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High temperature symmetry breaking via flat directions
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We show that the natural presence of flat directions in supersymmetric theories allows for nonrestoration of
global and/or gauge symmetries. This could have important cosmological consequences for supersymmetric
grand unified theories and, in particular, it offers a solution of the monopole problem.
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I. INTRODUCTION theorem is not directly applicable to thgrh8]. Remarkably
enough, it can be shown that these flat directions may quite
In spite of everyday experience, it is well known that naturally possess vacuum expectation values much bigger
global symmetries may remain broken at temperatures muciian the temperature. This is in full agreement with the re-
above the physical scale of the theory in quesfib2]. Al- cent results of Dvali and Kraud4.8]. In order to set the
though this has recently been confirmed by rigorousstage, we first briefly review the conventional situation of all
renormalization-group improved metho@ and lattice cal-  the fields being in thermal equilibrium.
culations[4], it is not clear whether the same is true for the

case of local symmetrid$,6]. If one is willing to consider Il. SUPERSYMMETRY IN THERMAL EQUILIBRIUM
the universe with some large external charge then even local _ _ o _ o
symmetries may naturally remain broken at high7,8]. The point here is quite simple. The fields being in thermal

This has important application for the fate of topological equilibrium have high-temperature mass terms proportional
defects and in particular could solve the cosmological probto T2 Now, in ordinary theories the mechanism of nonres-
lems of monopoles and domain wal8—11]. For a recent toration is based on the possibility of negative dimensionless
review of these issues sE&2]. couplings in the scalar potential, thus allowing for the nega-
However, in what follows we are interested only in thetive T? scalar masses. In supersymmetry, however, these
generic hight behavior of field theories without any exter- couplings are the squares of the relevant Yukawa couplings
nal charge. It is known then at the level of a no-go theorenind so can never be negative. This is, roughly speaking, the
[13,14 that in supersymmetric theories the phenomenon ofeason behind the no-go theorem for supersymmetry which
nonrestoration is not operative, even when nonrenormalizean be rigorously proven under the assumption of thermal
able interactions are includg¢d5-17. equilibrium and renormalizable couplings. The situation is
We wish to make our philosophy as clear as possiblesomewhat more subtle in the nonrenormalizable ¢a5¢
Even if there is no phase transition, one needs to justify théut still the no-go theorem goes throud6,17. Essentially,
initial condition of a homogeneous universe. For this reasorthe argument is as follows: if the main interaction is non-
we, as everybody else, assume that inflation took place aenormalizable(say |#|%/M?, where M is the large scale
some point. This is indispensable for our program. Howevergutoff), its sign in the potential must be positive in order for
one has no guarantee that inflation takes place after the prthe potential to be bounded from below. This then immedi-
duction of topological defects or that the reheating temperaately gives a positive temperature-dependent mass tierm
ture is below their masses. In fact, in grand unified theorieshis caseT*/M?).
this is often not the case. For this reason we believe that it is
imperative to look for other solutions to the problems of
topological defects and the false vacuum. It is thus important
to readdress the issue of highbehavior of supersymmetric
theories and this is precisely the aim of this paper. As we already remarked, flat directions may not be in
The crucial point in the no-go theorem of symmetry non-equilibrium at high temperaturgl8]. This implies the ab-
restoration in supersymmetry is based on the assumption ance of thel? mass term and paves the way for the possi-
thermal equilibrium for all the fields of the theory. Whereasbility of symmetry nonrestoration. Now, at zero temperature
this is normally true, it is precisely the supersymmetric theo-one normally lifts the flat directionét least the dangerous
ries that may provide naturally a way out of this assumptionones which break charge or coldny positive soft supersym-
Namely, these theories are generically characterized by metry breaking mass terms which push them to the origin. At
large number of flat directions, generically denoteddoyn  high T, though, such soft terms are negligible compared to
what follows. Such flat directions, at least for large enoughand since the temperature breaks supersymmetry, it deter-
values of¢ (see below, do not have strong enough interac- mines the stability point of flat directions. We will see that
tions to be in thermal equilibrium and, therefore, the no-gothe run-away behavior is quite natural and can happen in a

Ill. FLAT DIRECTIONS
AND SYMMETRY NONRESTORATION
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large class of supersymmetric field theories. The situation is q
reminiscent of the upside-down hierarchy of Wittg10], ! |
when small supersymmetry breaking terms may induce large
vacuum expectation valuegvev's) (even exponentially D GRRRDE  CAEEEEl .
large). o / ¢
In order to illustrate this phenomenon, we describe it us- | ;
ing a simple toy model and then address the issue of realistic RN
gauge theories. Imagine a scalar superfigldt will corre- (a) (b)
spond to the matter superfiejdwith a renormalizable self-
interaction and a flator better almost flatfield ¢, with the FIG. 1. Diagrams which give the thermal mass to the flat direc-
following superpotential: tion ¢. Since ¢ is not in thermal equilibrium, only scalagsand
fermionsq are running in the loops.
W=\G3/3+W(¢), (1)
The potential at zero temperature is given(bgfore res-
where we take caling
"3 IW IW*
=——(n= - -1y
W(g)= (=), ) V=g K Diggr 6)
so that in the limitM — we have a completely flat direc- whereK ! is the inverse of
tion. For this particular example the superpotential possesses
a U(1) R symmetry i PK(¢)
I pwry @)
_ P dd;
¢_>e|3a¢, i
_ The relevant potential then simply beconiésr the res-
q—e'("3)eq, caled fieldq)
Wos i3+ 3)ayy 3) gl | |20 +2)
V:)\Z q 2 273 + ’ (8)
and we wish to show that this symmetry is broken at high (1+a /M) m?2n
temperature. Of course, this symmetry has an anomaly, but 0o .
this is of no importance for what we are trying to do. which can be expanded {g|/M* to give
We choose this simplified model only to illustrate the pos-
sibility of broken symmetries at high. It is more realistic to N 2lald 2 4@ |22
allow other higher dimensional terms, which would break the V=2\7lq|*~3arTq M2 + M2 ©

R symmetry. However, everything we do will hold true in

this case too; the field will get a large vev, only there willbe | ot us evaluate now the high-temperature effective poten-
no symmetry to talk about. Our toy model is only an illus- tjz for the field . Notice that there can be no terf| ¢|2
tration of a more physical situation, when of course there argy e to the absence b6|2| 4|2 type terms in the potentidbf
(gauge symmetries in the game. course there is | >T2 term which pushes the vev gfto the

If M is the Planck scal¥p,, even then=1 case may not  origin). This is precisely the statement gf being a flat di-
suffice to bring¢ in thermal equilibrium at highl, and in raction and not being in thermal equilibriuri{ mass terms
any case we imagine large enough to keep not in equi-  can only arise for the fields in equilibriumit does not mean
librium (a reasonable assumption for what we call a flat di-ough that the fields does not feel the temperature at all.
rection. We quantify this more precisely below. Clearly, from the|q|4|¢|2 interaction in Eq.(9), wheng is

Now, for any reasonable<1 we will have a fieldq in  yynning in thermal loops, we will be left with a temperature-
equilibrium and thug will run in thermal loops. Next, imag- dependent mass term fep.

ine that the Kaler potential is not trivial, exemplified by Now, from the diagrams of Fig. 1 the high-effective
potential for¢ can be easily evaluatdd6]

'q4'e
K(q.0)=q"a+plg+a ", @ i |00
s TR |4
Veff(d”T) - 32 M2 + M 2n . (10)

Since we are interested only in the question of the vev of
¢ and since¢ is not in equilibrium, we can take it to be a o
background field. Thus we can ignore its kinetic term and Clearly, fora>0 the — sign in Eq.(10) guarantees a
just concentrate on the fietgl We first put its kinetic term in  nonvanishing vev fokb:

the canonical form by rescaling 2

3an?
T°M" 1L, (11)

32(n+2)

G- (1+a| g2IM?) ", ® ()=
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Forn=1, (¢)~T and for largen, (¢)>T (we are by
definition atT<M). Thus, not only does the fielgp (an
almost flat direction af=0) have a vev at larg@&, but in
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gauge interactions and Yukawa couplings to heavy states,
and so in general the wave-function renormalization will
produce the logarithmic dependencedirithrough the heavy

generak ¢) is expected to be much bigger than the temperastates massgs

ture. Fora<0, of course{¢)=0. Thus the possibility of

symmetry nonrestoration depends crucially on the sign of the

noncanonical piece iK.

Let us now justify the natural assumption ¢fbeing out
of thermal equilibrium. From interactiof2) the mass of the
¢ particles ism¢~<¢>”+1/M”, which, using the solution
(11), becomes

my~T4M<T. (12

Thus, forM=Mp,, which is what we expect in realistic
cases, the effective decay rate tpiparticles can be at most
m3/T~T3/M? and is obviously much smaller than the ex-
pansion rate of the universd~T?/M. As expected, the
field ¢ is not in thermal equilibrium. In exactly the same
manner one shows that the ldar interaction is also too
weak to bringe into the equilibrium.

We can generalize the above simple example by taking a

arbitrary Kanler potential[ 18], in which case one has

V(q,¢)= (13

\ql?
PYTTIe] + other terms.
(Kg(#))

As before, at higHT, |g|* becomes proportional %, so
that clearly the vev forh depends on the behavior lﬁﬂ(q&):
when it grows withe, this implies{¢)# 0 (its precise value
depends on whatever stabilizes the th¢oiyow, there is

Kd(#)=1+[g%(#)—h*(#)]In(¢?) (14)
written symbolically @ stands for the relevant Yukawa cou-
pling). It is argued in[18] that for sufficiently large gauge
coupling, ¢ will necessarily have a large vev at high tem-
perature.

Now, what happens in a realistic theory such as the mini-
mal supersymmetric standard mod®SSM)? As is well
known, the flat directions are characterized by the holomor-
phic gauge-invariant functions of the original superfields of
the theorny{20]. In the MSSM withR parity typical examples
of such holomorphic invariants are

le€, wucd°dS, ..., (15)
wherel is the leptonic doublet superfield and the rest are
Bositron and antiquark superfields. Of course at zero tem-
perature these flat directions are lifted by soft supersymmetry
breaking terms which drive the vevs of their scalar compo-
nents to zero. These are the flat directions that we character-
ized above generically by and thus they are expected to
have vevs at high temperature far away from the origin. If so,
the electromagnetic gauge invariance will be broken at high
temperaturd 18] leading to the fast annihilation of mono-
poles [21], and thus solving the monopole proble@2].
Similarly there will be flat directions in the grand unified

nothing unnatural about it and this is the central point of ourtheory (GUT) extensions of the MSSM and the GUT sym-
work: not only is it possible to have symmetries broken atmetry may never be restored. In other words monopoles may
high T in supersymmetric theories, but the presence of flanot be created in the first pla¢#8,22.

directions provides the most natural mechanism of symmetry

nonrestoration in general.

IV. REALISTIC CASE: GAUGE THEORIES

The central ingredients, as we have seen, for the figlds
to develop a vev at hight is supersymmetry breaking, pro-
vided by temperature, and a Klar which grows withe.

V. SUMMARY AND OUTLOOK

It should be clear from our workwe hope that symmetry
nonrestoration at high temperature is a rather natural and
generic phenomenon in supersymmetric theories. Simply, at
high T the flat directions may easily be lifted far from the
origin due to the supersymmetry breaking induced by tem-

Supersymmetry must be broken in order for this to takeperature. These flat directions may be the ones whictT for
place, and temperature plays this role naturally. What about 0 sit at the origin due to the soft supersymmetry breaking

the sign ong(¢) in realistic situations, so crucial for the

terms, or they may have large vevs evenTatO as in the

phenomenon of nonrestoration to take place? What about the/itten’s exponential hierarchy scenafib9].

heavy fields of the theory, those coupled#® These impor-

The large number of flat directions in the MSSM and

tant issues have been addressed and discussed at lengthsilpersymmetric GUT'’s would imply then a logical and natu-
[18]. For the sake of completeness we summarize hereal possibility of the SM and GUT symmetries broken at

briefly their idea.

high T. This offers a possible solution to the monopole prob-

The answer to the second question is simple: any fieldem of GUT’s.

which is coupled tap and gets a mass frofy), will nec-
essarily decouple at temperatuies (¢). As long as this is

It would be interesting to see if such a phenomenon could
provide a solution to another problem of supersymmetric

satisfied, such fields can be safely ignored, their contributioGUT’s: the problem of the wrong vacuup23] (unbroken

in thermal loops being suppressed by exgg)/T). The

GUT symmetry vacuum Namely, atT=0 these theories in

obvious example of such fields are the gauge bosons in thgeneral have discretely degenerate vacua with the SM gauge

realistic case whewp has gauge interactions.

symmetry vacuum having the same @) energy as the un-

The main concern must be addressed to the first questiobroken GUT symmetry one. On the other hand, if at High

i.e., the sign irKg(qb). In general the light fieldg have both

symmetry were to be restored, this would make the theory
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get caught up in the unbroken vacuum forever, since théhe MSSM at highT; this in turn allows for the annihilation
tunneling into the true SM vacuum is enormously suppressedf monopoles through the stringlike flux tubes.

due to the large barrierQ(Mﬁ‘() between the different vacua.
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