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Addendum to “Update on neutrino mixing in the early universe”
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In the light of the recent WMAP results we update the constraints on a class of nonstandard big bang
nucleosynthesi$BBN) models with a simultaneous combination of nonstandard neutrino distributions and an
extra effective number of neutrinos in the expansion rate. These models can be described in terms of the two
parameterd N, constrained by the primordial helium abundaigemeasurement, aniiN?, constrained by
a combination of cosmic microwave background and primordial deuterium data. Small deviations from stan-
dard big bang nucleosynthesis are suggested. Different nonstandard scenarios can be distinguished by a mea-
surement of the differencaN'»=AN''— ANZ. From the current data we estimat'»=—1.4"%3, mildly
disfavoring solutions with a low expansion rate, characterized Nf(:O and negative\N? . Active-sterile
neutrino mixing could be a viable explanation only for high value¥ g£0.24. The existence of large positive
neutrino chemical potential§~0.05, implyingAN?=0, would be a possible explanation of the data within
the analyzed class of nonstandard BBN models. Interestingly, it would also provide a way to evade the
cosmological bounds for “class A-31" four neutrino mixing models. A scenario with a decaying sterile
neutrino is also considered.
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[. INTRODUCTION that we will be interested in small deviations. With this ap-
proximation the D/H abundance is described by the expres-
In a previous paperl] (see alsd2]) we showed how the sion[1]
new cosmic microwave baekgrour(d:MB) measurements (DIH)BBN( 5, ANP) =[3.6x 107 5( 5/5) ~F](1+ «ANP) £,
of the baryon to photon ratioy, are able to put stringent (1)
constraints on a large class of nonstandard big bang nucleo-
synthesis (BBN) models where, together with the usual with f=1.6 anda=(7r7,/4g5¢"")=0.135, wherer ,, and
variation of the expansion rate due to the presence of extrgl?g" are, respectively, the standard neutrino to photon tem-
degrees of freedom, distortions of the electron neutrino disperature ratio and the number of degrees of freedom at
tribution are also present. This class of models can be depresent. With these expressions a simultaneous measurement
scribed in terms of two parametel3]. The first one is the of (D/H), Y, and » can be easily translated into a “mea-
usual extra effective number of neutrinos, modifying thesurement” of AN'* andAN?. We used i 1] both higH [5]
standard expansion ratAN?=[Zy(px/po) — 3], wherepy expt_
is the energy density of th&-particle species, including the Y P=0.244+0.002 @
three ordinary neutrinos plus possible new ones, ppd  and low [6] values Y*P'=0.234+0.003, while we used
=(7m?/120)T% is the energy density of one standard Neu-(p/H)®P= (3.0+ 0_4)><plo*5 [7]. For » we used the DASI
trino specie;. The se(t:ond'one ie the total extra eﬁective NUNMnd BOOMerANG resulf8] »°MB=6.0"42. From low val-
ber of neutrinosAN,” defined, in terms of the primordial yes of helium and assuming Gaussian errors, we obtained
“He abundance Y,, as ANP'=[Y;™N(7,ANJ,56f,)  AN©=—1.05+0.25, while from high values of helium we
—Y52"M/0.0137.The differencéAN'"'~AN? is a quantity — obtainedAN''= —0.3+0.2. Using the primordial deuterium
that, in the class of models that we are considering, has to b#bundance measurement, from the expres&ignwe could
entirely ascribed to the effect of deviations of the electronestimateAN? , obtainingAN?=1=+4. These results imply at
electron neutrino distribution from the standard Fermi-Dirac3 the boundg1] AN'®'<0.3 andAN?<13. In particular,
distribution with a zero chemical potentia¥f, =f, —f) . the bound om\N'® was used to conclude that, for negligible
If of,=0 then ANY=AN? and simply [4] neutrino asymmetries, all four neutrino mixing models are in
Y?BN(r;,eANﬁ,ﬁfy :O)ZYgBBN( )+ y(7)AN? with 7 the disagreement yvith cosmology and thus ruled out. This was
e then also confirmed by the improved solar and atmospheric
neutrino data from the SNQ@9] and SuperK[10] experi-
ments[11]. In the next section we will update these results in
light, mainly, of the recent results from the Wilkinson Micro-

SBBN._ wave Anisotropy Probé WMAP) experiment[12] and we
Yp~=0.2466+0.01In(;/5). The presence of a NONzero iy see how the data suggest possible deviations from a
5f,,e affects mainlyY,, while its effect can be safely ne- ¢iandard picture.

glected in the deuterium abundan@H), also considering

baryon to photon ratio in units of 18°. Using the expansion
given in[4], we calculated thay(»%)=0.0137 over the per-
tinent rangen=3.5-10. The standard BBN prediction féf
is described by the following expansion aroupe-5 [4]:

We indicate 68% C.L. errors for all quantities unless differently
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Il. UPDATED REFERENCE VALUES AND RESULTS Ill. POSSIBLE SCENARIOS

The WMAP Collaboration find€),h?=0.0224+0.0009 These new results show that deviations from standard
[12], corresponding ta)°MB=6.15+ 0.25. This measurement BBN, if they exist, are small. This means that standard BBN
is so precise that now, when estimatiﬁg}\l‘f‘, the experi- isin any case, in first approximation, a very good description

mental error orY, is dominant compared to the one gn  of all data. This result is mainly due to the fact that the
Using high values onSXpt we find at 1o ANtVOt=—O.35 deuterium abundance is in very good agreement with the

+0.15. This means that now as3range is given by-0.8  CMB prediction. At the same time, the measured primordial
<AN™<0.1, implying a much more stringent upper bound helium abundanc¥, suggests the possible presence of small

compared to the pre-WMAP value. Even using the range ofleviations whose detection is now possible mainly due to the
values great precision of CMB in measuring the baryon asymmetry.

expt_ However, for an assessment of such a hint, it will also be
Yy =0.2380.002+0.005, (3 necessary to reduce the large systematic uncertainti&§, on
o ) ) and it will also be necessary to investigate even more accu-
which is a compromise between low and high values angately the robustness of the determination from CMB. In
takes into account the discrepancy as a systematic uncee following we will assume that such a hint is suggestive of
tainty [13], we find nonstandard BBN effects and we will discuss some possible
ANtVot: —0.8+0.4, (4) scenarios that could explain these deviations. An imeortant
role in our discussion is played by the quantityN
implying a 30 range —2.0<AN'%'<0.4. Both results con- =AN“'—AN". From Egs.(5) and(4) we can estimate
firm our previous conclusion thatN'*" as high as 1 is highly
disfavored, thus ruling out all four neutrino mixing modais
the case of negligible neutrino asymmetr{d3. However,
now both results seem to point, ar2to a negative value of A. Low expansion ratéA minimal possible way to inter-
ANt]?t, suggesting the presence of nonstandard BBN effectret the data is to assume that there is no effect due to elec-
We can also update the estimationoR” using the new;  tron neutrino distribution distortions and thqufj"zo or
measurement fom CMB and a new primordial deuteriumequivalentlyAN''=ANP?. In this case one can combine the
abundance measuremen{14], (D/H)®®%=(2.78 5% result (4) from Y, and the resul(5) from deuterium plus
X 10", finding (AN?)BBN=0.7+2.1. As already anticipated CMB, gettingAN?=—0.6" 542, This result would suggest a
in [1], the error has been highly reduced by the great imnegative value oAN”, mainly due to the low value of,,
provement in thep determination from CMB and it is now implying a highly nonstandard modification of the expansion
dominated by the error on D/H. However, unlike in the de-rate during the BBN time, more precisely a lower expansion
termination ofAN'® from YSX‘”, better future determinations rate. Usually the presence of new particle species would lead
of  (for example from new WMAP data or from Planck to a higher expansion rate and therefore such a possibility
can still further reduce the error oA N”)BBN from the cur-  must rely on some drastic change of the radiation dominated
rent 2.1 down to 1.5. It is interesting to note that the valuepicture during the BBN period. However, note that, from Eq.
from BBN is comparable to the direct determination from (6), the measurements mildly favor a vaImeVVaﬁO and so
CMB. In [15], combining the WMAP data with the 2dF red- this scenario is mildly disfavored by the ddt almost 90%
shift survey and using the value on the Hubble constant front. ).
the Hubble Space TelescoyieiST) Key Project,h=0.72 B. Degenerate BBNA well known modification of the
+0.08[16], the authors find AN?)*MB=0.5"3-8. Assuming  standard BBN is to introduce neutrino chemical potentials in
that, between the nucleosynthesis and the recombinatioie thermal distribution§20], corresponding to having pre-
time, the quantityAN? does not chandeand thus that existing neutrino asymmetries or asymmetries generated at
(ANPYBBN=(ANP)CMB one can then combine the two val- temperature§ =10 MeV by some unspecified mechanism.
ues. We will still assume Gaussian errors for a qualitativeAn electron neutrino chemical potentiad & ue/T) would
estimatiori and in this way we find a CMB-deuterium com- yield ANfV”z —16¢,. The observedr, [cf. Eq. (3)] would

bined value then be explained by having

ANj=—1.407. ()

CMB+BBN __ +1.4
(ANP)EMETEEN=~0.6" 5. 5 £6=0.05+0.025. @)

In this way we get a much more stringend- Z30) range:

(1.8) LOSANP=3.4 (4.8). It has been shown ifi18], extending the results ¢1.9], that

the existing information on neutrino mixing makes it pos-
sible to conclude that before the onset of BBN arbitrary ini-
tial neutrino chemical potentials would be almost
equilibrated in such a way that,=¢.=¢.. The presence of
chemical potentials would thus correspond tN?/

2See [1] and [17] for discussions and examples in which
(AN’DCMB# (AND BBN.

3From the likelihood distribution given ifiL5], this does not seem
to be a very good approximation at values larger than the centrat 3[370 (&/ 77)2+ % (§e/77)4]23>< 10_3<|ANtft| . There-
one, while it is reasonably good for smaller values. fore in this scenario the expansion rate would be practically
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standard and the deviations would entirely arise from a nonslightly higher because of the initial sterile neutrino highly
standard electron neutrino distribution. diluted abundance. In this way it is very interesting that, as
C. Active-sterile neutrino oscillationget us assume now already noted in[1], the cosmological bound on four-
that at temperatur&>10 MeV all neutrino asymmetries are neutrino mixing models can be evaded. Moreover, this same
negligible, for example, of the order of the baryon asymme-conclusion applies also to tieurrent WMAP orany future
try. It has been shown in many papdial] that a small oné bound on the sum of neutrino masses applied to the
mixing betwen active neutrinos and new light sterile neutri-“class A 3+ 1" four-neutrino mixing models. They are such
nos can generate ordinary neutrino asymmetries and thubat the highest mass eigenstate almost coincides with a new
negative values oANfV” together withAN?=0. In a simpli- sterile neutrino flavor and is separated from the three lighter
ones, almost coinciding with the ordinary on@ee[1] for
references and detali/sby the LSND gap. In this case the
sterile neutrino contribution to the fractian, /Q ,, would be
negligible and the bound on the sum of neutrino masses
would apply only to the three active mass eigenstates whose
total mass is the same as in ordinary three-neutrino models.

L.SND anome_llz " 'Fehrm; of alctlve-ztenle neuhtrm_o OSC'"?' Note also that among four-neutrino mixing models these are
tions compatible with the solar and atmospheric NeutlinQy, 41y ones to be still marginally consistent with neutrino

data would yield, as already mentioned\'®'= AN?~1 [1] mixing experiment$30].
(see alsd24]). At the same time the new WMAP bound on g, Decaying sterile neutrino. C Bymmetrical decays of a
the neutrino massesy;<0.23 eV[12], is now also incom-  sterile neutrino with a masagm; into an electron neutrino
patible with such an explanation of the LSND anom@$],  plus some unknown scalar, with a lifetimre could yield a
except for one constrained excepti@®]. The possibility of  positive AN? and at the same time a negatid'™ analo-
generating a negativa N} requires a negative value of gously to the decaying MeV- mechanism of Hansen and
Am2=m§—mi2 and very small mixing angles ($®9 Villante [31], but with some important differences. The ster-
<104 [21,1]). Values ofm;=<0.23 eV thus imply|Ami25| ile neutrino abundance produced before the quark-hadron
<5x10 2 eV?. In[22] it was shown how such a maximum phase transition, at temperatufies 100 MeV, is necessarily
value, together with very small mixing angles, would pro- highly diluted compared to that of ordinary neutrinos. This
duceA NLVB —0.3. For an inverted full hierarchical case the can (be / ret};le/zgerat?d at a Lowerb temperagtljfe15

. 21 _10-2 a\2 : . f, MeV (mg/eV)™®, implying mg=<1 keV, by a possible neu-
corresponding Ami;| ~10"* eV and in this caselN, trino mixing with ordinary state¢see[1] for details and ref-
E'rence}‘. If the decay temperaturg(t= 1) is approximately

cause in reality one shoulc_i consider a fuII_ m_ult|flavor mixing comprised in a window0.5—5 MeV, elastic scatterings can
and, although full calculations are still missing, one can ex-

] ) artially or totally kinetically equilibrate the excess of elec-
pect that part of the electron neutrino asymmetry is actuall{ y y y &

fied two-neutrino mixing the value cﬁij is highly depen-
dent on the value of the parametemZ=m2—m?. Usually
the possibility of introducing active-sterile neutrino oscilla-
tions was motivated by the Liquid Scintillator Neutrino De-
tector(LSND) anomaly{23]. However, an explanation of the

! . ron neutrinos and antineutrinos produced but their total
shared with the other two flavors. This means that a sma P

: . umber cannot be totally destroyed by partially or com-
effect could reconcile the observagh from.CMB.o_nIy with pletely frozen annihilation before the freezing of the neutron
high values ofY, [cf. Eq.(2)]. In two-neutrino mixing small

. p ; <" to proton ratio. This symmetric excess of electron neutrinos
positive valugs oRN; are also possible, fofr larger 'm|x.|ng and antineutrinos would yield a negatixé\'* that can agree
angles, but this would be at the expens¢/ii *|, making it with the value(4). Note that, since the decaying neutrinos
even smallef1]. Having more than one sterile neutrino fla- are sterile, their decays would anyway oceout of equilib-
vor would make it possible to hav@NfV”: —0.3 and posi- rium even though in the ultrarelativistic regime. An interest-
tive AN”, but in this case the totalN'" would be larger ing possibility is the case that the sterile neutrino is the
than —0.3. This possibility is interesting, however, since it LSND neutrino of class A 31 models, with mg
would be a way to distinguish active-sterile neutrino oscilla-~ VAmZsyp, @s for the degenerate BBN scenario in Sec.
tions from a degenerate BBN scenario. Another way wouldll D. Now, however,AN?<1, because the decays can only
be the detection of the effects of a possible formation ofpartly destroy what is generated by the mixing. This scenario
neutrino domain$27], like inhomeogeneities in the primor- clearly suffers from fine-tuning between the lifetime of ster-
dial deuterium abundand@7] that would give rise to gravi- ile neutrinos and the time window between freezingvpf
tational waveg28]. annihilations and of the neutron to proton ratio. A way to
D. Degenerate BBN and “class A3l models.Thisisan  circumvent this problem is to allow decays to 6& asym-
intriguing variation of the pure degenerate BBN scenariometric as a way to realize a sort of Fukugita-Yanagida lep-
Suppose there are both large chemical potentials and alsotagenesis at low temperatures. In this case it is enough that
mixing of new sterile neutrino flavors with the ordinary ones.the lifetime is shorter than the/p freezing time 10 s).
If the chemical potentials are of the order given by Eq, This case would be very similar to the scenario of Sec. IlID
then, even for maximal mixing, the sterile neutrino produc-put with AN?<1, the exact value depending on the mixing
tion prior to the onset of BBN would be suppres$2é] and  and on the lifetime. Note that, as in Sec. Il D, the cosmo-
consequently the final value afN'* would be the same as in |ogical bound on the sum of neutrino masses would also be
the degenerate BBN scenario, whiié\? can be in principle evaded, as pointed out [32].
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IV. CONCLUSIONS LSND from the MiniBoone Collaboratiof34] that would

I[_ealize a nice consistency between current cosmological data
(but we need a better understanding of primordial helium
easurementsand neutrino mixing experiments. We would

ge left with the tough theoretical problem of understanding
the origin of large neutrino asymmetries. Current knowledge
excludes the nice possibility of active-sterile neutrino oscil-
lations themselves, but maybe a further investigation could
change such a conclusion, in particular considering that full
multiflavor active-sterile neutrino mixing calculations are

till missing and that the role of phases in three-neutrino
ixing has never been studigtl]. One possibility is that the
erile neutrino decays generate the needed electron neutrino
Yistortions. This case could explain the current central values
of AN [cf. Eq.(4)] andAN® [cf. Eq. (5)], but only future

h hatN© <0 3. th : i . .. more accurate determinations will allow one to distinguish
the case thgtAN ™ <0.3, then active-sterile neutrino mixing 604 the different scenarios; first of all, between the stan-

can be a viable explanation too, and if this is also accompagarg scenario and possible nonstandard ones.
nied by a positive value oAN7, then it will actually be Note added After we submitted this paper, the second
favored, since degenerate BBN would be ruled out. We alsqersjon of[25] appeared with independent similar conclu-

pointed out that the degenerate BBN scenario could receivgions apout the possible role of large neutrino asymmetries.
support from neutrino mixing experiments. This is because

large neutrino asymmetries would make “class AB four- P.D.B. is supported by EU network “Supersymmetry and
neutrino mixing models a viable cosmological solution with-the Early Universe,” HPRN-CT-2000-00152. He thanks F.
out any limitation from the bound on the sum of the neutrinoBorzumati, E. Masso, A. Pomarol, and M. Quiros for their

In future years a better understanding of systematic unce
tainties in the measured, could strengthen or disprove the
hint of nonstandard BBN effects. At the same time, improve
data from CMB experiments should both be able to measu
AN’ with a precision 0of~0.1[33,17] and make even more
robust and precise the determinationgf. If the primordial
helium anomaly is confirmed, implying negativeN'*'<0,
then a key quantity in discriminating among different expla-
nations is the differenc&N'"'—ANP” . If this proves to be
nonzero and negative, then low expansion rate scenarios w
be ruled out, as already mildly suggested from current datzaSt
and a scenario with large chemical potentials would be
possible explanation if at the same tindeN’~O(10 3—
10 2) (maybe detectable in a very optimistic cd488]). In

masses. In this case one should receive a confirmation of thguestions which stimulated the content of Sec. 111 D.
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