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Abstract.

We discuss a class of gauge theories, where spontaneously broken

symmetries, instead of being restored, persist as the temperature is

increased. A renormalization group analysis of this phenomena suggests

that there may be more than one phase transition in these models with

at least one symmetric phase. Applying these ideas to the specific case

of soft CP-violation in grand unified theories, we discuss a mechanism to

generate the baryon to entropy ratio of the universe.
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Several years ago it was suggested by Kirzhnitz and Linde ' that the

spontaneously broken gauge and global symmetries of nature may be restored

if the systen is heated to a sufficiently high temperature exactly the same

way as heating a superconductor breaks Cooper pairs above the critical

temperature and destroys the>state of order. Since spontaneously broken

gauge theories are excellent: candidates for description of weak interactions,

above the critical temperature T 'V'liL./g, the charged and neutral gauge

mesons mediating weak interactions would become massless leading to a

basically different form of weak interactions at higher temperatures. This

may enable us to test (at least in principle) whether the broken gauge

symmetry of weak interactions is real or just a mathematical artifact to

arrive at an effective Lagrangian. If this wisdom is accepted the same

kind of symmetry restoration would take place for discrete symmetries such

3 4
as P and CP as well if they were broken softly at low temperature. On

the other hand, the recently suggested mechanism to understand the matter-

antimatter asymmetry of the universe requires that there must be B as well

as CP-violating interactions at extremely high temperatures (T <v 10 GeV)

in the very early moments (t ̂  10 sec.) of the universe. Since, according

to the prevailing folklore, the characteristic temperature at which soft

3

CP-violation disappears is ̂  10 GeV, the Lagrangian describing weak

interaction must be CP-violating prior to symmetry breakdown (i.e. hard

CP-violation), if we want to tackle the problem of baryon to entropy ratio

in these terms. Such a hard CP-violation model, however, would preclude any

8 9

understanding of the strong CP-problem posed by Quantum Chromodynamics. In

order to develop theories, which would simultaneously cure the strong

CP-problea as well as provide a mechanism for the cosmological production



- 3 -

of baryons via the scenario outlined above, we recen-tly began a careful

study of the behaviour of broken gauge symmetries at high temperature

in the context of various Quantum Flavor Dynamics models. A plausible

basis for our discussion can be given in terms of the following intuitive

argument. In flavor dynamics models with a single order parameter (i.e.

one Higgs doublet) the restoration of symmetry at high temperature would

appear automatic by the laws of thermodynamics (i.e. entropy must increase!).

However, in models with more than one order parameter (more Higgs doublets),

the thermodynamic principles simply require that, the entropy of the whole

system increase; but it is conceivable that the state of order in one sub-

system could be reinforced whereas in the complementary system, the state

of order is destroyed as temperature rises. In the context of a large class

of gauge models we showed that there exist perfectly acceptable domains

of coupling parameters, where one or more Higgs fields <<J>> remains nonzero

while another one <x> goes to zero above critical temperature as the

system is heated. They provide counter examples to the common lore in that

in these models, the gauge (or global) symmetry is not restored at high

temperature and also in such models, soft CP-violation persists even at

ultrahigh temperature. This has important cosmological applications.

In this paper we summarize the main points of our work in the context of

an 0(N) gauge model with two Higgs multiplets, which are 0(N) vectors.

We then present some new ideas about how renormalization group analysis

may provide a natural way to arrive at this new kind of high temperature

behaviour of broken symmetries in a larger class of models. In the latter

approach, one could discover, two or more phase transitions as temperature

is increased: i.e. first broken symmetry gets restored at T_ *> nu/g but

then at a much higher temperature, it gets broken again. This enables us



to envision a situation, where CP-invariance was broken softly in the early

universe, when presumably the matter antimatter asymmetry was created. As

the universe cooled, the CP-symmetry got restored but since the B-violating

forces were out of equilibrium, the already built baryon asymmetry did not

get a chanca to dissipate. In this picture, in principle, the CP-noninvariance

in K -K system is unrelated to that responsible for cosmological baryon

production. This review is organized as follows: in sec. II, we discuss

the 0(N) gauge model with two vector Higgs multiplets. In sec. Ill, we

apply the renormalization group analysis to study multiple phase transition

in this model and establish the existence of at least two phase transitions.

In sec. IV, we discuss the question of cosmological baryon production using

these ideas in the context of a grand unified model. In sec. V, we summarize

our result and conclude our discussion giving other applications.
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II. 0(N) model with broken gauge symmetry

Here we discuss a simple 0(N) model with spontaneous symmetry breaking

occurring at zero temperature. The model consists of two vector representations

<j> and ip. At T*0 the Higgs potential allowed by gauge symmetry is given by

2 2y V h X

(2.1)

We look for the minimum of the potential in the form of:

<|>2 » V2 , 4> 2 = V2 (Vx, V2 4 0) .

There are two distinct possibilities:

a) A, > 0

In this case, <$>• «|>> = 0 at the minimum; so we can choose:

(2.2)

(2.3)

The equations for V.. and V» are

A - X1V1 + X3V2

2 * X2V2 + X3V1

The positivity of Higgs scalar masses leads to further constraints

X1X2 > A3

(2.4)

(2.5)
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b) X4 < 0

In this case «j>> and «!» are parallel at the minimum; that is we can

choose

fo I
(2.6)

The condition for the extremura are now slightly changed

1 + (A3 + V V 2

A • X2V2 VV1 *

The conditions for the minimum now become

(2.7)

(2.8)

In what follows, we will assume the case a) to be true; which, to repeat,

means that

0; (2.9)

We now compute the one loop induced temperature dependent terms in the

2
potential V' (T) using the general form given by Weinberg

V T ) = 1* T* [ 6 8 2 ( T
8 V I I

 + f*^1 *<*< (2>10)

where T are the generators of the gauge group; i|». counts all the scalar

•fields and fJ4 - In our case, we get

-^ T2 (2.11)
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with

| (N-l)g2 (2.12)

i*1.2. It is now clear that if we choose X, < 0 and

(N+2)X1 + X4 + | (N-l)g
2 < NJX-3 [ (2.13)

then b- < 0. Notice that b, > 0, since X« has to be taken sufficiently

2
large (still of order g ) to satisfy (2.9). Therefore, above critical

temperature T given by

12u* - t(N+2)X2 + NX3 + X4 + | (N-l)g
2]T2 (2.14)

<i\» vanishes, but <4>> remains broken at all temperatures (here we are

implicitly assuming that as we increase T condition (2.13) remains

satisfied; for further disucssion see the subsequent section). In

conclusion, the symmetry remains broken at high temperatures.

An important point to note is that for this to happen, several Higgs

2
couplings (such as X-, X.) must be bigger than g , the square of the

gauge coupling constant. Furthermore, at zero temperature, we must have

v. » v_. Thus, it is the smaller of the two vacuum expectation values,

that vanishes at high temperatures. It is alsc obvious from eqs» (2.9)

and (2.12) that, it is never possible to have both <£>, <#> ^ 0.

A few remarks are needed regarding the fermions. Up to now we have

ignored them completely. Their contribution to V.(T) can be easily shown

2
to be of order of h , where h is a typical Yukowa coupling. In most

2 2
gauge theories, for all the known fermions h « g , which means that their

inclusion will not affect our analysis.
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One further noteworthy feature of this model is the behaviour of

the particle masses with temperature. Namely, at high temperatures

(T > T )
c

• 0 and

14>

where c is a constant c 2 1. Approxiaately then (at T » T )

|4>TI = cT . (2.16)

Therefore gauge mesons, and those fermions and Higgs particles that get

the masses from the <<j>> expectation value, will have their masses increase

with temperatures

m(T) « T (2.17)

at sufficiently high temperatures. This will become relevant when we

discuss a realistic grand unified theories in section IV.
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III* Renormalization group analysis of symmetry breaking at high temperature

In section II we have seen how, for a particular choice of

parameters of Che Lagrangian, the temperature dependent mass term of the

Higgs field can be negative and so the vacuum expectation value of that

field will be nonvanishing at high temperature — the symmetry will not

be restored with the increase in temperature. We have then tacitly

assumed that such a situation will be unaffected as the temperature

increases more and more. However, we can do better than that. The

renormalization group analysis tells us how the coupling constants change

with temperature so we can analyze the behaviour of the temperature

induced mass terms. The idea is the following: in section II we found

that the one-loop induced effective potential is of the form:

V T ) = i T* £bi(T)*2 + VT)$2] (3>1)

where we have explicitly indicated the temperature dependence of b's

(remember that coupling constants are functions of temperature), so that

the sign of b's determines the pattern of symmetry breaking at T^O.

Therefore, in order to discuss the behaviour b. = b. (T), we have to find

out how tha coupling constants depend on. temperature. If we define

2
a. = X./g , we can easily derive, using the general formulas of Cheng,

11 2 2
Eichten and Li it = £n T /T . where T is the characteristic temperature

_q
of the present universe of order of 10°K * 10 MeV)

2 4-•-%**
2 d c t - o n i

^ j - -£ - [2(N+8)aJ + 2Nd* + (bQ - 3(N-l))a. + | (N-l)} (i-1,2)
S
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- - ^ = [2(N+2)(ai+a2)a3 + 4a* + (bo-3(N-l)a3 + |] (3.2)
g

where

bQ = 2[~^(N-2) - |] (3.3)

v

and we have assumed a, « a. in order to simplify our analysis (for a,=*0

the symmetry of the theory would be 0(N) x 0(N>). We now make a consistent

set of approximations which will enable us to predict the behaviour of a's
2

and g without actually solving the full coupled system of differential

equations.

Let us, for definitness, take N=3. We know that such a theory is

not asymptotically free. That means that at sufficiently high temperatures

our approximation will break down, but we will argue that such a situation

will not occur before we reach the temperatures of order of the masses of

superheavy particles of grand unified gauge theories (see below).

For N=3, (3.2) becomes

16w2 is! = -7g
4

at

.(•2 d o . •? •> i

i 2 | _ _ A = [22al + 6ctJ + o + f ] , (i = 1, 2)
g

|T ST i+*2>*3 + 4a3 + a3 + | ] * (3>4)

g
2

At t=0, we have to satisfy the condition (2.9), i.e. a.(0)a2(0)>o3(0),

with a.(0)>0 for i=l,2. If we further assume a,(0) ̂  1, then we can

approximate (3.4) by (we assume a_(0)<0)
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d 2

16u2 -4~ - -7g4

d t •

16TT2 d c tl . 2
^ 2 - - d T = 6 a 3

i,;_2 da« «

— 7T-«^

lfi_2 da,
J£| £ « 10a,a, . (3.5)
g dt

From (3.5) we obtain

2 ,
f ^ (olO2 - a

2) « 2a2 (llaio2 - lOa
2) . (3.6)

g

Obviously, eq. (3.6) tells us that, if at some temperature T a.a0 > a, ,

the same will be true at any higher temperature T > T , since the slope

2
of <*i<*2~a3 i s P°sitive. Let us now see how fast the a's change with the

increase in temperature. For example, from (3.5)

d0t2 22 g o
7" , 7 2 C3.7)

16ir^ 1 + — ~ g^t
16TT

o, 16ir 1 + — ~

2
where we used the well-known behaviour of g (t). The integration of

(3.7) then yields:

— - -f- - - ^ In (1 + - ^ T S« t) (3.8)
a° °2 7 16TT2 °

Assuming g t ^ 1, we conclude Aa~ < < a2 ^we C o°^ «« ^ 1)« We can show

that the same i s true for a l l <x's. With this in mind, l e t us now analyze

the behaviour of V^T) with T. By writing

b.(T) = g2(T) [5o + 3o3 + | l s g2(T) Cf(T) (3.9)
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we get (within our approximation)

(3.10)

where we take a, < 0 as a consistent possibility (see 3.5)). The first

thing we learn from (3.10) is that C^ (and so b~) is always positive,
Q

since at t=0 C has to be positive (see section II). Therefore, at

some T <tfi> will vanish (were this a realistic gauge theory, T would be

of order t» 300 GeV).

The situation with <4>> is, however, more complicated. Mow, (3.10)

tells us that C, decreases; so if C,<0, c, will continue to be negative

for all temperatures and, obviously, there will be no symmetry restoration

as we argued in section II. The above analysis justifies, in a sense, the

previously obtained conclusion. But, if on the other handc-, > 0> then the

following interesting picture can emerge: imagine that at C , C. > 0 and

that they remain positive at temperatures above 300 GeV, so that the

symmetry gets restored (the simplest possibility is that |a_| is not large

enough to make C, negative). As the temperature increases further, |<xJ

increases faster than a, and so it could become large enough to make C ,

eventually negative and the symmetry would get broken again (hopefully

before T -v 1016 GeV).

Let us now see that more quantitiatively. If we assume a. = a. =

const, (as justified by eq. (3.8)), we get

C -C.° *-i° °|a°] in ( 1 + - I - 2t) ̂  (3
1 1 7 2 3 l6ir* o
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Actually, taking into account the change of ot- and o_ would just increase

the rate of change of C.,, as is desired; but we ignore it for the sake of

2
clarity and simplicity. It g t ̂  1, then (3.11) gives

c - C° - - -3£j g
2
t (3.12)

1 X 16*2 °

where we used cu|a?| ̂  1. We can then find the temperature at which C.

becomes negative (remember C? > 0)

Co " "T Cl * C3*13)

If C. *> 1, g ^ 10 as an input, then

t « 50 (3.14)
o

which corresponds to temperatures T s 10 GeV as is needed to understand

the generation of the baryon excess of the universe (see next section).

We see from (3.13) that by taking C° smaller would reduce t . However,

that also increases the temperature at which the first phase transition,

i.e. symmetry restoration occurs. Namely, such temperature Tj is determined

approximately by T. * from u- - g C? T., so that a natural

value C. <v» 1 is preferred.

In conclusion, our analysis shows that it is possible to construct a

model in which symmetry gets restored at T ̂  300 GeV and gets broken again

at temperatures of order or less than the masses of superheavy particles in

superunified theories T 5 10 GeV. The symmetry phase, if it really occurs

would confirm our ideas about symmetry breaking and the (possibly) final

broken phase leads to soft CP-violating interactions in the early universe

when the baryon number of the universe was presumably created.
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A comment is finally in order concerning the applicability of our

methods at temperatures T j 10 GeV. A naive order of magnitude estimate

18
suggests that at T ̂  10 GeV one cannot trust the one loop calculation.

Namely, the relevant expression parameter A An T/T at these enormously

high temperatures becomes of^order one which signals a breakdown of

perturbation theory. We cannot say precisely at what T will our approximation

become invalid, but we presumably are still safe at T 'v 10 GeV.
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IV. Grand Unified Theories and the Problem of Baryon Excess

In the preceding sections we have learned how a symmetry may remain

broken at high temperatures. Of course, one of the basic motivations for

studying such effects as we emphasized in the introduction, is the fact

that if CP and baryon nonconserving interactions survive at high temperature

then they may be responsible for creating matter-antimatter symmetry out

of an originally symmetric universe. In this section we therefore apply

12
these ideas to the grandunified theories which provide a natural basis

for such phenomena since they are in general characterized by baryon

number violating interactions.

Our analysis is done for the simplest of grandunified theories, the

12
SU(5) model of Georgi and Glashow. In order to discuss CP-violation,

we have to recall the Higgs sector of the theory. It consists of two

types of multiplets: a 2^ dimensional adjoint representation which provides

the strong symmetry breaking down to SU(3) x SU(2) x U(l) and gives the

masses to superheavy gauge mesons which mediate proton decay and a J5

dimensional fundamental representation which is responsible for the

breaking of SU(2) x U(l) down to U(l) (it gives the masses toff", Z and

fermions).

Now, in the minimal schrme with one five dimensional multiplet, the

CP has to be built in the Lagrangian prior to the symmetry breaking through

the complex Yukawa couplings, since the vacuum expectation value of 2 can

always be chosen to be real by means of a gauge rotation. It is therefore

necessary for our purpose cf constructing a soft CP violating theory to

increase the number of fundamental representations of SU(5). Since the

Higgs self-couplings that mix 2A_ and j> are small in order not to affect

the light mass scale by the heavy one, we cannot rely on such couplings
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to dominate over positive contributions of gauge mesons of order g in

the coefficients of the temperature dependent terms in the potential (for

the sake of our discussion, we will safely ignore such couplings). Now,

similarly as in the case of the single 0(N) model discussed in section II,

it turns out that in the model with two ̂ 's the vacuum expectation values

of both the multiplets cannot be nonvanishing at high temperatures. This

implies that a necessary condition for soft CP-violation in SU(5) models

to persist at high temperatures is that, there must be more than two j>

dimensional Higgs multiplets in the theory, the situation completely

analogous to the one in SU(2) x U(l) gauge model of weak and electro-

magnetic interactions where one needs at least three Higgs doublets for

the same reason. The SU(2) x U(l) model was discussed previously by
u

us in detail.

In conclusion, the soft CP-violation at high temperatures requires

three ^'s denoted by <!>.,, <j>2 and x» with the new temperature pattern of

symmetry breaking

T=0 /I

o
o
o
o
P.e

T=0

o
o
o
o
V

(4.1)

where 9 =0, 9-=8. If we write the one loop induced temperature dependent

term in the potential as

V1(T) = T
2 [bi £ «1 + b)( X

+ X J (4.2)

10
then, as we have shown, one can choose

b i < 0, > 0 . (4.3)
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Therefore, above a critical temperature <x> = 0, but <<(>.> 4 0 and increase

with temperature, i.e. «J>.> = c.T for T » T . The CP phase 9 also remains

nonzero at the minimum at all temperatures. Of course, as we have shown

in section III, it is possible to have an intermediate region starting when

T > T <*» 300 GeV when symmetry is restored to both <<)>.> and <x> vanishing

but then for some enormously high temperature T » 300 GeV <<fr > become

nonzero and the theory becomes CF-violating again. Since this extra

phase transition has little bearing on the question of cosmological

baryon production, we will ignore it in what follows and simply assume

the existence of soft CP-violations at temperatures of the order of

10 GeV, where baryon asymmetry starts to build.

To discuss the baryon production in this model, we have to know how

the fermion masses grow with temperature and in particular, whether at

temperatures of the order of 10 GeV, the fermions are light enough to

be produced in the decay of the superheavy bosons, X, Y. It actually turns

-4 15

out that, fermion masses mf - 10 T (in GeV). Therefore, at 10 GeV,

fermion masses are negligible compared to the masses of X and Y bosons.

To see this, note that at high T

«t>i> » T (4.4)

so the fermion mass, m,(T) is for large T given by

mf(T) « h(T)T (4.5)

where h(T) refers to Yukawa couplings at temperature T. Now

V —/L

M O ) - g(0) "fQx « 10 where (0) denotes the zero temperature value

of relevant couplings. Since Yukawa couplings in gauge theories are
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asymptotically free, that is they decrease with temperature, we conclude

-4
from (4.5) that in.(T) s 10 T. This implies that, if T ̂  m , then

I X

m./m $ 10 . The second fact to be considered is that since fermions

are still massive at these high temperatures, the interaction of both

the superheavy gauge bosons as well as the Higgs mesons, with fermions

contain CP-violating pieces, as does the normal W-boson weak interactions

of fermions. Now we are ready to discuss the problem of cosmological

baryon production. It has already been emphasized in several papers

that, if either the X, and Y bosons or the Higgs boson H. decay into two

channels with final state baryon numbers B, and B-, with branching ratios

Y and 1-y then the baryon to entropy ratio n^/11 is given by:

Y

where N is the concentration of the bosons that mediate B violating
X

interactions and N is the concentration of photons at 10 GeV,

AB * (Y-Y) ̂ W • (4'7)

Y is the corresponding branching ratio for antiparticles X, Y and H.

-2 -

N /N is of the order of 10 . To compute (Y-Y)» we note that, we have to

take into account the interference between the Born diagram and the one

loop correction to it. Writing the various decay widths

|g + h A(s+ie)|2 (4.8)

Is* + h* A(s+ie)|2 . (4.9)

one gets,
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(Y-Y)rtot « 2(Im gh*) ImA (4.10)

wehre ImA stands for the s-channel discontinuity. In our case, the various

13graphs contributing to eq. (4.10) are shown in fig. 1. It can be shown

that for SU(5) grand unified theories, with an arbitrary number of {5}-dim

Higgs multiplets, the flavor*'interaction of the gauge (W,X,Y) and Higgs

bosons (H*) can be written in the form that involves Cabibbo rotation U

and some Yukawa couplings W . It is clear from eq.(4.10) that the

contribution of the interference between fig. la and fig. lb to (Y-Y)

is of the form:

Im Tr (UU+UU+) - 0 (4.11)

However, the intereference between Fig. la and lc is of the form

Im Tr (UU H.H.) which is not zero in general and therefore, the

contribution to AB from such graphs is

g2ImTr(UU+H H*)
AB ^ _ !_L_

_

g
If H A , 10"2 to 10"3 AB = 10"4 to 10"6 leading to ng/n ^ 10~6 to 10"8.

Our purpose here is not to highlight the prediction for the magnitude of

AB for that depends on many more details of the model but rather to point

out that a mechanism for baryon production capable of yielding reasonable

values for n^/n exists and the potentially dangerous gauge loop graphs

(Fig. lb) do not contribute. A similar kind of contribution also arises

from Fig. 2, where again the gauge loop corrections vanish.
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V. Conclusion

In this section, we would like to summarize the main results of this

paper and conclude with some additional remarks on the implications of

our work. The main point we wish to make is that, contrary to conventional

wisdom, broken symmetry may persist at high temperatures if boundary

conditions at zero temperature are suitably chosen. Such a model

necessarily contains heavy Higgs mesons and lead to fermion and boson

masses growingwith temperature. The single 0(N) model serves as a prototype

of our discussion, whereas we also touched upon more realistic theories.

In particular, we have also elaborated on a new possibility by which broken

gauge symmetries may be restored at T and then broken again for T > T ,
cl C2

which would enable us to test (in principle) the reality of gauge symmetries,

and also to achieve soft CP-violation at the temperatures of order of the

masses of superheavy gauge mesons when it seems that matter-antimatter

asymmetry originated. However, as we mentioned in section III, even if

the last possibility does not materialize, it seems that broken gauge
14

symmetries may be restored in strong laser and magnetic fields, something

that is much more hopeful to be tested in the reasonably near future.

We have also shown how realistic theory of soft CP-violation,

constructed within the grand unified theory based on SU(5), retains its

CP-violating character at high temperatures.

The phenomenon we have uncovered is similar to the one discovered

by Linde earlier. However, Linde's work relies on there being a large

neutrino density in the universe which may not necessarily be the case.

Furthermore, it is not clear whether a generalization of Linde's work to

the case of soft CP-violation is possible.
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Figure Caption

Fig. 1. The Feynman graphs expected to play the role in the generation

of baryon excess of the universe through the decay of superheavy

gauge mesons (denoted by X and Y).

Fig. 2. The graphs that contribute to the baryon number violating decays

of superheavy Higgs scalars.
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