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Models of leptogenesis often invoke the out-of-equilibrium decays of heavy right-handed neutrinos
in order to create a baryon asymmetry of the universe through the electroweak phase transition.
Their presumed existence argues strongly for the presence of an SU(2)r gauge symmetry. We study
the equilibrating effects of the resulting additional right-handed interactions and find that successful
leptogenesis requires my 2 10'% GeV if my > mwy, and mwy, 2 2 x 105 GeV (mx /103 GeV)S/4

if my < mwg, where mxy is the mass of the lightest right-handed neutrino.

A better bound

mwg 2 3 x 10° GeV (mn /102 GeV)?*? is obtained if leptogenesis occurs at T' > myy,. We show
also that the mx > mwy option is excluded in a supersymmetric theory with gravitinos.
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It is now accepted that neutrinos do have small masses,
thus accounting for the atmospheric neutrino anomaly [EI]
and the solar neutrino puzzle [E], and perhaps also pro-
viding a fraction of the dark matter of the universe [ff]. A
natural solution to the smallness of neutrino masses is to
consider them as Majorana particles. The nonconserva-
tion of lepton number at some large scale M would induce
an effective dimension-5 operator [@ heylr,¢p /M, where
¢ is the usual Higgs doublet. As ¢ acquires a nonzero vac-
uum expectation value (vev), (¢p) = v, to break the elec-
troweak gauge symmetry, neutrinos obtain small masses
as well: m,, = hv?/M.

An additional appeal of this solution is that it offers
an elegant mechanism for generating the baryon asym-
metry of the universe. As is well known, interactions
which violate B + L while conserving B — L are unsup-
pressed by sphaleron processes at high temperatures [ﬂ]
Thus any primordial L asymmetry would be (partly) con-
verted into a B asymmetry — a process termed leptoge-
nesis. The required lepton asymmetry can be generated
in two possible ways through the lepton number violation
responsible for neutrino masses [E,ﬂ] One can introduce
right-handed singlet neutrinos which acquire large Ma-
jorana masses, resulting in small Majorana masses for
the left-handed neutrinos, through the so-called seesaw
mechanism [E] Decays of the right-handed neutrinos do
not conserve lepton number, thereby generating a pri-
mordial lepton asymmetry [ﬂ] Alternatively, one can
extend the standard model to include very heavy Higgs
triplet scalars whose couplings break lepton number ex-
plicitly. They would naturally acquire tiny seesaw vevs,
thereby inducing small masses for the left-handed neutri-
nos and their decays would also generate the primordial
lepton asymmetry [f].

In both routes, the scale of lepton number violation M
is arbitrary. It is thus natural to consider a left-right sym-
metric model where both possibilities are realized and M
is related to the left-right symmetry breaking scale [E]

This is a natural framework for explaining parity non-
conservation at low energies; it may also be embedded in
interesting grand unified theories. Within this broader
context, an important change in the conditions of lepto-
genesis occurs because the right-handed neutrinos must
now interact with the SU(2)r gauge bosons.

In this Letter, we examine the effect of the interactions
of the right-handed gauge bosons Wx on the generation
of the primordial lepton asymmetry of the universe. We
conclude that for this to be phenomenologically success-
ful, Wg should be heavier than the lightest right-handed
neutrino: myy, 2 2 x 10° GeV (my /10> GeV)3/4, un-
less my 2 106 GeV in which case myy, /my 2 0.1. A
better bound my,, 2 3 x 10° GeV (my/10% GeV)?/3 is
obtained if leptogenesis occurs at T > myy, .

In left-right symmetric models the quarks and leptons
transform under the group SU(3).® SU(2)L® SU(2)r®
U(l)B_L as

qiL. = (dzL> (3727171/3)7
doaR = (uaR> ~ (3717271/3)7
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The Higgs bidoublet ¢ = (1,2,2,0) breaks electroweak
symmetry, whereas the left-right symmetry is broken by
the SU(2)r Higgs triplet Ag = (1,1,3,—2). Left-right
parity also requires the existence of an SU(2);, Higgs
triplet Ap, = (1,3,1, -2).

To begin with, we shall ignore the effects of the triplets
for the generation of the lepton asymmetry and consider
the interactions of the leptons alone:
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Note that B — L is now a local symmetry, hence it cannot
be directly violated at high energies. Its violation occurs
only when the left-right symmetry is broken by the vev
vgr of the right-handed Higgs triplet Ar. This gives Ma-
jorana masses to the right-handed neutrinos, and lepton
number is violated in their decays:

Nor — i, + 6" and £;.° + ¢. (3)

If the couplings f;, are complex and if these decays sat-
isfy the out-of-equilibrium condition, then they can gen-
erate a primordial B — L asymmetry. There are two con-
tributions to the magnitude of this asymmetry, the first
coming from the interference of the tree-level diagrams
with the vertex diagrams [L][L]] and the second from
that of the former with the self-energy diagrams [@] Al-
though one starts with real and diagonal masses for the
heavy neutrinos, the loop diagrams introduce complex
phases and hence an amount of C'P violation, denoted as
7 in the following.

We assume the neutrino masses to be hierarchical
(MNgy > Mn,, > Mp,, = my). It is the decay of the
lightest right-handed neutrino which will determine the
final lepton asymmetry, hence we shall only be concerned
with the scale my. The lepton asymmetry np = n; —nje
will evolve according to the transport equation :
d?’LL 1 (nL
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where I'y is the thermally-averaged decay rate of the
right-handed neutrinos N,gr, and ny their number den-
sity, with the equilibrium value

eq (45/27T4)59*_17
N pu—
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In the above, s is the entropy density, n, is the pho-
ton density, and g. the effective number of interacting
relativistic degrees of freedom. The second term on the
left-hand side (lhs) of Eq. ([) accounts for the expansion
of the universe (where H ~ 1.7g1/*T2/Mp is the Hub-
ble rate) and the term (o|v|) is the thermally-averaged
lepton-number violating scattering cross section.

Similarly, the density of the heavy particles satisfies
the equation
d?’LN

T +3Hny = —FN(TLN - n?\?) - (TLN
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The first term on the right-hand side (rhs) accounts for
the decays (and inverse decays) of the heavy right-handed

myn < T7
(45/4n*)sg7 /T /2(mun JT)3 2e= N /Ty > T.

neutrinos. The second term on the rhs, although usually
neglected in discussions of out-of-equilibrium decays, is
in fact crucial in the present context. This is the lepton-
number conserving thermally-averaged scattering cross
section of the right-handed neutrinos Nygr. It is instru-
mental in initially equilibrating the number density of the
right-handed neutrinos but, as we shall see, it severely
depletes the amount of lepton asymmetry generated by
their decays.

For convenience we define the parameters K = I'y/H
and Ky = 2ny(on|v|)/H at T = my. For K < 1 at
T ~ my, the system is far from equilibrium, hence the
last two terms in Eq. () (the ones responsible for the
depletion of ny,) are negligible. In this limit, if Ky < 1,
the asymptotic solution is n7>™/s ~ n/g.. However,
for Ky > 1 there is a strong suppression of the abun-
dance. For Ky ~ 1 there is already a suppression ny ~
0.04n7™™ while in the range 1 < Ky < 10 the sup-
pression may be approximated as nz ~ 0.04n7"/Ky.
Beyond this range the suppression is somewhat faster
than linear in K.

We shall now assume conservatively that for an ade-
quate lepton asymmetry to be generated, in addition to
the usual out-of-equilibrium condition [[I4], viz. K S 1,
we also require Ky S 1. The difference is that if the for-
mer condition is not fulfilled, any primordial asymmetry
will also be erased. This does not happen if the lat-
ter condition is not satisfied, since K measures the ap-
proach to kinetic rather than chemical equilibrium. Nev-
ertheless, a large value of K suppresses the generation
of a lepton asymmetry and in the following we show that
Wr mediated scattering processes are important in this
context.

We first consider the case my > myy. At the time
when Nii decays, it is still interacting with Wg. If these
interactions are sufficiently fast, equilibrium of Nir with
the decay products will be maintained, thus preventing
the generation of any lepton asymmetry. The require-
ment for the SU(2)g interactions

er + Wi — Nr — eff + W (7)
to fall out of equilibrium is
2

2

IR 1/2T
BT < 1.7¢,
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at T =my, (8)

so that for generating a lepton asymmetry we require
mpy 2 10 GeV, (9)

where we take g%{ = g2 = 04, g. ~ 10%, and Mp ~
10'? GeV. Note that this stringent bound comes from the
fact that the gauge coupling ggr is of order unity. In the
usual leptogenesis scenario without SU(2)r interactions,
the corresponding coupling is a Yukawa coupling which
may be very much suppressed. Since mw,, /my ~ gr/ [,



where f < /47 is a reasonable assumption, we conclude
that myy, /mx 2 0.1 in this case.

The above lower bound is in conflict, however, with an
independent upper bound on my if the theory is super-
symmetric and includes a gravitino, as we discuss below.
It is of course necessary that leptogenesis occurs after
inflation. In supersymmetric theories the temperature
at the begining of the radiation-dominated era following
inflation is restricted from considerations of the thermal
production of massive gravitinos [@] Since they interact
only gravitationally and thus decay after nucleosynthesis,
the abundances of the synthesized elements can be dras-
tically altered, in conflict with observations @,@] This
imposes a bound on the ‘reheating’ temperature at the
begining of the radiation-dominated era which is usually
quoted to be of O(10%) GeV. However, a recent reeval-
uation of the gravitino production rate [@], in conjunc-
tion with the nucleosynthesis constraints [E] strength-
ens this t0 Treheat S 107 GeV for weak-scale gravitinos.
Even taking into account that particles of mass as high as
~ 103Teneas may be produced with sufficient abundance
for successful leptogenesis [@], this argument severely re-
stricts the maximum possible mass of the right-handed
neutrino:

my S 1010 GeV . (10)

Combined with the lower bound of Eq. (ff) on my, this
rules out the possibility of leptogenesis if my > myy.
It would seem that this argument can be evaded if the
gravitino is in fact the lightest supersymmetric particle,
and is thus stable. Even so there would be a constraint
from the requirement that they do not ‘overclose’ the
universe which relaxes the upper bound on the reheat
temperature to Tiepear < 10* GeV [LG,[LJ]. This requires
my S 10 GeV for leptogenesis, so there is still a con-
flict with the lower bound of Eq. ().

We now discuss the effect of Wx interactions when
mpy < mwyg. In this case, we must consider both T' =
my and T' = myy,,. The scattering processes

€§+NR—>W§‘:—>€§+NR (11)

are important for bringing the right-handed neutrinos
into equilibrium. The condition that this reaction de-
parts from equilibrium when the right-handed neutrinos
decay is

4 T5 T2
IR _— <y7glP at T=my,  (12)
167 My, P
which translates into
3
5 mn 1

Another important process is the scattering of Wg’s into
er’s through Ny exchange:

WE+WE - et + e (14)

This is the analog of the standard-model process Wf +
Wf — ef + ef through v, exchange [@] The condition
that this reaction departs from equilibrium is

B4 3 T°

4
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which translates into
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(16)

We note that Eq. (15) applies [@] if leptogenesis occurs
at T ~ mpy and Eq. (18) applies if it occurs at T > myy,, .
Recognizing that Eq. (18) is a better bound than Eq. (15)
and noting that mpy should exceed the electroweak break-
ing scale of 102 GeV, we have an absolute lower bound
of 3 x 108 GeV. This may be further improved if my
is of 0O(10%) GeV [RZ, in which case my;, 2 107 GeV.
A similar bound was mentioned previously [@ in the
context of having my ~ 107 GeV. Note also that the
analog of Eq. (16) for the neutral SU(2)r gauge boson,
i.e. ZrR+ Zr — N + N, is less important because my is
heavy.

Consequently, if a right-handed gauge boson is ob-
served with a mass below ~ 107 GeV, it will necessar-
ily imply that right-handed neutrinos cannot have gen-
erated the lepton asymmetry of the universe. Moreover,
since the interactions of Wr would have erased all pri-
mordial (B — L) asymmetry, the observed baryon asym-
metry must have been generated at a scale lower than
the SU(2)r symmetry breaking scale Mg.

Finally we discuss the contributions of the Higgs triplet
scalars to leptogenesis. As mentioned earlier, left-right
parity breaks along with the SU(2)r symmetry when the
field Agr acquires a vev. The masses Ma of Ay, and Ag
are initially equal, but their vevs are rather different, be-
ing related by vy, ~ v?/vr. Beyond the terms given in
Eq. (2), we also have A, Agr¢¢. Since vy, is very small,
AR will dominantly decay into 2 leptons but rarely into 2
scalars, so it cannot create a lepton asymmetry. However,
since vy is of O(Mg), the decays of Ay, can contribute sig-
nificantly to the lepton asymmetry of the universe [ﬁ,@
Moreover, since Ar, does not interact with Wg, the exis-
tence of right-handed gauge bosons does not change this
conclusion. The lepton-number conserving interaction,
A}: + AL — WE + W1, is the most efficient one at bring-
ing the number density of Ay, into equilibrium. So for
the lepton asymmetry to survive, this interaction should
be out of equilibrium, implying a lower bound on Ma of
~ 103 GeV [f].

As an example, in a realistic supersymmetric SO(10)
grand unified theory, where two 10-plet and one 126-plet
contribute to the fermion masses [@] and the Majorana
Yukawa couplings of the right-handed neutrinos can be



calculated, the left-right symmetry breaking scale is very
high and the Yukawa couplings are also quite large. In
this case, my > muy, and the bound of Eq. () applies.
As discussed earlier, this means that it will not be possi-
ble to create enough right-handed neutrinos after reheat-
ing without also creating an unacceptable abundance of
gravitinos. However it may well be possible to have a
scalar potential which allows Ma ~ 10'3 GeV, so that
decays of the Higgs triplets can generate a lepton asym-
metry leading to successful baryogenesis through the elec-
troweak phase transition.

To conclude, we have shown that Wy interactions will
in general bring the number density of the right-handed
neutrinos into equilibrium. Consequently, it is not possi-
ble to generate the baryon asymmetry of the universe
through leptogenesis in supersymmetric models where
my > My, or when my, S 107 GeV.
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