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Electroweak phase transition in left-right symmetric models
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We study the finite-temperature effective potential of minimal left-right symmetric models containing a
bidoublet and two triplets in the scalar sector. We perform a numerical analysis of the parameter space
compatible with the requirement that baryon asymmetry is not washed out by sphaleron processes after the
electroweak phase transition. We find that the spectrum of scalar particles for these acceptable cases is
consistent with present experimental bounds.@S0556-2821~98!02818-5#
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I. INTRODUCTION

The origin of the observed baryon asymmetry of the U
verse~BAU! remains an interesting open question in parti
physics. In 1967, Sakharov@1# established the three bas
requirements for obtaining this baryon asymmetry as a re
of particle interactions in the early universe:~a! baryon num-
ber violation, ~b! C and CP violation, ~c! departure from
thermal equilibrium. These conditions are satisfied in gra
unification theories, in which the baryon asymmetry is ge
erated by the out-of-equilibriumB-violating decay of some
superheavy boson. However, this scenario presents the p
lem that anomalous processes can partially or totally e
the baryon asymmetry generated at extremely high energ

It was realized in@2# that Sakharov conditions may als
be satisfied at weak scale temperatures, if the electrow
phase transition is first order. In a strongly first order el
troweak phase transition, bubbles of the true ground s
~broken phase! nucleate and expand until they fill the Un
verse; local departure from thermal equilibrium occurs in
vicinity of the expanding bubble walls. C and CP are kno
to be violated by the electroweak interactions, and ano
lous baryon number violation is fast at high temperatures
the symmetric phase. Moreover, electroweak baryogen
provides an explanation of the observed BAU in terms
experimentally accessible physics and hence much atten
has been devoted to the study of this possibility@3#.

In principle, the standard model~SM! contains all the
necessary ingredients for electroweak baryogenesis, b
has two problems: the CP asymmetry induced by
Kobayashi-Maskawa phase is far too small to account for
observednB /s ratio @4#, and the phase transition appears t
weakly first order for the Higgs boson mass experimenta
allowed @5#. To avoid the erasure of the baryon asymme
produced during the phase transition, the sphaleron proce
need to be sufficiently suppressed in the broken phase
this in turn is directly related to the strength of the pha
transition. Quantitatively, the requirement is that the ratio
the vacuum expectation value of the Higgs field at the cr
cal temperature to the critical temperature must be lar
than one,
0556-2821/98/58~6!/065010~10!/$15.00 58 0650
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.1. ~1!

In the SM, this imposes an upper bound on the Higgs bo
mass which is below the present experimental bou
mH>88 GeV @6#.

However these two problems may be absent in sim
extensions of the SM, which contain additional sources
CP violation and more scalars than the SM. The larger
rameter space in the scalar sector allows for a stronger fi
order phase transition without such a light Higgs boson@7#.
Several possibilities have been analyzed in detail: two Hi
models with a strong CP phase@8–11#, heavy neutrinos@12#,
and supersymmetric models@13#.

In the present paper, we consider one of the most att
tive extensions of the SM, based on the gauge gro
SU(2)L3SU(2)R3U(1)B2L @14,15#. Various different
models employing this gauge group are possible, depen
on which Higgs and fermion spectrum is chosen, and
whether or not exact discrete left-right symmetry is impos
We are interested in the class of left-right symmetric mod
described in@14–16#. Besides the original idea of explainin
the observed parity violation of the weak interaction at lo
energies, these models provide also an explanation for
lightness of the ordinary neutrinos, via the so-called see-
mechanism.

There are two possible scenarios for baryogenesis in
right symmetric models. In the first one, the BAU is gene
ated at the scale where localB2L is broken. This in turn can
occur during the right phase transition~if it is first-order!,
due to the reflection of right-handed neutrinos on walls
broken phase bubbles@i.e. SU(2)L ^ U(1)Y symmetric# @17#,
and/or via out-of-equilibrium decay of right handed Maj
rana neutrinos@18#. In both cases, a lepton number asymm
try is produced and subsequently converted into a bar
number one through the rapid (B1L)-violating anomalous
processes above the electroweak phase transition tem
ture. However, the right-handed scale needed to accoun
the BAU @O(10 TeV! in the first case and above 1062107

GeV in the latter# is too high to have any low-energy obser
able implication. In the second scenario, baryogenesis ta
© 1998 The American Physical Society10-1
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place at the lower electroweak scale, mainly due to the
flection of the top quark on walls of the true vacuum@i.e.
U(1)em symmetric# bubbles. There are estimates@18,17,19#
of the baryon asymmetry produced in left-right symmet
models using this mechanism, although they neglect eff
that are now understood to be important, such as diffus
@9,20# and thermal scattering@4#.

We focus on the possibility of electroweak baryogene
We perform an analysis of the electroweak phase transi
in phenomenologically acceptable left-right symmetric mo
els with a relatively low right scale, which have interesti
implications in present and planned experiments@22#.1

It has been shown recently that, contrary to previous
lief, spontaneous CP violation can occur in the minimal le
right symmetric model considered here@23#. However
baryogenesis with~only! spontaneous breakdown of CP pr
sents severe cosmological problems, due to the formatio
domain walls as a result of the breaking of a discrete sy
metry. Although this problem can be solved, in order to g
erate the BAU the scale of spontaneous CP violation and
scale at which baryogenesis takes place must be diffe
@19#; otherwise, an equal amount of matter and anti-matte
generated. In the minimal left-right symmetric model wi
spontaneous CP-violation both scales coincide and there
electroweak baryogenesis is not feasible.

The remainder of this paper is structured as follows.
Sec. II we describe the model, while the effective potentia
finite temperature is calculated in Sec III. The order of t
electroweak phase transition is analyzed in Sec. IV and
conclude in Sec. V.

II. LEFT-RIGHT SYMMETRIC MODEL

We consider the minimal SU(2)L3SU(2)R3U(1)B2L
model with a left-right discrete symmetry@16,24#. This
model is formulated so that parity is a spontaneously bro
symmetry: the Lagrangian is left-right symmetric but t
vacuum is not invariant under the parity transformatio
Thus, the observed V-A structure of the weak interaction
only a low energy phenomenon, which should disapp
when one reaches energies of ordervR , where vR is the
vacuum expectation value of some right-handed scalar.

According to the left-right symmetry requirement
quarks ~and similarly leptons! are placed in left and righ
doublets,

C iL5S ui

di
D

L

[S 2,1,
1

3D , C iR5S ui

di
D

R

[S 1,2,
1

3D , ~2!

wherei 51,2,3 is the generation index and the representa
content with respect to the gauge group is explicitly give
Taking advantage of the fact that the weak interactions
served at low energies involve only the left handed helic
components, the electric charge formula can also be wri
in a left-right symmetric form as

1A similar study in a left-right symmetric model with a simple
scalar content has been done in Ref.@21#.
06501
e-

ts
n

.
n
-

-
-

of
-
-
e
nt
is

re

n
t

e
e

n

.
is
r

n
.
-

y
n

Q5I 3L
W 1I 3R

W 1
B2L

2
~3!

whereI 3
W denotes the third component of the weak isosp

Regarding the bosons, gauge vector bosons consist of
triplets WL

m[(3,1,0), WR
m[(1,3,0), and a singletBm

[(1,1,0).
The Higgs sector of the model is dictated by two requi

ments, the choice of the symmetry breaking chain and
desire to reproduce the phenomenologically observed l
masses of the known neutrinos via the so-called see-
mechanism. The best candidates for these purposes see
be

F5S f1
0 f1

1

f2
2 f2

0 D[S 1

2
,
1

2

*
,0D ~4!

DL5S dL
1

A2
dL

11

dL
0

2
dL

1

A2

D [~1,0,2! ~5!

DR5S dR
1

A2
dR

11

dR
0

2
dR

1

A2

D [~0,1,2! ~6!

where the scalar fields have been written in a conven
representation given by 232 matrices.

Let us now discuss the form of the Lagrangian. We
quire the Lagrangian to be invariant under the discrete l
right symmetry defined by

CL↔CR , DL↔DR , F↔F† ~7!

whereC denotes any fermion. We assume that the glo
phases allowed to appear in the transformations above
absorbed by proper redefinition of the fields.

The most general renormalizable Lagrangian consis
with the above discrete symmetry and gauge invariance
be written as

L5Lgauge1Lf1LHiggs ~8!

where the gauge field part of the Lagrangian contains
kinetic energy terms for the gauge bosons correspondin
the gauge groups SU(2)L3SU(2)R3U(1)B2L . The gauge
coupling constants for the gauge groups SU(2)L and SU(2)R
are the same and we denote it byg, while that of the
U(1)B2L is denoted byg8. The fermionic part of the La-
grangian,Lf , contains the kinetic energy terms for the fe
mions and the Yukawa couplings, which are given by
0-2



-

en
-
te

le

ield
m
-
ral

ELECTROWEAK PHASE TRANSITION IN LEFT-RIGHT . . . PHYSICAL REVIEW D 58 065010
2LY5(
a,b

habC̄aLFCbR1h̃abC̄aLF̃CbR

1 i f ab@CaL
T Ct2DLCbL1~L↔R!#1H.c. ~9!

whereF̃5t2F* t2 , C is the Dirac charge-conjugation ma
trix and a,b label different generations.

The Higgs part of the Lagrangian contains the kinetic
ergy terms for the fieldsDL,R andF and the scalar interac
tion terms, i.e. the most general scalar potential. This po
tial cannot have trilinear terms: because the nonzeroB2L
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quantum numbers of theDL and DR triplets, these must al-
ways appear in the quadratic combinationsDL

†DL , DR
†DR ,

DL
†DR or DR

†DL . These can never be combined with a sing
bidoubletF in such a way as to form SU(2)L and SU(2)R
singlets. Nor can three bidoublets be combined so as to y
a singlet. However, quartic combinations of the for
Tr (DL

†FDRF†) are in general allowed by the left-right sym
metry. According to these strict conditions, the most gene
form of the Higgs potential is

V5VF1VD1VFD ~10!

with
VF52m1
2 Tr~F†F!2m2

2@Tr~F̃F†!1Tr~F̃†F!#1l1@Tr~FF†!#21l2$@Tr~F̃F†!#21@Tr~F̃†F!#2%

1l3@Tr~F̃F†!Tr~F̃†F!#1l4$Tr~F†F!@Tr~F̃F†!1Tr~F̃†F!#%

VD52m3
2@Tr~DLDL

†!1Tr~DRDR
† !#1r1$@Tr~DLDL

†!#21@Tr~DRDR
† !#2%1r2@Tr~DLDL!Tr~DL

†DL
†!

1Tr~DRDR!Tr~DR
†DR

† !#1r3@Tr~DLDL
†!Tr~DRDR

† !#1r4@Tr~DLDL!Tr~DR
†DR

† !1Tr~DL
†DL

†!Tr~DRDR!#

VFD5a1$Tr~F†F!@Tr~DLDL
†!1Tr~DRDR

† !#%1a2@Tr~F̃†F!Tr~DRDR
† !1Tr~F̃F†!Tr~DLDL

†!#

1a2* @Tr~F̃F†!Tr~DRDR
† !1Tr~F̃†F!Tr~DLDL

†!#1a3@Tr~FF†DLDL
†!1Tr~F†FDRDR

† !#

1b1@Tr~FDRF†DL
†!1Tr~F†DLFDR

† !#1b2@Tr~F̃DRF†DL
†!1Tr~F̃†DLFDR

† !#

1b3@Tr~FDRF̃†DL
†!1Tr~F†DLF̃DR

† !#
ted
ict
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c

.
by

e
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ture
where we have written out each term completely to disp
the full parity symmetry. Note that as a consequence of
discrete left-right symmetry all terms in the potential a
self-conjugate, except for thea2 one; thereforea2 is the
only parameter which may be complex. The potential~10! is
not invariant under the exchange of the fieldsf1

0↔f2
0* .

One can restore this symmetry by settingb25b3 , a350
and a2 real. Then all the parameters in the scalar poten
have to be real and it is CP conserving. In that case, spo
neous CP violation can occur even with the minimal sca
sector described above@23#. However, as explained in th
introduction this model cannot lead to successful el
troweak baryogenesis and we shall not consider it here.

Since we will not discuss the CP violation aspect of t
BAU generation, in our analysis we assume CP conserva
and takea2 to be real. It can be shown@24# that, without fine
tuning, theb i terms spoil the seesaw mechanism by induc
a direct Majorana mass term for the left-handed neutri
unlessub i u<102721028 or the right scale is very large. A
a result, in realistic left-right symmetric models with a lo
right scale (vR;1 TeV! and no fine tuning, the effects o
such terms will be negligible and it is a good approximati
y
e

l
ta-
r

-

n

g
,

to assume that they vanish. Therefore, we setb i50 in the
rest of the paper. This choice will also avoid the unwan
presence of too large FCNC which could enter in confl
with experimental data.

Only the neutral components of the scalar field
f1

0 ,f2
0 ,dL

0 ,dR
0 , can acquire vevs without violating electri

charge. IfDL or DR acquire a vev, thenB2L is necessarily
broken, and if̂ DL&Þ^DR& parity breakdown is also ensured
Thus the correct pattern of symmetry breaking is achieved

^F&5
1

A2
S k1 0

0 k2
D , ^DL,R&5

1

A2
S 0 0

vL,R 0D ~11!

wherek1 ,k2 ,vL andvR are real, and phenomenologically th
hierarchyvR@k1 ,k2@vL is required. Moreover, when theb
parameters in the scalar potential vanish thenvL50 @15,24#,
so we neglectvL in the following.

In the tree-level scalar potential we have thus 14 f
parameters, plus the zero temperature vevs. Three of t
parameters can be fixed by minimizing the zero-tempera
0-3
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tree-level potential, i.e. imposing the vanishing of the fi
derivatives ofV at (k1 ,k2 ,vR), which leads to the relations

m1
25

a1

2
vR

22
a3

2

k2
2vR

2

~k1
22k2

2!
1l1~k1

21k2
2!12l4k1k2

m2
25

a2

2
vR

21
a3

4

k1k2vR
2

~k1
22k2

2!

1~2l21l3!k1k21
l4

2
~k1

21k2
2! ~12!

m3
25

a1

2
~k1

21k2
2!1r1vR

212a2k1k21
a3

2
k2

2 .

Before writing down the finite temperature effective p
tential, let us discuss briefly the values that can be taken
thea i ( i 51,2,3) parameters. From the minimization con
tions ~12!, one can see that to obtainm1 andm2 of order of
the weak scale~and hence phenomenologically accepta
values ofk[Ak1

21k2
2) the a i should be of orderO(k2/vR

2)
!1. Otherwise,m1 ,m2 would naturally be of order of the
right scale,vR . But this is by no means an artificial fin
tuning, as thea i parameters govern the doublet-triplet mi
ing and therefore we do expect them to be of that order.
shall take advantage of this fact to obtain an approxim
analytic expression for the finite temperature effective pot
tial in the next section.

The masses for the relevant degrees of freedom of
theory in the background of the fieldsk1 ,k2 ,vR are given in
the Appendixes.

III. FINITE TEMPERATURE EFFECTIVE POTENTIAL

The main tool for the study of the electroweak phase tr
sition in the left-right symmetric model described above
the one-loop, daisy improved finite-temperature effective
tential of the model. We are actually interested in the dep
dence of the potential onk15Re f1

0/A2, k25Re f2
0/A2 and

vR5Re dR
0/A2. It can be readily computed by the usu

methods@25# and is given by

Ve f f~ki ,vR ,T!5V~ki ,vR!1V1~ki ,vR ,T!

1Vdaisy~ki ,vR ,T! ~13!

whereV(ki ,vR) is the tree-level potential~10!,

V1~ki ,vR ,T!5
T4

2p2(i
niJiFmi

2~ki ,vR!

T2 G , ~14!

Vdaisy~ki ,vR ,T!52
T

12p(
i

ni@m̄i
3~ki ,vR ,T!

2mi
3~ki ,vR!#. ~15!

The sum runs over all the particles in the model,ni is the
corresponding number of degrees of freedom, taken nega
06501
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for fermions, andmi
2(ki ,vR) is the tree-level mass of th

particle i in presence of the background fieldsk1 ,k2 ,vR .
The functionsJi5J1(J2) for bosons~fermions! are given
by

J6~y2!5E
0

`

dxx2 log ~17e2Ax21y2
!. ~16!

The last term in~13!, Vdaisy(ki ,vR ,T), is a correction com-
ing from the resummation of the leading infrared diverge
higher-loop contributions, associated with the so-called da
diagrams. The sum runs over bosons only. The mas
m̄i

2(ki ,vR ,T) are obtained from themi
2(ki ,vR) by adding

the leadingT-dependent self-energy contributions, which a
proportional toT2. In the contribution of the longitudina
gauge boson degrees of freedom, there is a suppression
to the temperature dependent Debye mass. A simple tr
ment is just to drop the longitudinal contribution@26#, and
we follow this prescription.

For values of the fields such thatmi(ki ,vR)/T,1, we can
expandJ6 as @25#2

J1~m2/T2!52
p4

45
1

p2m2

12T2
2

p

6 S m2

T2 D 3/2

1OS m4

T4
log

m

T D
~17!

J2~m2/T2!5
7p4

360
2

p2m2

24T2
1OS m4

T4
log

m

T D . ~18!

In left-right symmetric models one expects two phase tr
sitions @21#: one at T5TR5O(vR);1 TeV @27#, where
SU(2)R is spontaneously broken, and the other atT5TL
5O(k);250 GeV. Hence at temperatures much higher th
TR down to T5TR , vR5k50 will be the minimum of the
effective potential~13!. At T5TR , two degenerate minima
exist: one for vR5k50 and a new one atk50, vR
5vR(TR). For temperaturesT,TR , the right triplet fieldvR
will settle down near the minimum given byvR5vR(T),
which will slowly evolve to its zero temperature value.
our analysis we focus on the left-sector phase transition,
we just assume that by the time it occurs, equilibrium h
again been attained after the right phase transition, so tha
can reliably use the finite temperature effective poten
~13!.

Near the electroweak phase transition temperature,TL ,
the high-temperature expansion ofJ6 is not valid for par-
ticles with mass of ordervR@TL . The contribution due to
these particles is Boltzmann suppressed, and in the l
mi(ki ,vR)@T it reduces to@7#

2In fact, it may be shown numerically that them/T expansion is a
good approximation up tom/T;2.2(1.6) for bosons~fermions! @7#.
0-4
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V1~ki ,vR ,T!;(
i

niT
2

~2p!3/2
mi

2A T

mi
e2mi /T

3F11
15T

8mi
1OS T2

mi
2D G . ~19!

The exponential factor in the previous expression allows
within good approximation, to neglect the effect of particl
with masses of thevR scale. We then have to identify th
heavyO(vR) degrees of freedom, by diagonalizing the ma
matrices given in the Appendixes, and remove their con
bution from Eq.~13!.

In the case of the gauge bosons, we see from Eqs.~A7!,
~A8! that only theW1 andZ1 bosons should be included i
Eq. ~13!, sinceW2 and Z2 get masses of ordervR . In the
limit k2!vR

2 , theW1 mass is just given by the~11! entry of
the mass matrix~A4!, while the Z1 mass can be approxi
mated by

MZ1

2 .
g2~g212g82!

4~g21g82!
~k1

21k2
2!. ~20!

Since the electric charge formula, Eq.~3!, implies that

1

e2
5

2

g2
1

1

g82
, ~21!

a standard model type relation for the light gauge boson
also valid in the left-right symmetric model,MZ1

2

5MW1

2 /cos2uW, with cos2uW5(g21g82)/(g212g82).

With respect to the fermions, only the right-handed ne
trinos get masses of ordervR . The contribution to the effec
tive potential of quarks and charged leptons is proportio
s

v

po
e

do

06501
s,

s
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-

l

to the Yukawa couplings (h,h̃), so we neglect all of them
except for the third generation of quarks. The effect of t
light neutrinos is even more suppressed, since their ma
are of orderk2/vR due to the see-saw mechanism.

Let us finally discuss the scalar sector spectrum. B
doubly charged scalar fields,dR

11 ,dL
11 , acquire masses o

order vR and hence decouple. In the singly charged Hig
sector, dL

1 is an eigenstate with mass ofO(vR), while
f1

1 ,f2
1 ,dR

1 mix among themselves. However, the mass m
trix elements which relate the triplet with the doublet com
ponents are of the typea ikvR , which are negligible with
respect to the termsO(l ik

2), sincea i5O(k2/vR
2) and l i

5O(1). Thus, neglecting the doublet-triplet mixing,dR
1 can

be identified with the pseudo-Goldstone boson eaten by
WR , which in a generalRj gauge will not contribute to the
effective potential~13! nearTL . The two remaining charged
scalar fields get electroweak scale masses, which can be
culated analytically by diagonalizing the corresponding
32 submatrix, given in Appendix B.

Since we have assumed that the tree-level scalar pote
is CP conserving, in the neutral Higgs sector scalars
pseudo-scalars do not mix, and we are left with two 434
mass matrices. From the one corresponding to the imagin
parts of the neutral fields, we see that neitherdR

i nor dL
i

contribute to Ve f f(ki ,vR ,T); the former is the pseudo
Goldstone boson eaten by theZ8, while the latter acquires a
right scale mass. Concerning the real parts,dL

r decouples
because it is also a heavy eigenstate, and neglecting term
the typea ikvR so doesdR

r . The field dependent masses
the light eigenstates can be found in Appendix B.

Then, the field-dependent part of the finite temperat
effective potential near the electroweak phase transition m
be approximated by
Ve f f~ki ,vR ,T!5V~ki ,vR!1
T2

24H 2~2a11a3!vR
21@24l4112hh̃#k1k21F10l114l31

3

2
g21

3

4

g2~g212g82!

~g21g82!

13~h21h̃2!G ~k1
21k2

2!J 2
T

12pH (
j 51

8

@m̄j
2~ki ,vR ,T!#3/214Fg2

4
~k1

21k2
2!G3/2

12Fg2~g212g82!

4~g21g82!
~k1

21k2
2!G 3/2J ~22!
e-
of
l in
sh,
s
lec-
as
where the sum runs only over the bidoublet scalar degree
freedom.

Notice that, within reasonable approximations, we ha
found that in the scalar sector only the bidoubletF can give
a sizeable contribution to the finite temperature effective
tential nearTL , together with the fermions and SM gaug
bosons. The effective theory at temperatures of orderTL con-
tains then the same degrees of freedom as a two Higgs
of

e

-

u-

blet model. However, a careful look at the part of the tre
level potential involving the bidoublet shows that some
the scalar couplings of the most general two Higgs mode
the left-right symmetric model are constrained or vani
while the couplingl4 , usually taken to be zero in two Higg
models, is present in our case. Therefore, although the e
troweak phase transition in two Higgs doublet models h
been extensively studied in the literature@28#, the results can
0-5



a
ly
is

a
ur
d

,
i-
th
th
io

-
is

th

atio

n

of

alar
ter-
ni-

le

due
t be

ts:

ng
alar
red
hat

as

GABRIELA BARENBOIM AND NURIA RIUS PHYSICAL REVIEW D 58 065010
not be extrapolated to the left-right symmetric model in
straightforward way, and it is worth to perform a new ana
sis within the ~different! parameter space relevant for th
case.

IV. NUMERICAL RESULTS

We shall now use the effective potential~22! to calculate
the critical temperature and the location of the minimum
the critical temperature. We define the critical temperat
Tc as the value ofT at which the determinant of the secon
derivatives ofVe f f(ki ,vR ,T) at k50 vanishes:

detF]2Ve f f~ki ,vR ,Tc!

]ki]kj
G

k50

50 . ~23!

In fact, the phase transition starts atT5TD , whereTD is the
temperature at which there are two degenerate minima
tunnelling. At Tc there is no longer any barrier in some d
rection between what was the minimum at the origin and
new minimum away from the origin, and condensation of
scalar fields can progress rapidly without any suppress
from a tunnelling factor.

The effective potentialVe f f(ki ,vR ,Tc) is a function of
the three temperature-dependent vevs,k1(T),k2(T),vR(T);
however we expectvR(Tc).vR(T50) and therefore we ap
proximatevR(Tc) by its zero temperature value. Within th
approximation, we solve numerically Eq.~23!, and onceTc
is determined we minimize~numerically! the potential
Ve f f(ki ,vR ,Tc) and find the minimum@k1(Tc),k2(Tc)#.
Then we compute the quantity of interest concerning

FIG. 1. v(Tc)/Tc ratio vs the lightest scalar mass~in GeV!.

FIG. 2. Frequency distribution of the lightest neutral scalar m
~in GeV! for the baryon preserving cases.
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strength of the electroweak phase transition, that is, the r
k(Tc)/Tc wherek(Tc)[Ak1

2(Tc)1k2
2(Tc).

Our procedure is the following: we use the minimizatio
conditions at zero temperature~12! to fix three of the un-
known parameters in the effective potential~22!. The experi-
mental constraint on the weak scale

k2[k1
21k2

25~246 GeV!2 ~24!

eliminates one more, while the Yukawa couplingsh,h̃ can be
determined from the masses of the third generation
quarks, for which we takemtop5175 GeV andmb54.5
GeV.

The finite temperature effective potential~22! still de-
pends on a large number of free parameters in the sc
sector. However, only some of them are relevant to de
mine the critical temperature and the position of the mi
mum, namelyl1 ,l2 ,l3 ,l4 , k1(T50) anda3 , which only
appears in the combinationa3vR

2 . We generate randomly
values of these parameters in the rangesul i u<1/2 ~so that the
use of the perturbative effective potential is reasonab!,
uk1(T50)u<246 GeV andua3vR

2 u<(246 GeV)2/10, which
takes into account thata i;O(k2/vR

2) for realistic left-right
symmetric models.

There are further restrictions on this parameter space,
to zero temperature requirements. First, the potential mus
bounded from below, which leads to the set of constrain

l1.0, l12ul4u.0, 2l21l32l1.0. ~25!

Finally, in order to obtain the correct symmetry breaki
pattern at zero temperature, we also require that the sc
VEVs do not break electromagnetism and that the squa
masses of fluctuations about these VEVs are positive. T

s

FIG. 3. Frequency distribution of the charged scalar mass~in
GeV! for the baryon preserving cases.

FIG. 4. Frequency distribution of the pseudoscalar mass~in
GeV! for the baryon preserving cases.
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is, the eigenvalues of the light scalar mass matrices at
temperature~see Appendix B! should be positive, once th
relations ~12! have been used. For any random s
(l1 ,l2 ,l3 ,l4 ,k1(T50),a3vR

2) satisfying the above condi
tions, we calculate the critical temperatureTc according to
the definition ~23!, minimize the effective potential atTc
with respect tok1(Tc),k2(Tc), and obtaink(Tc)/Tc .

Since we use the high temperature expansion of the o
loop effective potential, we need to verify that such appro
mation is valid atTc . Thus, once the vevski(Tc) have been
determined, we compute the value of all the masses wh
enter in the effective potential~22! and impose the condition

m~Tc!

Tc
,1.6. ~26!

For the sets of parameters excluded by this condition,
high temperature expansion used would be questionable

In Fig. 1 we plot the ratiok(Tc)/Tc against the lightes
scalar massm1 , corresponding to a sample of 500 points
the parameter space which passed our selection criterion
we see, there is a sizeable fraction which satisfies the co
tion for preserving the baryon asymmetry,k(Tc)/Tc.1, and
corresponds to experimentally allowed values of the ligh
scalar mass,m1.50 GeV @29#. We find this result to be
particularly interesting, given the relatively large number
potential signatures of such a model in future experime
@22# and the small number of free parameters to adjust
remaining phenomenology@30#.

In Figs. 2, 3, 4, and 5 we show the frequency of occ
rence of the~zero temperature! masses corresponding to th
light physical scalars, in the allowed baryon preserving
gion for a sample of 9000 points. They range from about
GeV to 250 GeV. The masses of the lightest neutral sc
and the charged ones are peaked about 110 GeV, while
pseudo-scalar and heavy neutral scalar mass distribution
broader and centered in a somehow higher value;150 GeV.
So we conclude that there is no significant contradiction w
experimental bounds in the baryon preserving cases fou

V. CONCLUSIONS

We have analyzed the electroweak phase transition in
right symmetric models with a scalar sector consisting o
bidoublet and two triplets. Within reasonable simplifying a
sumptions about the scalar couplings, we find regions of

FIG. 5. Frequency distribution of the heavy neutral scalar m
~in GeV! for the baryon preserving cases.
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rameter space which are consistent with the present exp
mental bound on the Higgs mass and with a sufficien
strong first-order electroweak phase transition, Eq.~1!. We
have also obtained the scalar spectrum for these phenom
logically acceptable values of the parameters.

In this paper we have focused on the requirement that
sphaleron processes be sufficiently suppressed after the
troweak phase transition, to preserve the produced bar
asymmetry. Once we have shown that the transition can
strongly enough first order, a detailed calculation of t
baryon asymmetry generated during the electroweak ph
transition in the framework of left-right symmetric mode
would be very interesting. As mentioned in the introductio
there are estimates of this quantity in the literature@17–19#
but they do not include some relevant effects and lead
different results. In principle, the baryon asymmetry in t
class of left-right symmetric models considered here will
generated in much the same manner as in two Higgs dou
models, where it has been computed by several groups@8–
11#. Some of these calculations seem to indicate that eno
baryon asymmetry can be generated, so we expect that
will also be the case in left-right symmetric models.
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APPENDIX A: GAUGE BOSON EIGENSTATES

For the sake of completeness in this appendix we de
physical gauge boson eigenstates~eigenstates of mass matr
ces! and their eigenvalues. Remember that our scalar se
consists of one bidoublet and one set of left-right symme
lepton-number carrying triplets with the pattern of symme
breaking given in Eq.~11!.

The piece of the Lagrangian containing their covaria
derivatives is

LD5Tr~DmD
L
!†~DmD

L
!1Tr~DmD

R
!†~DmD

R
!

1Tr~DmF!†~DmF! ~A1!

where

DmD
L
5]mD

L
1

1

2
ig@tW•WW mLD

L
2D

L
tW•WW mL#1

1

2
ig8BmD

L
,

DmD
R
5]mD

R
1

1

2
ig@tW•WW mRD

R
2D

R
tW•WW mR#1

1

2
ig8BmD

R
,

DmF5]mF1
1

2
ig~tW•WW mLF2FtW•WW mR!. ~A2!

s
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Then in this model there are seven gauge bosons:
charged ones, theWL,R

1 and WL,R
2 and three neutral ones

WL,R
3 and B. When the Higgs multiplets acquire their vev

@see Eq.~11!# the interaction bosons get their masses.
By inspecting the Lagrangian, it is easy to see that

mass terms for the charged bosons are

Lmass
c 5~WL

1WR
1!McS WL

2

WR
2D ~A3!

whereW6 are defined byW651/A2 (W17W2) andMc is

Mc5
g2

4 S k1
21k2

2 22k1k2

22k1k2 vR
21k1

21k2
2D ~A4!

while that of the neutral sector has the form

Lmass
n 5

1

2
~WL

3 WR
3 B!MnS WL

3

WR
3

B
D ~A5!

where theMn is given by

Mn5
1

4S g2~k1
21k2

2! 2g2~k1
21k2

2! 0

2g2~k1
21k2

2! g2~vR
21k1

21k2
2! 2gg8vR

2

0 2gg8vR
2 g82vR

2
D .

~A6!

The diagonalization of Eqs.~A4! and~A6! gives the masse
of the chargedW1,2

6 and neutralA and Z1,2 physical fields,
they are

MW1,2

2 5
g2

8
@vR

212~k1
21k2

2!7AvR
4116~k1k2!2# ~A7!

MZ1,2

2 5C7AC224D ~A8!

with

C5
1

8
@~g21g82!vR

212g2~k1
21k2

2!#

D5
1

64
g2~g212g82!~k1

21k2
2!vR

2

and

MA50. ~A9!

APPENDIX B: HIGGS MASSES

Here we give a variety of useful result for the mas
squared matrices of the various Higgs sectors before the
derivative constraints have been substituted. The mass m
ces are symmetric.
06501
ur

e

-
rst
tri-

1. Neutral scalar mass matrix

We first compute the mass matrix corresponding to
real components of the neutral scalar fields in t
$f1

r ,f2
r ,dR

r ,dL
r % basis.

M 11
Re2

52m1
21l1~3k1

21k2
2!14l2k2

2

12l3k2
216l4k1k21

1

2
a1vR

2 ~B1!

M 12
Re2

522m2
21k1k2~2l118l214l3!

13l4~k2
21k1

2!1a2vR
2

M 13
Re2

5a1k1vR12a2k2vR

M 14
Re2

50

M 22
Re2

52m1
21l1~3k2

21k1
2!12k1

2~2l21l3!

16l4k1k21
1

2
~a11a3!vR

2

M 23
Re2

52a2k1vR1a1k2vR1a3k2vR

M 24
Re2

50

M 33
Re2

52m3
213r1vR

212a2k1k2

1
1

2
a1~k1

21k2
2!1

1

2
a3k2

2

M 34
Re2

50

M 44
Re2

52m3
21

1

2
r3vR

21
1

2
a1~k1

21k2
2!

12a2k1k21
1

2
a3k2

2 .

As explained in Sec. III, near the electroweak phase tr
sition temperature only the light states contribute to the
fective potential in Eq.~13! and are relevant for our analysis
Within the approximationk2!vR

2 , those are the bidouble
componentsf1

r ,f2
r , and the corresponding mass matrix

just the 232 submatrix obtained from the entries~11!, ~12!
and ~22! above.

2. Neutral pseudo-scalar mass matrix

In a manner similar to the previous section, we comp
the mass matrix corresponding to the imaginary compone
of the neutral scalars, in the basis$f1

i ,f2
i ,dR

i ,dL
i %.

M 11
Im2

52m1
21l1~k1

21k2
2!24l2k2

2

12l3k2
212l4k1k21

1

2
a1vR

2 ~B2!
0-8
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M 12
Im2

52m2
228l2k1k22l4~k2

21k1
2!2a2vR

2

M 13
Im2

50

M 14
Im2

50

M 22
Im2

52m1
21l1~k2

21k1
2!12k1

2~22l21l3!

12l4k1k21
1

2
~a11a3!vR

2

M 23
Im2

50

M 24
Im2

50

M 33
Im2

52m3
21r1vR

212a2k1k2

1
1

2
a1~k1

21k2
2!1

1

2
a3k2

2

M 34
Im2

50

M 44
Im2

52m3
21

1

2
r3vR

21
1

2
a1~k1

21k2
2!

12a2k1k21
1

2
a3k2

2 .

Again, in the limitk2!vR
2 , the light states are the bidou

blet componentsf1
i ,f2

i , and their mass matrix is given b

the entries~11!, ~12! and ~22! of M Im2
.

3. Singly charged Higgs mass matrix

The singly charged Higgs boson mass matrix, in
$f1

1 ,f2
1 ,dR

1 ,dL
1% basis, is

M 11
1252m1

21l1~k1
21k2

2!12l4k1k21
1

2
~a11a3!vR

2

~B3!

M 12
1252a2vR

212m2
22l4~k1

21k2
2!22k1k2~l312l2!

M 13
125

1

2A2
a3k1vR
s.

on

06501
e

M 14
1250

M 22
1252m1

21
1

2
a1vR

21l1~k1
21k2

2!12l4k1k2

M 23
125

1

2A2
a3k2vR

M 24
1250

M 33
1252m3

21
1

2
~a11a3!~k1

21k2
2!12a2k1k21r1vR

2

M 34
1250

M 44
1252m3

21
1

2
~a11a3!~k1

21k2
2!

12a2k1k21
1

2
r3vR

2 .

In the limit k2!vR
2 , the light mass eigenstates coincid

with f1
1 ,f2

1 , and their mass matrix is given by the entri

~11!, ~12! and ~22! of M12
.

4. Doubly charged Higgs boson mass matrix

We now present the doubly charged Higgs boson m
matrix components in the$dR

11 ,dL
11% basis.

M 11
11252m3

21
1

2
a1~k1

21k2
2!12a2k1k2

1r1vR
212r2vR

21
1

2
a3k1

2

M 12
11250

M 22
11252m3

21
1

2
a1~k1

21k2
2!12a2k1k2

1
1

2
r3vR

21
1

2
a3k1

2 . ~B4!
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