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Baryogenesis via Neutrino Oscillations
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We propose a new mechanism of leptogenesis in which the asymmetries in lepton numbers are
produced through theCP-violating oscillations of “sterile” (electroweak singlet) neutrinos. The
asymmetry is communicated from singlet neutrinos to ordinary leptons through their Yukawa couplings.
The lepton asymmetry is then reprocessed into baryon asymmetry by electroweak sphalerons. We
show that the observed value of baryon asymmetry can be generated in this way, and the masses of
ordinary neutrinos induced by the seesaw mechanism are in the astrophysically and cosmologically
interesting range. Except for singlet neutrinos, no physics beyond the standard model is required.
[S0031-9007(98)06856-2]
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The origin of the excess of baryons over antibaryonf the masses and couplings of singlet neutrinos are very
in the Universe remains one of the fascinating problems oflifferent from those of Ref. [2].
particle physics and cosmology. A number of mechanisms Let us consider the standard model extended by adding
have been proposed to date to explain this asymmetry (fahree types of Majorana neutrinas,, « = A, B, C,
recent reviews see, e.g., Ref. [1]). One of the simplest poswhich interact with other particles only through their
sibilities, suggested by Fukugita and Yanagida [2], is thatrukawa couplings [6]. The corresponding Lagrangian
the baryon asymmetry has originated from physics in thean be written in the “Yukawa basis” (where the matrix
leptonic sector. Namely, it was assumed that, at temperaf Yukawa coupling constants has been diagonalized) as
tures well above the electroweak scale, lepton asymmetripllows:

was produced, which was then reprocessed into the baryon L = Ngaid#/Nga + halaNge®
asymmetry by nonperturbative electroweak effects [3]— M
sphalerons [4]. According to Ref. [2] the lepton asym- + =% NT CNgy + H.c.

metry is generated in out-of-equilibriung;P, and lepton 2
number nonconserving decays of heavy Majorana neutriHereNg, are right-handed componentsif, i, are (real)
nos (for recent discussions see, e.g., Ref. [5] and referenc&aikawa coupling constantg, are three independent linear
therein). combinations of the usual leptonic doublebsis the Higgs
In this Letter we propose a new realization of baryo-doublet, andV,;, is the mass matrix.
genesis through leptogenesis which also makes use of theWe suggest that the baryogenesis proceeds in the
electroweak reprocessing of the lepton number into théollowing way:
baryon number. Like the Fukugita—Yanagida mechanism, (i) In the course of the evolution of the Universe, singlet
our proposal requires only a mild extension of the standardeutrinos are produced through their Yukawa couplings.
model by introducing “sterile” (i.e., electroweak singlet) The production mechanism of singlet neutrinos conserves
heavy neutrinos. However, our mechanism of leptogene€P, i.e., for each type equal numbers of particles and an-
sis is entirely different from that of Ref. [2]: We suggest tiparticles (particles of opposite helicities in the Majorana
that asymmetries in lepton numbers were generated due tase) are produced.
oscillations of these singlet neutrinos and their interactions (ii) Once created, singlet neutrinos oscillate, and also
with ordinary matter in the early Universe. Moreover, theinteract with ordinary matter. None of these processes
novel feature of our scenario is that the total lepton numviolates the total lepton numbér® = L + Ly + Lg +
ber is not violated in these oscillations and/or interactionsi ¢, whereL is the usual lepton number (we assume that
an important ingredient is separation (rather than generaviajorana masses are small enough, see below). However,
tion) of the lepton number, i.e., its redistribution betweenCP is not conserved due to mixing in the singlet neutrino
different species of singlet neutrinos. sector. Therefore the initially created state with individual
For this reason we do not necessarily require that singldepton numberd., = Lg = L = 0 evolves through the
neutrinos be Majorana particles; Dirac sterile neutrinos arescillations into a state in whichy # 0, Lg # 0, L¢ #
equally suitable (and even better in some respect) for oW, but still L'** = 0. That is, the total lepton number gets
mechanism to work. Furthermore, in our case the valuesnevenly distributed between different species.
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(i) Singlet neutrinos communicate their lepton asym-are diagonal in the Yukawa basis,
metry to ordinary neutrinos and charged leptons through
their Yukawa couplings. We assume that the Yukawa cou- V = diagV4, Vs, V¢), I' = diagT's, ', I'¢).
plings of N4, Ng, and N¢ have certain hierarchy, so that
neutrinos of at least one typ¥,, come into thermal equi- The potentials/,, are due to the coherent forward scatter-
librium before the timerzy at which sphalerons become ing processes, the main contribution coming from the 1-
inoperative (the corresponding temperature7igy ~  loop self-energy diagrams with ordinary lepton and Higgs
100 GeV) and those of at least one other type, do not  doublets in the intermediate states. For our estimates we
equilibrate byrgzw. The neutrinos of the third typeys,  use their thermal averages which, at temperatures above
may or may not come into thermal equilibrium yy. To  Tgy, are [10]
be specific, we discuss mostly the case when the Yukawa
coupling of Ny is relatively large so tha¥g equilibrates at v, = 1
temperatures exceedirfgy (the opposite case is treated 8
in a similar way). In this case, the lepton numbggsand
Lg are communicated to the ordinary leptons befgsg,
whereasL¢ is not. Therefore (a fraction off, + Lp
is reprocessed into baryon asymmetry by electrowea
sphalerons; the lepton numbér- is transferred to the
active leptons only after the sphalerons have alread
switched off, so it ha_s no effect on the baryogen_esis. I', come from the Higgs exchange reactioBsNg, —

Let us stress that, if not for the sphaleron freezing effect, |, —.c\ | 0¢1,, and N, — tz0S, where Q; is

. . Rlay 'RiVRa Lta» atVRa R¥L» L

no baryon asymmetry would have been obtained: Al thre(?he third-generation quark doublet. The result [11] for the

singlet neutrino_ species eventually transform into ordinaryaverage destruction rates?ts> M, (corrected to include
leptons, and, sincé'® = 0, no net lepton charge would the color factor for quarks) is

have been generated in the sector of ordinary leptons.

Hence, the requirement thai- does not get into thermal 9h,2

equilibrium beforetgy is crucial for our mechanism. Iy = 6473
The system of three types of singlet neutrino of a given ) )

momentumk(¢) « T(¢), interacting with cosmic plasma, Hereh; = 1 is the top quark Yukawa coupling. The rates

is described by 8 X 3 density matrixp () which obeys of the tzelasticz — 2 scattering processes are proportional

) ) Yukawa couplings of singlet neutrinos, so the elastic

l-d_p —[A,p] — L{T,p} + ={U”,1 — p}. (1) Processes can be safely neglected.

dr 2 2 At late times the lepton asymmetry is stored in the least
Here H is a Hermitian effective Hamiltoniar; andT»  interacting species of a singlet neutrino, whichzat
are destruction and production rates, respectively, and wew coincides with the mass eigenstatg ~ Nc. The
have neglected the relaxation due to elastic scattering; sé@nditions thaiV,(=N,) andN,(=Np) come into thermal
below. In what follows we will use the approximation €quilibrium before the timegy, while N3 does not, are
of Boltzmann statistics for order-of-magnitude analysis;
in this approximation the last term in Eq. (1) becomes T'i2(Tew) > H(Tew),  T's(Tew) < H(Tew), (5)

h2T . (3)

Consider now the rateB,. We will be interested in the

temperatures far exceeding the masses of singlet neutri-
0S. Therefore the rates of tHe— 2 reactions which
orrespond to the absorptive parts of the self-energy dia-
rams are suppressed by the facMy /T, and2 « 2
eactions are more important. The main contributions to

h2T . (4)

merelyiI'?.
In tr{e Yukawa basis one has, Bt> M, whereH(T) = T?/Mpy, is the Hubble Dafametng;l =
Mz Mp]/166\/ﬁ =108 GeV, and I's =T+ S13FA +
H=v(@® +U—U" 2 s§3F3. Here s13 = sinf3 and sy3 = sinf,; determine
2k (1) the admixtures o, andNj in N3.
Here U is the mixing matrix which relates the Yukawa The conditions (5) translate into bounds on the Yukawa
states and the mass eigenstadgs(i = 1,2,3): N, = couplings,
U,N; (we assume that mixing is small, and choose
the standard parametrization fow/ [8]); M? = hip >2 X 1071, h: <2 x 107, (6)

diagM?, M3, M3) is the matrix of mass eigenvalues;
k(z) is the neutrino momentum which depends on timeand on mixing angles,
due to the expansion of the Universe. T&E violation
in the system is described by ti@&-odd phased inthe 7, <2 X 107 "h,2, 53, <2 X 107 %nz2  (7)
mixing matrix U.

The medium effects are described by real poteritial Equation (6) implies a certain hierarchy between the Yu-
and ratesI” andI'? = exp(—k/T)T" [9] whose matrices kawa couplings, which, however, need not be very strong.
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As described above, to find the baryon asymmetry we In what follows we will present the results for the most
should calculate the asymmetfy (z£) which was com-  interesting range of the parameter space, where the mass
municated to the usual leptons by the timg, at which  differences are relatively largeAM? > (h2, /8 My}
sphalerons switch off. This asymmetry emerges becausg?, = h: — h3), AM? being the typical value oAM,-zj.
singlet neutrinogv; do not transfer their asymmetry to ac- In this case, the mass terms dominate over potentials
tive neutrinos by the timeg due to the smallness af-, in 4 at the epochy,, so thatQ);; ~ AM,]/zT and the
s13, andsys.  Since the total lepton number is conservedieptogenesis temperaturefis = T(r,) ~ (MplAM AVES

in all processes of interest, we ha¥g(rpw) = —As(tew) At ¢+ = 1, we have

(up to a factor of order 1 that accounts for the distribution 5 2 \1/3

of the asymmetry betweeB, L, andL, + Lj; we will not [Van| _ hap (MPI ) <1 (10)
write this factor in formulas below), wherk; (7w ) is the H 8 \AM? '

asymmetry stored ivs. The asymmetnAs(zzy) can be
found as follows. LefS(z, t9) be the evolution matrix cor-
responding to the operatéf = 4 — (i/2)T" (notice that
S(¢, 1p) is not unitary since this operator is non-Hermitian).
The density matrixo(z) can be expressed througky, ()
assumingop(t;) = 0, wherer; is the time at which the pro-
duction of singlet neutrinos begins [12]. The ratio of the
number density oV3;, n3 = ps3, to the equilibrium den-
sity of one spin degree of freedom at timsy is

This means that the potentialg, and ratesl’, can be
treated perturbatively, with being the expansion parame-
ter. The lepton asymmetry (9) appears in the third order
of perturbation theory, and therefore is suppressed by the
cube ofA. This can be seen in the mass eigenstate basis,
where the potential has the fortif VU. Indeed,A; is a
CP-violating observable, so it should be proportional to the
invariantJ = s12c12s13c%3s23cz3 sinég; this invariant can

be collected froMfUT VU7 only. Itis clear from Egs. (8)

n3(tgw) and (9) thatd; vanishes in the limit" — 0, so one expects
W h/ dro a(tO)|U3bSha(tEW’t0)| (8) ittobe proportional also to sih = I',/2V, = 2 X 1072,
@ Therefore, up to a numerical constant, we have an estimate
The asymmetryA;(zgw) is the CP-odd part of the
quantity (8). Ap ~ JNsing . (11)
The integration over the production timg can be
performed in a closed form. Indeed, the matri§emndst The calculations are simplified fAM?;| < |[AMD],
obeyd, S = iSH(1), 8,,ST = —zH’f(to)S’r From these |AM3|. In this case, using Eq. (9), we obtain
equations and” = i(A — AT), one finds thao, (SS1) = 3 A
ST(19)St. Using this relation, one can readily perform the A, = TG Jsing hichiphiscMpi (12)
integration over the production timg in Eq. (8), 384 (AMP) B3(AMP)Y3
na(t whereI'(1/3) = 2.68. The estimate (11) as well as the
ﬁ =1 = [SM(tgw, )5 (tgw, 1) 13 . formula (12) are valid both in the case whah equili-

brates beforegy and in the opposite case.

Here s¥ = UTSU is the evolution matrix in the mass  The asymmetry increases when the parameteap-
eigenstate basis. Th€P-odd part of this expression proaches 1, i.e., the maximal effect for givép is ex-
determines the asymmetry transferred to the usual leptonsgected whem\ M2 ~ (h2,/8)*M;i. Notice, however, that
by tzw (and hence the generated baryon asymmetry)  these and smaller values dfM> correspond to singlet
neutrinos strongly degenerate in mass.

Arlrpw) = (”L — np)/ny = —As(tew) Let us present constraints on the parameters of singlet
B neutrinos and discuss the value of the asymmetry.
=5 le (tew. 11)[Ep-oda - (©) () To be consistent with the standard mechanism of

nucleosynthesis, all singlet neutrinos, including the most

where the factorl /2 accounts for two helicity states of weakly interacting ond/s, should decay before the nucleo-
photon. The production of singlet neutrinos starts at vengsynthesis epoch. The decayNfatT <« Tgw occurs due
early times, so we sef = 0. SinceTgy is much smaller to its mixing with an ordinary neutrino. Requiring that the
than all relevant energy parameters in the problem, ondecay rate ofV; exceeds the inverse lifetime of the Uni-
can formally letrgw — o in actual calculations. verse at temperatures of the order of a few MeV, and recall-

The lepton asymmetry is produced mainly at the epocling Eq. (6), we obtain a lower bound on the maks, =
t; when the differences of the eigenvalues of the Hamil-l GeV. Alternatively, forM; > 1 GeV, we have a lower
tonian(};; = Q; — (); become of the order of the Hubble bound on the Yukawa constahﬁ = 1071%(1 GeV/M5)?,
parameted: Q;;(z,) ~ 1/1,. Indeed, at < 1, the ele- whereh3 = hz + shhi + s53hs.

ments ofp(r) essentially stay constant, whereasg & 1, (ii) If the mass of N3 is close to 1 GeV and/or the
they undergo fast oscillations and, due to averaging effect&ukawa couplings oN4 andNp are close to the bound (6),
the asymmetry is strongly suppressed. the decays of singlet neutrinos may lead to the reheating
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of the Universe after the electroweak epoch (but befor@nd the remaining one is relatively heavy. As an example,
nucleosynthesis) and, hence, to the dilution of the baryotet us takei; = 5 X 1074, h3 = 10715, h2 < h3, and
asymmetry. This reheating is rather modest, howeverd, = 20 GeV, which corresponds to the masses of the
Given the constraints already imposed, the entropy densitysual neutrinosny, ~ 0.1 eV, mz ~ 2 X 1073 eV, and
may increase at most by a factor of 10. In this case the:. < mp. This variant fits particularly well into the mass
baryon asymmetry produced before the reheating shoulgattern suggested by the solar and atmospheric neutrino
be an order of magnitude larger than the observed one. data [13]. Given that < 1072 due to the constraints

(i) Baryon and lepton asymmetries should not beanalogous to Eg. (7), the correct value of asymmetry is
washed out beford” = Try by the Majorana mass it- obtained forAM? < 1072 Ge\?. Thus, in this case the
self. AtT > M, the lepton number equilibration rate is singlet neutrinos should be degenerate in mass. The tem-
suppressed with respect to the lepton charge conservinggrature of leptogenesis is lowef; ~ 3 X 10° GeV.
rateI'4, given by Eq. (4), by a factab/i /T2, so we have Let us note in passing that the degeneracy of mas&es
to require thafl 4 (Tew) (M3/T2y) < H(Tew), and simi-  is helpful also for obtaining the desired baryon asymmetry
larly for Ng. The parameters of Majorana singlet neutrinosfor very small mixing angleg;;.
should therefore satisfy The crucial feature of the suggested mechanism is that
it works only if Yukawa couplings of all singlet neutrinos
are small,h, ~ (1078-107°). This smallness can be
explained, e.g., by the mixing oV, with very heavy
right-handed neutrinos having Yukawa couplings of the
The upper bounds here do not apply to Dirac singlesame order of magnitude as those of quarks (and charged
neutrinos. leptons)h,. In this caseh, ~ hy/M./Mg, and for our

The Lagrangian of the model leads, via the seesawalues ofi, and M, the mass scaldfz may be close to
mechanism, to the generation of masses of the light (aghe grand unification scaldfz ~ 10'® GeV.
tive) neutrinos: m,, = m, = h}v*/M,, wherev is the We are indebted to J. Arafune and M. Fukugita for
Higgs vacuum expectation value amg are mass eigen- helpful discussions. This work was partly done during the
states—combinations of,, v,, andv,. The constraints |CTP Extended Workshop on Highlights in Astroparticle
(6) and (13) imply that the mass of the heaviest active neuPhysics. The work of V.R. is supported in part by the

trino is in the rangen, = (1072-10%) eV. From the cos- Russian Foundation for Basic Research Grant No. 96-02-
mological boundn, < 10 eV, we get a constraint which 17449a, and CRDF Grant No. 649.
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