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In the present work, we discuss the effects of the inclusion of sterile-active neutrino
oscillations during the production of primordial light-nuclei. We assume that the sterile
neutrino mass-eigenstate might oscillate with the two lightest active neutrino mass-
eigenstates, with mixing angles ¢1 and ¢2. We also allow a constant renormalization
(represented by a parameter (¢)) of the sterile neutrino occupation factor. Taking ¢
and the mixing angles as free parameters, we have computed distribution functions of
active and sterile neutrinos and primordial abundances. Using observable data we set
constrains in the free parameters of the model. It is found that the data on primordial
abundances are consistent with small mixing angles and with a value of ¢ smaller than
0.65 at 30 level.
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1. Introduction

The "Li problem comes from the comparison between the observational data and
the theoretical results for the primordial abundance of lithium when the value of
the baryon density, obtained from the analysis of the data from the Wilkinson
Microwave Anisotropy Probe (WMAP) and from Planck,!? is used. There exist
several attempts to solve this problem, such as a better understanding of turbulent
transport in the radiative zone of stars,® the existence of a stellar lithium deple-
tion,*% and the inclusion of resonances in reaction rates activated in the big bang
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nucleosynthesis (BBN) decay path.5® Despite the efforts, the problem persists and
the observed abundance of primordial lithium is smaller than the predicted BBN
abundance.

d916 and described in terms of the

Neutrino flavor oscillations have been observe
mixing between three active neutrino mass eigenstates, which constitutes the basis
for each flavor. The results of the Liquid Scintillator Neutrino Detector (LSND)7
and the Mini Booster Neutrino Experiment (MiniBooNE),'® indicate the occurrence
of some anomalies which may be interpreted as possible signals of extra neutrino
species.

The effects of active-sterile neutrino oscillations during primordial nucleosyn-
thesis have been analyzed by several authors.'® 22 In particular, in Refs. 23-25
the effect of a neutrino asymmetry was studied. Other authors?62® have studied
consequences of assuming full and/or partial thermalization of the sterile neutrino
distribution during BBN. The active—sterile neutrino oscillations affect the primor-
dial abundances of light nuclei through the modification of the beta decay rates.

In previous works, we have focused on the effect of active—sterile neutrino oscil-
lations during the epoch of light nuclei production. In Refs. 29-31 we have discussed
the effects of active—sterile neutrino oscillations in different n + 1 schemes (n active
neutrinos, one sterile neutrino). In Ref. 32 we have performed the analysis in the
3 + 1 scheme, with a variable normalization of the sterile neutrino sector, and we
were able to set constrains on the mixing parameters from the comparison between
theoretical results and observable data.

In this work, we continue with our search for signals of sterile neutrinos in BBN
processes, by including one sterile neutrino which can oscillate with two of the
lightest active mass-eigenstates, and by taking a variable normalization constant
(¢) for the occupation factor of the sterile neutrino. We have solved quantum kinetic
equations (QKE) numerically in order to obtain the distribution functions of active
and sterile neutrinos. We have solved these equations for two different cases: (i)
considering that the neutrino-antineutrino interaction is null (C' = 0); and (ii)
with C' # 0, being C' the strength of the interaction, as it is explained in the next
section. Using the available data on primordial abundances (observational data),
we set constrains on the free parameters of our model, namely ¢ and the two mixing
angles.

This paper is organized as follows. In Sec. 2 we describe the formalism to include
active—sterile neutrino oscillations in the production of light nuclei. In Sec. 3, we
present and discuss the results of the calculation of primordial abundances. We
have extracted allowed values of ( and the mixing angles by performing a statistical
analysis of the calculated abundances. Finally, the conclusions are drawn in Sec. 4.

2. Formalism

The inclusion of a new kind of neutrino, the sterile neutrino, affects the neutrino
density of active neutrinos due to active—sterile neutrino oscillation. In the 341
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scheme, there exists three mixing angles between the sterile neutrino and active
neutrinos. In this work, we assume that the mixing between the sterile neutrino
and the heaviest neutrino mass eigenstate is null, therefore we have considered two
mixing angles, ¢1 and ¢s.

In order to compute the statistical occupation factors of neutrinos of a given
flavor, we follow the formalism of Ref. 23. One can write neutrino densities as
functions of a set of parameters P;, which depend on the neutrino energy and on
the temperature, then

1 1

Ny, = §P0 <1+P3+7§P8) n®
1 2

’I’Ll,“ = §P0 <1 — \/—gpg) n® (1)
1

1
TZV5:§P0<1—P3—|—7§P8)TL(I

where n,,, n,, and n,_ are occupation factors for the electron, muon and sterile
neutrinos, respectively, and n° is the Fermi-Dirac distribution function for each

type of particles. The QKE for those parameters can be written as??
dpP
dt =VxP- D(P1$1 + Poio + Psig + P7JZ7) DI(P4i‘4 + P5j35)
- - 2(/3 R R
— C(Pyig — Psi s -P ) = - Pt
C(Pyiy — Ps?q) + 3 {(2 3) 7 3 Po} T3
P Py Py . Ps . Ps . P; \ dPy
(P r1 + 962 + P0964+ P0965 + Poxﬁ + P0967> i
2)
2 (V3 R R (
Z — P = _(V3+ P2
3< 8>P0 (V3 + S)PO
+ (—PsRe(H) — Py Im(H))@1 + (—Ps Im(H) + Pr Re(H))io
+ (—P1 RG(H) — P2 Im(H))i“G + (—Pl Im(H) + P2 RG(H))JA,W
dPy 2
a — gfet B

In the previous equation, P is the vector with components P; and V is the effective
potential

V = 2Re(E*)#; — 2Im(E*%)iy + (Eee — E*%)&3 + 2Re(EH)&y — 2Im(E*)T5
+2Re(E*)Z¢ — 2Im(E*")27 + —= \/§ (B + E°° — 2B i, (3)
where

af
1
B9 = | Uding(m?, m3,md)UT| 4V, (4)
P
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m1, ms and mg are the masses of the mass eigenstates, p is the neutrino momentum,
and U is the mixing matrix

C1C — 81898 S1C2 (18 + S182¢C
U= |—-sic—ci595 cica 515+ ci1s9c|. (5)
—C2S8 —S92 CoC

In this notation s; stands for sin ¢;, ¢; = cos ¢;, s = sinf and ¢ = cos, where 0 is
the mixing angle between the two active-neutrino mass eigenstates. The diagonal
terms of the neutrino interaction are written as

4¢(3)V2GFT?

Vaa —
272

(6)
where G is the Fermi constant, T' stands for the temperatures, ((3) is a Reimann
zeta-function, My, is the W-boson mass and L® is the lepton asymmetry. The
values for the constants A, are A, ~ 17 and A, » ~ 4.9.23 The nondiagonal terms
of the potential are neglected, as well as the lepton asymmetry (L% = 0).

[L‘H—A Tp},

a2
Mg,

The quantities D and D’ of Eq. (2) are damping parameters

D= lepTSyeL

2 {po) )
D = 1(;2 T5y b

27 Tpg)”

where y. = 4, y,, = 2.9 and (po) is the averaged momentum for relativistic Fermi-
Dirac distribution with zero chemical potential.?3 The parameter C is the strength
of the coupling between the neutrino and antineutrino density matrices, and it can
be written as

C = 1.8G%T5. (8)

In Eq. (2) R, are re-population functions, and H are exchange factors?® which
are smaller than the damping functions D and D’.?3 To solve these 16 coupled
differential equations (the unknown are the eight factors P; for neutrinos and the
eight factors for anti-neutrinos), we have assumed that the factor Py is constant
(due to the fact that the re-population factors are small), and we have neglected
the function H and the nondiagonal terms on the neutrino potential, as said before.
We have performed the calculations for two different cases: (i) by considering that
the coupling between neutrino and anti-neutrino density matrices is null (C' = 0),
and (ii) taking C' # 0.

The initial condition was set at Ty = 3MeV, and we have assumed that the
active neutrinos have standard Fermi-Dirac distributions at that temperature. For
the sterile neutrino we have considered two different situations for its occupation
factor, namely: (i) a null occupation factor; and (ii) a Fermi-Dirac distribution
multiplied by a constant factor ¢ (Refs. 34 and 35) which can vary from 0 to 1.

With these parameters and approximations, we have calculated primordial
abundances by using a modified version of the Kawano’s code®%37 (see Ref. 31
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for more details on the modifications to the standard code). In the calculations, the
value of the square-mass difference (between the lightest active neutrino mass and
the sterile neutrino mass) was fixed at 1 eV?2.38:39

3. Results

The value of the active-neutrino mixing, namely the angle 6 and the square-mass dif-
ference, have been determined from SNO, SK, GNO, CHOOZ DAYA BAY, RENO
and DOUBLE CHOOZ experiments.?!41540-43 The baryon density was fixed at
the value determined by WMAP Collaboration.!

The observational data for deuterium (D) have been extracted from Refs. 44-50.
We use the data from Refs. 51-58 for *He, and for "Li we have considered the data
given by Refs. 59-62. Regarding the consistency of the data, we have followed the
treatment of Ref. 63.

3.1. Results with C =0

As a first case, we have computed the primordial abundance of light nuclei for
different values for the active-sterile neutrino mixing at a fixed baryon density and
a null initial condition for the sterile neutrino (meaning ¢ = 0). In order to obtain
the best values for the parameters, sin®2¢; and sin® 2¢,, we have performed a
x2-test. Results are presented in the first two rows of Table 1.

The y2-test indicates that the global fit is not a good one if the complete set
of data is included in the analysis, however, a better fit is obtained if the data on
primordial lithium are removed from the sample of observational data. The best
values for the mixing angles are small in both cases and consistent with zero at
20-level.

Next, we have considered the parameter { as an extra parameter to adjust. The
results of the statistical analysis is presented in the third row of Table 1. Once again,
the statistical analysis does not give a good fit, the values for the mixing angles
remain small and consistent with a null mixing angle, meanwhile the parameter ¢
increases its value.

3.2. Results with C # 0

The next step in the analysis was to turn-on the interaction between neutrinos and
anti-neutrinos by setting C' # 0. Once again, we have computed neutrino occupation

Table 1. Best-fit parameter values and lo errors (case C' = 0).

2

Data C+o sin?2¢1 £o  sin®2¢2to0 P
D+*He+"Li  fixed at 0 0.0191°926 007675038  9.82
D+*He fixed at 0 0.02270-027  0.09370 885 1.04

D+4He+7Li  0.30£0.12  0.025170:012  ,00010-093  10.04
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Table 2. Best-fit parameter values and 1o errors considering C # 0.

2
Data Cto sin?2¢1 0 sin?2¢2 + o <=

D+4He+"Li  fixed at 0 0.002+0-097  0.040 £0.033  9.82
D+*He fixed at 0 0.007t0-004  0.,02070-078 1.04
D+*He+"Li  0.30701:  0.00010-004  0,01470-023 10,04

factors and primordial abundances and compared them to the observational data
through a statistical test. The results, with a fixed value of the parameter ¢ are
shown in the first two rows of Table 2.

Also for this case, there is not a good fit when all data are used in the analysis,
but it improves if one removes the data on “Li. The mixing angles are smaller that
the ones obtained in the previous section (case C' = 0).

As a final analysis, we have adjusted the renormalization parameter (. The fit
is not a good one, however, the value for { is in agreement with the one obtained
previously, and the mixing angles remain small and consistent with a null value.

4. Conclusion

In this work, we have included a sterile neutrino in the formalism of primordial
nucleosynthesis and computed the abundances of the light nuclei as a function of the
mixing parameters. We have computed neutrino occupation factors and neutron-to-
proton decay rates, as functions of the introduced mixing parameters, and extracted
their values from the comparison between calculated and observed primordial abun-
dances. We have found that the two added active-sterile mixing angles are small and
that they are consistent with zero at 1o or 20. The value of the parameter ¢, which
is the renormalization factor of the sterile neutrino thermal occupation, is found
to be the same for the two cases considered in this work (neutrino—antineutrino
density coupling C' = 0 and C' # 0). The results are found to be consistent with

previous works. 20,2932
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