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ABSTRACT

In an SU(5) GUT model of phase transitions in the early universe, we show
now the degeneracy between vacua with different spontaneously broken CP can be
dynamically lifted by creating a bias through the formation of a heavy fermion
pair condensate of fermions. The fermion condensate bias drives a transition
to a unique vacuum state, Tne final resulting transition to a true vacuum
eliminates the domain walls, solving the domain wall problem in a matter-

antimatter domain cosmology.



The question of whetner the universe is globally baryon asymmetric or
tnere are "islands" of matter and antimatter on a very large scale depends on
tne nature of CP violation at the GUT energy scale. If the CP violation is
nard, i.e,, of the Kobayashi-Maskawa [1] type, one expects the former; if the
CP violation in the GUTS is spontaneous [2], the latter situation may occur
[3,4]. Sato [5] nas shown how the CP domains can grow to astronomical size
with moderate supercooling and inflation. Stecker [6] has recently discussed
1mportant observational aspects of such a baryon symmetric domain cosmology.
Such initial CP domains are separated by domain walls which are very massive
and could eventually gravitationally dominate the avolution of the universe in
conflict with observation. Thus, they must either not exist or decay in the
early universe [7,8].

A very interesting solution to this "domain wall" problem was proposed by
Kuzmin, et al. [9]. They have shown that for a wide range of parameters in
tne Higygs sector, tne CP symmetry of the Lagrangian, which is broken at high
temperature, 1s restored again at a lower temperature. As a result, the walls
disappear at lower temperature. [t has also been argued that the inflationary
universe [10] scenario couid solve domain wall problem.

In wnat follows, we shall describe another possible scenario where the
domain walls can disappear naturally. By combining the idea of a strongly
interacting SU(5) pnase [11] with spontaneous CP violation, we show how the
degeneracy between the two different vacua with respect to CP symmetry can be
lifted dynamically pefore the transition from the SU(5) phase to the low
energy SU(3) X SU(2) X U(l) pnase is completed,

Qur model of spontaneous CP violation in an SU(5) GUT is closely related
to the model of Branco [12] and Nieves [13]. In distinction to their model,

we snall not take natural flavor conservation into account, Further, we only



use dimensionful couplings in the Lagrangian and shall use Coleman-Weinberg
[14] type of symmetry breaking.,
|
The model contains three Higgs fields H. s ( £ =1,2,3 ) , all

pelonging to the 5 of SU(5). The multiplets Hy and H, are assumed to have the

following coupling to the fermions:

ab

L HD C £ cd

_- e
y ALabrl *ﬁ 17 Fabcde M Hy +h.c. (1)

2 M 2
Here eacn generation of fermions 1s assigned to the fundamental 5 of SU(5)
denoted Dy v and the antisymmetric representation lg_is denoted by x. The
Yukawa coupling constants fl and f, are matrices in generation space and are
assumed to be real. In addition we introduce two Higgs fields 24 of SU(5);

“ and 7 and define a complex field.

T
v =57 (5% 195) (2)
Tne Higgs potential for the fields #'s and H:''s (5 =1,2,3) can be written as
Vo= V() W (9H) + VL (H) (3)
where,
‘2 2, 2
Vo(®) = v (Tree )¢ » v [(Tre) + n.c.]
0 1 2 >
+ v3(Tr 92) {Tr ot ) + ler(bo+9®+)
- \?Tr(e'e+)2+ 1\3[Tr44 +n.c.] (4)

and



ORIGINAL P7if ™

OF PO;.\ \“. i P
3
V,(9,H) = aHMHETe (20%) + 8 HEe o M+ 3. K. T oTH,
1 o [ S S E S 5 E S E S
Q"s -l $ 2 + 2
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+ 2
+1/2 YEE'[ HEHE.(TrQ ) + h.c.] (5)

We stress here tnat o..,* ¢ and Y. * Y. 41 And further, the
2 k]

o

£'6
diagonal elements Ye and &, are not zero.

3
Vp(H) = L Laga (M) (MM % 172 0 0] MW
E,‘:’.'.:l C,: 2 + ; Q > T ] > k]
+1/2 ng'[( He Hé.) ( He Hg.) + h.c.]
+ + o
+ 1/2 df;i'[(Hi H€|) (H€|H£|) + h.C.] ] (6}

Here a and b,are symmetric in & and &' and ¢ and d are zero along the

diagonal., All the constants in V0 . V1(®,H) and VZ(H) as well as f; and fp

*
are real so that the Lagrangian is invariant under the CP transformation:H. + H

=

ym

*

AR L yf oA k; . Note that 5 and s, transform under CP

as 3 T Yy and IR IR where n = + 1 . Thus, when both 2
and 7 develop VEV simultaneously CP is spontaneously broken, In this case

<® is complex and the Y and & couplings in (5) lead to a complex mass matrix

for tne physical color triplets of the H.'s which will be denoted as A.'s .
1)

Tne CP invariance is also broken by the H, s when SU(2) x U(1)y breaks to

U(1)gm. This reproduces the CP violation at electroweak energy scale M.

In order to obtain the correct pattern of symmetry breaking SU(5) »
SU(3)C x su(2) «x U(l)y » SU(3)C «x U(1)ems the various VEV must have the form
#l In Ref, 13 it was assumed that the coupling constants &-.- and y.-- are

symmetric, However,complex VEV of ¢ then will not lead to CP violatTon as the
authors nave claimed.



<v>=ge diag [ 1,1,1,-3/2,3/2 ]

< H1> = e1jcolumn (0,0,0,0,Vl),

< Hy = column (0,0,0,0,v2), (7)
< H3> = column (0,0,0,0,v3)

Here » and va's are real, In <#, the VEV of the component of ¢ which
transforms as (1,3,0) under SU(3)€ x SU(2) X U(1l), is of the order

MNZ/M wnere My 1s the unification mass scale and is therefore ignored. In
Eq.(1), the Higys multiplet Hy does not couple to the fermions and its phase
may be taken to be zero in Eq. (7). The relative phase between Hy and Hp is
denoted by 3', This phase can not be rotated away since the Higgs fields
carry tne same U(1) quantum numper., Thus, for a range of parameters of the
Higgs Potential, there exist CP non-conserving solutions. The 3 and 9'

dependence of the potential in general can be written as

vV = VO (?) + V1

A+ B cosd43 + C cos(29-9"') + D cos2:' + E cos8' + F cos25

(2,H) + V,(H) (8)

Here A, B, C, D, E and F are parameters of the potential which are
independent of @ and 3', The CP nonconserving solution for 2 and 37, which we

tormaliy denote as % and aé, clearly has the symmetry 50 * -3
' ]
J ¥ « 0

U 0°
structure 1n tne early universe [3,4] and domain walls [7]. The reason is

Such discrete symmetries gives rise to the well-known domain

simple: pelow tne transition temperature, the Higgs fields have a non-zero VEV
corresponding to some point in the manifold of degenerate vacua. If this

manifold is aisconnected, a domain structure of the universe will be created.
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Thus, as the temperature of the universe decreases below the scale of the
superneavy gauge bosons, we expect that separate domains were generated
witn {9, v'o} and {-Jo,-vé }  phases.

Of course, these phases will affect the details of the mechanism of
paryon production, The dominant contribution to the baryon asymmetry comes
from tne decay of superheavy gauge and Higgs bosons corrected at the one loop

level by an exchange of Higgs scalars [15,16] (shown in Fig. 1).

The baryon to pnoton ratio is given by [15]
P— = -- \
- (72) 88(r-F) (9)

wnere Ny ana N are the number of species of superheavy and light particles,
respectively and r (F) are the branching ratios for the production baryons anc
antiparyon in the decay of the superheavy particles with 4B # 0 (net change in
paryon numoer).

In our model, the decay of the superheavy colored Higgs Ai‘s must mix to
give rise to baryon production., The mass matrix for these Higgs fields is

computed to oe

T~ p 219 219 ° 1
%y °12 9938
=213 % " 2i0
me = 32 (-5/30) | *21® 92 9aqf (10)
=219 =215~
| 32® Py

Here 5. = 5. + 5., ( ¢ =1,2,3) and we have ignored terms of order MWZ/MXZ.

] > =

Let U,.. pbe tne unitary matrix that diagonalizes the above mass matrix

e



ana my, mp and my denote the masses of the physical Higgs-bosons

A. (3=1,2,3). In reference [13] it nas been shown that with the assumption

L

2 2 2
m= >>m,” >> my

* *

(r-r)2 = Im (u12 Upz Upp u13) (11)

wnere the subscript 2 indicates that the colored Higgs boson Az provides the
dominant contribution to (r-r). Clearly since 9 is the only phase that will

appear in the unitary matrix U,
(r-F) = sin® (12)

as can pe verified explicitly using Eq.(10). Domains with matter and
antimatter excesses corresponding to the different signs of 9 will be formed
as the universe goes through the phase transition, This is the same type of
metter-antimatter domain structure previously emphasized [3,4].

In order to provide our new solution to this domain wall problem,
following Ref.ll, we add to our model a 5 + é of heavy fermions*z, with the

Yukawa coupling to the 24 piet of Higgs in the form:
Lo = =G, ¥, 9. ¥j + hC, (13)

Tne Layrangian clearly has the discrete symmetry & = -9 ¥, > v . ¥, .,

The one loop correction to the potential is given by#3

D, . : . . .
#2E.y., tnese can appear naturally in nigher rank GUTs incorporating fermion
generations, The asymptotic freedom is unspoiled [17] for a certain range of
tne Yukawa coupling constant 'Gy'.

#3 - (3/6412) (25/8)2g4- 1/64n2(105/8)GY4, keeping only gauge boson and
termion contributions, The scalar contribution is of order g° (V.A, Kuzmin,
M.E. Snaposhnikov and I.l. Tkachev, Proc. Intl, Seminar on Quantum Gravity,
Moscow, 1981).
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4 ’ 92.
V() =As [ ‘"("12 ) = 1/2 1] (14)

g

where v is a minimum of the potential and
2= 2/15 Tr(es') (15),

This one loup correct*on term retains the symmetry & + -9

and CP symmetry ¢ + n & . The temperature correction terms
V(9,T) = 5/8 g2 1% Tr(ae*) + o, T2Tr (2¢*) + 9,72 T (HH..)  (16)

and the nigher order terms obey these symmetries as well., The second and
tnird temperature correction terms are 0(94) and can be neglected (see ref, %o
Kuzmin, et al., footnote #3).

Let us now recall that we have employed a Coleman-Weinberg type of
potential wnere there is no characteristic mass term, [f a large negative
mdass term were present 1n the potential given in Eq. (4), the phase transition
would take place when the mass term and the term in Eqg.(15) are equai. In
such a case where the perturbative potential respects the CP symmetry, the
domains will inevitably appear. However, in a Coleman-Weinberg type of Higgs
potential, the transition proceeds very slowly due to the flatness*4 of the
potential., Most of the universe is trapped in the symmetric SU(5) phase and

supercooling results. As the universe cools to the temperature ~ 107 GeV,the

#4 » precent calculation by Sher [17] bears out the evidence that the presence
oT tnese nheavy fermions help create such a potential without any fine tuning.



coupling constant grows stronger and stronger“5 and finally we enter the
region wnhere the non-perturbative effects come into play.

Following Ref, [11] we assume that, in this strong coupling region, SU(5)
instanton effects give rise to SU(5) singlet condensates of the form <aiwi> A6

It is evident that once such condensates are formed, quadratic and cubic terms

like

62 m(1)%2"% Tro? = cos 2(8+8) (17)
and

GY3m(T)e315 TrsS + n.c. = cos 3(5+3) (18)

will pe induced?’, (See Fig. 2 below). Here 2 denotes the non-absorbable
pnase of ihe SU(5) singlet <71wi> condensate, The phase angle is calculabie
3 for the strongiy interacting SU(5) pnase ancd is dependent on the fermion
masses as in tne QCD case [19]. Since 3 is non-zero, the CP degeneracy will
pe lifted in the presence of such an induced term in the Lagrangian. It can
pe shown that in the absence of any extra U(l) symmetry, as is the case here,
tne pnase s of the condensates <§i¢i> of these heavy fermions cannot be
rotated away.
Tne fact that tne induced terms given in Eq.(17) and Eq.(18) create an

eneryy difference between the two degenerate vacua is not hard to explain
#5 1he SU(5) running gauge coupling constapt _has the temperature dependence
g2(')/4n ~ 21/b % (T/4) where b=12, A =10°-6 Gev, for gB(MX)/dw = 1/42.

0ne can obtain similar condensation effects at a higher temperature with the
issumption tnat there are other fermiong belonging to higher representations,
e.g. for a 10 of SU(5), A~ 1012 gev,
‘7Tne induced mass term has an approximate temperature dependence of the form
m(T) =T Cg [2/3(T)110 exp(-27/a(T)] ,whege Cg = 7.5 x 1074 [18] at T=0, The

correction term from scalar fields is <10-¢at & transition temperature of ~1pb
GeV and tnus does not significantly affect our conclusion,



pnysically. The pnase 3 indicates the alignment of the vacuum, namely in the
airection of the condensates <Jivi> . As the universe supercools, the
direction of the CP symmetry, which is initially different in different
acmains, is influenced uy the condensates to become effectively aligned in
tneir direction., This is very much like the alignment of ferromagnetic
dgomains in the presence of the external magnetic field, The same cubic term
wnich dynamically breaks the degeneracy due to the discrete symmetry ¢ - -o [11],
also removes the vacuum degeneracy owing to the initial CP symmetry in our
case where the CP symmetry is broken spontaneously.

Tne fact that the domain walls never dominate the evolution of the

universe implies that [11]
T ¢ [2na(N)102(T) [exp(-2n/a(T)] > M/ME, (19)

where Mp 212 X 1019 GeV is the Planck mass. This condition follows from

eq.(18) and is satisfied for T, ~ 0(1) A with A ~ 10°~8 Gev.

1
The Hiygs-poscn decdy into fermions can produce net zero baryon number,
This can be achieved either througn the decay of the heavier 5 of Higgs boson
into a Hiyys poson of the lignter 5-plet [20], or through the direct decay of
a Higys scalar of the 24-plet into Higgs boson of the 5-plet [21]. In order
TLO insure tnat enouyh baryons are produced after the phase transition, the
reneated temperature of the universe must be at least = 1011-12 gey, A
reasonable baryon number density can be produced if certain constraints are
satisfied (See Ref. [20,21] for details). If tne universe passes through
intermediate phases SU(S) = SU(4) x U(1l) * SU(3) x Su(2) x u(l) or
SU(5) » SU(4) »SU(3) x SU(2) x U(1), then the net baryon number cou'd be

yenerated wnile tne universe is in an intermediate phase such as the SU(4) x
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U(1) or SU(4) phase. In the SU(4) phase, where SU(2) flavor symmetry is
proken, the superneavy fermions [20] could decay to produce sufficient baryon
asymmetry.

in summary, we have shown how the vacuum degeneracy resulting from
spontaneous CP violation can be broken dynamically by a condensate of heavy
fermion pm’rs.“8 This c¢2n occur before tne universe goes threv'gh 3
supercoo'ed first order phase transition. We have also demonstrated that such
a scenario solves tne domain wall problem by creating an energy difference
petween the two CP degenerate vacua, driving the phase transitiorn to a true
vacuum state of unique CP. This transition occurs at T << MGUT' Such a phase
transition will therefore result in monopole suppression, Our scenario also
allows a sufficient paryon asymmetry to pe produced in the early universe,
However, 1n our case, this asymmetry is local ratner than universal owing to
tne 1nitial CP domain structure which can persist through th ,upercooling
pnase, The mechanism suggested by Sato [5] can then act to produce fossil
“domains" of paryon and antibaryon asymmetry of survivable size at reheating,
after tne inflation of the CP domains wnich occurs dJuring the supercooling
pnase. The elimination of the CP domain wall problem suggested here thus

. : : . . Q
allows for the possipility of a viable baryon-symmetric domain c05moloqy.“

#3Tne scalar self couplings ~ 0 (gd) are too weak to allow a scalar-scalar

condensate at T 2 109 GeV.

*3Tn1s model can be easily extended to S0(10). £.9., we can introduce complex
antisymmetric scalar fields which couple to heavy fermions in 16 and T6
representations, Thus, cubic terms can he generated with complex phases such
nat CP symmetry can again be dynamically broken (in preparation).
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FIGURE CAPTIONS

Dominant diagrams at the one loop level contributing to the production
of paryon asymmetry in the early universe. A's denote the superheavy
Higgs scalars (tne indices 3 and &' count different sets of such

multiplets needed in this model).

The diagram contributing to the dynamically induced term

= 6:3 m(T) Tre

which breaks the CP as well as ¢ -+ -$ degeneracy.
The diagram contributing to the dynamically induced mass

term = Gime(T)Traz.
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