value of the metry. The neutrino asymmetry generation yields two correc-

critical momentum is approximately given by the peak Oftions to theN” calculated, in the resonant case, from Eq.
Fermi-Dirac distribution: y.=2 [43,44]. Once the asym- s

metry generation has started, the sterile neutrino productioﬁso)' Afirst correction is due to the effect, just described, of

is suppressed in the collision-dominated regime. This has thg PPression of the sterile neutrino productlc_Jn after the gen-
. : A eration of the asymmetry and can be described by a correc-
effect that the sterile neutrino production calculated by Eq

i p
(30) is halved. Thus, taking into account this effect, one canhve factor to Eq.(30) that can be as low as 0.5 fCMVs

easily calculate that the conditiaN? <0.1 corresponds to =0.1 and that quickly becomes (o suppressionfor Y

mixing angless2<0.52 (0.98)x10 °\eVZ[sm?. When =0.1 [44]. A segonq effect takes int_o account the sterile
this condition is verified, together with the lower limit from Neutrino production in the MSW-dominated regime that re-
the adiabaticity, the final value of the neutrino asymmetry issults as an additive contribution if_from Eq.(30), which
very close to the impassable limit corresponding to a situaaccounts only for the sterile neutrino production in the
tion in which, for an initial positivenegative value ofL{*),  collision-dominated regime. In the calculation &N, one

all antineutrinos(neutrinog are converted into antisterile has to take into account also the depletion of ordinary neu-
(sterile neutrinos and thudL, [™®=n, (m;)/in,=3 [50].  trinos. For— sm?<100eV?, the contribution to the sterile
Therefore, the maximum value is also independent of théeutrino production from the MSW-dominated regime oc-
mixing angle in this range of values. When the sterile neu<curs below the neutrino chemical decoupling and is compen-
trino production becomes not negligiblAKl?=0.1), it has sated by an opposite ordinary neutrino depletion, and thus
the effect to delay the asymmetry generation since the valuthere is no contribution tAN? . For higher values of- 5m?,

of y. increases and therefofe decreases. When, becomes  ordinary neutrinos are repopulated by the annihilations, and
higher than~10, the asymmetry generation at the critical this second contribution tAN? can be as high as 0[43].
temperature is driven by resonant neutrinos well in the tail oHowever, values of 6m?|=20e\? are disfavored by struc-
the distribution. Thus it is reasonable to think that when thisture formatior-CMB considerations(see, for example,
happens, the asymmetry generation mechanism will start t{5]). In any case, the sum of the two contributions to the
turn off. Unfortunately, it is not easy to give an analytic total AN?, from the two different regimes, cannot be much
description of this effect. However, there is a much simpler

reason for which the final value of the neutrino asymmetry————

has to decrease when the sterile neutrino production becomes$!n [44], it has been shown that the distribution function of sterile
not negligible. The reason is that the final value is reache@eutrinos produced during the collision-dominated regime,yfor
during the MSW-dominated regime that starts when thes>1, is given just by the equilibrium distribution times a coefficient
asymmetry has become large enough, during the collisione<1 in such a way that, /ni*=p, /pi*=N} =a.
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higher than 1. Thus the account of the neutrino asymmetry
generation leads only to corrections to the calculation of

ANE,
In the casew= u, 7, the contributiorAN” to AN is the

leading effect? and we can approximately say that the ac-

cessible region in the ploAN'"'—AN? lies along AN
=AN’ for 0<AN/=<1 (see Fig. 2

In the casen=¢, a IargeANfV”e can arise from two dif-
ferent processes. A first process is thg v, number density

depletion that this time is a direct and relevant effect occur-

ring for | Sm?|<10"“eV? and yields always a positiv@NfV”e
that can be even higher than3.The cosmological con-

straints are thus strongly strengthened by the account of thi: 3 2 1 0 1

effect [56,48 and this can be seen in the plaN'*'—AN?
considering that the regioAN'>>AN’ lies largely outside
the cosmological allowed regiofsee Fig. 2 The second

process is the generation of a large electron neutrino asym- znp

v

AN

tot

AN_*'=AN "+AN -

FIG. 2. Accessible region fow,—vs in the plane AN
. The thick segment along the lineN'*'=AN’ corresponds

metry in the resonant case and at small mixing angles. Thig, he casex=p,7, while the striped regions are for the case

time the sign is the same as that of the initidf that is

=e. The solid striped region is accessible in the casevofv,

observationally unknown and that could be predicted onlyhumber density depletion below the neutrino chemical decoupling
within a full baryo-leptogenesis model, and thus it can bey; i, the case ohegativeelectron asymmetry generatiorzhrslfv”e

both positive and negative.
For negative values,
ANP'<ANg, becomes accessible in theN'"'~AN? plot. In

[53], it has been calculated thANfV”e can be as low as-1.4

(for —8m?<3 eV?) and in Fig. 2 one can see that for values
ANfV”es —0.3, there is compatibility with the region allowed

by the low Y;'® values. Thusve— v, oscillations provide a
viable mechanism to solve the claimed SBBN cr|&%,50.

=0) plus sterile neutrino productiod(N”2=0). The dashed striped

it is remarkable that the regionegion is accessible when a largesitive electron neutrino asym-

metry is generated. The thick dashed segmentAf=0 corre-
sponds to the region of mixing parameters for which the sterile
neutrino production in the collision-dominated regime is negligible.
The possibility to have both an asymmetry generation and a sterile
neutrino production ANZ”S#O,AN‘PO) has not been studied in
detail and there are only particular numerical examples. The dotted
line is a simple interpolation between the two extreme cagd$

Another interesting possibility, shown in Fig. 2, is that — andAN?=1 that provides a reasonable approximation.
Ve Vg OSCillations would also be able to reconcile possible

future (1% erroy values of n°MB=7=2,5BBN with the

nuclear abundance observatidfis.

if one finds &> 730" and (AN5)MB<(AN,)BEN, or

directly if one finds a dispersion in the values dd/H)

Still another interesting effect could be the possibility to measured from quasar absorption systéms. _
generate the electron neutrino asymmetry in an inhomoge- Thus the generation of an electron neutrino asymmetry
neous way. This would require the presence of small baryobfields many interesting cosmological effects but, within a

number inhomogeneitid$60]. This effect could produce in-

two neutrino mixing scenario, it appears as a special possi-

. g . . . . _ . 2
homogeneous nuclear abundances that could have two kin&#ity, considering that it requirear=e, negativeom?, and
of indications as discussed in the previous section: indirectipMall mixing angles. However, we saw that the generation

12There is a small positive contribution mNi”e at large mixing
angles and ém?|<10"“ due to a small depletion of, number
density induced by the much highef, number density depletion
[48,53.

BFor example, in54] it is shown that, fors?=1 and ém?=3
X 10" 8 eV?, the Y, production is 0.02 higher than in SBBN, cor-
responding taAN'"=+1.5 and implyingANfu”e at least as high as
+0.5 (the value ofAN® is not separately shownExtrapolating to

higher values ofSm?|, it seems also quite evident that much higher

values ofANY" (3, 4,...,7 and ofANfV”e (2,3,..., 72are possible.
This is confirmed by the results of a very recent wik] in which
it is found that AN'™)™>*=6, implying ANL’e at least as high as
=5,

This possibility has been proposed [i8], when the first data
from BOOMERANG-MAXIMA were indicating M8=9.0+1.4
[59].

takes place even for tiny values of the vacuum mixing
angles, and because of this, the early Universe is the most
sensitive way to probe small mixings with new sterile neu-
trino flavors. Moreover, when considering realistic multifla-
vor mixing scenarios, the conditions for the occurrence of an
electron neutrino asymmetry generation can be more natu-
rally satisfied.

V. FOUR NEUTRINO MIXING

Four neutrino mixing models represent the minimal way
to explain, in terms of neutrino oscillations, all three anoma-

191t is also interesting that inhomogeneous neutrino asymmetries,
though on much smaller scales than those necessary to produce
inhomogeneous nuclear abundances, could be responsible for the
generation of galactic magnetic fields and give rise to a detectable
cosmological background of gravitational waJyéq].
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lies including the results of the LSND experiment. These Class A One has to consider the different possible ways
models are described by ax4 unitary mixing matrixU of oscillation into the sterile neutrino flavor. The sterile neu-
connecting the four mass eigenstates), with definite  trino flavor almost coincides with the fourth eigenstate but it
masses m;, to the four flavor eigenstategrv,) (a s also slightly present in the other three eigenstates. The
=e,u,T,S): mixing between the three light eigenstates and the fourth

A eigenstate is set b&mf“, and, since it is positive, there is no

R neutrino asymmetry generation. The mixing of the three ac-

|Va>:i21 Usilvi)- (38 tive neutrinos with the sterile neutrino can be described by

three different mixing angles, s%ﬁaasz4ui4. Fora=e,u,

There are different possible patterns for the mass specttfere are limits from the CDHS and BUGEY experiments for
but all of them can be distinguished in two tyfé2—64. In  Which sirf 26,,<10"*. For =7, we can assume the same
the first type, the “3+ 1” models, the mass eigenvalme, is  limit. Thus from the mixing set bysm?syp and using Egs.
separated by the other threm,, by the LSND gap in away (30) and(33), one can can see that there is a total thermali-
that| 6m3;|= smis\p. This case is a minimal modification of zation (AN®=1). The LSND experiment relates the two
a three neutrino mixing model, since the introduction of amixing angles in such a way that $@¢,.<sir? 20,s=3
fourth mass eigenstate, to incorporate the LSND results, jusk10~4. Therefore, even in the case of minimum sterile neu-
perturbs the mixing among the other three explaining solafrino production, when sfi26.=sir? zgﬂszloﬂ, one has
and atmospheric neutrino results. This means that the fourtﬂNgzo_g, very close to a complete thermalization. A mixing
eigenstate almost coincides with the sterile neutrino flavog the three active neutrinos with the sterile neutrino can also
(|Us“4| 21”,|Uas| <la#s). In the second type of model, yo yiven pysm2 and sm2,, since the sterile neutrino is
the 2+.2 quels,;h_e SpS‘C”“’;‘ splits in two nearly degen'also slightly present in the three light eigenstates. Now the
erate pairs witf} om |2_ 5m@,6m'atm, separated by. the r_ngch sign of m? can also be negative and thus a neutrino asym-
larger LSND scalémj syp. In this case, the neutrino mixing ey generation could occur in principle, but the presence
matrix is very different from the case of three neutrino mix- ¢ 5 large sterile neutrino population, from the mixing set by

ing models. SmZsyp, Will largely decrease the final value of the asymme-

There is an ongoing debate on which of the two types can, ;
. . y, at least by one order of magnitufieee Eq(36)]. In any
better describe the experimental dpi3,65-6§. The new case, such a generation of neutrino asymmetry occurs for

data from atmospheric neutrino experiments plus the inc'”[5m2|<10*2evz and in this case the critical temperature
sion of tritium 8 decay data corner *3 1" models in only would be lower than the freezing temperature of the neutron-

. 2
two allowed regions, at 99% C.L., aroudthis\p~0.9 and 5 nr6t0n ratio and would not affect BBN predictions in a
2 e\2 [67]. On the other hand, the fact that both atmospheric

foq . .
[69]*° and solar neutring3] data disfavor pure active-sterile way that|ANV | is negligible. Thus the only relevant cos-
oscillations suggests, for “22” models, that thev,'s (for ~ mological effect isAN{=0.9 _
solap and thev,’s (for atmospherit are converted into Class B In this case, the mixing of the three quasidegen-
some admixture of both active and sterile neutrifitk,68. erate heavier eigenstates with the fourth eigenstate has a
Thus from solar and atmospheric neutrino experiments, ther@egative dmj; = — dmsyp. Therefore, the sterile neutrino
is no evidence of the existence of sterile neutrinos and th@roduction is of resonant type, and from E@®4) with
simplest four neutrino mixing models, predicting pure active| dm?|=1eV? and sif26=10"2-10"1, one can see that
to sterile neutrino oscillations, are disfavored. However,again a complete thermalization would occur wiN® very
there is no incompatibility among the three experimentslose to 1. In principle, an electron asymmetry generation
when the full range of possible four neutrino mixing modelscan also occur but the complete sterile neutrino thermaliza-
is considered. We will now study the cosmological effects oftion has the effect of suppressing completely the asymmetry
both “3+1" and “2 +2” classes of models. generation mechanism, and thus we can conclude that also in

the B case|ANi”e|<1 and thereforeAN'"'=AN’=1.
A. 3+1 models

The “3+1” models can be distinguished in two classes, B. 2+2 models

AandB, such tham;>m; ., in Aandm,<m; ., in B. In the These can also be distinguished in two clasgeand B.

B case, the three heavier mass eigenstates are almost deggnthe A (B) class, the two lightest mass eigenstates, with

erate with m;= \/5mESND:O.95 or 1.4 eV according to massesn; andm,, explain solafatmospherigneutrino data

which of the two allowed islands is considered. Thewhile the two heavier eigenstates, with massgsand m,,

Heidelberg-Moscow experiment orBf3), decay puts re- explain the atmospherigolap neutrino datd63,64). Let us

strictions on theB class[72]. We can make use of the results define simple limit cases in which the lightest and heaviest

seen forv,«< vg to get some simple estimations on the cos-pairs of mass eigenstates are made only of two flavor eigen-

mological output of the two different classes. states, which means considering a mixing matrix with two
unmixed 2<2 blocks. Since the atmospheric neutrino ex-
periments constrain the probability of, — v, conversions to

18see alsd70] for a critical discussion. be very small, one has only four different possibilitiés:
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Them;,m, mass eigenstates are made onlypfv, and the
m,,m, mass eigenstates only ef,v; (ii) thems,m, mass
eigenstates are made only of,vs and them;,m, mass
eigenstates only of,, ,v,; (iii) the mz,m, mass eigenstates
are made only ofv,,vs and them;,m, mass eigenstates
only of v.,v,; and (iv) the my,m, mass eigenstates are
made only ofv,,v. and them;,m, mass eigenstates only of
V,,Vs.

Note that case$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 mass
eigenstates, which we call theormal couple while it is
absent in the other one, which we call thgposite couplelt

is simple to calculate the cosmological output since no neu-

trino asymmetry generation is possihjtbusANi”tO) and

AN?=1 for the casesiii) and(iv) and also for the case€p
and (ii) if the LMA solution is considered for the solar
neutrinos.’ otherwiseAN2=4X 10" for the SMA solution
(Sir? 20gya=10"3,| 6m?| gua=5x 108 eV? [38]).18

These simple four limit cases cannot explain the experi

ments for two reasons. The first reason is that in order t(?or all

explain the LSND experiment, the probability of,— v,
conversions cannot vanish, and the second reason is that t
SK experimen{69] and the SNO experimenB] disfavor
pure active-to-sterile oscillations. In order to explain the
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FIG. 3. Approximate accessible regions in thal'™—AN? plot,
in the case of four neutrino mixing models. The solid lines arefor
class “2+ 2" models. The region between the dashed lines denotes
B class “2+2" models. The dotted segment is for tiieclass “3

+ 1" model. The small circle is for th® class “3+ 1" model and

“2 +2" models when the information from SNO and SK is
sed, and it can be seen that it lies well outside the allowed cosmo-
%ical region(in gray).

LSND experiment, it is necessary that a small mixing be-sif2a=10* [see Eq.(37)], the mixing v, - Vs With
tween the heavy and light pairs of mass eigenstates is intrasm?= — ém2s,, produces a sterile neutrino production

duced in a way that there is a small contaminationoand
v, also in the respectivepposite coupl¢63,64. In order to

explain the SK and SNO results one has to introduce a pa

rameter that allows also fore—v, . conversion¥’ in the

cases(i) and (ii) and for v,— v, in the casegii) and (iv).

This is usually done by introducing a mixing angle between—

the sterile andv,, in such a way that «, .,vs)
— (v, ;,v5)=U(a)(v, ., vs), whereU(a) is a 2xX2 rota-
tion matrix[64]. In this way, case$i) and(ii) correspond to
a=0, while casegiii) and (iv) correspond tax= 7/2, and
for a=0— /2 there is a continuous transformation fr@im
to (i) and from(ii) to (iv).

Class A Let us first consider the transformation frdim
to (iii). It is remarkable that when the condition for adiaba-
ticity is satisfied for very small mixing angles 3im
=10 %(eV?/|6m?|)Y4 a large muon-tauon neutrino asym-
metry can be generated. This asymmetry generation can bo
suppress the sterile neutrino production frap— vg and

AN?=0.9 that suppresses a large neutrino asymmetry gen-
eration and the finglA ny”e<0.1. The experimental data fa-
vor, like best fits, sifie=0.03-0.09 and sfre=0.80-0.82
[68]%° and disfavor the possibility of having (and alsoa’
m/2— «) smaller than 10*. Therefore, the cosmological
effects are a resonant sterile neutrino production it

=1 andlANfV”e|<1 for sirf @ around the range 0.03—0.09
and a nonresonant sterile neutrino production WAti? =1

and |ANi”e|=O for sirf « around 0.80—0.82. Note that the
result is alwaysAN?=1, even assuming a SMA solution to
solve the solar neutrino problem. In Fig. 3, the approximate
accessible region for the clags “2 +2” models and for
sir? a=10"°(eV?/| 6m?|)Y*is shown in theAN'™'—AN? plot
with thick solid lines. The experimental results from the
HNO and SK experiments corner it to the “pointXN/
=ANY'=1, represented as a small circle.

also be partly transferred into an electron neutrino asymme- Class B The other possibility is to consider a transition

try yielding ANfV”e:—O.S orANfV”e:O.l, according to the
sign of the initial total asymmetri (*7) [73]. However, for

1A LMA solution for a mixing v« v is excluded by the Home-
stake experiment but it becomes possible if some mixture_.a
added tov, [68] or if Homestake is disregardg66].

8The SMA solution cannot give an electron neutrino asymmetryg

generation becausém? is positive.

With v, . we indicate a mixture ofv, and v,. This further
mixing has no relevance in cosmology, since theand v, flavors
cannot be distinguished.

from the case(iv) to the case(ii) for a’'=w/2—a=0
—7l2. Again when sif2a’ becomes
=10 °(eV?/|56m?|)¥ a neutrino asymmetry generation oc-
curs and this inhibits the sterile neutrino production from
v, .2t However, again the SNO and SK experiments
favor sirf2a’>10"*% and the consequent large sterile neu-
trino production prevents a large neutrino asymmetry to be
enerated and againN°=AN''=1. In Fig. 3, we again

20n the notation 0f68], COSa=CysCpy.
2lCalculations oﬂANfV”e| are missing in this case.
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show a plausible accessible region in melgj’t—AN,‘j plot. (~10°-10 %) aboveT~15MeV (the characteristic tem-
Since in the case of asymmetry generation there are no caperature for oscillations withdm?| = 6m?g,p,~1 eV?), then
culations of|ANfV”e|, we show the most conservative region the sterile neutrino production would be completely sup-

(between the dashed i min thalTANf”| n take all pressed43]. In this case, the constraints that we obtained in
etween the dashed lineassuming p 1 CANTAKE AR g0t 11 should be applied to the values ®N’ and ANfV”e

values between zero and the maximum possible value. Thlgssociated 0 large neutrino asymmetfisse Eq.(26)].

value corresponds to the case of an electron neutrino asym- We neglected completely the presence of phases in the
metry generatlor21 n th2e limit of two . neutrino. MiXing ¢, neutrino mixing matrix since we used the analogy with
ve— vs, for —om?=1eV’, as calculated ifiS3]. two neutrino mixing to calculate the cosmological output.
Let us try to quantify to which confidence level the results g rgle of phases in cosmology has never been studied. A
found in [68] constrain the possibility to have very small sssibility could be that, when phases are taken into account,
mixing angle sifa=<10"* or sirf2a'<10"", which is  then the active-sterile neutrino mixing, even with large
equivalent to excluding the possibility of a neutrino asym-angles sif2a=10"*, can generate a large neutrino asymme-
metry generation, respectively, in tfeclass and in the8  try that suppresses the sterile neutrino production, or in the

class. This depends on which solution one assumes for thgase of an electron neutrino asymmetry, yields a negative
solar neutrino data. If one assumes a LMA solution, then th%NfVe This possibility should be verified in a full four neu-
v

best fit is for sika=0.80-0.82 or equivalently for sia’ . R

=0.18-0.2. Very small values $ifi’<=10"* are excluded N0 Mixing kinetic theory.

approximately at 95% C.L. If one assumes a SMA solution,

then the best fit is for sfw=0.03—0.09. In this case, very V1. FIVE NEUTRINO MIXING

small values sifia=<10"* are slightly disfavored and cannot |t gne assumes the existence of a mixing with a second
be excluded to a significant statistical confidence level. Howyign sterile neutrino flavow, , then it is possible to evade
ever, from the reported values gf;;,, the first case, assum-  the cosmological bound if the mixing generates a large neu-
ing the LMA solution, is favored compared to the secondtrino asymmetry able to suppress the production of the first

case, assuming the SMA solution, and thus values &fasin sterile neutrino and in the case of an electron neutrino asym-

=10 “ are disfavored approximately at the 90% C.L. In thernetry also to yield a large negati\L‘eNf”e This new mass

next year, the SNO experiment should be able to constrain, hould be added to the f . - |
more significantly pure active-to-sterile neutrino oscillations€'9enstate should be added to the four neutrino mixing solu-

in solar neutrinos and in particular the case when the smAlons tha.t explain. the experimenfcs and that we described_ in
solution is considered, unless evidence fige- v, is found the previous section. For convenience, let us refer to the first
, s . . . ; .
Therefore, we arrive at the conclusion that current experi-r?eutr.Ino flavor as the LSN.D negtrmo. Itis hecessary to dis-
ments favor those four neutrino mixing models, both of 3t|ngu.|sh'between models in Wh'.Ch th? LS.ND heutrino pro-
+1 and 2+2 type, in which the sterile neutrino flavor is duction is resonant and models in which it is not resonant.

brought to a complete, or almost complete, thermalization In the nonresonant caseeven though the asymmetry can

and no large electron asymmetry generation is possible in glart to be generated by the mixing with tsé neutrino,

way that the final result is alwayAN?=AN'®=1. There- afterwards it gets destroyed by the mixing with the LSND

fore, from the upper IimitANt,f’tsO.S, current cosmological neutrino[43,44]. Thus the addition of a second sterile neu-

b i dist ¢ i . d6Eh trino flavor to the A class “3-1" type models and to the
observations distavor four neutrind mixing ModeINere  «y | o» yoels that are close to the limit cas@p and (iii)

are, however, some possibilities for which the CosmOIOQical:annot help to evade the cosmological bound

bound could be evaded. In the resonant casethe generation of a neutrino asym-

Systematic uncertainties or statistical errors have been uqﬁetry from the mixing withv ., is not obstacled by the mix
: ; CMB s/ :
derestimated ir¥, and/or == measurements. In the case ing with the LSND neutrino. Thus ang-neutrino asymme-

i CMB tot__
of higher Y, andfor lower,~"", then AN, =1 could be 4" generation has the effect of suppressing the sterile
possible. For example, one total extra neutrino species wouldatring production. However, there cannot be a full sup-
be allowed at 3 in the case of underestimated SyStemat'Cpression, because necessarilymz |=|sm2 and the

uncertainties ity ,= 0.254+ 0.002 andy“ME unchanged as in . as’ @
p
Eq. (2) or if nCMB=3.5f(1)j§ and high values ,gxp are used. asymmetry generation starts when already about half of the

and in the case of underestimated statistical erroreei® sterile neutrino production occurred and the final result is
X . p AN?=0.5. This is the only effect in the case of generation of
~0.244+0.006 and7M8 as in Eq.(2) or if »°MB=6.0 v S| Y ! g '

: tot__ 14
. . exp 5 a muon or tauon neutrino asymmetry, and tis;"=AN?
*+1.5 and high values (.)Y.P. are us_e&. . =0.5. This means that adding a second sterile neutrino flavor
We assumed small initial neutrino asymmetries. If som

) : 'S0 the “2+ 2" models “close” to the limit case I(those for
unknown mechanism created large neutrino asymmetneanzazoﬂa improves the agreement with cosmology but
still not within 30. In the case of an electron asymmetry

2 - N _ hgeeneration, one can have also a negative contribution from
These are qualitative estimations because we are calculating t f, . i
99% C.L. just multiplying by a factor 3 the error at 68% C.L., as for AN, and the cosmological bound can be fully evaded. This

a Gaussian distribution. This is a very rough assumption whgp ~ means that the addition of a second sterile neutrino flavor
is not<1 and a more elaborate statistical procedure should be usethakes it possible to evade the cosmological bound only
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when it is added to four neutrino spectra of type+3”  pe compatible withAN'™=1 only if they will measure a
class B or “2+2" models close to the limit cas&iv)  yajyue for ,°M® that should be approximately half the value
(si? «=0.80), in which the LSND neutrino is present measured by current observations or, alternatively, a value of
mainly in the light pair of mass eigenstates and an electroq,p that should be about 0.01 higher. This of course would

neu(tjrinoh a%ymn:jetry th):m be %egerﬁteq.h -::his pozsibility WQnean that present observations are affected by large system-
evade the bound can be tested both with fulf, decay e ncertainties or that statistical errors have been largely

experiments but also with future cosmological CMB Obser'underestimated. If one excludes such a possibility, then a

vations that ShOLcJ;ISB fmdsé(swg)CMBzo‘Sf Moreover, one way out could be the presence of large initial neutrino asym-
should also have;"> 7, but considering the current qtries suppressing the sterile neutrino production. In this
error onD/H measurement, this possibility 9an.becag’t'n'case, the cosmological information can still be used to con-
giu;s;u(edt g(:ly if future CMB observations will give strain the values of the neutrino asymmetries. Such a conclu-
=7.7 (at ). sion would have a quite remarkable impact on baryo-
leptogenesis models. Another possibility is that phases in the
VIl. DISCUSSION AND CONCLUSIONS neutrino mixing matrix could play an important role in the

We described an analytical and graphical procedure t§l€rivation of cosmological output and thus should be taken
search for nonstandard effects from nuclear abundances aH§fo account. Another intriguing possibility is to assume the
CMB observations. The recent measurement of the baryoﬁxistence of more than one sterile neutrino flavor. The new
content from CMB anisotropies improves remarkably thesterile neutrino flavor should be mixed with the electron neu-
cosmological information on new physics. The present obtrino flavor with the proper mixing parameters such that a
servations do not show evidence of the presence of nonstantglevant electron neutrino asymmetry is generated and both
ard effects, and constraints can be conveniently displayed ihalves the sterile neutrino production and yields a negative

the AN}'—AN? plot. AN'*. This is possible only if the electron neutrino flavor is
p e . . .
However,_ future measurements pandAN? from CMB, _mainly present in the heavy mass eigenstates with
together with the current measurements of primordial o o Therefore, this scenario will be testable in future

hellum.-4 and .deut('enum nuclear abyndances, COUI.d provid Bo, decay experiments and with the cosmological tools
some interesting signatures. Here is a summary list of th at we described

possible signatures as we found in the second section. This investigation thus shows that light sterile neutrinos in
cosmology are now more constrained than before, because
the possibility of a neutrino asymmetry generation in four

. neutrino mixing models is disfavored within the statistical
CMB pyBBN

(ii) If »*M5=7.7, then also AN”)"*N>0. significance of the results from the SNG@] and the SK69]

p\CMB P\BBN< ( i i _ . . .

I g”) If (AN7)="=>0, tgen ) h>o if one (;ran EX- " experiments. The result is that the sterile neutrino flavor, re-
clude massive neutrino decays or other exotic effects inters jioq by the LSND experiment, gets fully thermalized.
vening between the BBN and recombination epochs.

X Therefore, the confirmation of the existence of light sterile
(iv) If (AN7)®2=0.3, then, from the boundN;"<0.3, neutrino flavors in future neutrino mixing experiments would
one can conclude thatN "=<0. be of great relevance for cosmology. Such a confirmation
(v) If the point (i) is verified but ANP)MB  should come in the next few years by many planned experi-
<(ANP)BBN | then this can be interpreted as a signature ofnents. In particular, the MINIBOONE experiment should
inhomogeneou$Nf”e. This should be confirmed by inho- confirm or disproye the evi.dence of neutrinq oscillations i_n
mogeneities in ID/HV) measurements that should be searcheahe LSND experiment, while many _other d_|fferent expern-
for independently of CMB observations. ments will be able t.o exclu.de exotic solutions to explain
solar and atmospheric neutrino data.

We have applied these cosmological tools to the search of
nonstandard effects from neutrino mixing. In the case of
three ordinary neutrino mixing, it seems impossible to find ACKNOWLEDGMENTS
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