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Blocking active-sterile neutrino oscillations in the early universe with a Majoron field
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We propose a new mechanism to block the active-sterile neutrino oscillations in the early universe. We show
that a typical consequence of theories where the lepton number is spontaneously broken is the existence of a
coherent cosmological Majoron field with a strength proportional to the lepton and baryon numbers of the
universe. This field interacts with leptons and changes the potentials relevant for neutrino oscillations. If the
scale of lepton number symmetry breaking is of the order of 1 GeV then a Majoron field and lepton number
asymmetry of the order of the baryon asymmetry are strong enough to block the active-sterile neutrino
oscillations with the atmospheric neutrino mass gap which otherwise would bring the sterile neutrino into
equilibrium at the big bang nucleosynthesis epoch.
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[. INTRODUCTION in the context of the electroweak baryogenedis-(L=0).
In the Affleck-Dine mechanismB andL can in principle be

The explanation of the present neutrino puzlesmay independent of each other, but still of the same order.
require the existence of one or several species of extra light It has been showfl5,8] that at much lower temperatures
sterile neutrinog2]. In particular, the sterile neutrino could (T<100 GeV) neutrino oscillations can actually produce a
be relevant for the explanation of the atmospheric neutrin@apid increase of the lepton asymmetries from the initial very
problem (ANP) [3] in the presence of a significant,-vs  small values up to the order of 0.1. This, however, only oc-
mixing! The typical required values aredm2,~3  curs for negativesSm?cos 2 and very small active-sterile
x 102 eV? and a large mixing angle, $i86,,~1. mixing angles, not directly relevant for the ANP.

On the other hand, for such a parameter range one can In this paper we show that a lepton asymmetry as small as
encounter a contradiction with the big bang nucleosynthesithe present baryon asymmetry may be enough to block the
(BBN) bounds[6] on the number of extra light particle spe- sterile neutrino oscillations. The necessary new ingredient is
cies; namely, according to the analyses of REf, the sterile the existence of a coherent Majoron field in the early uni-
neutrino comes into equilibrium with the particle thermal verse and a low scale of spontaneous breaking of lepton
bath viav,-vs oscillation, unless the conditiodm?sin’2¢  number,F ~1 GeV. (The Majoron[16] is the massless
=3x10 ¢ eV? is satisfied(updated constraints are given in Nambu-Goldstone boson in models where the total or any
Ref.[8] for small mass differenceSm?<10 ’ eV?), which  partial lepton number is spontaneously broken.
is certainly out of the range of parameters needed to explain While it has been common wisdom that due to their de-
the ANP. rivative coupling natur¢17] Nambu-Goldstone bosons can-

However, it was found9] that thev ,-v¢ oscillations are  not mediate long range interactions, it has recently been
suppressed at temperatufes 3 MeV (the decoupling tem- demonstratefl18] that a coherent source of a Majoron field,
perature ofv,, .) if the lepton number asymmetry at these t0 be specific, is formed whenever the corresponding broken
temperatures is very high, namely,=10"° (lepton number lepton number suffers a net increase or decrease in a certain
to photon number ratio But this is 4—5 orders of magnitude region of space. The processes that violate this lepton num-
larger than the observed baryon asymmetry of the universeer can be the very neutrino oscillations as exemplified in
(B=10"%) and in the most generic baryogenesis context on@revious papergl8], or any other reactions. In the present
can expect that ~B [e.g., in the context of grand unified Work we show that a Majoron field can be produced due to
theory (GUT) baryogenesis or leptogenesix0,11] this is lepto- and baryogenesis processes in the early universe. The
because th®&-+ L nonconserving sphaleron processes redisMajoron field interacts with neutrinos with a strength in-

tribute B andL among each othéfl2—14 ]. The same is true  Versely proportional to the lepton breaking scéle If F_ is
around 1 GeV, a lepton asymmetry as small las B

~107° can block thev, oscillation into sterile neutrinos

'The recent Super-Kamiokande data can be explained py, ~ With 6m’~3x10"° eVéLr}O matter how large their mixing
oscillations while the situation where the ANP is exclusively due toangle is. That is our thesis.

v,-vs oscillations is disfavoref#4]. However, the more general case ~ The origin of the Majoron field is elaborated in Sec. V and
where v, oscillates intov, and 5 with comparable rates is com- its role in neutrino oscillations into a sterile neutrino in Sec.

pletely consistent with the dafa]. VI. But first we build in Sec. Ill a specific model of neutrino
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masses with spontaneous breaking of lepton number, and [20], but notU ; or Ug;. If one neglects all the mixing angles
Sec. IV we derive the relations between the particle asymthat are necessarily small and irrelevant to explain the
metries in the early universe and the present baryon numbepresent bulk of data, the mixing matrix is given as

The model aims to fit the present known observations from

solar, atmospheric, and terrestrial neutrino experiments, in- ¥1=C080pve—Sinfo(cosé vs—sing v,), (1a)
cluding the Liquid Scintillation Neutrino Detectét. SND) ) )

result[19], with an extra sterile neutrino. However, it should ~ ¥2=SINfovet COSO,(COSE vs—SINE v,), (1b)
be emphasized that the mechanism we propose of suppres- . .

sion of oscillations into a sterile neutrino at the BBN epoch, 3~ C0Saumv,,— SN farn(SINE w5+ COSE v), (10
based on the existence of a Majoron field, does not depend 4= SIN O+ COSOanf SINE v+ COSE ). (1d)

on the particular model or set of neutrino mass parameters.

The only fundamental assumptions are that the lepton NUMrpe mass eigenstates and v, are separated by the gap
ber (or a partial lepton numbgris spontaneously broken and 5mé and v, v, by 5m§tm_

the tbreatl_«ng sca:e IS arkoutrr\]d ths tl thGet\'/ rtr;lagni_)tude. In ft?e Clearly, the less the atmospheric neutrinos oscillate into
next section we aiso maxe the point that In In€ absence o e sterile neutrino the more the solar neutrinos have to os-

LSND neutrino mass gap the oscillations of atmospheric an illate into v. There is a potential clash in the future if both

sqlar neutrinos into a sterile neqtrino are no longer corre_late olar and atmospheric neutrino experiments happen to con-
with each other. In the last section we draw our conclusmnsstrain the respective sterile neutrino solutions to less than a
50% probability. In that case the conflict with the LSND data
[l. NEUTRINO MASSES AND MIXING will be insoluble, which will call for new results from Mini-
) . . BooNE [25], the next new independent accelerator experi-
The existence of a fourth, sterile, neutrino has been sugy,ant. Suppose for a moment that the LSND evidence does
gested as it is the only way of reconciling the atmosphericot exist or is going to be ruled out by the MiniBooNE
solar, and LSND neutrino oscillation evidence and their VelYexperiment. We would like to stress that this does not rule
different sm? mass gap scales. The wide mass gamyt the sterile neutrino as a possible protagonist in the other
[O(1 eV)] that is necessary to explain the LSND result ingo|ar and atmospheric neutrino problems, not even if both of
terms ofv,-v, mixing requires that the neutrino mass patternihem exclude dominant sterile neutrino solutions. On the
should have a two-doublet structy29]: one of the doublets contrary, the absence of the LSND mass gap increases the
consists ofv, andws or v, or a linear combination of both,  freedom in the neutrino mixing parameters. Then the two-
and is responsible for the solar neutrino deficit, and the othegouplet mass pattern is no longer inevitable and the role of
one, responsible for the atmospheric neutrino anomaly, con;_ i the solar neutrino deficit is completely decoupled from
sists of v, and v, (or a linear combination ofs and v.). jts role in the atmospheric neutrino oscillations.
These doublets are separated by the LSND mass gap. As a matter of proof we make explicit an extreme case,
It has been show[21,22 that even after the recent SNO namely, where the atmospheric neutrinos oscillate intor
observation$23] both the sterile and active neutrino oscilla- v, With arbitrary relative probabilities, while the solar neu-

tions are viable solutions of the solar neutrino problem asinos oscillate exclusively te. and v, but not tov,. The
well as a more general superposition of both. On the Othefnixing matrix can be describéd as follows: s

hand, the atmospheric neutrino data s¢éirto favor thev,

solution against the sterile neutrino case but the anal$sis v1=C0S0p ve—SiNfo(—sina v, +cosa v,), (2a)
of the most recent data still allows a quite large relative
probability, more than 50%, of oscillation int, (the larger v,=SiNfp v+ COSH(—Sina v, +cosa v,), (2b)
the probability siA¢ the smaller the allowedm? range.

A consequence of the LSND large mass gap and the limits v3=sing vs+cosg(cosa v, +sina v,), (20
from reactor disappearance experiments such as Clagihz
is that the solar neutrinos, and the atmospheric neutrinos ~ v4=C0sg vs—sinB(cosa v, +sina v,). (2d)

v, must oscillate into states that are essentially orthogonal to ) )
each other. In other words, if the solar electron neutrinogS far as the mass spectrum is concerned, the mass eigen-
oscillate into the linear combinationg=cos¢ v;—sin¢v,,  Statévs is separated from the other three by mass gaps that
then the atmospheric muon neutrinos necessarily oscillatgreé in the atmospheric neutrino range- omg;,~3
into the statev,=sinévs+cos¢ v,. However, the situation X107° eV vy andv, are almost degenerate and separated
would be totally different if the LSND evidence was not by the solar neutrino mass gap and, finailyjis only subject
present. to the conditionmi—m3~ 6m2,,, as it, like v, does not

To be more specific, let,, v,, andd be the mass eigen- participate in the solar neutrino oscillations. The mixing
states and mixing angle responsible for the solar neutrin@ngles relate to the atmospheric mixing angle aséggs
deficit andvs, v4, and 6, the states and mixing angle rel- =cosacospg. The atmospheric neutrinas, oscillate intov,
evant for atmospheric neutrinos. The two pairs are separatetith a probability proportional to sfixco$3 whereas the
by the LSND mass gap and no other specific mass hierarchgrobability of oscillation intov is proportional to sif3. The
has to be assumed. The reactor experiments constrain thatio between them is given by t=tar?g/sirfa. It is
mixing matrix elements) .5, Ues, U1, andU ,, to be small  clear that the solar neutrinos do not oscillate into

115015-2



BLOCKING ACTIVE-STERILE NEUTRINO . .. PHYSICAL REVIEW D64 115015

This just shows that the potential problem raised by thel X 1 sterile neutrino blocks, respectively, &s,, m,, and
possibility that the atmospheric neutrinos oscillate signifi-mgg, we obtain in leading order in any basis whéveis a
cantly into a sterile neutrino with its consequences for BBNreal matrix
is not necessarily linked to the solar neutrino solutions and

does not depend on the LSND evidence, although it has been m,,=hyM~*h (hy\M ) (o)v3, (53
motivated by the coexistence of all three kinds of observa-
tion. In the present work we want to present a solution and a m,s=—hyM ™ *h(a)v,, (5b)
mechanism to block the oscillations of muon neutrinos into
sterile neutrinos in the early universe at the time of BBN. Mss=(M~hg)TheM ~thy(a)?, (50

The idea does not depend crucially on the particular neutrino 0

mixing pattern but the actual numbers vary, of course, fromVhere v,=(H;). We take as reference scalem,,

model to model. We worked out in detail a particular model™~0-05 €V to account for the atmospheric neutrino anomaly

that is suitable to encompass all three types of neutrino oand m,s~1 eV for the LSNDv,(v,)— v¢(v,) evidence.

cillation evidence, including LSND. Since we also assuméo)~1 GeV the elementmg
~10" 13 eV is completely negligible.

IIl. NEUTRINO MASS MODEL IV. ASYMMETRIES IN THE EARLY UNIVERSE

The seesaw mechanidi26] can be incorporated within a
model where the lepton number is spontaneously broken at a
relatively low energy scale by adding to the standard lepton.,
doubletsl; and charged singlets two heavy sterile neutri-
nos per lepton generatiol,; and Ng; (left-handed, with
lepton numbers+1 and —1, respectively. The additional
light sterile neutrinovg (left-handed has lepton numbel ¢

At temperatures below the heavy neutrino maskgs
10° GeV, the Dirac masseM; still mediate scattering
rﬂ)rocesses capable of producing the light singlet partigles

and o like IH,—v,o. They can be studied in terms of the
effective operators

S . . S M m;s
= —3. The most general Yukawa interaction Lagrangian in Eeﬁ=|iH2—J|szU+|in—VsU*
the lepton sector is written in Majorana matrix form as (o vg (o)v2
m
1. +VS—S;VSO'*3+ H.c., (6)
EYZEI,b CM(//+HC, (3) 2<O'> %)

which also give rise to the light neutrino masses after spon-
where ¢=(ef" I, vs,NLi,Ng ;) and M is the symmetric taneous b_reaklng of lepton _number. One obtains the c.m.
matrix cross sections of the scattering procesdgd ;| ;—H,H,ao,

(2) oHo—1,v5, and(3) co— ooy as

ef I v Ny N 6s |m 2 T
| _
ef| 0 WH, 0 0 0 o= —— 5~ 53 X10°% eV?, (D)
(8m) (o)vs (0);
M li - 0 0 0 hNH2
Sy |- = 0 Alo* 0 1 |mg? -
02:8—T%TX10_ evs, 8
Nyl = = = ho M (4) T (o)v; (0)V3
NSl = = = = ot
o ® 6s |mgd?> T? s o
o3 ~ %X 10 ev-, (9)

T (87m)° (0)° (o)

respectively, where we have summed over initial and final
weak isospin statesy is the c.m. energy
In each case one compares the rate of collisions per par-

The omitted elements are obtained by symmetrizatidp.
andH, are two standard Higgs doublets under(3land o

is the singlet scalar field with lepton number=—2. hg is . 3 T
: ticle I'=on=~0.10T° (the boson number density in
3% 1 col e, hy, h, hg, andM 3% 3 matri- . ) b
a column anthe, fin, A, N, andivi are Ma _0.122r% and the fermion number density;~0.091T3)

ces. . .
Vylth the Hubble rateH~T?/10'® GeV, assuming a total

Before lepton number spontaneous breaking the hea ;
sterile neutrinos form Dirac particles, namely;=N, ; umber of degrees of freedom around 100. The scalar singlet

+Ng;, with lepton number equal to 1 and massésin the ¢ is produced through the processés |il;—H;Hyo,
basis whereM is diagonal:M =diag(M;). After lepton and  |{H,—1;H,0, and H,H,— 11,0 with cross sectionsr,
gauge symmetry breaking the light neutrinos acquire masse&r,/3, ando,/3, respectively(for i+ j) which gives a total
and mix with the sterile neutrino in aX44 Majorana mass rate per Hubble timd  H 1~2(v/v,)*T%/10"° Ge\® (v
matrix. Denoting the X3 active, 3x1 active-sterile, and =174 GeV is the electroweak breaking sgalthis shows
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that o is in thermal equilibrium at temperatures larger thanoriginally produced in a GUT baryogenesis scenario is later

T,~10° GeV, if one takew ,=v. communicated through electroweak instantons to the lepton
The sterile neutrino is produced in the proces§®s sector T<=10 GeV) but not teeg. In that caseu, remains

oH,—lve, lio—H,vg, andl;H,—ows, with cross sec- Zero until theeg Yukawa interactions come into equilibrium

tions o,, 0,/2, and o,/2, respectively, and a total rate at temperatures lower thary.

I'H ™ t~(v/v,)?T/Ts, which makes the decoupling tem- A vanishing weak hypercharge implies

perature of the light sterile neutriia~4x10° GeV. If one

or more heavy neutrinad; have masses under that valueg, 3(pqt2pmu— pa— i)~ 20, pet 2Nup=0. (12)

may decouple when some of tig degrees of freedom are

still present in the universénote thatM;=10° GeV). Fi- . )
" P lik — fn i ' Kto b )I i andH, are the same field anal;=2 otherwise. The above
natly, processes likeo— avsvs are 100 Weak 10 be relevant. - ., \oiraints and the conditiqn,= 0 leave only one indepen-

Above T, the sterile neutrino and scalar singtetare in dent variable. It is convenient to choose thisasbecause

chemical equilibrium Wit.h the lepton anq Higgs doublets a.ndthe vs abundance and number asymmetry are conserved after
their number asymmetries are constrained by the equatloq% decoupling. The other quantity that is conservedis
of detailed balance. The precise relations between the par-, Denotingi the baryon number density atB/dV

ticle asymmetries depend on which particles and processes—. . ; )
are in thermodynamical equilibrium at a given time. To be=BT /6 and likewise for. andB—L, one has
definite we assume that by the time the sterile neutrino de-

Hereny is the total number of Higgs doublets;,=1 if H;

couplesB andL are only violated by electroweak instanton B=6uq+3uy+ iq, (139
processes whil&—L is conserved. On the other hand, the
right-handed electrorey, are not yet in chemical equilibrium L=L4—3us, (13b)

and the quarksig,dg may or may not be in equilibrium
depending on the exact values of their Yukawa couplings and
temperaturel 5. In either case the equations of detailed bal-
ance yield the particle asymmetries as functions of Bhe
—L asymmetry.

At temperatures above&g the operators of Eq6) yield
the chemical potential constraints

Lg= 6+ 2+ pe— Ap,+ 2Ny, (139

wherel ¢ stands for the lepton number of all particles except
vg andny is the number of relativistic Dirac heavy neutrinos
at a given moment. The decay procesbgs-|;H, set the
equationuy= u,+ uy - Putting everything together, one ob-

pot 2+ 2 =0, (109 @ns
1 15+4ny
Ms— Mgt p+ puy=0. (10b) B—Lg=3z|8+2ny— 57— |(Ns—Ng), (14
3 9+ny
The other constraints come from standard model reactions
[13,14. To be definite we assume thak and dg are in B—L (9+ny)(17+2ny)—15-4ny .
equilibrium atTg (the temperature at which they come into B—L$_ (9+ny)(8+2ny)—15-4ny (15)

equilibrium increases with increasing Yukawa couplings and

therefore with increasing number of Higgs doublefShe  per vs decoupling, B—L, B—Lg, and the v, number

QIectr_oweak and QCD instantons and the Yukawa interacésymmetryNS— N; are all conserved. Although the above
tions imply that

relations are strictly valid only wheng is in thermal equi-
librium, one expects that the decoupling process does not

Suqt m=0, (113 introduce very large perturbations and one may use these
results as a first approximation. They give thg number
2pq~ pu~ 1a=0, (11b asymmetry andB— Ly as functions of the primordiaB—L
and numbeny of heavy neutrinos that are relativistic when
Mg~ Md— mn=0, (119 y, decouples.
The next transition is the decoupling of the scalar singlet
Mg— Myt up=0, (11d o at a temperatur@,, around 18 GeV. This is close to the
er coupling epoch which starts .~ (v/v,)?X10* GeV.
= = upy=0, (119  This temperature rises with increasing electron Yukawa cou-

pling and if one assumes the existence of two Higgs doublets
whereuy, ui, anduy designate the flavor universal chemi- andv;=<v/3 (v=174 GeV) theneg is already in equilib-
cal potentials of the quark, lepton, and Higgs doublets, rerium wheno decouples. To be definite we assume so. One
spectively, u,,uq those of the right-handed quark iso- repeats the exercise with Eq4.1) and(12), complemented
singlets, angk . the common chemical potential of the lepton with u.= 1 and Eq.(103), to obtain all chemical potentials
isosingletsur and 7. Since the electron singlek is notin  in terms ofw, . Then Eqs(133 and(13¢) with ny=0 yield
chemical equilibrium its chemical potential, is an indepen- the relation between ther number asymmetry and the
dent variable. We may assume that a baryon asymmetrdyaryon and lepton numbers. Denoting the total lepton num-
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ber of the standard model particles &s (L;=L.+L, 4731 99
+L,) one derives, fony=2, L(S):_ESTOMB' (25)
_ 12 It is important to notice that, after spontaneous breaking of
N(J'_N()'__(B_Ll)! (16) : £
23 lepton number, th&— L violating processes are too weak to

be in equilibrium, in particular during the electroweak phase
transition if it occurs aftel. breaking. If that was not the
Ns—Ns= 53 55720 (B~ L), (17)  case the baryon and lepton numbers would be washed out.
N
As soon as the sphalerons decouple the baryon and lepton
numbers start to be separately conserved. This is also true
B-L _ 4_7 164+ 22ny (18) after L spontaneous breaking because theiolating reac-
B—L, 23 65+22ny°’ tions are weak. The lepton number may only be significantly
violated at much lower temperatures of the order of 1 to 10
where in the last two equations we used Ed4) and(15),  MeV when neutrino oscillations from active to sterile neutri-
keeping in mind thany, is the number of Dirac neutrind$;  nos become possible. Another point is that, aftdreaking,
that are relativistic whernvg decouples. Again, one expects the lepton numbet. , carried by the scalar singlet still
that the above results remain a reasonable approximatiogxists but is then associated with a coherent Majoron field.
wheno decouples. From then oB—L,, B—L, and thec  This is the subject of the next section.
and v¢ abundances are conserved by all effective interac-
tions. V. MAJORON FIELD
When the temperature drops down to the electroweak
phase transition the weak isospin and hypercharge are no The Majoron equation of motion is determined by the
longer conserved, contrary to the electric charge. The quarkéguation of conservation of the lepton number Noether cur-
and charged leptons form Dirac mass eigenstates whose wé@nt. The lepton current of the scalar fieid with lepton
defined chemical potentials are subject to a new set of cordumberL ,=—2 is
straints[14], together with the neutrinos and charged Higgs i
ande[os]ons %s follows: ’ % Jo=Lyi{0" VEo—a V¥a®). (26)

At the classical level the total lepton number of charged lep-

Mw+ = o™ Ra™ By ™ K™ Bn (19 tons, neutrinos, and scalar is conserved but electroweak
3 3 _o 20 instanton effects break explicitly. B—L remains conserved
MutSpgt phyt pe=0. (20 and its equation of conservation reads as
The latter constraint is due to sphaleron processes. On the V, 44V, 34=0, (27)

other hand, the net electric charge is zero:
whereJ# is theL — B current of all the other particles, in our
3(4pu=2pg—2me) T2(2+ Ny puw+=0.  (21)  case leptons and quarks:

Definite B andL numbers are predicted in terms of the pre-
existingB—L, number, namel£14], P == (Bi—Lp(n—npu¥, (28)
32+4ny wheren; andny are the particle and antiparticle densities and
B= 98713, (B~L: (220 v*=(1yv) the macroscopic velocity vector.
H Before spontaneous breaking of the lepton humberthe
664 9n current is related to the particle asymmetryJi=L, (n,
Li=— —H(B—L|). (23)  —Nhg)v¥, but after lepton symmetry breaking, the mass
98+ 13ny eigenstates are no longer the complex fieltut rather the

) ) ~ massive Higgs particlep and massless Majoron bosan
These relations are preserved during the phase transition ffhey relate to each other as

there is no intrinsic electroweak baryogenesis. After that the

sphaleron processes stop being effective and the baryon

number is separately conserved. This allows us to predict the o=—=(v,+p)exp—ielv,) (29)
scalaro particle and sterile neutrino asymmetries in terms of V2

the present baryon number. From E@k6) and (17), valid

. . and the lepton current is expressed as
for two Higgs doublets fy;=2), one derives the asymme- P P

tries and lepton numberd ,)=—-2(N,—N;) and L p\?
= —3(Ns—Nj) carried byo and v as Jh= Lgva< 1+ o V"go> . (30
L \=—AB=_— 2—43—18 As emphasized in Ref§18,17], after symmetry breaking the
(= —AB= , (24 . . - :
2310 global symmetry is realized as an invariance under transla-
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tions of the Majoron field whose equation of motion is de-ground mediuni28], which in turn depend on the tempera-
termined by the still valid Eq(27) of lepton number conser- ture and particle number asymmetries. As far as standard
vation. model weak interactions are concerned the electron, proton,
After lepton breaking the curred{: can be realized only and neutron asymmetries, closely related to the baryon asym-
through a coherent Majoron field; in other words, the ex- metry, are too small to play a role in the oscillation of active
pectation value ofr has a variable phase: neutrinos into sterile neutrinos. However, the neutrino asym-
metries can in principle be much larger than the baryon
Uy _ asymmetry. Normalizing them to the photon density as
(oy=—=exp —i ¢lv,). (31
V2 . N, =N,

La=N—a, (37

We obtain for the current y

the potential of the flavow,=v,,v,,v. induced by elec-
Vi, (32  troweak interactions is given at low temperaturds<(m,,
<My) by [29]

)

JE=Lo,| 1+

where the ternp?) is an average over quantum fluctuations, _ N T N s
i.e., the thermal bath of massive Higgs partigiesVhen the Vew== ‘/EGFnV(La+ LetLutl,+ AaT*My’),
temperature of the bosons, lower than the photon tempera- (38)
ture when the number of relativistic degrees of freedomyhere A,=55 and A, .=15.3 (the electron and nucleon
drops down one order of magnitude, is much smaller than thgsymmetries are neglfécbed'he upper sign holds for neutri-
breaking scale,,, the (p?) term can be neglected. Then, nos and the lower sign for antineutrinos. The sterile neutrino
J,;=L,v,V*¢. In a homogeneous and isotropic univegse has no standard model potential by definition.

depends only on time and In the case of interesm?~3x 102 eV?, the thermal
0 : ) contribution proportional tcnyT2 prevents the oscillation
Jo=Lsv,0=F_Lo. (33 into a sterile neutrino at temperatures abevé0 MeV. At

) smaller temperatures that term becomes ineffective and the
The value ofe is subject to the equation of conservation active neutrino oscillates into the sterile flavor as in vacuum,
(27). Integrating over space, the lepton chargel, violating the bounds on the number of light degrees of free-
=deJ?, is determined at a given time by its initial value dom at BBN[6]. Foot and Volkag9] pointed out that, if
and the variation of th&—L number carried by leptons and there is an initial asymmetry@=_{ ,+ L+ |‘_#+ L, larger

quarks: than 710 ° and sm’<10 2 eV?, the active neutrina,
_ _ _ e _ cannot significantly oscillate into the sterilg and the initial
L0 =Lot)+(B=L)(O=B=L)(t). G4 | aotino asymmetries are preserved until the active neutrino
The initial value ofL,y is the lepton charge carried by the “a decouples or, in the case of, until the protons and

complex bosons before spontaneous lepton breaking. Thisheutrons stop being in quilibrium. In these conditions the
value is proportional to the initiaB—L or to the present BBN bounds on the extra light degrees of freedom are satis-

baryon number, as Eq24) shows for the particular model fied. These straightforward considerations have one price,

we worked out. On the other harB- L is possibly violated which is the assumption of an initial neutrino asymmetry five
' ’ orders of magnitude larger than the baryon asymnfetry.

by neutrino oscillations only at very low temperatures when R _ . . X
B is conserved. As a result, ,(t)=—A,B—AL; and the The situation changes if there is a Majoron field. Ma-
Majoron time derivative is obltrained fror(rr1 E3) as jorons, I'k.e any Nambu-Goldstone bosoq, havg only deriva-
tive couplings. As a result, a coherent Majoron field produces
. n, . . neutrino potentials proportional to its gradidid8]. If A is
¢=—F (AB+AL) (35  the spontaneously broken lepton number, in general, any
- combination of partial lepton numbers, ang the quantum

in terms of the baryon number and lepton number variatiofiumber of the flavorv,, a Majoron fielde produces the

per photon potential
. B . AL 1
= S — Vy=——Av"d,0 (39
B N’ AL N (36) A F,oav e
Notice thatL; and AL count only the fermion particles,
charged leptons and neutrinos, but not théeld. 2In Ref. [30] Foot and Volkas explored the case where- v
oscillations with— 6m?=10 e\? and sif26<10"° create a lepton
VI. NEUTRINO OSCILLATIONS asymmetry large enough to blook,— v¢ oscillations with ANP

) - ) parameters. In any case, this cannot be a generic situation and re-
Neutrino oscillationg27] are governed by the neutrino quires some agreement in the parameter space — the masses and
masses and mixing angles and interactions with the backnixing of all neutrino species.
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for the neutrinov, and the symmetric one for the an- VIl. CONCLUSIONS

tineutrinov,, wherev*=(1y) is the neutrino four-velocity _ _ _
(lv|=1 in leading ordex In the present case the Majoron is It is well known that an explanaupn _of the atmospheric
associated with the total lepton numbemand the Majoron neutrino problem{3] in terms of oscillations of the muon
field is a uniform field in the early universe given by Eg. neutrino into a, at least in part, sterile neutrino is in contra-

(35). Hence, it induces the potentidls diction with the BBN limits on the number of extra light
degrees of freedorf6]. Indeed, for such a mass gafm?
V. = |:L—2ny|_a(AU|§,+A|“_), (40) ~3x10"2 eV? in view of the large mixing angle, the ster-

ile neutrino would come into equilibrium with the particle
whereA, is a model dependent coefficient of orderA,;  thermal bath viav,-vs oscillations[7].
=3.2 in the case we are considering. The quantum numbers In this paper we formulate a mechanism capable of block-
areL,=+1 (—1) for an active neutringantineutring and  ing the active-sterile neutrino oscillations that operates in the
L,=—3 (+3) for the sterile neutrinog (vy). framework of theories where the lepton number is spontane-

The variation of the lepton number in the neutrino sectofoUsly broken. It has been shot8] that a generic feature of

can be caused only by oscillations into the sterile neutrindhese theories is the production of coherent, long-range Ma-
because this is the only one with lepton number differenioron fields. While they can appear in stars as a result of
from +1 and the types of oscillations we are consideringneutrino oscillations or any other lepton number violating

conserve chirality. The oscillations,« vs (v« vs) pro- large scal_e process, we found that in the early universe a
duce a lepton number variationAL=AN,—3AN, Ccosmological Majoron field emerges also as a result of a
=—4ANg (AL=4ANy); hence, primordial lepton asymmetry carried by the scalar particles
and complex scalar fieldo() whose expectation value spon-
~ ANg—ANg taneously breaks the lepton number. The Majoron field am-
AL= AN (4)  plitude is thus naturally proportional to the lepton number of

4 the universe, and baryon number as well, due tol.tlaedB

Combining Eqs(38) and(40), the difference between active violating sphaleron Processes. . . .

and sterile neutrino potentials is 'I_'he_leptons, and nt_autrlno_s in part_|cular_, mter_act with the

derivatives of the Majoron field, which gives rise to new

neutrino potentials that are relevant for the oscillation phe-

nomena. The potentials are inversely proportional to the sec-

t4FL‘2ny(AUI§+AI:), (42) ond power of the scale of lepton number symmetry breaking
({(o)) but this scale can be much smaller than the elec-

where I:a:Ea+ |:e+£M+ET and the lower signs apply to troweak breaking scale. For a lepton number breaking scale

) . ) P f the order of 1 GeV, a Majoron field associated with a
antineutrinos. It is now clear that if, in the case of standarqo .

K , ~ o h epton number asymmetry of the same order of magnitude as
weak interactions, an asymmetry>7x10 " is enough to e parvon asymmetry can block the active-sterile neutrino

block thev,—vs, v vs Oscillations then, in the presence pscillations at temperatures in the MeV range for a neutrino
of a Majoron field, the known baryon asymmet  mass gapm?~3x10 3 eV2

=(4-7)x10 '°can do the same if the scale of lepton num-  This provides an interesting way to block the sterile neu-
ber breaking obeys the condition trino oscillations as it does not require the extraordinarly
high lepton asymmetries;y 10°°, that are necessaf@] in

the framework of the standard model weak interactions. In
fact, the standard model neutrino potentials that are propor-
tional to the background lepton asymmetries are suppressed

Such a low scale of lepton number breaking is perfectl)}l\)ﬂy _the Ffe_rrlr(;l constan;. 'T‘ contrast, the lpotentlals gue o a
consistent with the existing bounds for this kind of singletV@loron field vary as the inverse square lepton number sym-
metry breaking scale. F@ 1 GeV energy scale one imme-

bounds[33]. The reason is that in scattering processes théiiately obtains the five orders of magnitude increase factor

: 5
Majorons couple primarily to neutrinos with strengths pro-that E)ﬂ)ngs 10° down to the baryon number asymmesy

portional to the neutrino massgs-m, /F_, which are there-
fore negligibly small for the assumed neutrino mass spec-
trum even ifF ~1 GeV.

Va—Ve=12Gen (= [2-A,T?M )

4A,B
FE<—7\/§G X10P=5-9 Gel’. (43
F
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