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Decoupling of massive right-handed neutrinos
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We investigate the effect of (B1L)-violating anomalous generation of massive right-handed neutrinos on
their decoupling, when the right-handed neutrino mass is considerably greater than the right-handed gauge
boson masses. Considering fermion-antifermion annihilation channels, the Lee-Weinberg type of calculation,
in this case, gives an upper bound of about 700 GeV, which casts doubt on the existence of such a right-handed
neutrino mass greater than right-handed gauge boson masses. We examine the possibility that a consideration
of anomalous effects related to the SU~2!R gauge group, together with the effect ofWWchannels, may turn this
into a lower bound;102 TeV.

PACS number~s!: 14.60.St, 11.10.Wx, 12.60.2i
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I. INTRODUCTION

The neutrino oscillation interpretation of recent obser
tions of solar and atmospheric neutrino fluxes, although p
senting some inconsistencies, may be taken to strengthe
idea of nonzero neutrino masses. In this situation, in addi
to the standard model left-handed neutrinos, the existe
and masses of right-handed neutrinos assume topical inte

The contribution of massive neutrinos to the mass den
of the universe allows the setting of a lower bound to suc
neutrino mass from the usual cosmological constraints on
age and mass density of the universe@1–3#, when the neu-
trino mass is less than gauge boson masses. For a neu
mass greater than gauge boson masses, the lower boun
been questioned@4–8#. In the present paper, using for calc
lation a L2R symmetric extension of the standard mod
@9–11#, we investigate whether a lower bound may, inde
exist even when the right-handed neutrino mass is gre
than gauge boson masses.

In theseL2R symmetric models, the breaking of SU~2!R

gauge symmetry is associated with a critical temperat
This may, typically, be of the order of 1–10 TeV@12–14#,
and right-handed electron neutrino masses'10 TeV have
been considered, yielding a left-handed electron neut
mass'10210GeV, by a see-saw mechanism@14#. Now, B
1L is not conserved in standard electroweak theory due
an anomaly involving the SU~2! gauge group@15# and, at
temperatures>1 TeV, (B1L)-violating transitions occur
classically, via thermal fluctuations, at rates higher than
expansion rate of the universe@16#. So, we may expect tha
similar anomalous generation of right-handed neutrinos~in
addition to the left-handed ones!, via the L2R symmetric
gauge group, may become important near
SU~2!R-breaking critical temperature.

Although there is still a lot of fluidity in the matter, par
ticle physics and cosmological bounds usually suggest ri
handedZR andWR boson masses with values>0.5 TeV and
1.6–3.2 TeV, respectively@17#. If, now, right-handed neutri-
nos of mass>10 TeV come under consideration in the l
0556-2821/99/61~3!/033002~11!/$15.00 61 0330
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erature, then it becomes necessary to investigate whe
anomalous effects can, indeed, modify significantly the
coupling of right-handed neutrinos with mass greater th
right-handed gauge boson masses.

The plan of the paper is as follows. Section I is the Intr
duction. In Sec. II, theL2R symmetric model is used to
evaluate the reduction rate of the right-handed neutri
through FF̄ channels in a standard Lee-Weinberg type
calculation, and to observe how the cosmological bound
their mass becomes an upper one, when this mass is gr
than the right-handed gauge boson masses. The effect o
W1W2 annihilation channel is then discussed. In Sec.
the anomalous rate of reduction of right-handed neutrino
related to the general anomalous rate ofB1L-violating tran-
sitions, and the qualitative effect of the anomalous rate
the previously obtained mass bound is estimated, assumi
generic form for theB1L-violating rate arising from the
anomaly involving the SU~2!R gauge group. In Sec. IV, the
influence of these anomalous effects on the mass boun
studied numerically, using numbers obtained by a simple
trapolation from the SU~2!L result, and taking into accoun
the effect of theW1W2 channel.

II. DECOUPLING WITHOUT ANOMALOUS EFFECTS

A. Boltzmann equation for processesNN̄˜FF̄

We wish to set up a Boltzmann equation for the numb
density of right-handed neutrinos and, from a calculation
the asymptotic number density, estimate the contribution
these neutrinos to the mass density of the universe,
hence, set bounds to the right-handed neutrino mass@1,3#.
We will simplify matters by neglecting the decay of righ
handed neutrinos. We first consider the reduction of rig
handed neutrinos by the processNN̄→FF̄, where F is a
quark or a lepton, lighter thanN. We are interested in inves
tigating the situation when the right-handed neutrino mas
considerably greater than the right-handed gauge bo
masses.
©1999 The American Physical Society02-1
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To calculate the rate of reduction of right-handed neu
nos we consider theL2R symmetric model@10,11#. This
model has pairs of fermion doubletsf 8 belonging to different
representations ofSU(2)L3SU(2)R3U(1)B2L , similar to

S nL

eL
D S 1

2
, 0, 21D , S nR

eR
D S 0,

1

2
, 21D ,

S uL

dL
D S 1

2
, 0,

1

3D , S uR

dR
D S 0,

1

2
,

1

3D .

The numbers refer to the quantum numbersT3L ,T3R ,B
2L, respectively. We will also writenR[N, nL[n.

The fermion gauge-boson interaction Lagrangian is

L int5g~ f̄ 8gmPLTW L f 8•WW L
m1 f̄ 8gmPRTW Rf 8•WW R

m!

1
1

2
g8 f̄ 8gm~B2L ! f 8Bm,

where PR,L5 1
2(16g5), TW is the isospin operator an

WW m,Bm are the gauge bosons. The neutral currents are se
in the basis

Am5sinu~W3L
m 1W3R

m !1Acos 2uBm,

Zm5cosuW3L
m 2sinu tanuW3R

m 2tanuAcos 2uBm,

Z8m5
Acos 2u

cosu
W3R

m 2tanuBm, ~1!

whereu is the Weinberg angle.
NeglectingZ2Z8 mixing, one gets theZ8 neutral current

Lagrangian@17#

LNC
Z8 5

g

cosuAcos 2u S sin2 u(
f 8

f̄ 8gm@PLT3L2Q sin2u# f 8

1cos2u(
f 8

f̄ 8gm@PRT3R2Q sin2u# f 8DZm8 . ~2!

Q is the charge operator.
The charged current Lagrangian consists of terms of

form

LCCne5
g

&
~ n̄gmeLWL

m1H.c.!1
g

&
~N̄gmeRWR

m1H.c.!.

~3!

AssumingCP symmetry, and equilibrium conditions for a
relevant particles except theN neutrinos, the rate of reduc
tion of N neutrinos per unit volume can be obtained from t
Boltzmann collision integral for the processesNN̄→FF̄
@18,19#:
03300
-

ut

e

Ga5(
F

E dpNdp N̄dpFdp F̄~2p!4

3d4~pN1pN̄2pF2pF̄!uMFu2~ f Nf N̄2 f Neqf N̄eq!. ~4!

Here,f is the phase space distribution function andf eq is its
equilibrium value.uMFu2 is the spin averaged matrix ele
ment squared, with proper symmetry factor, for the proc
NN̄→FF̄, assumed, byCP symmetry, to be the same as th
for the process FF̄→NN̄. The measure dp i
5gid

3p/@(2p)32E#, gi being the degeneracy number. W
assume that there is no significant Fermi degeneracy, so
12 f '1.

BecauseCP symmetry has been assumed, we further
sume that there is noN or N̄ excess, and we can setn5n̄, as
well asmN505m N̄ , wheren is the number density of theN
neutrinos. We can, then, take

f Neq5e2EN /T.

The summation is over quarks and leptons lighter thanN.
Let us taken and N to be electron neutrinos. We assum
right-handed neutrinos of the other two generations to
much more massive than theN neutrinos, so that they are no
relevant here.

It is usual to introduce the thermal average of the ann
lation cross-section times relative velocity

^suvu&5
1

neq
2 (

F
E dpNdp N̄dpFdp F̄~2p!4

3d4~pN1pN̄2pF2pF̄!uMFu2e2EN /Te2EN̄ /T,

and write Eq.~4! in the form @1#

Ga5^suvu&~n22neq
2 !,

whereneq is the equilibrium value ofn. Then the Boltzmann
equation for the reduction ofN neutrinos by these processe
in a universe expanding withṘ/R5H, becomes@19#

dn

dt
13Hn52^suvu&~n22neq

2 !. ~5!

B. Calculation of Šszvz‹ from L 2R symmetric model

We consider the s-channel processN(k)1N̄( k̄)

→
Z8(q)

F(p)1F̄( p̄), and thet-channel processNN̄→
W

eē. We
will work at temperaturesT,Tcr , the critical temperature
corresponding to the breaking of SU~2!L3SU~2!R
3U~1!B2L to SU~2!L3U~1!Y . We are going to conside
N-type neutrinos with a massM, which is at least an order o
two of magnitude larger thanMZ8 ~MZ8>0.5 TeV @17#!. At
this energy scale, we will approximate all quark and thee, m,
t, n masses to zero~mass of top'175 GeV!.

Next, we assume thatn andN have Majorana mass eigen
states@20#

x5n1nc, v5N1Nc,
2-2



.
gs

o
w
e-
le

m

,

re

e

e-

ree

la-

ing

DECOUPLING OF MASSIVE RIGHT-HANDED NEUTRINOS PHYSICAL REVIEW D61 033002
where the superscriptc refers to the charge conjugate field
It is usual to consider a bidoublet and two triplet Hig

particles to generate Majorana states@11#. In this paper, how-
ever, we do not go into the details of any specific model
the Higgs sector. While evaluating the matrix element,
have consideredN to be purely Majorana, i.e., we have n
glected the contribution of the vector current and doub
that of the axial current by replacing (11g5) with 2g5 @17#.

The spin-averaged matrix element squared, with sym
try factor 1/2!, for thes-channel process gives, from Eq.~2!,

uMFu25
1

2
@g4/~2 cos2 2u!#~CVF

2 1CAF
2 !@~p•k!~ p̄• k̄!

1~ p̄•k!~p• k̄!2M2p• p̄#
1

~q22MZ8
2

!2 ,

where

CVF5T322Q sin2u, CAF5T3cos 2u.

Now,

q25~k1 k̄!25s54Ec.m.
2

54~M21kc.m.
2 !

@MZ8
2 ,

where (Ec.m.,kc.m.) is the four-vectork in the c.m. frame. So
we approximate 1/(q22MZ8

2 )2 by 1/q4.
We calculatê suvu& in two steps. First, we calculate

I F5E dpFdp F̄~2p!4d4~k1 k̄2p2 p̄!uMFu2

in the c.m. frame. The result is

I F5@g4/~64p cos22u!#~CVF
2 1CAF

2 !~2/3!b2,

whereb is the relative velocity52ukc.m.u/Ec.m.. This p-wave
term is a signature of Majorana neutrino annihilation.

In the Lee-Weinberg type of decoupling calculation, theN
neutrinos may be considered to be nonrelativistic, as the
evant temperatures are of the order ofM. Then, in the co-
moving ‘‘lab’’ frame, wherek̄ makes an anglea with k,

I F5@g4/~64p cos22u!#~CVF
2 1CAF

2 !~2/3!

3~k21 k̄222uku uk̄ucosa!/M2. ~6!

In the second step we do the thermal averaging. Then,

^suvu&F5
*dpNe2EN /T*dp N̄e2EN̄ /TI F

*@gNd3k/~2p!3#e2EN/T*@gN̄d3k̄/~2p!3#e2EN̄ /T
.

Calculation, in the nonrelativistic approximation for theN
neutrinos, gives

^suvu&F5
g4

~64p cos22u!
~CVF

2 1CAF
2 !

1

M2

T

M
.

03300
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The effect ofNN̄→eēcan be taken into consideration by th
usual Fierz rearrangement, which gives, in this case,

CVe /cos 2u→~CVe /cos 2u!11,

CAe /cos 2u→~CAe /cos 2u!11.

Finally, we get

^suvu&5
g4

~64p cos22u!

1

M2

T

M (
F

~CVF
2 1CAF

2 !. ~7!

So, effectively,̂ suvu&;1/M2, asT;M .

C. Mass bound for right-handed neutrinos

Introducingx5M /T andY5n/s, wheres is the entropy
density, Eq.~5! becomes

~1.66g* ~1/2!/x4!~M5/MPl!
2p2

45
gs*

dY

dx

52S 2p2

45
gs* D 2 M6

x6 ^suvu&~Y22Yeq
2 ! ~8!

or

dY

dx
520.26g* ~1/2!^suvu&~MMPl /x

2!~Y22Yeq
2 !. ~9!

We takeMPl51.2231019GeV andg* 'gs* '100 just below
the critical temperature, consideringN,WR ,Z8 ~andNm ,Nt!
to be massive~we have not counted Higgs degrees of fre
dom!.

Summing over all quarks and leptons, except the th
right-handed neutrinos, we get, on calculation,

(
F

~CVF
2 1CAF

2 !53.28~ taking sin2u50.23!.

Taking g50.65, ^suvu&50.01/(M2x).
For massive Majorana neutrinos, we get, in the nonre

tivistic approximation@19#

Yeq52.8931023x3/2e2x. ~10!

From Eq.~9!,

dY

dx
52@3.1631017/~Mx3!#~Y22Yeq

2 !. ~11!

We write D5Y2Yeq.
Then, before decoupling,Y'Yeq, andD8;0, giving

D>2Mx3Yeq8 /@3.1631017~2Yeq1D!#.

Now, we putD5cYeq at decoupling, wherec;1. According
to the general numerical analysis of this type of decoupl
@19#, c(c12)52 when^suvu&;T.

At decoupling, whenx5xd@1, Yeq8 '2Yeq and
2-3
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PARAMITA ADHYA AND D. RAI CHAUDHURI PHYSICAL REVIEW D 61 033002
D~xd!>cYeq~xd!5Mxd
3/@3.1631017~c12!#. ~12!

This leads to

xd>35.142 ln M21.5 ln~35.142 ln M !. ~13!

After decoupling,Y@Yeq andD'Y.
From Eq.~11!, we get

D8523.1631017D2/~Mx3!,

which gives, on integration, att→`,

D`5Y`52Mxd
2/~3.1631017!,

assuming,Y(xd)@Y` . We will take, as our cosmologica
bound@19#,

VNh2,1, where VN5rN /rc5Ms0Y` /rc .

Here, it is assumed thath.0.4.
Taking s052970 cm23 and rc5h21.88310229g cm23,

we get

VNh252.808513108MY` ~14a!

53.6231029M2xd
2, ~14b!

whereM is to be taken in GeV. At the bound,

3.6231029M2xd
251.

Solving this equation and Eq.~13! simultaneously, using
simple numerical methods, we get

xd523.55, M5706 GeV.

Now, if we omit lnM in the third term on the right-hand sid
of Eq. ~13!, we get, approximately,

xd529.802 ln M . ~15!

If we make this approximation, the error inxd is less than 5
percent, even ifM is as large as 106 GeV. Using~14b!, we
get

d~VNh2!/dM53.623102932M ~29.802 ln M !

3~28.802 ln M !,

which is positive for all practical purposes. This means t
VNh2,1 fixes anupperbound forM.

This can be seen transparently if we work in the appro
mation

Y`'Y~xd!'2Yeq~xd!,

taking c'1 in Eq. ~12!. Then,

VNh2;Mxd
3/2e2xd.

Equation~15! shows thatVNh2;M2(29.802 ln M)3/2, and,
so, asM increases,VNh2 increases, for all practical values o
M.
03300
t

i-

This conclusion can be verified, numerically, by givingM
different values in Eq.~13! and substituting the resultingxd
in Eq. ~14b!. The results are shown in Table I. In the usu
Lee-Weinberg case, withM!gauge boson masses, one ge
a lower bound becausêsuvu&;M2, which leads toxd
;3 lnM1const, andVNh2;1/M2. With M@gauge boson
masses,̂suvu&;1/M2, and this makes the difference.

M,706 GeV is, in effect, incompatible with our assum
tion of M.right-handed gauge boson masses, because
we have remarked earlier, particle physics and cosmolog
bounds suggest right-handed gauge boson masses;0.521
TeV or more. We have to conclude that the assignmen
any realistic mass, greater than right-handed gauge bo
masses, to the right-handed neutrinos will violate the cosm
logical boundVNh2,1.

D. Effect of NN̄˜W1W2

However, we have considered only the processesNN̄
→FF̄. There are alsoNN̄→W1W2 processes withZ8 or
Higgs exchange in thes channel and charged lepton e
change in thet channel@6–8#. The arguments of Ref.@6#
show that ass→4M2 ~which is the interesting region fo
decoupling!, Z8 exchange dominates.

For M@MW , using the results of Ref.@6#, the authors of
Ref. @8# find, for theNN̄→W1W2 cross section

^s8uvu&>
g4

64p

M2

MW
4

T

M
~16!

for one-handed Majorana neutrinos with standard model v
tex factors. In theL-R model, Eq.~2! shows that theNN̄Z8
vertex has an extra factor of cos2 u/Acos 2u, while Eq. ~1!
shows that theZ8W1W2 vertex will have an extra factor o
Acos 2u/cos2 u. This means that we can use the^s8uvu& of
Eq. ~16! directly in our calculations.

For a sufficiently largeM /MW ratio, ^s8uvu& of Eq. ~16!
will dominate over thê suvu& of Eq. ~7!. As ^s8uvu&;M2,
we can expect, therefore, alower bound for sufficiently large
M /MW .

Finally, we must consider the anomalous effects. We w
consider, numerically, the detailed influence of these t
additional effects on the bound after noting, in the next s
tion, that anomalous effects, too, favor a lower bound.

TABLE I. Mass bound~no anomalous effects!.

M ~GeV! VNh2

10 000 160
5000 42.6
1000 1.95
750 1.12
706 1.00
500 0.516
250 0.136
2-4
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III. INTRODUCTION OF ANOMALOUS EFFECTS

A. Anomalous generation of right-handed neutrinos

For the standard model, a classical, unstable, tim
independent solution of the equations of motion has b
identified@21,22#. This sphaleron solution corresponds to t
barrier between vacua with different topological numbers
sphaleron-mediated transition over the barrier leads t
fermion-number violating transition withuDLu53, uDBu
53, of the type

uWm
cla&→uWm8

cla8&,

wherea, a8 are fermion states, differing byuDLu53, uDBu
53, andWm

cl ,Wm8
cl are the initial and final SU~2! gauge bo-

son configurations, which are essentially classical.@We are
neglecting the small effect of the U~1! part @22#.#

All colors and families of quarks and leptons will be ge
erated equally, but, in any one transition, only one mem
per doublet will be found. For the rest of this paper, we w
neglect family mixing and consider anomalous generat
for a single ~the lightest! family. In this case,uDLu51,
uDBu51. a, a8 will be restricted by the requirement that th
sphaleron must be a color singlet, SU~2! singlet, and neutra
mediator. There are then two relevant amplitudes, which
may write formally as ^Wm

cluude Wm8
cl& and

^Wm
cluddn Wm8

cl&. All processes with these amplitudes c
occur. For example,a may be the vacuum anda8 may rep-
resentuudeor uddv. In theL-R symmetric model, we expec
on general grounds@21,16,14#, anomalousB1L generation
above or just belowTcr , from both SU(2)L and SU(2)R
gauge boson field configurations with nonvanishing to
logical charge.

However, the actual construction of the sphaleron solut
depends on the details of the Higgs multiplet. The SU(2L
sphaleron@22# was worked out with a complex doublet. I
the L-R symmetric case, the generation of Majorana mas
at the higher energy scale results from spontane
symmetry-breaking associated with a SU(2)R triplet scalar
field @in addition to a SU(2)L triplet and a bidoublet which
developVEV at the lower energy scale# @11#. It has been
shown @14# that the topological condition necessary for t
existence of a sphaleron solution is fulfilled for a simplifi
model of SU(2)R symmetry breaking at the higher energ
scale via a triplet complex scalar field. But, the construct
of an explicit solution has proved very difficult.

In this situation, one has to assume@14,23# the occurrence
of B1L violation via sphalerons for the SU(2)R gauge
group, in addition toB1L violation for SU(2)L , at the
higher energy scale. Neglecting mixing parameters betw
left-handed and right-handed gauge bosons, we work wi
highly simplified model in which theWL

m give rise to anoma-
lous generation of leptons and baryons from left-handed d
blets, and theWR

m from right-handed doublets. In particula
the WR

m will generate, anomalously, right-handedN neutri-
nos.

First, we want to relate the rate of production of the rig
handedN neutrinos per unit volume to the total rateG of
DB51, DL51 anomalous transitions per unit volume. W
03300
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divide DL511 processes into four types~assuming distinct
flavor eigenstates forN and N̄!.

l: processes with anN in the final state, e.g.,

uWmR
cl vac&→uWmR8cluddN&,

l̄ : processes with anN̄ in the initial state, e.g.,

uWmR
cl N̄ūd̄d̄&→uWmR8clvac&,

m: processes with ane2 in the final state, e.g.,

uWmR
cl vac&→uWmR8cluude2&,

m̄: processes with ane1 in the initial state, e.g.,

uWmR
cl ūūd̄e1&→uWmR8clvac&.

Therefore,

G5(
l

G l1(
l̄

G l̄ 1(
m

Gm1(
m̄

Gm̄ ,

whereS i is a sum over all processes of typei.
Each process has a rate which is determined in an es

tially classical way: if the thermal fluctuation has sufficie
energy to cross the barrier, the process will occur. Ifiv2 is
the frequency of the unstable~sphaleron! mode, a classica
statistical mechanics calculation gives@24,25#

G i5~v2/p!~ Im F/T!, ~17!

whereF is the free energy. Also,

~ Im F/T!;e2~V0 /T!, ~18!

whereV0 is the barrier height.
Because of this essentially classical nature, the barr

crossing rate, at a given temperature, under equilibrium c
ditions, should be of the same order in different channels
other words, we may expect that the rate ofDL51, DB
51 transitions, featuring one member of a lepton doub
will be of the same order as the rate of such transitio
featuring the other member of the doublet. As a first appro
mation, we may take

(
l

G l1(
l̄

G l̄ '(
m

Gm1(
m̄

Gm̄'
1

2
G. ~19!

The approximation will be bad when theN neutrinos are way
out of equilibrium. In a decoupling study, however, one
interested in finding out when the species just falls out
equilibrium.

Let us now interpretl , l̄ formally as Boltzmann collisiona
processes

l : i 1 j 1¯→N1a1b1¯ .

l̄ :N̄1ā1b̄1¯→ ī 1 j̄ 1¯ .
2-5
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CPT ensures that for every process of typel, there is a pro-
cess of typel̄ with the same matrix elementMl . Then, we
can write, formally@18,19#,

G l5E dpNdpadpb¯dp idp j¯uMl u2~2p!4

3d4~pN1pa1pb¯2pi2pj¯ ! f N
eqf af b¯ . ~20!

We have again assumed that all relevant species are in e
librium except the right-handed neutrinos, and that there
no significant Fermi degeneracy or Bose condensation. A

G l̄ 5E dp N̄dp ādp b̄¯dp ı̄dp ̄¯uMl u2~2p!4

3d4~pN̄1pā1pb̄¯2pı̄2p̄¯ ! f N̄f ā f b̄¯ . ~21!

In these formal expressions,uMl u2 is related to the classica
probability and is not to be interpreted perturbatively.

As we are interested here in decoupling and not in bar
genesis, we will neglect smallCP-asymmetric effects and
assumeCP symmetry. Then, we can assume, as in Sec. I

n5n̄, neq5n̄eq;

also,

f a5e2Ea /T, f ā5e2Eā /T, etc. ~22!

In this case, we can write, from Eqs.~20! and ~21!,

G l5I lneq

and

G l̄ 5I ln, ~23!

whereI l contains the result of the phase space integratio
apart fromneq andn @19,26#. @I l5I l̄ due to Eq.~22!.# It can
be interpreted as a thermally averaged width in model.

From Eqs.~19! and ~23!,

(
l

I l~n1neq!5
1

2
G

and

(
l

G l5
neq

2~n1neq!
G. ~24!

For DL521 anomalous transitions, we will get, similarly,
processl 8 with a N̄ in the final state, and a processl̄ 8 with a
N in the initial state, and a similar result

(
l̄ 8

G l̄ 85
n

2~n1neq!
G8. ~25!

Now, we are neglecting baryon- and lepton-number exc
or deficit. In this approximation, we can setmN50. We can,
then, take@25,27# G5G8, i.e., the rate ofDL51 transitions
'the rate ofDL521 transitions.
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Hence, the net rate of reduction ofN neutrinos by anoma-
lous processes, per unit volume,GN5rate of such processes
per unit volume, with aN in the initial state—rate of such
processes, per unit volume, with aN in the final state

5(
l̄ 8

G l̄ 82(
l

G l .

We finally get

GN5
n2neq

2~n1neq!
G. ~26!

As expected, the anomalous rate vanishes if theN neutrinos
are in equilibrium.

Assuming, therefore,CP symmetry, and equilibrium con
ditions for all relevant particles except right-handed neu
nos, the rate of reduction, per unit volume, of theN neutrinos
can be written in the form of a Boltzmann equation

dn

dt
13Hn52

~n2neq!

2~n1neq!
GR

2@^suvu&1^s8uvu&#~n22neq
2 !. ~27!

This is our basic equation. We have putG5GR to indicate
that we are considering the anomalous rate for right-han
neutrinos.

The assumption ofn5n̄ is a delicate one, in general. I
there is an asymmetry, the post-annihilation relic neutrin
with densityrN8 , proportional to the asymmetry, will cluste
with baryons inside the galaxies@28#. If rG is the galactic
density, there will be the boundrN8,rG . Bounds have been
worked out, taking the asymmetry to be of the order of t
baryon asymmetry@28,29,5#.

Although we have maintained a technical distinction b
tween flavor eigenstates ofN and its Majorana mass eigen
states, the amplitude calculations have assumed pure M
rana particles. In this case of pure Majorana neutrinosN
[N̄ and, strictly speaking, there is no (n2n̄) asymmetry.
Yet, the argument that the decoupled neutrinos will fina
end up in the galaxies retains its force, withrN85rN . Then,
the boundVNh2,1 will be replaced by

VNh2,~rG/1.88310229!, ~28!

where we have taken, as before,rc51.88
310229h2 g cm23.

Since we have Majorana mass states, lepton number
lating processes withuDLu52 can arise fromL-violating
terms in the Lagrangian, and produce a netL asymmetry
~e.g., in thenL sector!. A variety of such processes has be
considered in the literature@14,23,30#. These theories are
broadly, of two types.

In one type of theory, a massive right-handed Majora
neutrino is allowed to decay. As we are neglecting dec
such theories have not been considered. In the other typ
theory, L asymmetry has been generated by virtualN ex-
change. ThisL asymmetry, together with sphaleron-mediat
B1L violation, can destroy any pre-existingB2L asymme-
2-6
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try, and sendB to zero. Bounds onM have been proposed b
demanding that such erasure ofB should not take place. Th
temperature and mechanism of theB2L production is, how-
ever, still uncertain, and we do not pursue these ideas fur
in this paper.

B. Anomalous effects in decoupling

For T,Tcl , the critical temperature for the spontaneo
breakdown of SU(2)L3U(1)Y , G5GL has been calculate
@25,31#. For the right-handed case, withT,Tcr , the compli-
cation of the Higgs sector has obstructed a calculation ofGR .
However, the very general considerations mentioned in S
III A imply that G;e2V0 /T.

V0 can be estimated heuristically, as follows@32,33#. If
we assume a sphaleron solution with energyEsp, we can put
V05Esp. But Esp arises from a classical solution, i.e., from
limit where many quanta are involved. We can take the
ergy per quantum;MW , and the average number of quan
;(1/aW), whereaW5g2/4p. Then,Esp;MW /aW is a very
general estimate, which should hold for the right-hand
case also, withMW5MWR. So, we can write, on genera
grounds,

GR5R̃~MWR,T!e2BMWR /~aWT!, ~29!

where R̃,B depend on the precise form of the symmet
breaking. However, we can say thatR̃ will have
dimension;~mass!4, andB will be dimensionless and of or
der 1. Also, the whole idea of separating out the exponen
is to isolate a prefactorR̃ which can be assumed to var
more slowly~in the left-handed case, the prefactor varies
powers of the arguments@25#!.

Introducing x and Y, the Boltzmann equation~27! be-
comes, from Eqs.~8!, ~11!, and ~29! ~considering only
^suvu&, at this stage, and not^s8uvu&!,

dY

dx
52

1

~1.66g* 1/2/x4!~M5/MPl!~2p2/45!gs*
Y2Yeq

2~Y1Yeq!

3R̃8~M ,a,x!e2Bx/~aWa!2
3.1631017

Mx3 ~Y22Yeq
2 !,

~30!

writing a5(M /MWR). We are consideringa.1.
Compactly, we can write

dY

dx
52R~M ,a,x!e2Bx/~aWa!

Y2Yeq

2~Y1Yeq!

2
3.1631017

Mx3 ~Y22Yeq
2 !, ~31!

whereR̃8 andR are obtainable fromR̃.
As a increases, the first term gains importance becaus

the exponential. Supposea has a value for which the firs
term is predominant near decoupling. Let us characterize
coupling by the simple criterion
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D~xd!5Yeq~xd!. ~32!

This is equivalent to takingc51 in Eq. ~12!.
Before decoupling,Y'Yeq,D8;0, and

Yeq8 52Re2Bx/~aWa!
D

2~2Yeq1D!
. ~33!

At decoupling, whenYeq8 52Yeq, Eq. ~33! gives

@6Yeq~xD!/R#eBxd /~aWa!51,

and, using the value ofYeq from Eq. ~10!,

e@B/~aWa!21#xdG~M ,a,xd!51,

where the prefactorG can be assumed to have a slow
variation withxd anda than the exponential, becauseR is a
prefactor for which this has been assumed. Then, assum
the exponential to dominate, we expect, approximately,

S B

aWa
21D xd5B̃xd'const. ~34!

Now, the sphaleron decay will produce anN neutrino only
if the kinematic constraintEsp.M is satisfied. AsEsp
5BMWR/aW , so,B/aW.a gives an upper limita8 on a for
anomalous effects to occur. Fora,a8, B̃.0, and, if a is
increased,B̃ decreases, so thatxd increases.

We approximateY` by Y(xd), so that, from Eq.~32!,
Y`'2Yeq(xd). Then, we get, from Eqs.~14! and ~10!,

VNh251.623323106xd
3/2e2xdaMWR. ~35!

Since, from Eq.~34!, xd;a/a8/(12a/a8), the exponential
will dominate, and we can expect that, asa increases,VNh2

will decrease. This means thatVNh2,1 will give a lower
bound ona and, hence, onM, for a given MWR, for a
,a8.

If we can actually find values of the parametera
5M /MWR, within the range 1,a,a8, for which the
anomalous term in Eq.~31! predominates, there will not be
any hindrance from the Lee-Weinberg type of cosmologi
bound to right-handed neutrinos having masses greater
right-handed gauge boson masses. So, we find that ano
lous reduction of right-handed neutrino number may ha
important effects on the decoupling of such neutrinos.

Whether these formal expectations will be borne out
pends on the actual numbers inGR . Extrapolating the known
result forGL to the right-handed case, keeping wide leew
we will find that numerical results give cause for optimism

IV. NUMERICAL RESULTS

We will take theGL given in Ref.@25#.

GL5
~1.43106!MW

7

g6T3 expF2
16pMW

g2T G . ~36!
2-7
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Here, the unstable modev2 is taken 'MW , and Esp

52(MW /aW)Ē. Ē is a number which depends o
(l/g2):1.56,Ē,2.72 for 0,l,` ~l is the four-Higgs self-
coupling constant!. We takeĒ52. MW is temperature depen
dent.

MW5MW~0!@12~T/TC!2#1/2, ~37!

and TC53.8MW(0) @25#. There is an overall constantk;1
@25,31#. We takek51.

This expression is valid for 2MW!T!2MW /aW . How-
ever, the range ofT may be taken to beMW!T
!MW /aW . @32#

We extrapolate this rate to getGR , in a simple way, using
the following prescription:~i! replace MW by MWR, ~ii !
write TCR5zMWR(0), and~iii ! include an overall factorb. z
is not known reliably, because, as yet, there is not suffic
experimental data to evaluate the fullL-R Lagrangian, in-
cluding the Higgs sector@34#. For largez, Eq. ~37! shows
that MWR'MWR(0). If z is too small,MWR will become
imaginary. We will varyz between 2 and 10. The numeric
work will show that belowz52, the mass is not real, whil
there is little change abovez510.

Whereas the exponential part in Eq.~36! will almost cer-
tainly be right forGR ~apart from the order one quantityĒ!,
the prefactor is bound to require considerable modificati
Considering the prefactor to be a slowly varying quanti
whose main function is to set the numerical scale of
essentially exponential variation ofGR with (1/T), we will
allow b to vary from 10232103, i.e., the decoupling will be
investigated with anomalous rates for right-handed neut
reduction varying over 6 orders of magnitude around the
obtained by simple substitution of the right-handedW boson
mass in the formula for the left-handed case.

We have, then,

GR5
~b1.43106!MWR~0!7

g6T3 F12S T

zMWR~0! D
2G7/2

3expF2
16pMWR~0!

g2T H 12S T

zMWR~0! D
2J 1/2G .

Introducingx andY in the above expression, the Boltzman
equation~27! becomes

dY

dx
52 f ~x!~Y22Yeq

2 !2g~x!S Y2Yeq

Y1Yeq
D . ~38!

We will first consider the effect of taking theFF̄ channel
alone, i.e., we keep onlŷsuvu& in Eq. ~27!. Then, from Eq.
~11!,

f ~x!5
3.1631017

aMWR~0!x3 ,

GR gives
03300
nt
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g~x!5
b1.5331023x7

a8MWR~0! H 12S a

zxD
2J 7/2

3expF2
118.98x

a H 12S a

zxD
2J 1/2G ,

wherea5M /MWR(0).
For x,xd , this equation simplifies, as in Sec. II C, to

D52
Yeq8

f ~x!~2Yeq1D!1g~x!/~2Yeq1D!
. ~39!

We choose, again, as an approximate criterion for dec
pling

D~xd!'Yeq~xd!⇒Y~xd!'2Yeq~xd!.

At decoupling,Yeq8 52Yeq. Equation~39!, then, leads to the
decoupling condition

3 f ~xd!Yeq~xd!1
g~xd!

3Yeq~xd!
51. ~40!

Again, using the approximation

Y`'Y~xd!'2Yeq~xd!,

the cosmological bound becomes, from Eq.~35!,

1.623323106xd
3/2e2xdaMWR~0!,1.

At the bound,

1.623323106xd
3/2e2xdaMWR~0!51. ~41!

First, we check the effect ofz. Taking MWR(0)
54000 GeV andb51, we solve Eqs.~40! and~41!, numeri-
cally, to obtain values ofxd5X anda5A, for which VNh2

is just equal to 1. The results, displayed in Table II, sh
that, asz varies in the range 2<z<10, X varies from 31.5 to
31.8, andA from 41 to 54. Forz51, MWR is no longer real.
Also, as expected,z5100 gives forX andA practically the
same values as given byz510.

Having seen that the effect of varyingz is small, we set
z54 for subsequent numerical work.

We next check that the bound obtained is actually alower
bound. We do this by varyinga around the valueA. For each

TABLE II. Effect of uncertainty inTcr .

z X A

2 31.5 41
3 31.6 48
4 31.7 50
5 31.7 52
6 31.7 53
8 31.8 54

10 31.8 54
100 31.8 55
2-8
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assigned value ofa, we solve Eq.~40! for xd , and evaluate
VNh2 for this xd from the left-hand side of~41!. The results,
displayed in Table III, show that asa increases through th
valueA, VNh2 falls through 1, from higher to lower values

Finally, we vary b from 1023 to 103. The results are
shown in Table IV. We find thatX changes from 31.8 to
31.6, andA changes from 56 to 46. In every case, we ha
verified the nature of the bound, numerically. The resu
~not exhibited! parallel Table III. The bound remains alower
one.

It is necessary to verify that the restrictionMWR,T
,MWR/aW is satisfied. For the lower limit, the worst cas
occurs when MWR'MWR(0)54000 GeV. Now, T
54000A/X, and the restriction is satisfied ifA.X. A pe-
rusal of Tables III and IV will show that this is, indeed, s
for the parameter ranges considered by us. The stronge
striction, with MWR replaced by 2MWR, is, however, not
obeyed.

For the upper limit, the worst case occurs whenz and,
hence,MWR is the least. Takingz52, X531.5, andA541,
from Table II, we find thatMWR/aW'90 000 Gev, whileT
'5200 Gev. The restriction is obeyed.

We check the kinematical constraintEsp.M . As Esp

52(MWR/aW)Ē, we look only at the case whenMWR is the
least, viz.,z52. Esp comes out to be.360 000 GeV, in this
case, while, even forA555, M5220 000 GeV, less than
Esp, as required.

Next, we consider the effect of adding theW1W2 chan-
nel, i.e., we takês8uvu& in addition to^suvu& in the Boltz-
mann equation~27!.

From Eqs.~9!, ~11!, and~16!, f (x) of Eq. ~38! becomes

f ~x!5
3.1631017

aMWR~0!x3 1
2.8231016a3

MWR~0!x3 .

TABLE III. Mass bound~with anomalous effects!.

a xd VNh2

100 234.8 2.4310287

75 72.5 9.6310218

60 43.4 1.631025

50.46 31.7 1.0
40 22.1 6.63103

25 19.6 4.43104

10 20.4 8.13103

TABLE IV. Effect of overall uncertainty factor.

b X A

0.001 31.8 56
0.01 31.8 54
0.1 31.7 52
1 31.7 50

10 31.7 49
100 31.6 47

1000 31.6 46
03300
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We take b51, z54, and MWR(0)54000 GeV. Repeating
the numerical solution of Eqs.~40! and ~41!, we find that
VNh251 for @M /MWR(0)#5A549.55. The corresponding
(M /T) at decoupling, viz.,xd531.68. A check~Table V!
shows that there is alower bound. The corresponding mas
bound isM.198 TeV.

Comparison with Table III shows that if theW1W2 chan-
nel is not considered,A550.46. Again, if we putg(x)50 in
Eq. ~40!, i.e., if the anomalous effects are neglected, but
W1W2 channel is kept, then, simultaneous solution of E
~40! and~41! givesA558.60 andxd531.86. Again, a check
~Table VI! shows that there is a lower bound.

So, if we take theW1W2 and anomalous channels, i
addition to theFF̄ channels, we get a lower boundA for a
and, hence, forM. This value ofA549.55, when compared
with the value of A550.46, obtained by neglecting th
W1W2 channel, and the value ofA558.60, obtained by
neglecting the anomalous channel, shows that the anoma
channel is, at least, of comparable importance to theW1W2

one near the bound. A comparison of Tables IV, V, and
shows, further, that for values ofa@A, the anomalous chan
nel determines the value ofVNh2, and, for a!A, the
W1W2 channel determinesVNh2. This is as expected, be
cause the deciding factor in the anomalous chan
;e2120x/a, while in theW1W2 channel it is;a3/x3.

In addition, keeping all the channels, we have allowedb
to change from 0.001 to 1000 as for Table IV. The value
A is found to change from 54 to 45. So, our check of varyi
the overall strength of the anomalous effects over six ord
of magnitude preserves the importance of the anoma
processes in decoupling.

Finally, we consider the boundrN,galactic densityrG ,
i.e.,

TABLE V. Mass bound~W1W2 and anomalous channels!.

a xd VNh2

100 234.8 2.4310287

75 72.5 9.2310218

60 43.4 1.631025

49.55 31.7 1.0
40 30.8 1.9
25 29.4 4.3
10 26.8 20.5

TABLE VI. Mass bound~W1W2, but no anomalous effects!.

a xd VNh2

100 33.4 0.4
75 32.6 0.7
58.60 31.9 1.0
50 31.4 1.3
40 30.8 1.9
25 29.4 4.3
10 26.8 20.5
2-9
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VNh2,
rG

1.88310229. ~42!

There is considerable uncertainty regarding the right-h
side of Eq. ~42! @28,29,5,35#. We have taken it as 0.05
thereby gettingA553.33, keeping all channels, and puttin
b51. The resulting lower bound onM becomes slightly
stronger, becoming 213 TeV instead of 198 TeV. The slig
ness of the change is due to the high sensitivity of the fa
e2120x/a to changes ina. If we take into account the maxi
mum upper limit of 400 TeV set by unitarity@7,8#, our re-
sults indicate a window of approximate size

200 Tev,M,400 TeV

for the N mass, with theMWR mass54 TeV.

V. CONCLUSIONS

Analyzing the decoupling of right-handed neutrinos w
mass greater than right-handed gauge boson masses,
FF̄ annihilation channels, we find that the cosmologic
boundVNh2,1 leads to anupperbound on the right-hande
neutrino massM, of about 700 GeV. What this really mean
is that a right-handed neutrino mass greater than rig
handed gauge boson masses is unlikely to be allowed
mologically.

If we now introduce theW1W2 annihilation channel and
assume also that anomalous (B1L)-violating processes
work at the right-handed symmetry-breaking scale by th
mal diffusion over a barrier, separating states of differenB
,

s.
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1L, in the same way as this happens at the left-han
symmetry-breaking scale, then, we find that it is possible
have alower bound for a right-handed neutrino mass grea
than right-handed gauge boson masses.

A numerical extrapolation of the anomalous rate from t
lower to the higher energy scale, allowing a leeway of
orders of magnitude, confirms that the anomalous chan
may be as important as theW1W2 channel in determining a
bound for theN mass. Considering both theW1W2 and
anomalous channels, and takingMWR54 TeV, a lower
bound appears for the right-handed neutrino mass at abou
times theWR boson mass. However, in the absence of
explicit calculation of the anomalous rate for the righ
handed case, the numbers must only be considered as g
qualitative support to the idea that, at TeV energy sca
anomalous generation plays an important part in decoupl
To obtain reliable bounds, it is necessary to solve the pr
lem of constructing explicitly the sphaleron solution for th
right-handed case.
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