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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 bourj®&0556-282(198)02818-5
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I. INTRODUCTION v(Te)

T—>1. (1)
The origin of the observed baryon asymmetry of the Uni- ¢

verse(BAU) remains an interesting open question in particle

physics. In 1967, Sakhard\d] established the three basic In the SM, this imposes an upper bound on the Higgs boson

requirements for obtaining this baryon asymmetry as a resumass which is below the present experimental bound

of particle interactions in the early univerge) baryon num- m,=88 GeV|[6].

ber violation, (b) C and CP violation, (c) departure from However these two problems may be absent in simple

thermal equilibrium. These conditions are satisfied in grangXxtensions of the SM, which contain additional sources of

unification theories, in which the baryon asymmetry is gen-CP Violation and more scalars than the SM. The larger pa-

erated by the out-of-equilibriurB-violating decay of some rameter space in t_h_e sca}lar sector aIIO\_/vs for.a stronger first-

superheavy boson. However, this scenario presents the proffder phase transition without such a light Higgs bogoh

lem that anomalous processes can partially or totally erasgeveral p_055|b|I|t|es have been analyzed in deta_|l: two Higgs

the baryon asymmetry generated at extremely high energieg“)de'S with a strong CP phaf#-11], heavy neutrinogl2],

It was realized in 2] that Sakharov conditions may also and supersymmetric model$3].

be satisfied at weak scale temperatures, if the electrowe%K/én é?(feﬁg?ssgt gfap:ﬁ;, vg,avlcogzgj:dr oonne ?r]:efhzarﬂgzt Ztrtcrfjg

phase transition is first order. In a strongly first order eleC'SU(Z)LXSU(Z)RX U(1)s_, [14,15. Various different
troweak phase transition, bubbles of the true ground S,tatFnodels employing this gauge group are possible, depending
(broken phasenucleate and expand until they fill the Uni- o, \yhich Higgs and fermion spectrum is chosen, and on
verse; local departure from thermal equilibrium occurs in theyhether or not exact discrete left-right symmetry is imposed.
vicinity of the expanding bubble walls. C and CP are knownyye are interested in the class of left-right symmetric models
to be violated by the electroweak interactions, and anomagescribed if14—16. Besides the original idea of explaining
lous baryon number violation is fast at high temperatures inhe observed parity violation of the weak interaction at low
the symmetric phase. Moreover, electroweak baryogenesinergies, these models provide also an explanation for the
provides an explanation of the observed BAU in terms oflightness of the ordinary neutrinos, via the so-called see-saw
experimentally accessible physics and hence much attentianechanism.
has been devoted to the study of this possib[I&Y There are two possible scenarios for baryogenesis in left-
In principle, the standard modéBEM) contains all the right symmetric models. In the first one, the BAU is gener-
necessary ingredients for electroweak baryogenesis, but dted at the scale where lod&t- L is broken. This in turn can
has two problems: the CP asymmetry induced by theoccur during the right phase transitidif it is first-order),
Kobayashi-Maskawa phase is far too small to account for thelue to the reflection of right-handed neutrinos on walls of
observedhg /s ratio [4], and the phase transition appears toobroken phase bubbldse. SU(2) ® U(1)y symmetrid [17],
weakly first order for the Higgs boson mass experimentallyand/or via out-of-equilibrium decay of right handed Majo-
allowed[5]. To avoid the erasure of the baryon asymmetryrana neutrino§18]. In both cases, a lepton number asymme-
produced during the phase transition, the sphaleron processy is produced and subsequently converted into a baryon
need to be sufficiently suppressed in the broken phase armimber one through the rapid (- L)-violating anomalous
this in turn is directly related to the strength of the phaseprocesses above the electroweak phase transition tempera-
transition. Quantitatively, the requirement is that the ratio ofture. However, the right-handed scale needed to account for
the vacuum expectation value of the Higgs field at the criti-the BAU [©(10 TeV) in the first case and above 010’
cal temperature to the critical temperature must be largeGeV in the lattef is too high to have any low-energy observ-
than one, able implication. In the second scenario, baryogenesis takes
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place at the lower electroweak scale, mainly due to the re- w . ow . B-L
flection of the top quark on walls of the true vaculine. Q=l3 +lzrt —— 3
U(1)em Symmetrid bubbles. There are estimatgss,17,19

of the baryon asymmetry produced in left-right Symm‘C‘\tr'cwherel‘;ﬁ" denotes the third component of the weak isospin.

models using this mechanism, although they neglect effects Regarding the bosons, gauge vector bosons consist of two

that are now understood to be important, such as diffusion . e e . u
[9,20] and thermal scatteringf]. triplets W{*=(3,1,0), Wg=(1,3,0), and a singletB

- ..=(1,1,0).
We focus on the possibility of electroweak baryogenesis. (1.1, | L .
We perform an analysis of the electroweak phase transition The Higgs sector of the model is dictated by two require-

in phenomenologically acceptable left-right symmetric mod-g‘er.‘ts’ tthe choljce oftrt]he shymmetry ?ref”‘k'”g ctr)\am ar&dl_thh?
els with a relatively low right scale, which have interesting esire 1o ;e{:;]ro Il:ce ep :e_nomen_o ciglca yo I;se(;ve '9
implications in present and planned experimd®].! masses of the known neutrnos via the so-called see-saw

It has been shown recently that, contrary to previous be[nechanism. The best candidates for these purposes seem to

lief, spontaneous CP violation can occur in the minimal Ieft-be

right symmetric model considered hef@3]. However

baryogenesis witlionly) spontaneous breakdown of CP pre- 0 +
sents severe cosmological problems, due to the formation of q):< $1 o1 )

1 1*
R

domain walls as a result of the breaking of a discrete sym- by P 2'2
metry. Although this problem can be solved, in order to gen-
erate the BAU the scale of spontaneous CP violation and the st
scale at which baryogenesis takes place must be different L A
[19]; otherwise, an equal amount of matter and anti-matter is \/E
generated. In the minimal left-right symmetric model with A= . [=(1,02 5
spontaneous CP-violation both scales coincide and therefore 58 _ 5_L
electroweak baryogenesis is not feasible. N7
The remainder of this paper is structured as follows. In
Sec. Il we describe the model, while the effective potential at St
finite temperature is calculated in Sec Ill. The order of the R on "
electroweak phase transition is analyzed in Sec. IV and we V2
conclude in Sec. V. Ag= 5t =(0,1,2 (6)
o - R
Il. LEFT-RIGHT SYMMETRIC MODEL \/E

We consider the minimal SU(2KSU(2rXU(1)s-L  where the scalar fields have been written in a convenient
model with a left-right discrete symmetr{16,24). This representation given by>22 matrices.

model is formulated so that parity is a spontaneously broken *| ot ;s now discuss the form of the Lagrangian. We re-

symmetry: the Lagrangian is left-right symmetric but the g ire the Lagrangian to be invariant under the discrete left-
vacuum is not invariant under the parity transformatlon.right symmetry defined by

Thus, the observed V-A structure of the weak interactions is

only a low energy phenomenon, which should disappear

when one reach_es energies of orabq_e{, wherevg is the U, oWe, AAg, O @)

vacuum expectation value of some right-handed scalar.
According to the left-right symmetry requirements

quarks (and similarly leptons are placed in left and right where¥ denotes any fermion. We assume that the global

phases allowed to appear in the transformations above are

doublets, absorbed by proper redefinition of the fields.
U 1 U 1 The most general renormalizable Lagrangian consistent
\II“_:( ') = 2,1_), xyiRz( ') E( 1,2_>, 2) with the above discrete symmetry and gauge invariance can
di/ 3 di/ 5 3 be written as
wherei=1,2,3 is the generation index and the representation L=Lyauge™ L+ Lhiggs ®)

content with respect to the gauge group is explicitly given.

Taking advantage of the fact that the weak interactions obghere the gauge field part of the Lagrangian contains the
served at low energies involve only the left handed helicityyinetic energy terms for the gauge bosons corresponding to
components, the elect_ric charge formula can also be writtege gauge groups SU(2X SU(2)xXU(1)s_, . The gauge
in a left-right symmetric form as coupling constants for the gauge groups SY(@d SU(2)
are the same and we denote it gy while that of the
U(1)g_, is denoted byg’. The fermionic part of the La-
A similar study in a left-right symmetric model with a simpler grangian,L;, contains the kinetic energy terms for the fer-
scalar content has been done in Héfl]. mions and the Yukawa couplings, which are given by
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_ - quantum numbers of th&, and Ag, triplets, these must al-
—ﬁvzg hap¥a L PV prt hapWa PR ways appear in the quadratic combinatiahA, , ALAR,
’ AlAg or ALA, . These can never be combined with a single
+if [ W CrA Wy +(L>R)J+H.C.  (9) bidoublet® in such a way as to form SU(g)and SU(2)
singlets. Nor can three bidoublets be combined so as to yield
a singlet. However, quartic combinations of the form
where® = 7,0* r,, C is the Dirac charge-conjugation ma- 17 (A{®Ag®") are in general allowed by the left-right sym-
trix and a,b label different generations. metry. According to these strict conditions, the most general
The Higgs part of the Lagrangian contains the kinetic enform of the Higgs potential is
ergy terms _for the fieldd g and® and the sc_alar in_terac- V=Vg+Vs+ Vs (10)
tion terms, i.e. the most general scalar potential. This poten-
tial cannot have trilinear terms: because the non&rd.  with

Vo=—ul TH(®TD)— w3 Tr( DD+ Tr(DTD) ]+ N\ [ TH DD PP+ N[ TH( DD P+ [ Tr(D D)%)

FATH(DPDHTH(DTD) ]+ N {TH(DTD) [ Tr( DD+ Tr(DTD) ]}

Va=—pd[TrALAD) + Tr(ARAR T+ po{[ THA L AD P+ [TrH(ARA R 12+ pol TH(A LA Tr(ALA])

+Tr(ARAR) THARAR) 1+ pal THALAD) TH(ARA L) 1+ pal THALA D) THARAR + Tr(ATAD) Tr(ARAR)]

Voa=ar{TH®T®) [ Tr(A A+ THARAD) T} + o[ TH(®TD) Tr(ARA L) + TH DD ) Tr(A A])]
+ a3 [THDDPNHTH(ARAL) + THDTD)Tr(A A ]+ ag[ THPDTA AT+ Tr(®TOARAD)]
+ B[ THPARPTAN) + Tr(DTA DAL+ B[ THDARDTA]) + Tr(DTA DAL

+ B[ THDPARDTA) + TrH(DTA DAL)]

where we have written out each term completely to displayto assume that they vanish. Therefore, we 8et0 in the

the full parity symmetry. Note that as a consequence of theest of the paper. This choice will also avoid the unwanted

discrete left-right symmetry all terms in the potential arepresence of too large FCNC which could enter in conflict

self-conjugate, except for thea, one; thereforea, is the  with experimental data.

only parameter which may be complex. The poter(tlé) is Only the neutral components of the scalar fields,

not invariant under the exchange of the field§— ¢>*.  ¢% #3,8°, 5%, can acquire vevs without violating electric

One can restore this symmetry by settifg= 85, a3=0 charge. IfA; or Ag acquire a vev, theB—L is necessarily

and a, real. Then all the parameters in the scalar potentiabroken, and ifA ) # (Ag) parity breakdown is also ensured.

have to be real and it is CP conserving. In that case, spontdhus the correct pattern of symmetry breaking is achieved by

neous CP violation can occur even with the minimal scalar

sector described abo@3]. However, as explained in the

introduction this model cannot lead to successful elec- _1(ky O 170 0

troweak baryogenesis and we shall not consider it here. (@)= E 0 ky’ (ALr)= E v r O 11
Since we will not discuss the CP violation aspect of the ’

BAU generation, in our analysis we assume CP conservation

and takea, to be real. It can be showi24] that, without fine  wherek,,k,,v, andvg are real, and phenomenologically the

tuning, thes; terms spoil the seesaw mechanism by inducinghierarchyvg>k, ,k,>uv_ is required. Moreover, when the

a direct Majorana mass term for the left-handed neutrinoparameters in the scalar potential vanish thers 0 [15,24),

unless|B;|<10"—10"8 or the right scale is very large. As so we neglect in the following.

a result, in realistic left-right symmetric models with a low In the tree-level scalar potential we have thus 14 free

right scale {g~1 TeV) and no fine tuning, the effects of parameters, plus the zero temperature vevs. Three of these

such terms will be negligible and it is a good approximationparameters can be fixed by minimizing the zero-temperature
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tree-level potential, i.e. imposing the vanishing of the firstfor fermions, andm?(k;,vg) is the tree-level mass of the
derivatives ofV at (k;,k,,vg), which leads to the relations particlei in presence of the background fieldg,k,,vg.
The functionsJ;=J,(J_) for bosons(fermiong are given

2.2
) @1 5, Qa3 kavr 2. 1.2 by
=—va— 5 ———5+ N (kf+Kk5)+ 2Nk k
M1 2 YR (ki—ké) 1(k1+k3) 4K1K2
@ N vyl
e a202+ as klkzvé J.(y3)= fo dxx@ log (1F¥e V1Y%, (16)
2= S5 URT 1 T o o
27 4 (K-K)
Na 55 The last term in(13), Vyais(Ki ,vr,T), is a correction com-
+(27‘2+)\3)k1k2+?(k1+k2) (12 ing from the resummation of the leading infrared divergent

higher-loop contributions, associated with the so-called daisy
diagrams. The sum runs over bosons only. The masses
ﬁz(ki ,UR,T) are obtained from theniz(ki ,Ur) by adding
the leadingT -dependent self-energy contributions, which are
Before writing down the finite temperature effective po- proportional toT2. In the contribution of the longitudinal
tential, let us discuss briefly the values that can be taken bgauge boson degrees of freedom, there is a suppression due
thea; (i=1,2,3) parameters. From the minimization condi-to the temperature dependent Debye mass. A simple treat-
tions (12), one can see that to obtajn, and u, of order of ment is just to drop the longitudinal contributi¢@6], and
the weak scalgand hence phenomenologically acceptablewe follow this prescription.
values ofk=k?+k2) the o; should be of ordet(k?/v3) For values of the fields such thag (k; ,vg)/T<1, we can
<1. Otherwise,uy, 1, would naturally be of order of the €xpandJ. as[25]°
right scale,ug. But this is by no means an artificial fine
tuning, as thex; parameters govern the doublet-triplet mix- . > 2 4
ing and therefore we do expect them to be of that order. We (m2/T2)= — Tmomm Z(m_ +(’)(—IogT)
shall take advantage of this fact to obtain an approximate ~* 45 1212 6\ T2 T4 °T
analytic expression for the finite temperature effective poten- (17)
tial in the next section.
The masses for the relevant degrees of freedom of the
theory in the background of the fiel#ts ks, ,vg are given in 77t m2m?

. 2172\ —
the Appendixes. J-(MITH) =565 EﬂL@

ay ag
p5= = (Ki+k3) +prvit 2akiko+ —-K3.

2\ 312

m* m

FIOQT . (18

lll. FINITE TEMPERATURE EFFECTIVE POTENTIAL

; In left-right symmetric models one expects two phase tran-
The main tool for the study of the electroweak phase tran-". .
I Ley weaxp sitions [21]: one atT=Tg=0O(vg)~1 TeV [27], where

sition in the left-right symmetric model described above is ;
the one-loop, daisy improved finite-temperature effective po—SU(Z)R is spontaneously broken, and the otherTat T,

tential of the model. We are actually interested in the depen= ©(K)~250 GeV. Hence at temperatures much higher than

ial o, = 0 _ 0 Tr down toT=Tg, vg=k=0 will be the minimum of the
der_lce of She potential Re d.)l/\/i' ko=Re ¢2/\/§ and effective potential13). At T=Tg, two degenerate minima
vr=Re 8%/\2. It can be readily computed by the usual _ .~ o =
e exist: one forvg=k=0 and a new one ak=0, vy
methodg 25] and is given by

=vR(Tg). For temperature$<Tg, the right triplet fieldv g

, (L , will settle down near the minimum given byg=vRg(T),
Veritkivr, D =V(ki,vp) +Va(ki vr.T) which will slowly evolve to its zero temperature value. In
+ Vyaisy(Ki ,vr, T) (13 our analysis we focus on the left-sector phase transition, and
we just assume that by the time it occurs, equilibrium has
whereV(k; ,vg) is the tree-level potentidlL0), again been attained after the right phase transition, so that we
can reliably use the finite temperature effective potential
T m?(k; ,vg) (13).
Vi(ki vg, T)= ﬁz niJi IR (14) Near the electroweak phase transition temperatiye,

the high-temperature expansion &f is not valid for par-
T o ticles with mass of ordevg>T, . The contribution due to
Vaisy(K *UR-T):_HZ ni[mf(ki VR, T) these particle.s is Boltzmann suppressed, and in the limit
i m;(k; ,vg)>T it reduces td7]

—mP(ki ,vg)]. (15)

The sum runs over all the particles in the modgl,is the 2In fact, it may be shown numerically that th& T expansion is a
corresponding number of degrees of freedom, taken negativgod approximation up to/ T~ 2.2(1.6) for bosongfermions [7].
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nT? , [T to the Yukawa couplingsh(h), so we neglect all of them
Vi(k; ,UR,T)’VZ 5 a2 He T except for the third generation of quarks. The effect of the
" (2m) ' light neutrinos is even more suppressed, since their masses
15T 2 are of ordetk?/vg due to the see-saw mechanism.
X1+ %Jro — (19 Let us finally discuss the scalar sector spectrum. Both
' m doubly charged scalar fieldss ™ ,8, ", acquire masses of

The exponential factor in the previous expression allows us2fdervg and hence decouple. In the singly charged Higgs

within good approximation, to neglect the effect of particlesSector, & is an eigenstate with mass @(vg), while
with masses of thek scale. We then have to identify the &1 ,$, ,0z mix among themselves. However, the mass ma-
heavyO(vg) degrees of freedom, by diagonalizing the masstrix elements which relate the triplet with the doublet com-
matrices given in the Appendixes, and remove their contriponents are of the type;kvg, which are negligible with
bution from Eq.(13). respect to the term&(\k?), since a;=O(k?/v3) and \;
In the case of the gauge bosons, we see from B8,  =((1). Thus, neglecting the doublet-triplet mixing; can
(A8) that only theW, andZ, bosons should be included in pe jgentified with the pseudo-Goldstone boson eaten by the
Eq. (1?’ S'Z”CGWZ andZ, get masses of orderg. Inthe  \ which in a generaR, gauge will not contribute to the
limit k*<vg, th.eWl mass is just given by thél1) entry Of_ effective potential13) nearT, . The two remaining charged
the mass matriXA4), while the Z; mass can be approxi- gca|ar fields get electroweak scale masses, which can be cal-
mated by culated analytically by diagonalizing the corresponding 2
, 92(g2+29'?) . X2 fs,ubmatrix, given in Appendix B. .
M2 ==—————(ki+k3). (20) Since we have assumed that the tree-level scalar potential
Lo4(g%+g'?) is CP conserving, in the neutral Higgs sector scalars and
pseudo-scalars do not mix, and we are left with twe 4

Since the electric charge formula, Bg), implies that mass matrices. From the one corresponding to the imaginary

1 2 1 parts of the neutral fields, we see that neitléigr nor &
==+t (21 contribute to Ves(k;,vr,T); the former is the pseudo-
e g g Goldstone boson eaten by tdeé, while the latter acquires a

right scale mass. Concerning the real pads,decouples
Because it is also a heavy eigenstate, and neglecting terms of
the typea;kvg so doess,. The field dependent masses of
=M, /coSby, with cogby=(g*+9')/(g*+29'%). the light eigenstates can be found in Appendix B.

With respect to the fermions, only the right-handed neu- Then, the field-dependent part of the finite temperature
trinos get masses of ordeg. The contribution to the effec- effective potential near the electroweak phase transition may
tive potential of quarks and charged leptons is proportionabe approximated by

a standard model type relation for the light gauge bosons i
also valid in the left-right symmetric modelM %l

2

T ) ~ 3 g%(g°+29'?%)
Veri(ki v, T)=V(ki 0R) + 551 2(2a1+ ag)vi+[24+ 12Tk, + 22 7 7

3
10N, +4N3+ 0%+ —
T (g°+9'?)

8 2 3/2
- T — g
+3(h*+h?) <k§+k§>]—m[2 (M7 (ki og, T)]¥2+ 4| 7 (Ki+K3)
=1
2(q2+ 20’2 3/2
g4((242+ 9?2) ) 4k =

where the sum runs only over the bidoublet scalar degrees dflet model. However, a careful look at the part of the tree-
freedom. level potential involving the bidoublet shows that some of
Notice that, within reasonable approximations, we havehe scalar couplings of the most general two Higgs model in
found that in the scalar sector only the bidoulletan give  the left-right symmetric model are constrained or vanish,
a sizeable contribution to the finite temperature effective powhile the coupling\ 4, usually taken to be zero in two Higgs
tential nearT , together with the fermions and SM gauge models, is present in our case. Therefore, although the elec-
bosons. The effective theory at temperatures of ofglezon-  troweak phase transition in two Higgs doublet models has
tains then the same degrees of freedom as a two Higgs dobeen extensively studied in the literatyi2s8], the results can
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v(Te)/ Te Frequency Charged scalar
R 500 .
2k . ° . . e 400
. . " . . 300
1.5¢ . e
LI . Lt e . 200
S Lt Lee e etV N s, .
1t .‘3“ R '.’." S Vet 100} .
.:u‘:" oo o . Mass
s o¥ F 100 150 200 250
0.5 .:-'. EN £ .’
. ' FIG. 3. Frequency distribution of the charged scalar mass
e o o S 4= [y mass :
) 160 150 200 250 GeV) for the baryon preserving cases.
FIG. 1. v(T.)/T, ratio vs the lightest scalar maga GeV). strength of the electroweak phase transition, that is, the ratio

k(T )/ T, wherek(T,)= \/kzl(Tc) + kzz(TC).
not be extrapolated to the left-right symmetric model in a Our procedure is the following: we use the minimization
straightforward way, and it is worth to perform a new analy-conditions at zero temperatuf&2) to fix three of the un-
sis within the (differeny parameter space relevant for this known parameters in the effective potentia®). The experi-
case. mental constraint on the weak scale
IV. NUMERICAL RESULTS kP=ki+k;=(246 Gey’ (24)
We shall now use the effective potenti@P) to calculate  eliminates one more, while the Yukawa couplitigh can be
the critical temperature and the location of the minimum atdetermined from the masses of the third generation of
the critical temperature. We define the critical temperaturejuarks, for which we takem,,,=175 GeV andm,=4.5
T. as the value ofl at which the determinant of the second GeV.
derivatives ofVq¢¢(ki ,vg,T) atk=0 vanishes: The finite temperature effective potentigd2) still de-
pends on a large number of free parameters in the scalar
PVeti(ki R, Tc) sector. However, only some of them are relevant to deter-
K; IK; mine the critical temperature and the position of the mini-
mum, namelyx1,N5, 3,h4, ki(T=0) andaz, which only
In fact, the phase transition startsTat T, whereTp, is the ~ @ppears in the combinatioasvy. We generate randomly
temperature at which there are two degenerate minima, byalues of these parameters in the rangels< 1/2 (so that the
tunnelling. AtT, there is no longer any barrier in some di- use of the perturbative effective potential is reasonable
rection between what was the minimum at the origin and théky(T=0)|<246 GeV and| asv3|<(246 GeVy/10, which
new minimum away from the origin, and condensation of thetakes into account thati~(9(k2/v§) for realistic left-right
scalar fields can progress rapidly without any suppressiosymmetric models.

=0 . (23
k=0

from a tunnelling factor. There are further restrictions on this parameter space, due
The effective potentiaVq¢:(k; ,ugr,T.) is a function of to zero temperature requirements. First, the potential must be
the three temperature-dependent veug,T),ko(T),vr(T); bounded from below, which leads to the set of constraints:

however we expeaig(T.)=vg(T=0) and therefore we ap-
proximatevg(T,) by its zero temperature value. Within this
approximation, we solve numerically E3), and onceT,

is determined we minimize(numerically the potential
Veii(Ki,vr,Te) and find the minimum[k,(T;),ko(T¢)].
Then we compute the quantity of interest concerning th

)\1>0, )\1—|)\4|>O, 2)\2+)\3_}\1>0 (25)

Finally, in order to obtain the correct symmetry breaking

pattern at zero temperature, we also require that the scalar
VEVs do not break electromagnetism and that the squared
fmasses of fluctuations about these VEVs are positive. That

Frequency Lightest neutral scalar Frequency Pseudoscalar
600 . .

400
500

400 . . 300
300 200

200

e, 100
100

Mass P T'tt Mass
100 159 200 250 100 150 200 250

FIG. 2. Frequency distribution of the lightest neutral scalar mass FIG. 4. Frequency distribution of the pseudoscalar m@ss
(in GeV) for the baryon preserving cases. GeV) for the baryon preserving cases.
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Frequency Heavy neutral scalar rameter space which are consistent with the present experi-
. mental bound on the Higgs mass and with a sufficiently
) strong first-order electroweak phase transition, @g. We
400 . : have also obtained the scalar spectrum for these phenomeno-
300 ’ " logically acceptable values of the parameters.
) In this paper we have focused on the requirement that the
. .. sphaleron processes be sufficiently suppressed after the elec-
100 troweak phase transition, to preserve the produced baryon
°°°°° ’ s 5 =5 250 Mass asymmetry. Once we have shown that the transition can be
strongly enough first order, a detailed calculation of the
FIG. 5. Frequency distribution of the heavy neutral scalar mas®aryon asymmetry generated during the electroweak phase
(in GeV) for the baryon preserving cases. transition in the framework of left-right symmetric models
would be very interesting. As mentioned in the introduction,
is, the eigenvalues of the light scalar mass matrices at zenhere are estimates of this quantity in the literatiié—19
temperaturgsee Appendix Bshould be positive, once the but they do not include some relevant effects and lead to
relations (12) have been used. For any random setdifferent results. In principle, the baryon asymmetry in the
()\1,)\2,)\3,)\4,k1(T=0),a3v§) satisfying the above condi- class of left-right symmetric models considered here will be
tions, we calculate the critical temperatufg according to  generated in much the same manner as in two Higgs doublet
the definition (23), minimize the effective potential &,  models, where it has been computed by several grf8ps
with respect tdk,(T,),k>(T¢), and obtairk(T.)/T.. 11]. Some of these calculations seem to indicate that enough
Since we use the high temperature expansion of the ondsaryon asymmetry can be generated, so we expect that this
loop effective potential, we need to verify that such approxi-will also be the case in left-right symmetric models.
mation is valid afT .. Thus, once the veus(T.) have been
determined, we compute the value of all the masses which ACKNOWLEDGMENTS
enter in the effective potenti&22) and impose the condition

500

200

We thank D. Comelli, J. Moreno, M. Pietroni, G. M.

m(Te) Quiros, and G. Senjanovic for useful discussions, and E.
<1.6. (26) Roulet for comments on the manuscript. This work was sup-
¢ ported in part by the CICYT contract AEN-96/1718, the

QGICYT contract PB95-1077 and by EEC under the TMR
contract ERBFMRX-CT96-0090. One of ¢&.B.) acknowl-
edges the financial support from the Teilchen und Mittelrn-
ergiephysik Graguiertenkolleg of the University of Mainz.

For the sets of parameters excluded by this condition, th

high temperature expansion used would be questionable.
In Fig. 1 we plot the ratidk(T.)/T. against the lightest

scalar massn;, corresponding to a sample of 500 points in

the parameter space which passed our selection criterion. As

we see, there is a sizeable fraction which satisfies the condi- ~ APPENDIX A: GAUGE BOSON EIGENSTATES

tion for preserving the baryon asymmetk(;T)/T.>1, and For the sake of completeness in this appendix we derive

corresponds to experimentally aIIow<_ed valges of the 'ightesbhysical gauge boson eigenstatefgenstates of mass matri-

scalar massm,>50 GeV [29]. We find this result to be o4 ang their eigenvalues. Remember that our scalar sector

particularly interesting, given the relatively large number of ;ongists of one bidoublet and one set of left-right symmetric

potential signatures of such a model in future eXpe,r'ment?epton-number carrying triplets with the pattern of symmetry

[22] and the small number of free parameters to adjust th%reaking given in Eq(11).

remaining phenomenologygO]. The piece of the Lagrangian containing their covariant
In Figs. 2, 3, 4, and 5 we show the frequency of occur-geivatives is

rence of the(zero temperatujemasses corresponding to the

light physical scalars, in the allowed baryon preserving re- Lo=Tr(D A yT(D#A )+ Tr(D A )T(D#A )
gion for a sample of 9000 points. They range from about 50 L - FR R
GeV to 250 GeV. The masses of the lightest neutral scalar +Tr(DM<I>)T(DM<I>) (A2)

and the charged ones are peaked about 110 GeV, while the

pseudo-scalar and heavy neutral scalar mass distributions argere

broader and centered in a somehow higher vald&0 GeV.

So we conclude that there is no significant contradiction with 1 . . . o 1
experimental bounds in the baryon preserving cases found. DMAL:ﬁ#AL+ §'g[T'WuLAL_ALT'WuL]+ §'9 BMAL’

V. CONCLUSIONS b A aA+1' LA —A P ]+1_ B A
= SILT- WyrA — AT WyrlT 510 ,
We have analyzed the electroweak phase transition in left- fRETR 2 ROR g 2 roR
right symmetric models with a scalar sector consisting of a 1
bidoublet and two triplets. Within reasonable simplifying as- _ T Zig(a W Yy
sumptions about the scalar couplings, we find regions of pa- D,®=0,® 2 19(7- Wy &= D7 Wyp). (A2)

065010-7



GABRIELA BARENBOIM AND NURIA RIUS PHYSICAL REVIEW D 58 065010

Then in this model there are seven gauge bosons: four 1. Neutral scalar mass matrix

1 2
chsarged ones, th&V z and Wiz and three neutral ones,  \ye first compute the mass matrix corresponding to the
W2 andB. When the Higgs multiplets acquire their vevs rea| components of the neutral scalar fields in the

[see Eq(11)] the interaction bosons get their masses. {$7, %, 55,80} basis.
By inspecting the Lagrangian, it is easy to see that the
mass terms for the charged bosons are Ml = — w2+ N 1(3K3+K2) + 4N ,K2
swyme] L ) 1,
L =W WhMe We (A3) +283ko T BN gkikot 5 arvg (B1)
R
whereW™ are defined byWv*=1/y2 (W' W?) andM¢ is MBS = =202+ Kyko(2N 1+ 8N+ 4N )
2
. gz ki'ﬁ‘kg _2klk2 +3)\4(k +k )+a2vR
MC=— (A4)
4 _2k1k2 v2R+ k§+k§ M Téez: alklvR-f- 2a2k20R
while that of the neutral sector has the form M RE
14 —
W3
) . 1 os MEBE= = 124 N1 (3K3+K2) + 2K3(2N 5+ N 3)
L mass™ Z(W Wg B)M"[ Wg (A5) .
B +6)\4k1k2+ E(a1+a3)sz
where theM" is given by 2
M2R3 :2a2k10R+ a1k2UR+ C!3k2UR
g°ki+k)  —g(ki+kd) 0 ez
1 RE_
Mr=Z| —P(k+kd) gvR+kiTk) —gg'vR | Maa =
_ r 2 12,2
0 gg UR g UR Mgs?zz _/.L§+ 3[)10%"' 2a2k1k2
(A6)
. — . 1 2 2L o
The diagonalization of Eq$A4) and (A6) gives the masses + Eal(k1+ k3)+ Ea’gkz
of the chargede2 and neutralA and Z, , physical fields,

they are

2
M2w12=g§[v%+2<ki+k§>1¢v‘é+16<k1k2>21 (A7)

1 1
MES = —M§+§Psv§e+ Eal(k?r k2)

M2 =C¥.C?-4D A8 1
21’2 ( ) +20f2k1k2+ Eagkg.
with . '
As explained in Sec. lll, near the electroweak phase tran-
1 ) s o sition temperature only the light states contribute to the ef-
C= g[(92+9'2)vrz+ 2g°(ki+k3)] fective potential in Eq(13) and are relevant for our analysis.
Within the approximatiork?<v2, those are the bidoublet
1 componentsp’ ,¢5, and the corresponding mass matrix is
D= —g%g?+29'?)(K2+k3)v3 just the 2<2 submatrix obtained from the entriékl), (12)
64 and(22) above.
and 2. Neutral pseudo-scalar mass matrix
Ma=0. (A9) In a manner similar to the previous section, we compute
the mass matrix corresponding to the i |mag|nary components
i
APPENDIX B HIGGS MASSES of the neutral scalars, in the basig! ,#,,5,5. }.
Here we give a variety of useful result for the mass- M= 2\ (K4 K2) — 4,k
squared matrices of the various Higgs sectors before the first 1
derivative constraints have been substituted. The mass matri- + 2N gk2+ 2X 4k Ky + alvé (B2)

ces are symmetric.
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MY =203~ 8\ okiko— N o(KE+K3) — a0 M#=0
Im?2
=0 1
M MQZZZ_MEWLEalv§e+)\1(ki+k§)+2)\4k1k2
M™M=
m2_ _ 2 2,12 2 /\/l+2=ia Kk
Mzz __M1+)\l(k2+k1)+2k1(_2)\2"')\3) 23 2\/5 3K2UR
1
+ 2N 4k Ko+ E(a1+ a3)vé M;42=0
M|2r22=0 2 2, 1 2,12 2
M;":, = _ILL3+ E(CY]_"’ a'3)(kl+ k2)+2a2k1k2+plvR
M=o
M3f=0
Im? 2 2 34
Mzz =—pstpogt2akik;
1
1 1 +2_ 2 2,12
+ s an(ki+ k) + S gkl Mg =3t 5(artag)(ki+ky)
Im? 1,
M34 :O +2a2k1k2+ Ep?’UR.
1 1 - . . .
MLﬂf: —M§+§Psvﬁ+ Eal(ki"' k3) In the limit k?<v3, the light mass eigenstates coincide

with ¢; ,¢, , and their mass matrix is given by the entries

1 11), (12) and(22) of M *°.
+2a2k1k2+—a3k%. ( ) ( ) ( )

2
Again, in the Iimitk_2<v§, the light states are the bidou- 4. Doubly charged Higgs boson mass matrix
blet componentspy , 3, and their mass matrix is given by \ye now present the doubly charged Higgs boson mass
the entries(11), (12) and(22) of M "™ matrix components in thésg *, 8, 7} basis.

1
++2_ 2 2. 1,2
3. Singly charged Higgs mass matrix My “=—pst Eal(k1+ k3) +2azk ks,

The singly charged Higgs boson mass matrix, in the

S 1
{(b]J_r 1(Z)2+ !5; vﬁljr} baSIS! IS +plvé+ 2p202R+ Eagki
1
ME= = pi+ MG +K)) + 2N gkiko+ 5 (@ + ag)vd MEF2=0
12
(B3)
+2_ 2 2 2,2 +42 2, 1 2,2
M7= —agt2us—Ng(Ki+K3) = 2kiKa(A3+2) ) Mz "=~ pat S ar(kitky) +2azkike
1 1 1
+2_
M 13 ——ZﬁagklvR + §p3v§+ Ea?:k% . (84)
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