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We investigate the effect of(+ L)-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 @\, gauge group, together with the effectwiWchannels, may turn this
into alower bound~10? TeV.

PACS numbg(s): 14.60.St, 11.10.Wx, 12.60i

[. INTRODUCTION erature, then it becomes necessary to investigate whether
anomalous effects can, indeed, modify significantly the de-
The neutrino oscillation interpretation of recent observa-coupling of right-handed neutrinos with mass greater than
tions of solar and atmospheric neutrino fluxes, although preright-handed gauge boson masses.
senting some inconsistencies, may be taken to strengthen the The plan of the paper is as follows. Section | is the Intro-
idea of nonzero neutrino masses. In this situation, in additiomuction. In Sec. I, theL —R symmetric model is used to
to the standard model left-handed neutrinos, the existencevaluate the reduction rate of the right-handed neutrinos
and masses of right-handed neutrinos assume topical intereitrough FF channels in a standard Lee-Weinberg type of
The contribution of massive neutrinos to the mass densitgalculation, and to observe how the cosmological bound on
of the universe allows the setting of a lower bound to such dheir mass becomes an upper one, when this mass is greater
neutrino mass from the usual cosmological constraints on théhan the right-handed gauge boson masses. The effect of the
age and mass density of the univef4e-3], when the neu- W*W~ annihilation channel is then discussed. In Sec. I,
trino mass is less than gauge boson masses. For a neutrittte anomalous rate of reduction of right-handed neutrinos is
mass greater than gauge boson masses, the lower bound hakted to the general anomalous ratdef L-violating tran-
been questione@-8]. In the present paper, using for calcu- sitions, and the qualitative effect of the anomalous rate on
lation aL—R symmetric extension of the standard modelthe previously obtained mass bound is estimated, assuming a
[9-11], we investigate whether a lower bound may, indeedgeneric form for theB+ L-violating rate arising from the
exist even when the right-handed neutrino mass is great@nomaly involving the S(2)g gauge group. In Sec. IV, the
than gauge boson masses. influence of these anomalous effects on the mass bound is
In theseL. — R symmetric models, the breaking of 8k studied numerically, using numbers obtained by a simple ex-
gauge symmetry is associated with a critical temperaturdrapolation from the S{2), result, and taking into account
This may, typically, be of the order of 1-10 Td#2-14, the effect of thew™ W™ channel.
and right-handed electron neutrino masses0 TeV have
been considered, yielding a left-handed electron neutrino
mass~10 °GeV, by a see-saw mechanigid]. Now, B Il. DECOUPLING WITHOUT ANOMALOUS EFFECTS
+L is not conserved in standard electroweak theory due to
an anomaly involving the S@@) gauge groud15] and, at
temperatures=1 TeV, (B+L)-violating transitions occur We wish to set up a Boltzmann equation for the number
classically, via thermal fluctuations, at rates higher than thélensity of right-handed neutrinos and, from a calculation of
expansion rate of the univer§&6]. So, we may expect that the asymptotic number density, estimate the contribution of
similar anomalous generation of right-handed neutrifins these neutrinos to the mass density of the universe, and,
addition to the left-handed onesvia the L—R symmetric hence, set bounds to the right-handed neutrino rasi.
gauge group, may become important near theWe will simplify matters by neglecting the decay of right-
SU(2)g-breaking critical temperature. handed neutrinos. We first consider the reduction of right-
Although there is still a lot of fluidity in the matter, par- handed neutrinos by the procelsN—FF, whereF is a
ticle physics and cosmological bounds usually suggest rightguark or a lepton, lighter thaN. We are interested in inves-
handedZi andWg boson masses with values).5 TeV and  tigating the situation when the right-handed neutrino mass is
1.6-3.2 TeV, respectivelyl7]. If, now, right-handed neutri- considerably greater than the right-handed gauge boson
nos of mass=10 TeV come under consideration in the lit- masses.

A. Boltzmann equation for processesN N—FF
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To calculate the rate of reduction of right-handed neutri- _ - 4
nos we consider thé —R symmetric mode[10,11]. This Fa:; f dmydmydmedme(2)
model has pairs of fermion doubléts belonging to different

representations dBU(2), X SU(2)gxX U(1)g_,, similar to X 8*(pn+ PN— pF—p;)|M}42(fo§—fNeqfﬁeq). (4)
v |1 _ VR 1 Here,f is the phase space distribution function dpglis its
=, 0, 1 0, — 1 o > s . ;
e /\2’ k er 2’ k equilibrium value.|M,* is the spin averaged matrix ele-

ment squared, with proper symmetry factor, for the process
NN—FF, assumed, bP symmetry, to be the same as that
) for the process FF—NN. The measure dm;
=g,d3p/[(27)32E], g; being the degeneracy number. We
assume that there is no significant Fermi degeneracy, so that
1-f=~1.
BecauseCP symmetry has been assumed, we further as-
sume that there is n or N excess, and we can setn, as
well aspy=0= uy, Wheren is the number density of thid
neutrinos. We can, then, take

W =

w5 o3 flle 3

The numbers refer to the quantum numbdrg ,T3x,B
—L, respectively. We will also writeeg=N, v =v.
The fermion gauge-boson interaction Lagrangian is

Lin=0(f" ¥, P TLE W+ 7y, PRTRE - W)
T ' — e ENIT
+59'fy,(B-L)f'B~, fneg=€ "N

The summation is over quarks and leptons lighter tiNan
g Let us takev and N to be electron neutrinos. We assume
right-handed neutrinos of the other two generations to be
uch more massive than théneutrinos, so that they are not

where Pg =3(1*vs), T is the isospin operator an
W, B* are the gauge bosons. The neutral currents are set o

in the basis relevant here.
) It is usual to introduce the thermal average of the annihi-
AF=sin6(W5 +Wag) + \cos 20B*, lation cross-section times relative velocity
Z*=cosHW4, —sin 6 tan W4 —tand+/cos 29B*, (alv])= i2 > J dmydmydmedme(2m)?
neq F
Z'"= Ezi 020 Wie—tangB*, (D) X 8*(pn+ P —Pr— PR) | Mf%e En/Te BT,
and write Eq.(4) in the form[1]
where @ is the Weinberg angle. _ 2 2
NeglectingZ—Z' mixing, one gets th&’' neutral current Ta=(alv|)(n Neg):
Lagrangiar{17] whereng, is the equilibrium value oh. Then the Boltzmann
equation for the reduction df neutrinos by these processes,
LZ = 9 Si2 03 T y#[ P To, — Q sirPo]f’ in a universe expanding witR/R=H, becomeg19]
coséy/cos 20 £/ q
n
_ — +3Hn=—(o|v|)(n*~nZ). (5)
+cog03, Ty [PrTer—Qsifalf’ |2, (2 dt
f/

B. Calculation of {a|v|) from L —R symmetric model
Q is the charge operator.
The charged current Lagrangian consists of terms of the, - W
form — F(p)+F(p), and thet-channel procesdiN—ee. We
will work at temperaturesT <T,, the critical temperature
g _ g — corresponding to the breaking of &) XSU(2)x
Lecre=— (vy, LW+ H.c)+ —(Ny,egWg+H.c). XU(1)g_, to SU2),XU(1)y. We are going to consider
V2 v2 N-type neutrinos with a madd, which is at least an order or
3) two of magnitude larger thakl,, (M, =0.5TeV[17]). At
. . . this energy scale, we will approximate all quark andehg,
AssumingCP symmetry, and equilibrium conditions for all 7, v masses to zertmass of top-175 Ge\).
relevant particles except thé neutrinos, the rate of reduc- Next, we assume thatandN have Majorana mass eigen-
tion of N neutrinos per unit volume can be obtained from thestates[Z,O]

Boltzmann collision integral for the process®&iN—FF
[18,19: x=v+1v° w=N+NC

We consider the s-channel processN(k)+ﬁ(6
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where the superscriptrefers to the charge conjugate field. The effect ofNN— ee can be taken into consideration by the

It is usual to consider a bidoublet and two triplet Higgs usual Fierz rearrangement, which gives, in this case,
particles to generate Majorana stdtgs]. In this paper, how-

ever, we do not go into the details of any specific model of

the Higgs sector. While evaluating the matrix element, we

have consideredll to be purely Majorana, i.e., we have ne-

glected the contribution of the vector current and doubled

that of the axial current by replacing {1ys) with 2y5 [17].  Finally, we get
The spin-averaged matrix element squared, with symme-

Cye/c0s 20— (Cye/cos 20) + 1,

Cpel/C0S 20— (Cpe/cos 20) + 1.

try factor 1/2!, for thes-channel process gives, from EQ),

|M}42:%[g4/(2 cog 260)](CZe+C2p(p-K)(p-k)
+(H-k)(pf)—M2pﬂ%v
(9°=M3)
where
Cyr=T3—2Qsir?d, Cap=T3c0s24.
Now,
=(k+k)2=s=4E2
=4(M2+Kk2,.)

>Mzra

where E. m..Kem) is the four-vectok in the c.m. frame. So,

we approximate 14%—M3,)2 by 1/g*.
We calculate(a|v|) in two steps. First, we calculate

'F:J dredme(2m) 464 (k+k—p—p)| M A2
in the c.m. frame. The result is
l=[g% (647 co$26)](Cr+ Cap)(2/3) B2,

where g is the relative velocity: 2|k¢ m]/Ecm.. This p-wave
term is a signature of Majorana neutrino annihilation.

In the Lee-Weinberg type of decoupling calculation, the

(olv)= (647 co226) M

So, effectively(co|v|)~1/M?, asT~M.

C. Mass bound for right-handed neutrinos

Introducingx=M/T andY=n/s, wheres is the entropy
density, Eq.(5) becomes

22dY

% (112) )4 5
(1.665* V21X (MS/Mp) 3= g%

2772 2 6
:_<Eg§> 7<U|V|>(Y2—Y§q) ®
or

dy
dx —0.269* Y2(a|v])(MMp/x?)(Y2=Y2).  (9)

We takeM pj=1.22x 10*°GeV andg* ~g¥ ~ 100 just below
the critical temperature, considerifgWg,Z" (andN,,N )
to be massivéwe have not counted Higgs degrees of free-
dom).

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

> (C2.+C2.)=3.28(taking siff6=0.23).
F

Taking g=0.65,(o|v|)=0.01/(M?x).
For massive Majorana neutrinos, we get, in the nonrela-

neutrinos may be considered to be nonrelativistic, as the rekvistic approximation19]

evant temperatures are of the orderMf Then, in the co-

moving “lab” frame, wherek makes an angle with k,
l-=[g* (647 co$26)](CZr+ C2p)(2/3)
X (k2+k2—2|K| |k|cosa)/M?2. (6)
In the second step we do the thermal averaging. Then,

fd7TNe_ En /de’ﬂﬁe_ EEITI E

JLond®k/(27m)%1e BT [[gndk/(2m)3]e En/T

(olv])e=

Calculation, in the nonrelativistic approximation for the
neutrinos, gives

g* 1

2

-
<U|V|>F:—(64ﬂ_cos?20)(CVF+CAF) M

Yeq=2.89¢ 10 3x¥% X, (10
From Eq.(9),
dY 7 3 2__
dx=—[3 16x 107/ (MX3) (Y2 = Y3). (11)

We write A=Y —Y,q

Then, before decoupling{~Y.,, andA’~0, giving

eq

A=—Mx3Y({[3.16X 10"(2Y e+ A)].

Now, we putA = cY,at decoupling, where~1. According
to the general numerical analysis of this type of decoupling
[19], c(c+2)=2 when(o|v|)~T.

At decoupling, whenx=x4>1, Y¢~ —Yeq and
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A(Xd)ECqu(Xd): ngl[3.16>< 1017(0-1— 2)]. (12 TABLE |. Mass boundino anomalous effects
This leads to M(GeV) Qyh?
X4=35.14-InM —1.5In(35.14- In M). (13) 10000 160
5000 42.6
After decoupling,Y>Y. andA~Y. 1000 1.95
From Eq.(11), we get 750 1.12
706 1.00
r— TA 2 3
A'=—3.16x 10"A%/(MxX®), 500 0.516
250 0.136

which gives, on integration, dt— oo,

A,=Y,,=2Mx3/(3.16x 10%),

) . i This conclusion can be verified, numerically, by givikg
assuming,Y(xg)>Y... We will take, as our cosmological gitferent values in Eq(13) and substituting the resulting,
bound[19], in Eq. (14b). The results are shown in Table I. In the usual
Lee-Weinberg case, withl <gauge boson masses, one gets

Qyh?<1, where Qy=pn/pc=MsoY../pc. .
N WIETE SN= PN pe=MSo =P a lower bound becausdo|v|)~M?2, which leads toxy

Here, it is assumed thét>0.4. ~3InM+const, andQyh?~1/M?2. With M>gauge boson
Taking s,=2970cm® and p.=h?1.88<10 2 gcm 3, masses({c|v|)~1/M?, and this makes the difference.
we get M <706 GeV is, in effect, incompatible with our assump-
tion of M>right-handed gauge boson masses, because, as
Q\h?=2.80851X 10°M Y., (148 we have remarked earlier, particle physics and cosmological
bounds suggest right-handed gauge boson masfes—1
=3.62x10 °M?xj, (140 TeV or more. We have to conclude that the assignment of
) ) any realistic mass, greater than right-handed gauge boson
whereM is to be taken in GeV. At the bound, masses, to the right-handed neutrinos will violate the cosmo-

H 2
3.62x 10*9M2x§=1. logical boundQyhe<1.
Solving this equation and Eq13) simultaneously, using

S
simple numerical methods, we get D. Effect of NN—W™W

However, we have considered only the procesiés
—FF. There are als’N\N—W*W~ processes witlZ’ or
Now, if we omit InM in the third term on the right-hand side Higgs exchange in the channel and charged lepton ex-
of Eq. (13), we get, approximately, change in the channel[6_—8]._The a_rgumen_ts of R_e[.6]
show that ass—4M? (which is the interesting region for
Xg=29.80-InM. (15)  decoupling, Z' exchange dominates.

For M>M,, using the results of Ref6], the authors of

If we make this approximation, the erroriq is less than 5 Ref. [8] find, for theNN— W W™ cross section
percent, even iM is as large as f0GeV. Using(14b), we
get gt M2 T

(o VD= 52z g,

X4=23.55, M =706 GeV.

(16)
d(Qnh?)/dM=3.62<10"°X2M(29.80-In M)

X (28.80-InM),
for one-handed Majorana neutrinos with standard model ver-

which is positive for all practical purposes. This means thatex factors. In theL.-R model, Eq.(2) shows that theNNZ’

Qyh?<1 fixes anupperbound forM. _ “vertex has an extra factor of ¢od\/cos &, while Eq. (1)
This can be seen transparently if we work in the approxishows that the&’W*W- vertex will have an extra factor of
mation \Jcos W/cog 4. This means that we can use the’|v|) of

Eq. (16) directly in our calculations.

V=Y (Xa) =2V e Xa), For a sufficiently largeM/M,y ratio, (o’ |v|) of Eq. (16)

takingc~1 in Eq.(12). Then, will dominate over thga|v|) of Eq. (7). As (o' |v|)~M?,
we can expect, therefore J@ver bound for sufficiently large
Qyh?~Mx3%e >, M/Myy.

Finally, we must consider the anomalous effects. We will
Equation(15) shows thatQyh?~M?(29.80-InM)*2 and,  consider, numerically, the detailed influence of these two
so, asM increases{)yh? increases, for all practical values of additional effects on the bound after noting, in the next sec-
M. tion, that anomalous effects, too, favor a lower bound.
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[ll. INTRODUCTION OF ANOMALOUS EFFECTS divide AL=+1 processes into four typgassuming distinct

A. Anomalous generation of right-handed neutrinos flavor eigenstates faN andN).
] ) I: processes with aN in the final state, e.g.,
For the standard model, a classical, unstable, time-

independent solution of the equations of motion has been IWelvad) —|W QuddN),
identified[21,22. This sphaleron solution corresponds to the a a

barrier between vacua with different topological numbers. A |- processes with aN in the initial state, e.g.,
sphaleron-mediated transition over the barrier leads to a

fermion-number violating transition witHAL|=3, |AB| |WelL.Nudd)— |W'Svac)

=3, of the type KR HREZT

m: processes with aa™ in the final state, e.qg.,
|WI(L:L|a,>_>|W;LCIa/>, p g

. e Welvag —|W Suude™),
wherea, o' are fermion states, differing byAL|=3, |AB| IWoirvag— W, )

=3, a”dWZ ’W//-c are the initial and final S(2) gauge bo- m: processes with aa™ in the initial state, e.g.,
son configurations, which are essentially classipale are B
neglecting the small effect of the(l) part[22].] |VV;RWde+>—>|WI’fR'vac>.

All colors and families of quarks and leptons will be gen-
erated equally, but, in any one transition, only one membefrherefore,
per doublet will be found. For the rest of this paper, we will
neglect family mixing and consider anomalous generation
for a single (the lightest family. In this case,|AL|=1, P=> T+ I+ Tyt X T,
|AB|=1. a, &' will be restricted by the requirement that the
sphaleron must be a color singlet, @Jsinglet, and neutral
mediator. There are then two relevant amplitudes, which we o process has a rate which is determined in an essen-

: | cl
may - write formally —as (Wjuude W) —and gy classical way: if the thermal fluctuation has sufficient
(Wi uddy W,%). All processes with these amplitudes canenergy to cross the barrier, the process will occuiaf is

occur. For examplex may be the vacuum and’ may rep-  the frequency of the unstablephaleroi mode, a classical
resentuudeor uddv. In theL-R symmetric model, we expect, statistical mechanics calculation givigst,25]

on general groundg21,16,14, anomalousB+ L generation

wherel,; is a sum over all processes of type

above or just belowl., from both SU(2) and SU(2}x I''=(w /7)(ImFIT), (17
gauge boson field configurations with nonvanishing topo-
logical charge. where F is the free energy. Also,
However, the actual construction of the sphaleron solution
depends on the details of the Higgs multiplet. The SY(2) (ImFIT)~e" VoD, (18

sphaleron22] was worked out with a complex doublet. In
the L-R symmetric case, the generation of Majorana masse¥hereVy is the barrier height.
at the h|gher energy scale results from Spontaneous Because of this essentia”y classical nature, the barrier-
symmetry-breaking associated with a SU42jiplet scalar crossing rate, at a given temperature, under equilibrium con-
field [in addition to a SU(2) triplet and a bidoublet which ditions, should be of the same order in different channels. In
developVEV at the lower energy scdld11]. It has been Other words, we may expect that the rate of =1, AB
shown[14] that the topological condition necessary for the =1 transitions, featuring one member of a lepton doublet,
existence of a sphaleron solution is fulfilled for a simplified Will be of the same order as the rate of such transitions,
model of SU(2) symmetry breaking at the higher energy featuring the other member of the doublet. As a first approxi-
scale via a triplet complex scalar field. But, the constructionmation, we may take
of an explicit solution has proved very difficult. 1

In this situation, one has to assuii&,23 the occurrence — =
of B+L violation via sphalerons for the SU(R)gauge §|: F|+§T: o Em: Fm+§a: I 2F' (19
group, in addition toB+L violation for SU(2), at the
higher energy scale. Neglecting mixing parameters betweemhe approximation will be bad when tiheneutrinos are way
left-handed and right-handed gauge bosons, we work with aut of equilibrium. In a decoupling study, however, one is
highly simplified model in which th&V{* give rise to anoma- interested in finding out when the species just falls out of
lous generation of leptons and baryons from left-handed douequilibrium. o
blets, and theV% from right-handed doublets. In particular,  Let us now interpret,| formally as Boltzmann collisional
the WE will generate, anomalously, right-hand&tneutri-  processes

nos.
First, we want to relate the rate of production of the right- lli+j+--—N+at+b+---.

handedN neutrinos per unit volume to the total rakeof - N

AB=1, AL=1 anomalous transitions per unit volume. We [:N+a+b+---—i+j+---.
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CPT ensures that for every process of tylpe¢here is a pro- Hence, the net rate of reduction Mfneutrinos by anoma-
cess of typd with the same matrix element,. Then, we lous processes, per unit volunié,=rate of such processes,
can write, formally[18,19, per unit volume, with aN in the initial state—rate of such

processes, per unit volume, withNain the final state

F|=f dmydmdmy - -dmdm-- | M| ?(27)*
=2 Ti- 2| Iy
X 3" (PNt Pat Py =P =Py ) fifafp e (20) |
i i i ~ We finally get

We have again assumed that all relevant species are in equi-
librium except the right-handed neutrinos, and that there is N—nNgq

no significant Fermi degeneracy or Bose condensation. Also, FNZMF- (26)
el

rl—:J dmydmadmy - -dmdmy | M| 2(2m)* As expected, the anomalous rate vanishes ifNfeeutrinos
are in equilibrium.
— e ) Assuming, thereforeCP symmetry, and equilibrium con-
X 8Y pn+ Pt fafafo . (21
(PNt Pt Pyt =Py Py ) et @) ditions for all relevant particles except right-handed neutri-

In these formal expressionisM,|? is related to the classical Nos, the rate of reduction, per unit volume, of tih@eutrinos

probability and is not to be interpreted perturbatively. can be written in the form of a Boltzmann equation
As we are interested here in decoupling and not in baryo-
. . . . dn (n— neq)

genesis, we will neglect smallP-asymmetric effects and 4 3Hn=-—
assumeCP symmetry. Then, we can assume, as in Sec. Il A, dt 2(n+ngg) R

N=1,  Neg=Neg; —[{alv)+(a'v)I(n?=nZy. (2D
also, This is our basic equation. We have dut1Iy to indicate

B that we are considering the anomalous rate for right-handed
fa=e B/l fz=e 5T, etc. (22)  neutrinos.

The assumption oh=n is a delicate one, in general. If

In this case, we can write, from EqR0) and(21), there is an asymmetry, the post-annihilation relic neutrinos,

T'=1Neq W?th densitypN_, , proportional t(_) the asymm_etry, will clusfter
with baryons inside the galaxi¢g8]. If pg is the galactic
and density, there will be the bounel: <pg . Bounds have been
worked out, taking the asymmetry to be of the order of the
=1, (23)  paryon asymmetry28,29,5.

Although we have maintained a technical distinction be-
een flavor eigenstates &f and its Majorana mass eigen-
states, the amplitude calculations have assumed pure Majo-
rana particles. In this case of pure Majorana neutrimds,
=N and, strictly speaking, there is nm£n) asymmetry.

1 Yet, the argument that the decoupled neutrinos will finally
E (N4 Ney = EF end up in the galaxies retains its force, witly = py . Then,
! the boundQyh?<1 will be replaced by

wherel, contains the result of the phase space integration§W

apart fromngq andn [19,26]. [I,=17 due to Eq.(22).] It can

be interpreted as a thermally averaged width in mbode
From Egs.(19) and(23),

and Quh2<(pa/1.88<10°29), (28)
Neq h h k bef =1.88
r= r. 24 whnere we ave taken, as efore,p¢ .
Z " 2(n+ngy 24 x10"2°h?gem S,

N ) o Since we have Majorana mass states, lepton number vio-
ForAL=—1 anomalous transitions, we will get, similarly, & |ating processes withAL|=2 can arise fromL-violating
procesd’ with aN in the final state, and a processwith a  terms in the Lagrangian, and produce a heasymmetry

N in the initial state, and a similar result (e.g., in thev, sectoy. A variety of such processes has been
considered in the literaturgl4,23,3Q. These theories are,
S o= " (25  broadly, of two types.
T 2(n+ngg) In one type of theory, a massive right-handed Majorana

neutrino is allowed to decay. As we are neglecting decay,
Now, we are neglecting baryon- and lepton-number excessuch theories have not been considered. In the other type of
or deficit. In this approximation, we can sef,=0. We can, theory, L asymmetry has been generated by virthakx-
then, takg25,27 I'=T1"", i.e., the rate oAL=1 transitions change. Thid asymmetry, together with sphaleron-mediated
~the rate ofAL=—1 transitions. B+ L violation, can destroy any pre-existifigy— L asymme-
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try, and sendB to zero. Bounds oM have been proposed by A(Xg)=YeqXq)- (32
demanding that such erasureBshould not take place. The

temperature and mechanism of #e- L production is, how-  This is equivalent to taking=1 in Eq. (12).

ever, still uncertain, and we do not pursue these ideas further Before decouplingY~Y.,,A’~0, and

. . eqr
in this paper.

Yo~ —Re BYlowd) (33)

B. Anomalous effects in decoupling 2(2YeqtA)”

For T<T,, the critical temperature for the spontaneous
breakdown of SU(2)XU(1)y, I'=T"_ has been calculated
[25,31]. For the right-handed case, wilh< T, the compli-
cation of the Higgs sector has obstructed a calculatidngof
However, the very general considerations mentioned in Sec. .
LA imply that FXS‘VO/T. and, using the value of ., from Eq. (10),

V, can be estimated heuristically, as follop&2,33. If
we assume a sphaleron solution with enelgy, we can put
Vo=Egp. ButEg,arises from a classical solution, i.e., from a
limit where many quanta are involved. We can take the enyvhere the prefactoG can be assumed to have a slower

ergy per quantum-M,,, and the average number of quamavariation withxy _and a_than the exponential, becauRds a _
W ; prefactor for which this has been assumed. Then, assuming
~(Lay), whereay=g“/4m. Then,Eg,~My/ay is a very

general estimate, which should hold for the right-hande(}he exponential to dominate, we expect, approximately,

case also, withM\y,=Mr. SO, we can write, on general (

At decoupling, wherYg.= —Yeq, EQ.(33) gives

[6Y e Xp)/R]eBXa/(ewd) =1,

elBllewd) =X (M, a,x4) =1,

B ~
grounds, _— 1)xd= Bxg4~const. (39
~ Cl’Wa
I'r=R(Myg,T)e™ BMwr/(awD) (29)

Now, the sphaleron decay will produce ldmeutrino only

where R,B depend on the precise form of the symmetry-If the kinematic constraintEs,>M is satisfied. AsEs
breaking. However, we can say tha will have ~ BMwr/aw, S0,B/ay>agives an upperlimia’ ona for
dimension-(mass*, andB will be dimensionless and of or- anomalous effects to occur. Farca’, B>0, and, ifa is
der 1. Also, the whole idea of separating out the exponentidncreasedp decreases, so tha increases.

is to isolate a prefactoR which can be assumed to vary W€ approximateY., by Y(xq), so that, from Eq(32),
more slowly(in the left-handed case, the prefactor varies as'=~2YedXa). Then, we get, from Eqg14) and(10),
powers of the argumen{&5]).

Introducing x and Y, the Boltzmann equatioti27) be- Qyh?= 162332 10°x % *aMyp. (35
comes, from Eqs.(8), (11), and (29) (considering only ) )
(a|v|), at this stage, and ngt-'|v|)), Since, from Eq.34), x4~al/a’/(1—al/a’), the exponential

will dominate, and we can expect that, aicreases{)yh?
dy 1 Y—Yeq will decrease. This means th&yh?<1 will give a lower
ax (1.665% 1’2/x4)(M5/Mp|)(2772/45)g§ 2+ Vo) tio;/nd ona and, hence, orM, for a given Mg, for a
- 3.16x 107 If we can actually find values of the parametar
XR'(M,a,x)e” Blewd) — —er 57— (Y2 Y5, =M/Myg, within the range ¥a<a’', for which the
anomalous term in Eq31) predominates, there will not be
(30)  any hindrance from the Lee-Weinberg type of cosmological

bound to right-handed neutrinos having masses greater than

writing a=(M/Myyg). We are considering>1. right-handed gauge boson masses. So, we find that anoma-

Compactly, we can write lous reduction of right-handed neutrino number may have

important effects on the decoupling of such neutrinos.
dy Bx(aya)_ " Yed Whether these formal expectations will be borne out de-
dax R(M.a,x)e 2(Y+Yeq) pends on the actual numberslin . Extrapolating the known
result forI"| to the right-handed case, keeping wide leeway,
3.16x10" we will find that numerical results give cause for optimism.

e (Y- Yed, (31)
- - IV. NUMERICAL RESULTS
whereR’ andR are obtainable fronk. ) ) )
As a increases, the first term gains importance because of We Will take thel', given in Ref.[25].
the exponential. Suppose has a value for which the first ;
term is predominant near decoupling. Let us characterize de- r :(1-4>< 106)Mwex _ 167My (36)
coupling by the simple criterion L g°T3 9°T
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Here, the unstable mode™ is taken ~M,, and E, TABLE II. Effect of uncertainty inT,.
=2(Mw/aw)E. E is a number which depends on
(Mg?):1.56<E<2.72 for <A< (\ is the four-Higgs self- z X A
coupling constant We takeE=2. My is temperature depen- 2 315 41
dent. 3 31.6 48
4 31.7 50
My=Muw(0)[1—(T/Tc)?]*?, (37) 5 31.7 52
6 317 53
and T-=3.8My(0) [25]. There is an overall constart-1 8 31.8 54
[25,31]. We takex=1. 10 31.8 54
This expression is valid for &,<T<2M/ayy. How- 100 31.8 55
ever, the range ofT may be taken to beMy<T
<M/ ay. [32]
We extrapolate this rate to gEk, in a simple way, using ~ b1.53x10°%’ (a 217
the following prescription:(i) replaceM, by Mg, (i) 9(x)= a®MyR(0) zZX
write Tcr=zMygr(0), and(iii) include an overall factob. z o 12
is not known reliably, because, as yet, there is not sufficient Xex;{ -~ 118-98([ | a ] }
experimental data to evaluate the fuHR Lagrangian, in- ZX '

cluding the Higgs sectdr34]. For largez, Eq. (37) shows

that Myyr~Myg(0). If z is too small, My will become ~Wherea=M/Myg0). _

imaginary. We will varyz between 2 and 10. The numerical ~ FOrX<Xq, this equation simplifies, as in Sec. IIC, to

work will show that belowz=2, the mass is not real, while ,

there is little change above=10. A=— Yeq . (39)
Whereas the exponential part in E§6) will almost cer- F(X)(2Yeqt A) +9(X)/(2Y gt A)

tainly be right forI'g (apart from the order one quantig),

the prefactor is bound to require considerable modification,

Considering the prefactor to be a slowly varying quantity,

We choose, again, as an approximate criterion for decou-
pling

whose main function is to set the numerical scale of the A(Xg) =~ Yed Xa)= Y(Xg) = 2Y e Xq)
essentially exponential variation &fz with (1/T), we will ¢
allow b to vary from 10~ 10, i.e., the decoupling will be At decoupling, Y.= — Yeq. Equation(39), then, leads to the

investigated with anomalous rates for right-handed neutringecoupling cond|t|on

reduction varying over 6 orders of magnitude around the rate

obtained by simple substitution of the right-hand&/doson g(Xq)

mass in the formula for the left-handed case. 3f(Xa)YedXa) t 20— 7 3Yed X0) =1 (40)
We have, then, ¢

Again, using the approximation

7 21712
(b1.4X 10°)Myg(0) [ _( T H Y.~ Y(%g)=2Y e Xa),

R g°T° ZMy=(0)
167My(0) T 2)1/2 the cosmological bound becomes, from E8p),
Xexp — -
’{ 9T [ ZMWR(O)) ) } 1.6233% 10°x3 % *daMyr(0)<1.
Introducingx and Y in the above expression, the Boltzmann At the bound,
equation(27) becomes
g @) 1.6233% 10°x3 % *daMyr(0)=1. (41
d_Y f(x)(Y2=Y q) g(x) (38) First, we check the effect ofz Taking Myg(0)
dx =4000 GeV and=1, we solve Eqs(40) and(41), numeri-

cally, to obtain values okg=X anda=A, for which Qyh?

We will first consider the effect of taking thEF channel IS just equal to 1. The results, displayed in Table I, show
alone, i.e., we keep onljo|v|) in Eq. (27). Then, from Eq. that, asz varies in the range 2 z< 10, X varies from 31.5 to
(12) 31.8, andA from 41 to 54. Foz=1, Mg is no longer real.

Also, as expectedz=100 gives forX and A practically the
same values as given lzye 10.

3.16x 10" ; o
f(X)= ——— g, Having seen that the effect of varyirmgis small, we set
aMygr(0)x z=4 for subsequent numerical work.
We next check that the bound obtained is actualigveer
I'k gives bound. We do this by varying around the valué.. For each
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TABLE lll. Mass bound(with anomalous effecjs

PHYSICAL REVIEW [B1 033002

TABLE V. Mass boundW*W~ and anomalous channgls

a Xq Qyuh? a Xg Quh?
100 234.8 2.410°% 100 234.8 2.410°%
75 725 9.6<10°18 75 725 9.x10°18
60 434 1.6¢10°° 60 43.4 1.6¢10°5
50.46 31.7 1.0 49.55 31.7 1.0
40 22.1 6.6 10° 40 30.8 1.9
25 19.6 4.410 25 29.4 4.3
10 20.4 8. 10° 10 26.8 20.5

assigned value o, we solve Eq(40) for x4, and evaluate
Qyh? for this x4 from the left-hand side of41). The results,
displayed in Table Ill, show that asincreases through the
value A, Qyh? falls through 1, from higher to lower values.
Finally, we varyb from 10 2 to 10°. The results are
shown in Table IV. We find thaX changes from 31.8 to

31.6, andA changes from 56 to 46. In every case, we have
verified the nature of the bound, numerically. The results

(not exhibited parallel Table Ill. The bound remaind@wer
one.

It is necessary to verify that the restrictiod\g<T
<Mwr/ ayy is satisfied. For the lower limit, the worst case
occurs when Myr~Mg(0)=4000GeV. Now, T
=4000A/X, and the restriction is satisfied £>X. A pe-
rusal of Tables Il and IV will show that this is, indeed, so,

We takeb=1, z=4, and M\yx(0)=4000 GeV. Repeating
the numerical solution of Eqg40) and (41), we find that
Quh?=1 for [M/M(0)]=A=49.55. The corresponding
(M/T) at decoupling, viz.xq=31.68. A check(Table V)
shows that there is Bbwer bound. The corresponding mass
bound isM>198TeV.
Comparison with Table 11l shows that if th&" W~ chan-
nel is not consideredh=50.46. Again, if we pug(x)=0 in
Eq. (40), i.e., if the anomalous effects are neglected, but the
W*W™ channel is kept, then, simultaneous solution of Egs.
(40) and(41) givesA=58.60 andxy=31.86. Again, a check
(Table VI) shows that there is a lower bound.

So, if we take thew*W~ and anomalous channels, in
addition to theFF channels, we get a lower bourdfor a

for the parameter ranges considered by us. The stronger rénd. hence, foM. This value ofA=49.55, when compared

striction, with Mg replaced by ®g, is, however, not
obeyed.

For the upper limit, the worst case occurs wheand,
hence,M g is the least. Taking=2, X=31.5, andA=41,
from Table II, we find thatMyr/ ayw~90 000 Gev, whileT
~5200 Gev. The restriction is obeyed.

We check the kinematical constraifis,>M. As Eg,
=2(Mwg/ aw)E, we look only at the case whev is the
least, viz.,z=2. Eg, comes out to be>360 000 GeV, in this
case, while, even foA=55, M =220 000 GeV, less than
Esp, as required.

Next, we consider the effect of adding tk¢" W~ chan-
nel, i.e., we takéo’|v|) in addition to{ca|v|) in the Boltz-
mann equatiori27).

From Egs.(9), (11), and(16), f(x) of Eq. (38) becomes

3.16% 10Y . 2.82x 10%33
aMyr(0)X® T Myr(0)x3

f(x)

TABLE IV. Effect of overall uncertainty factor.

with the value of A=50.46, obtained by neglecting the
W*W~ channel, and the value 0%A=58.60, obtained by
neglecting the anomalous channel, shows that the anomalous
channel is, at least, of comparable importance tohan
one near the bound. A comparison of Tables IV, V, and VI
shows, further, that for values a&>A, the anomalous chan-
nel determines the value oflyh?, and, for a<A, the
W*W~ channel determine@yh?. This is as expected, be-
cause the deciding factor in the anomalous channel
~e 120a while in theW"W™ channel it is~a®/x®.

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

Finally, we consider the boungy<galactic densityp,
ie.,

TABLE VI. Mass boundW*"W~, but no anomalous effegts

b X A a Xg Qyh?
0.001 31.8 56 100 334 0.4
0.01 31.8 54 75 32.6 0.7
0.1 31.7 52 58.60 31.9 1.0

1 31.7 50 50 314 1.3

10 31.7 49 40 30.8 1.9
100 31.6 47 25 29.4 4.3
1000 31.6 46 10 26.8 20.5
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) PG +L, in the same way as this happens at the left-handed
Qyh <w- (42 symmetry-breaking scale, then, we find that it is possible to

have alower bound for a right-handed neutrino mass greater
There is considerable uncertainty regarding the right-hanghan right-handed gauge boson masses.
side of Eq.(42) [28,29,5,3%. We have taken it as 0.05, A numerical extrapolation of the anomalous rate from the
thereby gettingA=53.33, keeping all channels, and putting lower to the higher energy scale, allowing a leeway of six
b=1. The resulting lower bound oM becomes slightly —orders of magnitude, confirms that the anomalous channel
stronger, becoming 213 TeV instead of 198 TeV. The slight/may be as important as thé" W channel in de’ierrrjining a
ness of the change is due to the high sensitivity of the factoound for theN mass. Considering both th&/"W" and
e 12%2 tg changes ira. If we take into account the maxi- anomalous channels, and takiggr=4 TeV, a lower
mum upper limit of 400 TeV set by unitarity7,8], our re-  bound appears for the right-handed neutrino mass at about 50

sults indicate a window of approximate size times theWg boson mass. However, in the absence of an
explicit calculation of the anomalous rate for the right-
200 TexwM <400TeV handed case, the numbers must only be considered as giving

qualitative support to the idea that, at TeV energy scales,
anomalous generation plays an important part in decoupling.
To obtain reliable bounds, it is necessary to solve the prob-
V. CONCLUSIONS lem of constructing explicitly the sphaleron solution for the
right-handed case.

for the N mass, with theM g mass=4 TeV.

Analyzing the decoupling of right-handed neutrinos with
mass greater than right-handed gauge boson masses, using
FF annihilation channels, we find that the cosmological
boundQyh?<1 leads to ampperbound on the right-handed The authors are grateful to Samir N. Mallik and Palash B.
neutrino mas, of about 700 GeV. What this really means Pal of Saha Institute of Nuclear Physics for a discussion of
is that a right-handed neutrino mass greater than rightthe problem at the outset. D.R.C. wishes to thank A. Ray-
handed gauge boson masses is unlikely to be allowed coshaudhuri of Calcutta University and Avijit Lahiri of Vid-
mologically. yasagar College for helpful discussions, and the former also

If we now introduce th&V* W~ annihilation channel and for making available unpublished material. P.A. wishes to
assume also that anomalou8L)-violating processes thank Siddhartha Bhaumik and Kanad Ray of Presidency
work at the right-handed symmetry-breaking scale by therCollege, Calcutta, for help in computing and preparation of
mal diffusion over a barrier, separating states of diffef@nt the manuscript.
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