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We investigate an extension of the singlet Majoron model in which the breaking of dilatation symme-
try by the mass parameters of the scalar potential is removed by means of a dilaton field. Starting from
the one-loop renormalization group improved potential, we discuss the ground state of the theory. The
flat direction in the classical potential is lifted by quantum corrections and the true vacua are found.
Studying the finite temperature potential, we analyze the cosmological consequences of a Jordan-Brans-
Dicke dilaton and show that the lepton number is spontaneously broken after the electroweak phase
transition, thus avoiding any constraint coming from the requirement of the preservation of the baryon
asymmetry in the early Universe. We also find that, contrary to the standard model case, the dilaton
and/or neutrino cosmology do not impose any upper bound on the scale of the spontaneous breaking of

scale invariance if the 7 neutrino is sufficiently heavy.

PACS number(s): 98.80.Cq, 11.15.Ex

I. INTRODUCTION

One of the most remarkable properties of the standard
model (SM) of electroweak interactions is that it is scale
invariant up to the mass term in the Higgs sector, respon-
sible for the spontaneous symmetry breaking, and a possi-
ble constant term related to the vacuum energy density.

Theories with mass parameters may still have hidden
nonlinearly realized scale invariance [1], which may play
a role in solving the cosmological constant problem [2]
and can account for the hierarchy of scales observed in
the SM between the weak scale and the Planck and/or
the grand unification scale [3]. Also, it is intriguing that
models which display a nonlinearly realized scale invari-
ance in their low-energy effective theories occur in some
unification schemes, including models based on
compactification of higher dimensions [4] and string
theories [5].

A trace of the scale invariance may still exist at low en-
ergies in the form of a pseudo Goldstone boson, the dila-
ton, which couples in a universal way to all mass terms
and gains a mass due to the explicit breaking of classical
scale invariance by quantum corrections [3]. Coupling a
Jordan-Brans-Dicke (JBD) dilaton to the SM leads to a
model equivalent under a conformal transformation to
the SM coupled to a JBD gravity theory [6] and to in-
teresting phenomenological consequences. In particular,
Buchmiiller and Busch [3] have shown that the existence
of a JBD dilaton would impose an upper bound of about
100 GeV on the top quark mass, the precise value de-
pending on the dilaton decay constant f, from the re-
quirement that the ground state breaks the electroweak
gauge symmetry.

The presence of a JBD dilaton would also have
significant cosmological implications. For the range of
cosmologically allowed neutrino masses [7] and for the
dynamics of the electroweak phase transition, see Refs.
[8,9], which has been shown to be first order and to occur
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at the chiral-symmetry-breaking phase transition. In par-
ticular, McDonald [9] has recently emphasized that there
is a serious problem with the energy density in the dilaton
field following the electroweak phase transition, with
most of the energy in the electroweak vacuum going into
oscillations of the dilaton field at Tocp ~ 150 MeV, caus-
ing the Universe to be matter dominated at nucleosyn-
thesis and the standard calculation of element abun-
dances to disagree with observations. To avoid this prob-
lem one has to impose the upper bound f <10’ GeV on
the scale of the spontaneous breaking of scale invariance.
Such a requirement is well in contrast to the natural
identification f~Mp in models in which the hierarchy
between the Planck scale Mp and the weak scale is ex-
plained by the underlying scale invariance [3] through
the introduction of a JBD dilaton. Motivated by this
troublesome inconsistency present in the SM, we investi-
gate which kind of implications would have the coupling
of a JBD dilaton to one of the most attractive extension
of the SM, the singlet Majoron model (SMM) [10]. In the
SMM a gauge singlet scalar and three right-handed neu-
trinos are introduced, and a global U(1), group associat-
ed to the lepton number is spontaneously broken, giving
rise to Majorana masses for the right-handed neutrinos.
The model naturally incorporates the see-saw mechanism
[11] and can therefore explain why left-handed neutrinos
are much lighter than their right-handed counterparts.
However, the realization that the baryon- (B-) and lepton-
(L-)violating, while (B-L)-conserving, quantum effects in
the SM are efficient at high temperatures [12], gives rise
to a very strong bound on the Majorana masses of light
neutrinos, m, <1 eV [13]. The point is that the SM
anomalous effects still allow a baryon asymmetry generat-
ed at some superheavy scale [14] to survive if the
Universe had a nonvanishing primordial (B-L) asym-
metry, but, if other interactions which violate B and L as
well as the combination (B-L) are in equilibrium at tem-
peratures above the Fermi scale, then no cosmological
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baryon asymmetry can survive [13]. One has to require
that the new L-violating interactions not to be in equilib-
rium at all temperatures at which anomalous interactions
are still active, which leads to the above-mentioned
strong bound on m,. A natural way to avoid such a con-
straint is to generate Majorana neutrino masses with a
spontaneous L-number breaking at the electroweak scale
or below. The conservation of the L number at higher
scales prevents the existence of the dangerous AL =2
effective operator (m, /{$)?) (L, $)?, where ¢ is the stan-
dard Higgs scalar doublet and L; is a lepton doublet,
L; =(v;,I;). It has been recently shown that in the su-
persymmetrized version of the SMM [15] and in the
triplet-singlet Majoron model [16] the phase transition
leading to the L-number breaking can occur at tempera-
tures below the weak scale, thus avoiding any constraint
coming from the requirement of the preservation of the
baryon asymmetry.

The aim of this paper is to show that the same feature
is naturally achieved when a JBD dilaton is coupled to
the SMM and that, contrary to what happens in the SM,
no upper bound on the dilaton decay constant f comes
from considerations about the JBD dilaton cosmology.

The paper is organized as follows. In Sec. II we de-
scribe the SMM with hidden scale invariance and derive
the one-loop renormalization group improved effective
potential, whose minimization allows us to break the vac-
uum degeneracy present at the classical level. In Sec. III
we deal with the one-loop finite temperature effective po-
tential and study the dynamics of the SU(2), ® U(1)y and
U(1);, phase transitions. In Sec. IV we present our con-
clusions.

I1. THE SMM WITH HIDDEN SCALE INVARIANCE

The Lagrangian for the scale-invariant extension of the
SMM is
L=1e"73,0 35 +(D,$)(D*$)+(3,5)'(3"S)
+iNgdNg —(h, L ¢Ng +1ge Ny N§S+H.c.)
—Volo,9,5), (1)
where

Volo,8,8)=a*+m}(s'9) +mi(STS)+y(s'e)STS)

+%<¢*¢>2+§i<s*s>2 2)
and
at=aled /s ﬁiEmze”/f
mi=mie®’S, A>0, B>0

Here o is the dilaton field, f its decay constant, ¢ is the
scalar Higgs doublet, D, is the SU(2), ® U(1)y gauge co-
variant derivative, S is the gauge singlet field carrying
lepton number L =2, N R, is the gauge singlet right-
handed neutrino (N°=CN7"), L, is the lepton doublet,
and &, and gg are 3 X3 matrices of Yukawa couplings.
Because of the specific couplings of the Goldstone field

o, the Lagrangian (1) is invariant under dilatations:
do=8al(f+x#3,0), 8¢=0ald¢+x"d,8),
8S =b6a(S +x#3,S) , (3)
8¢ (rr =0a(3Yy (r) T X8, 9L (r)) >

where ¢ denotes a generical fermion field in the Lagrang-
ian (1). The classical equations of motion for the scalar
fields read

D, DFy+mie+Mo'd)s+y(STS)9=0,

39S +miS+B(S'S)+v(4'$)s=0,

et + M)

+2mxsts)+2at=0 .
7S 7

3,0+ %aﬂaa"a

The existence of nontrivial constant solutions o, ¢4, and
S, constrains the allowed parameters present in V. For
instance, for mﬁ, >0, m§ >0, and ¥ >0, the only station-
ary points are ;=0 and S;=0, and o, remains undeter-
mined. In the following we shall choose mﬁ, and m? both
negative. In such a case, from Eq. (4) one discovers that
the constant a* is fixed to be

a1 2ymim}—Pmg—Aimg

2 Br—7y?

(5)

and symmetry-breaking vacuum expectation values define
in the valley floor a flat direction

ym3—pm}
Slpp=vr=T"2 " 50,
BrL—v?
2
o YPG—AES
ST = 2=“‘-_,—‘_>0,
oSo=f Br—7? o
o200 BS§So+r i
mg
__ MlgotrSis,
m} ’
with
y2<BA .

Note that ¥ >0 should be bounded from above in order
that symmetries are broken. (If ¥y <0, the same condition
is required for the potential to be bounded from below.)

The consistency requirements for the couplings present
in ¥, imply that the classical energy density vanishes at
the stationary points and the potential ¥ takes the spe-
cial form
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2

— t aidad B i e’ 2 2
Volo,9,S)=— ¢¢—B — (}/ms Bm¢ +2 \S S—B}L " slymg—Amg)
+ 2/f ; e20/f , ,
ty |$d— Bh— (Yms Bm¢ S S_B)\_yz(‘}/m¢—)\.ms) (7)

The degeneracy in the vacuum expectation values and the vanishing of the vacuum energy density are expected to
disappear in quantum field theory where scale invariance is anomalous [17]. Thus, we consider the one-loop corrections
to the potential ¥, which can be computed by standard methods [18]. Since the dilaton interactions are not manifestly
renormalizable, we treat o as a class1ca1 background field. A convenient choice of the renormalization conditions
yields, in the Landau gauge (z4,= ¢ 9, zg=S 's),

+yzgzgt+ &zi + ﬁzsz

2 2
() +Azy+yzs)? _ }

V(O,Z¢,ZS)=E4+W$Z +m52~25

¢
1 3._2 2
+ 5(m¢+?»z¢+yzs)

In
(87)? MmM*

1 _, ) (m52+kz¢+7/zs)2 1 . mi

+-2—(ms+kzd,+yzs) In I -1 +Em+ In g —1
4 2 2 12

1 3 8z, 1 3 (g°+g'") 1
+omb |In |—5 |1 |+2g%] |1 —— | +(g2+g 2] |1 -

2" 2gz¢ I 2 4(g &) Y YE 2

126,22 | | 872 | L |, S gezi |1 sa7s | 1 ®)
—12g,z4 |In il 8r 25 |In EreRE

t“¢ M2 2 P i MZ 2

where g and g’ are the SU(2); and the U(1)y gauge couplings, respectively, g, is the Yukawa coupling for the top quark,
and the heaviest fermion in the SM and m?2 are given by

mi =1\, +mi+3hz,+3Pzs+y(zy+z5)tV (T +3hzy—§ —3Bzs +yzy—v25) + 1672426 | 9
[
The parameters a*, mé, mg, A, B, and y are now renor- dy _ Yo (15)
malized parameters which depend on the renormalization dM 1672 VsV
mass M. Their M dependence can be read off from Eq. ) .
(8): where 7, and yg are the anomalous dimensions of the
4 Higgs boson and singlet fields
da”_ 1 om$+md) (10) 1
M 1ex? ¢ S Yo=— 5 (—9g>—3g"*+12g}), (16)
2 641
dms _ 2
WM TegE WmEymitIymp)taysm, (D ys= 32 — EgR : (17)
i=1
dmj o .
FTY i stymj)+2yymy (12)  The constraint given by Eq. (5) can also be imposed on
' the renormalized quantities and, since the scale depen-
2,4
;11‘7; _ - 3 . [(g2+g’2)2+2g4—16g,4+16)\2+%M/] dence of (BA—vy~)a” and
A (Qymim§—Bmy—Amg)
+4 ) 13 o o .
Y¥e 13 is different, the renormalization mass M remains fixed.
dg _ 1 2 0 & 4 The minimization of the one-loop renormalization
MdM T 3042 8y 206"~ 3 8k, T12By | +4vsB group effective potential allows us to eliminate the vacu-

= um degeneracy described by Eq. (6). The analysis may be

(14) simplified considerably by expanding the complicated
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terms in Eq. (8) in a series around ¥ =0 and retaining g,‘éi g,%i
only the lowest-order terms. A straightforward calcula- A$=8yK?2 2 ~2—B— lnﬁ ,
tion gives i=1
4 2
3 8r, 8RR, 3
thy — L A A D n—e—t | 4p 4 ——g*
(¢'d)g o A, |1 1611'21an , =4K K 21 2B HZB 78
(18)
A 3 12
1 1 __B , “s D (g2 22,4
(S'S)= w 1 162mM2L +4k@ g’ 28|
where (19)
3 g’ 2y ooy 82 te”
- S= 2l——= 41———— +g'*)1
Ay=exp A‘fBAf , A42=2rKy Zyg n4l 4A(g g 4A
12 41 &
AT —43 3 8y
Ag=exp IB 2 Im2,
12
= s gl+g?R——-=
3 2 + ”?2
A=K .K ___41_____2 22 g
P=KoKs | =58 ingy — (e’ +e ) n 38R
X 48— 3 — |—4v* |,
4 i=1 Zﬂ
12 41 2 — éi
k 2)» Z 28 and
J
3giind + 2 (g2+g 7P E T8 g4 Mn—t L
K.= 45 2 4\ 2)»
s=€xp | — 3 )
8A2+3g*+ —2-(g2+g'2)2—24g,4
(20)
4 2, _lgR In(gz, /2B)
Ks=exp
421——lgR
[
The value of exp(20,/f) can be read off from Egs. (6) and v Y%
(18)-(20) where all the parameters are meant to be evalu- y =1, . =0,
ated at the scale M. 34 4050 % a5 |#050:%
To find the ground-state energy and the dilaton mass, v
it is useful to define the new fields [1] .. =
90 |%0:50,7¢

¢=e ¢, S=e /s, 1)

so that the one-loop effective potential (8) now reads

V(o,8,5)=e*"f |7(8,5)+A4,5)Z 22)

f
where ¥ is the one-loop effective potential without a dila-

ton field and A is the anomalous divergence of the dilata-
tion current:

9

A= Mam

V(4,5) . (23)

Using the extremum conditions

and the fact that V is scale independent, (dV /dM)=
one easily derives the ground-state energy and the dilaton
mass [3]:

v
(V) ——(M——) St 24
0 M 12877- : e
2 _ i_< éK) 1 4
mi == M, 8772fzswn, 25)

StrM*=6myp,+3mi+m4 +m* —12m; —22mNR .

i=1

(26)
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In Ref. [7] the upper bound my_ <130 GeV on the larg-
Ng

est right-handed neutrino mass was obtained, roughly re-
quiring that m2 > 0 or, equivalently,

3
m,‘*+% b3 my, S(100 GeV)*.
However, in Ref. [7] it was assumed that neutrino masses
are present and the lepton number is broken at all scales.
In the model under consideration the presence of the
gauge singlet S is fundamental to provide neutrino masses
via the spontaneous breaking of the global group U(1); at
the scale f and one has to require that

1

m,‘"+6

3
3 my —Lim* $(100 GeV)*,
R.
i=1 i
which does not give any particularly strong bound on the
largest eigenvalue m Ny Nevertheless, in the see-saw

mechanism one would obtain for the electron neutrino
mass m, ~mp/(ggf), where in the simplest scenario
e

one expects m,, ~m,. The current limit on m_, would
p Ve e VE

then imply that f 2 100 GeV. If f>>v, then the ¢ and
the S sectors would be effectively decoupled unless one
imposes a fine-tuning on the involved parameters or,
more correctly, a fine-tuning on the initial conditions for
the renormalization group equations (10)—(15). Thus, in
the following we shall assume that f and v are roughly
the same scale, as well as mﬁ and m2.

We can embed our theory in a background spacetime
described by a metric g, and demand that the resulting

theory be invariant under local rescalings of the metric

8uv—8 v =€xp[27(x)]g,,, .

In order that the potential term V' —g V(o,4,S) be in-
variant, we demand that o, ¢, and S trans-
form as o'=o—fy(x), ¢'=exp[—y(x)]¢, and S’
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=exp[ —v(x)]S [19]. The ¢ and the S kinetic terms used
in Eq. (1) are not Weyl invariant. However, if we use for
the terms involving the dilaton field o and the Higgs dou-
blet ¢ (and similarly for S) the Langrangian

1
f

1
+ Fg‘“’a#a ava(¢T¢)

. — |1 ., v
L=V=g | g"d,0d,0——g" 3,(6'9)3,0

+g"(D,) (D $)—Vie, )|, @D
the classical theory is no longer invariant under dilata-
tions, which would require the kinetic term
exp(20/f )30 d“0 for the dilaton field. However, a
characteristic feature of the Lagrangian (27) is an approx-
imate Weyl invariance in curved space, which is only bro-
ken by the kinetic terms of gravitational and dilaton
fields:

V—g (LkR +30,00%0)

=V'~g [DR+5g",Da.D|, (@8

5 —p20/
gp,v—e 7 fg/tv ’

where R is the curvature scalar, o= f2/4«, and

D =lexp[ —20 /(f2+6K)'/?]

is what is generally called the JBD dilaton. The theory is
the Jordan-Brans-Dicke theory of gravity with the SMM
as the matter sector [6]. In the next section we shall
make use of kinetic terms such as those in Eq. (27) to find
the Friedmann-Robertson-Walker (FRW) equation
governing the dynamics of the dilaton field.

III. THE EFFECT OF DILATONS ON THE PHASE TRANSITIONS IN SMM

We first consider the finite temperature potential [20] of the SMM where the dilaton can be added in the standard

manner [1]:

Vrlo,z4,2g )=c77'2T4+E1'4+m§,z¢ +mdzg tyzyzs +%

1

+£4+

5 My T + LmgT +ay Tz, +asTzg

——— |3+ a, T +Azy+yzg )+ (Mg +as T +Bzs +yz4)"

127
2 372 2+ 2 32
+m?% +m® +6 52— 2y +3 |5 2g 23
—(8—;)2— [30ms+a,T2+Azy+yzs) + (Mg +asT?+Bzg +yzy)

3 3 M*? 1

+ 4 + i__*___ 4 2+_ 2+ 12y2,,2 1 2

mi +m 2g zy 4(g g8')z4] |In 4T >

: M? 1

— |128/25+2 3 gr 25 | |In +- 0t 29)

i=1

2
A,T

2
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where

ay=4(6A+2y +3g7+3g"*+6g}) ,

4B+4ay+ 2 8k,

i=1

Af=1rzexp(%—27/5) , Ay=164;, yp=0.57.

ag=-L , (30)

The finite temperature potential ¥ is given in an expan-
sion of (1/7)m;/T, up to terms of order 1/T, where
m;(0,24,25) are the various particle masses as functions
of the scalar fields. The constant ¢ essentially counts the
total number of degrees of freedom. We have replaced
the bare mass parameters by the corresponding plasma
masses [20] in V' to avoid the latter being ill defined in
Z¢=ZS=0.

The dilaton field o is not in thermal equilibrium at
temperatures below the scale f (see Enqvist in Ref. [8]).
Since |6 /0| << T, from the point of view of finite temper-
ature field theory the o field will act as a constant [9].
The dynamics of the dilaton field is described by the
FRW equation of motion

%(E¢+Es)

= -—%ez"/f(Za‘*ez"/f-i-miz,ﬁ+m§zs) , (31

where H is the Hubble constant. In writing Eq. (31) we
have followed Ref. [9] and taken into account that o does
not fluctuate fast enough to be in thermal equilibrium
with ¢ and S, so that its expectation value should not be
determined by minimizing the finite temperature poten-
tial, but the T=0 potential where z4 and zg have to be
replaced in Eq. (31) by their thermal average values
(z4)r and (zg)r, respectively. The value of o at its
minimum at a given temperature is therefore

exp 2<;> =ky(z4)r+kslzs)r, (32)
where
_ mj(y*—BA)
k¢=km4+ﬁm4—2 2.2
* A (33)
__ miy’=BM)
ksz

Am¢+Bmy—2ymimd

In the range of validity of the high-temperature expan-
sion of ¥, we can approximate {z,)r=(zg)~T*/12
[21] and find that

A B
— A4 2 2 L2 P2
VT—C‘ITT +a¢T Z¢+asT ZS+ 22¢+2ZS

+yz425+0(237,28%) , (34)

where

2
) (35)
- ms
and € can be easily inferred from Egs. (29) and (32).
Since we are presently interested in the case
|6 /0| >>H, we expect that the value of |6 /o] is set by
the mass of o at the minimum of its potential [9]:

4

- AT
7 302

s
where we have assumed A~B and m} ~m}. Thus |6 /0|
will be much smaller than T if

T?2<<18f%/A , (37

m s (36)

o=(o)

which is certainly satisfied for the range of temperatures
under consideration (one can also easily show that the as-
sumption |6 /o | >>H is well satisfied for T < f).

Looking at Egs. (34) and (35), we discover that, if a,
and ag are both positive, the SU(2),®U(1)y and the
U(1), symmetries will be unbroken at any temperature.
Moreover, we cannot conclude that, if as and ag are neg-
ative, the same symmetries are always broken since our
finite temperature expansion is only valid for a,,a5>0,
so that no firm conclusion concerning the symmetry
breaking can be drawn in this case. In the following we
shall assume a4 and ag to both be positive, which is likely
to be true if A~pB. Thus the finite temperature correc-
tions generate a barrier at z,=zg =0 which persists down
to T=0.

Since in the SMM with dilaton the vacuum energy den-
sity vanishes at the tree level, we assume that the critical
temperature T, which is defined by [8]

Vr(0)=Vr %7, (38)

is smaller than v~ f. If in the broken phase particle
masses are either much smaller or much larger than the
critical temperature, the difference in the finite tempera-
ture correction to the effective potential at (z,=0,z5=0)
and (z, =vlz3= = f?) is simply determined by the numbers
of effectively massless particles in both phases [22] and T,
results

45
17127*

6my,+3ms+m* +mt

=

—12m}

1/4
~10 GeV . (39)

Using the numerical results found in Ref. [23], it is not
difficult to convince oneself that the tunneling rate from
the symmetric to the broken phase at T <T., which is
given in a volume ¥ by '~ VT exp(—S; /T), where S is
the bounce action, is extremely slow. Indeed, along the
ray ¢=R cosf and S=R sinf, where tand=(f /v), one
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obtains the naive estimate

Sy 44(ajcos’0+agsin’0) 2 (4r)?
e 3 naina g L (40)
T [Gcos’0+(1+3°%)B %in*0]

where
G,=6(g2/2)?+3[(g*+g"*)/2)*?~1.52 .

Thus neither the electroweak nor the lepton-number
transitions are expected to occur at T <7,. Neverthe-
less, as soon as the Universe cools down to a temperature
below TQCD ~150 MeV, because of the dynamical break-
ing of the chiral symmetry and the appearance of a ¢y
condensate, a new contribution to the finite temperature
potential becomes effective:

AV =—e(T)z}?, 41)
where [24]
- N2—1 T2 y
€ 8: l/“/) 0 N 12f,2,- (12)2ff, ’

(42)

and (Y1)~ —(250 MeV)’, N=6, and f,=93 MeV. At
temperatures below Tocp, 2 nonzero vacuum expectation
value in the direction zg =0 is induced at

e 1

=172
T)=~ .
Z¢ ( ) 2(1¢ T2

(43)
The false vacuum (z¢=0,zs=0) will roll down towards
the new unstable vacuum |z, =E;,/2( T),zg=0] very
quickly, in a time (in Hubble time unit)

2

T,
AP |, (44)

Mp

At
H*l

3 8+(Tqcp)
2 a,

where g, (Tocp) counts the effective degrees of freedom
at the temperature Tocp. When the temperature
T=T,, defined by’

8
eT,)=——T3 (45)

is reached, the metastability of the wrong unstable
minimum 2’}/ 2(T) is lost and the latter is free to roll down

along the zg =0 direction.’

INote that z,°(T4)/Ts=~(4m)a,/G, <1/g% so that the
high-temperature expansion is still valid.

2Since the transition temperature is of order of Aqcp one may
wonder about the size of perturbative and nonperturbative
QCD corrections to our effective Coleman-Weinberg-type po-
tential (8). Indeed, Flores and Sher [25] have argued that the
transition to the global minimum in the SM with a Coleman-
Weinberg-type potential does not take place since the coupling
of the quartic term in the potential for the Higgs field changes
sign for small values of . However, in the SM, as well as in the
SMM, coupled to a JBD dilaton, the Higgs boson masses are
large as required by the positivity of the dilaton mass.

Expanding now the potential about the value (¢ ,0),
we get

Vi(zg)=(agT?+y¢?% )zg +other terms . (46)

If ¥ <0 (looking at the renormalization group equation
for ¥ one can infer that y =0 is a fixed point so that y
does not change its sign with the scale M), from Eq. (46)
we read off that the barrier along the zg direction ceases
to exist, and the lepton number is spontaneously broken,
when ¢, reaches the value (a5 /7)!/2T, which is likely to
occur at T < T, since

lasT% +v2,(T,)]=as+y(167°/G})ai >0  (47)

for reasonable values of the parameters. Thus, if ¥ <0, it
is the electroweak phase transition to drive the breaking
of U(1),.

If ¥y >0, from Eq. (46) one could conclude that a bar-
rier in the zg direction is always present. This is not the
case. Indeed, Eq. (46) is only valid until the expression
(z4)7r=T?/12 may be used, i.e., until ¢, ST. As soon
as ¢, * T, Eq. (46) must be replaced by the more correct
expression

‘?:‘g%i mg 2 2 2
V= T—FTZ‘kS T*+(y+mgk )7 |zg
+other terms . (48)

The presence of right-handed neutrinos is essential to
keep the barrier in the zg direction when ¢, get values
larger than 7, i.e., when scalar fields no longer contribute
to the ~T’zg term. Assuming that A~B and mj~m},
we conclude that, analogously to the case ¥ <0, the U(1),
phase transition occurs after the electroweak transition,
when ¢ is of the order of

172

T.

3
S gk, —A

i=1

/[24<x—y)]

The change in the vacuum energy density as soon as
the lepton number is spontaneously broken is given by

M2y +y(z5) )

4
me

AV =qte¥9)/f~q ~AT§ep - (49)

Thus the maximum reheating of the radiation energy
density that could occur at this stage of the phase transi-
tions is only O( T‘éCD ), as it happens in the SM [9]. Most
of the energy density of order 10 %v* will remain in the
vacuum.

Quite surprisingly, solving the FRW equations for the
dilaton and Higgs field system, one can show that in the
SM case most of the electroweak phase transition goes
into oscillations of the dilaton field after its long slow roll
along the valley floor down to its 7’=0 minimum at o,
The point is that quantum fluctuations around o, get
very small masses, of order v2/f, and they can decay
only into pairs of very light neutrinos with a rate
T',~m?3 /f% The temperature at the end of the o decays
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is then
T =~(MpT )" 2=(Mpm?3 /f)'/* .

To avoid the Universe being dominated by the energy
stored in the dilaton field during the nucleosynthesis and
causing the calculation of the light element abundances
at present (which requires a radiation-dominated
Universe [26] to be successful) to disagree with their ob-
served values, one must impose the bound T, 0.1 MeV
or, equivalently, the upper limit mentioned in the Intro-
duction, f 5107 GeV.

In the model discussed in this paper the situation is
completely different. Indeed, dilaton oscillations around
the T=0 vacuum can decay very efficiently into a pair of
Majorons, the massless Goldstone bosons associated to
the breaking of the global U(1); group.

Using the Cartesian decomposition of the gauge singlet
field

S=p+f+iJ, (50)
where J is the Majoron, and writing

e20 /=X /(1425 /f), (51)
from Eq. (2) we read off the oJJ interaction term

2m2

L= eV gy

72 2
~ —2—&—}‘1”—011 . (52)

If had we used the more common decomposition of S into
polar coordinates, S =(p+ f )exp(iJ /f), the same interac-
tion Lagrangian would have been inferred from the Majo-
ron kinetic term

Lin=[1+(p/))?,J *J , (53)

which, after integrations by parts, yields the same in-
teraction term of Eq. (52):

m2 2m2
l_aﬂaﬂpJJ=_£Seza/f+ Lo ms
f f

PXACRVZP § U

(54)

The dilaton can decay into a pair of Majorons with a rate

2
I‘(a—»JJ)=—77——L'—V—B2f— . (55)

Since I'(oc —JJ)>>H, we conclude that, as soon as the
scalar fields relax to their 7=0 minima after a long slow
roll down along the valley floor given by Eq. (6), the
Universe will be reheated to a temperature ~10 GeV if
the 7 neutrino is sufficiently heavy. Indeed, the pairs of
Majorons produced by o decays can rapidly begin to
thermalize with the thermal bath at T'=~150 MeV
through processes such as Jv,—Jv_or JJ—v_v,. Since
the rate of these scatterings is of order of
L=~10"%m} /fYT* [27], the equilibrium condition
"' >> H is satisfied if

2
MeV . (56)

—1/72

f
100 GeV

T

> | ————
My, 150 MeV

The presence of Majorons makes this heavy 7 neutrino,
for example, m, =(5-10) MeV, cosmologically harmless

thanks to the fast decay v,—»vy,eJ, in contrast with the
situation discussed in Ref. [7], where neutrino masses
were thought to be present at all scales through the
seesaw mechanism and the rate of the only possible decay
v,—>v,, .0 Was not large enough to avoid the decay prod-
ucts to close the Universe, unless f <10° GeV, again in
contrast with the natural identification f ~Mp.

In the present model, when the temperature drops
down to sz‘,T after the reheating, 7 neutrinos rapidly

decay and Majorons freeze out since their scatterings
with v,’s and v,’s are not enough fast enough to keep
them in equilibrium. However, the fact that their num-
ber density is comparable to the number density of light
neutrinos at the onset of nucleosynthesis is not in con-
trast with the usual upper bound on the effective number
of light neutrinos at T=~1 MeV, N, <3.4 [28], since now
7 neutrinos are no longer present when light elements are
produced. No upper bound on f has to be imposed since
nucleosynthesis can now take place in a standard way
when the Universe is radiation dominated.

We finally point out that the change in entropy from
the initial to the final state is S;/S;=(g,,;T}/8,;T}),
where g,;s) is the number of effectively massless parti-
cles in the final (initial) state, and T (T;) is the final (ini-
tial) temperature. With T;~Tqcp~150 MeV, T,~10
GeV, g,;~114.25, and g, ~87 one obtains
Sr/S;~4X 10°, which appears acceptable within the con-
ventional framework of baryon number generation in the
early Universe [14].

IV. CONCLUSIONS

The realization that any matter-antimatter asymmetry
created at some superheavy scale [14] can be easily wiped
out by B and L SM quantum effects [12], unless the
baryon asymmetry is proportional to the combination
(B-L), makes us faced with the vital problem of avoiding
that new L-violating interactions beyond the SM are in
thermal equilibrium when the SM anomalous effects are
still active. On the other hand, the SMM [10] naturally
predicts L-violating interactions and it has been recently
shown in Ref. [29] that the global U(1), group is spon-
taneously broken before the electroweak phase transition
so that a new mechanism to regenerate the baryon asym-
metry at the Fermi scale has to be invoked, leading to a
severe upper bound on the mass of the lightest neutral
Higgs boson from the requirement that the SM anoma-
lous effects are sufficiently suppressed after the accom-
plishment of the electroweak phase transition [30].
Motivated by these considerations, we have investigated
an extension of the SMM with a dilaton field in which the
breaking of the scale invariance by the mass parameters
of the scalar potential is removed. Scale invariance
remains broken by the dependence of the couplings on
the renormalization mass, i.e., by the conformal anomaly,
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and by the kinetic term of the dilaton. In curved space-
time this theory is precisely the Jordan-Brans-Dicke
theory of gravity with the SMM as matter sector [6].

Starting from the one-loop renormalization group im-
proved potential we have discussed the ground state of
the theory. The classical potential has a flat direction
lifted by quantum corrections which have allowed us to
break the vacuum degeneracy and to find the true mini-
ma of the model.

We have then analyzed the cosmological consequences
of a JBD dilaton on the dynamics of the SU(2), ® U(1),
and U(1); phase transitions in the early Universe. We
have concluded that the lepton number is spontaneously
broken after the electroweak phase transition, when
anomalous effects are no longer active, which permits us
to avoid any strong bound on the couplings of the model.

Furthermore, we have shown that, contrary to the case of
the SM coupled to a JBD dilaton, if a sufficiently 7 neu-
trino exists, m, =(5-10) MeV, the scale f of the spon-

taneous breaking of scale invariance receives no limit
from considerations on the dilaton and/or neutrino
cosmology, so that we can still identify the scale f with
the Planck scale as required to achieve a scalar-tensor
theory of gravity and to provide an explanation for the
mass hierarchy between the Planck and Fermi scale [3].
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