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Abstract 

The erasure of any preexisting B + L asymmetry in the universe in its late 

stages suggests t hat the B asymmetry observed today either originated at the 

electroweak scale or it arose from an original L asymmetry. For the latter 

case to be viable either neutrino masses are much below the eV scale or the 
L asymmety itself is generated at an intermediate scale. Several features of 
the generation of a B asymmetry via an L asymmetry are discussed, including 

the interesting possibility that the present baryon asymmetry in the universe 

originat es as a result of CP violating phases in the neutrino mass matrix. 

T HE KRS MECHANISM 

The sum of baryon plus lepton number, 
B + L, in the standard model is classically 
conserved but violated at the quantum level 

[1] by chiral anomalies [2]. 

a J~ 2N [Q2 W~vW- at y~vy'- ]
~ B +L = 9 87r a a~v + 871" ~v· 

(1) 
Of particular relevance is the SU(2) anomaly 
since it implies t hat changes of B + L in any 
process are necessarily associated with gauge 

field configurations of non trivial index v: 

(2) 

where N g is the number of generations and 

Q2 JJ4 W~v-
V = - a-x a Wa~v • (3)

27r 

As was shown by 't Hooft [1], this CIrcum­

stance, at least semi classi cally, leads to a 

strong suppression of B+L violating processes 

at zero temperature. This is, however, no 

longer the case at temperatures T of the or­

der of the electroweak phase transition [3], so 
that standard model B + L violating processes 

become of cosmological significance. 
't Hooft [1] showed that one can estimate 

the B +L violating amplitudes in the standard 

model by focusing on the changes in the gauge 
vacuum needed to have v =I o. In essence, a 
transi tion wi th v =f. 0 can be viewed as occur­
ing by tunneling between two vacuum states 
and is thus suppressed by a tunneling factor 

(4) 

This factor is irrelevantly small for the stan­
dard model. However, the situation is differ­
ent at finite temperatures, since the transition 

between different vacuum states can occur by 
thermal fluctuations, rather than by tunnel­

ing. This important point was realized a few 

years ago by Kuzmin, Rubakov and Shaposh­

nikov [3] who suggested that the rate of B +L 
violation at finite temperature is determined, 



instead than by a tunneling factor, by a Boltz­
man factor 

(5) 

with Va being the height of the barrier sepa­
rating the vacuum states. Kuzmin, Rubakov 

and Shaposhnikov estimated Vo by semiclas­

sical methods, associating Va with the energy 

of a static field configuration with v = 1/2 of 
the standard model - known as a sphaleron ­
discovered earlier by Klinkhamer and Manton 
[4]. Because the sphaleron energy decreases 
with temperatures as one approaches the elec­

troweak phase transition, Kuzmin, Rubakov 
and Shaposhnikov made the seminal observa­

tion that near this transition B + L violating 
processes are sufficiently rapid compared to 
the expansion of the uni verse, so that they are 
in equilibrium. As a consequence, one should 
then expect that any preexisting asymmetry 

in B +L in the universe would get washed out 
at these temperatures. 

The early estimates of Kuzmin, Rubakov 

and Shaposhnikov [3] of the rate for B +L vi­
olation in the uni verse due to standard model 

processes have been verified by more complete 
calculations and extended to temperatures T 
above that of the electroweak phase transi­

tion Tc [5]. The transition probability for 

v = 1 B + L violating processes, per unit 
·t t· rB±L viol rvoIume per unt tme, IB+L viol = V lor 

T both below and above Tc is found to be 

iB+L viol 

iB+L viol 

where C and C' are constants of O( 1) and 

with K, being a function of 0(1) calculated by 

Klinkhamer and Manton [4]. 

U sing the above formulas, it is easy to 
check that the rate for B + L violation 
r B+L viol is faster than the expansion rate of 
the uni verse 

H = ~(g.)1/2 T2 = T 2
, (8) 

3 Mp Mo 

with Mo ~ 1018 GeV, for large periods of the 
Universe's lifetime: 

r B+L viol> H 

Tmin rv 102GeV < T < Tmax 1012 GeVrv 

I t is easy to see that if the above obtains, so 

that B + L violating processes are in equilib­

rium in the universe, then any B +L asymme­

try produced before Tmax is erased. In equi­
librium one can write for the rate of change 

of the B + Land B + L densities (n and 71, 

respecti vely) the formula 

d [ _] -IJ/T +IJ/Tdt n - n - iB+L viol e - iB+L viole 

(9) 

where J.L is the chemical potential. In the high 
temperture limit, J.L is simply related to the 

densi ties themselves 

- 4J.L 2 n -n = -T , (10)
11"2 

so that one is lead to an exponential dilution 

of any preexisting asymmetry 

OPTIONS FOR THE BARYON ASYMMETRY 

Given the presence of B + L erasing pro­
cesses in the temperature range 
102 GeV < T < 1012 GeV, two possibilities 

appear open to explain the present observed 

B asymmetry of the universe [NB =n B / S 



i) The observed asymmetry is generated at 

the electroweak phase transition. Fur­

thermore, this transition is sufficiently 

strongly first order so that after the tran­

sition the rate of B + L violating pro­

cesses is already so small that the gener­

ated asymmetry is not erased [7]. 

ii ) T he observed B asymmetry is a result of 

some primordial B +L asymmetry or an 

L asymmetry. In either case, since B - L 
is not affected by the weak interaction 

anomalies, any asymmetry in this num­

ber density survives to present times, so 

that t he observed B asymmetry is sim­

ply related to this primordial asymme­

try. 

If the observed baryon asymmetry is in­

deed generated at the electroweak scale, one 

has the exciting possibility that NB is com­

putable from "low energy" physics, i.e. from 

the standard model or simple extensions 

thereof. This is an extremely active research 

area, which has been reviewed by D. Brahm[8] 

in this conference. A number of interesting 

ideas have been suggested which in principle 

could lead to NB ,...., 10-10 but, to my mind, a 

really convincing scenario is still lacking. For 
this reason, it appears sensible to concentrate 

also on the second option above and I shall try 

to detail here some of its consequences. 

H the B asymmetry is not generated at the 

electroweak scale, the observed baryon asym­

metry is related to some primordial B - L vio­

lation. It t urns out that the final B asymmetry 

is not just sim ply NB = ~(NB-L)' as the triv­

ial equation B = ~(B +L) + t(B - L) would 
suggest, but has a slightly more complicated 

form [9]: 

_ ( 8Ng +4NH )(N ).
NB - 22Ng + 13NH B-L prim 

(12) 

where NH is the number of Higgs doublets. 

At any rate, for the above equation to hold 

one has to assume that in the epoch between 

Tmax ~ 1012GeV and Tmin ~ 102GeV, where 

B +L violating processes are in equilibrium in 

the universe, B - L violating processes must 

be out of equilibrium 

f B - L viol < H (13) 

otherwise also (NB-L)prim would be erased. In 

this temperature range, effectively, any purely 

lepton number violating processes is also B-L 
violating. Hence, one must also require that 

fL viol < H in this temperature range. As 
noted originally by Fukugi ta and Yanagida 

[10], and as will be seen in more detail be­

low, this requirement leads to constraints on 

neutrino masses. 

If the rates for B - L violating (or L vio­

lating) processes are faster than the universe's 

expansion rate below Tmax, it is actually still 

possible to generate the present day B asym­

metry, provided that somewhere above Tmin 

one can generate a new B - L (or L) asymme­

try of sufficient magnitude. This asymmetry 

is then transformed as before into a B asym­
metry by the KRS mechanism. Although the 

conditions for producing a significant B - L, or 
L, asymmetry at intermediate scales are some­
what more challenging, this scenario allows eV 
neutrino masses and relates in an interesting 

way the universe's baryon asymmetry to CP 
violating phases in the neutrino mass m atrix. 

I will return to this option shortly. 

BOUNDS ON L VIOLATING INTERACTIONS 

If the B asymmetry of the universe is due 

to some primordial B - L asymmetry gener­

ated at a temperature T > Tmax, it is neces­



sary that no B - L violating processes be fast 

enough so as to erase this primordial asym­
1012metry below Tmax ~ GeV. However, in 

theories where B - L is violated at very high 

scales (G UT or Planck), one expects at lower 

energies the appearance of B - L violating in­
teractions of dimension d > 4. These interac­

tions, if they are not weak enough, could bring 

B - L violating processes into equilibrium be­

low Tmax. Thus the condition f B-L viol < H 
for T < Tmax imposes, in general, some con­
straints on the parameters of the theory. 

As pointed out by Fukugita and Yanagida 

[10], a particularly interesting L-violating in­
teraction term, which is generic to theories 

where B - L is violated at high scales, is char­
acterized by the effective Lagrangian 

mIl 
£tl.L:2 = -2LL~~ (14)

v 

where v is the vacuum expectation value of the 
standard model Higgs doublet 4>. Thus mIl 

above is the neutrino Majorana mass matrix 

associated with the left-handed neutrinos in 

the lepton doublets L. The above interaction 

can lead to rapid B - L violating processes, 

like vv ---+ ~~, below Tmax. If VH is the largest 
eigenvalue of mIl, requiring that 

3
mIl 3

f tl.L=2 =< na(VHVH ---+ <I>~ ) >~ ~T 
7rV 

(15) 
be slow compared to H = T2 / Mo implies a 

bound on m"H [10][11]. 

4eV 
m"H < [T /1010GeVp/2 (16)

JUax 

Thus for Tmax = 1012 GeV one has that m"H < 
0.4 eVe 

The above bound can be considerably 

strengthened in models where one can directly 

compute the B - L, or L violating decays of 

heavy states [12]. For example, consider the 

decay of a heavy Majorana neutrino NR which 

has a standard Yukawa coupling to the doublet 

Higgs and the lepton doublets L . Since 

LYukawa = ANRiI>L + h . c . (17) 

can lead to both the decays NR ---+ vLH and 
NR ---+ fiLH it is necessary that the decay rate 

of NR at a temperature T < Tmax be less than 
H. Since A2 is related to the left-handed neu­

trino mass matrix mIl by the see saw mecha­
nism, requiring that fD/ H < 1 for T MN"V 

implies a strong constraint on mIl. Focusing 

again on the largest eigenvalue, one has 

fD 5 Mo 
-IT~MH ~ M m"H-2 < 1 (18)
H 24v27r2 v 

which yields the bound [12] 

(19) 

Similar considerations, and quite analo­

gous analyses, can be used to bound a variety 
of other B - L violating interactions in vari­
ous extensions of the standard model. A very 

thorough discussion of the restrictions on all 

possible B violating and L violating operators 

01 of high dimension (d = 4 +n) 

O~ 
(20)Lviol = ~ lv;n ' , 

both in the standard model and its supersym­

metric extension, has been carried out recently 
by Campbell, Davidson, Ellis and Olive [13]. 
In general, these authors find that the require­
ment that these operators should not lead to 

rapid B - L violating processes in the temper­

ature range between Tmax and Tmin provides 
stronger limits on the scales M associated with 
the various operators 01 than can be provided 

purely by laboratory experiments. In partic­

ular, these considerations lead to very strong 

limits on the strenth of the d = 4 R symmetry 

violating operators in supersymmetric exten­

sions of the standard model [13]. 



L ASYMMETRY AT INTERMEDIATE SCALES 

If the uni verse's baryon asymmetry origi­

nates from a primordial B - L asymmetry, the 
above discussion makes it difficult to contem­

plate the possibili ty that at least one neutrino 
has a mass in the eV range - a range which is 
of interest for the dark matter problem. There 

appears, however, to be three interesting ways 
to obviate this conclusion. T he first way is 

simply to believe that the B asymmetry is gen­
erated at the electroweak scale, rendering our 

preceeding discussion moot. T he second way, 
is a somewhat wild, but perfectly consistent, 
recent speculation of Gelmini and Yanagida 

[14]. They arrive at eV neutrino masses, not 
from effective interactions originating from a 

high scale, but as a result of having vacuum 
expectation values in the I(eV range. In this 

way they avoid altogether the B - L con­

straints, but the price they pay is a new hi­
erarchy of VEV's. The third way obtains the 

B asymmetry through a B - L (or L) asym­
metry generated at an intermediate scale. By 

so doing one avoids the direct constraints on 
neutrino masses of the preceeding section and 

one is left with other interesting features which 

are related to neutrinos. This type of scenario 

was advocated sometime ago by Fukugita and 
Yanagida [10] and Langacker, Yanagida and I 

[16], and has been analyzed recently in a much 

more thorough manner by Luty [17]. 

The general idea of the above scenario is 
to generate an L asymmetry at an intermedi­
ate scale (MN < 1012 GeV) from out of equi­
librium processes involving a heavy Majorana 
right handed neutrino NR. If the light neu­
trino to which NR decays has a mass of O(eV), 
then our earlier computation indicates that at 

T ~ MN , rD» H, so that any primor­

dial L (or B - L) asymmetry would be erased. 

However, eventually for T < MN a new L 
asymmetry can be established when the in­

verse decays vH -+ NR ,i/H -+ NR go out 
of equilibrium. The amount of lepton asym­
metry that one can generate in these circum­

stances is considerably reduced from what one 
would expect in the standard "delayed decay" 

scenario, but the reduction may be tolerable. 

Roughly [6], one expects 

NL ~ 0.3(rH) . (NL).t&ndard, (21) 
D 	 T=MN 

which in our case would amount to a reduction 

of around a factor of order 10-3 • 

Apart from the a.bove thermodynamic re­
duction factor, the asymmetry NL is diluted 

by the number of degrees of freedom at T ~ 
MN (g* 100) and is proportional to the""J 

amount of microscopic L violation produced 

by the decays of NR into vH and i/H. That 

IS, 

""J 	 ~ [r(NR -+ vH) - r(NR -+ iiH) 
g* r(NR -+ vH) + f(NR -+ iill) . 
fL 	

(22
g* 

The calculation of fL requires detailed assump­

tions on the structure of the neutrino mass 

matrix, both for the Yukawa couplings ,\ be­

tween NR, L and <I> and for the masses of the 
heavy Majorana neutrinos. In particular, fL 

depends explictly on CP violating phases in 

the neutrino sector and it would vanish if CP 
were conserved. Note also that the first non 
vanishing contribution for fL is of 0(,\4), since 
the rates for NR -+ vB and NR -+ vB are 
identical in lowest order. 

Fukugita and Yanagida [10], and more re­
cently Luty [17], have estimated fL by retain­
ing the leading Yukawa coupling and assuming 

a simple hierarchical structure for the heavy 

Majorana states. With these approximations 

one obtain 

(23) 



where the three terms above represent, respec­

tively, the leading Yukawa coupling contribu­
tion, some structure in the Majorana mass ma­
trix and a typical CP violating phase. With 
this formula in hand, it is not impossible to 

imagine that one could obtain values for tL in 
the range of 10-4 - 10-6 • Such values would 

allow a value of NL 'V 10-10 to be generated 

at an intermediate temperature Tmin < MN < 
Tma.x' By the KRS mechanism such a leptonic 
asymmetry would then generate a baryonic 
asymmetry NB of the desired order of magni­

tude. These rough estimates are confirmed by 

the results of the recent detailed calculations 
of Luty [17], in which he uses the Boltzman 

equation to study the evolution of NB and in­
cludes the effects of 2 to 2 processes. From his 

calculations it appears that, without stretch­
ing parameters to much, one can produce both 
a baryon asymmetry NB 10-10 today and a'V 

3rd generation neutrino with an eV mass. 

CONCLUDING REMARKS 

Let me reiterate the main points discussed. 

First and foremost, as discovered by Kuzmin, 

Rubakov and Shaposhnikov, in the standard 

model there exist rapid B + L violating pro­
cesses which are in equilibrium in the early 

unIverse. This circumstance has important 

implications for baryogenesis. Because of the 
KRS mechanism, either one must suppose that 
the universe's baryon asymmetry is generated 
at the electroweak scale, or that this asym­
metry arises via the transmutation of some 

B - L or L asymmetry into a B asymme­
try. In this latter case, either neutrinos are 

very light (m"H < 10-3 eV) allowing some pri­
mordial (B - L) asymmetry to survive to be­

come the observed B asymmetry, or an L or 

(B - L) asymmetry is generated at some in­

termediate scale (MN 101OGeV), eventu­'V 

ally transmuting itself into the observed B 

asymmetry. In the last scenario, eV neutri­

nos are permissi ble and one has the amusing 
result that the universe's baryon asymmetry 
is related to CP phases in the neutrino sec­
tor. However, it does not appear that all these 

CP phases are observable, even in principle, 
in neutrino oscillations. They should, how­

ever, enter in CP violating phenomena involv­

ing neutrino - antineutrino oscillations. Un­
fortunately, neutrino-antineutrino oscillations 

are suppressed by chirality factors, which ren­
ders them only an academic curiosity [18]. 
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