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Supersymmetry and Broken Symmetries at High Temperature
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It is generally believed that internal symmetries are necessarily restored at high temperature in
supersymmetric theories. We provide simple and natural counterexamples to this no-go theorem for
systems having a net background charge. We exemplify our findings on Abelian models, for both cases
of global and local symmetries, and discuss their possible implications.  [S0031-9007(97)03651-X]
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When heated up, physical systems undergo phase tramhis is simply a consequence of the fact that, if the con-
sitions from ordered to less ordered phases. This deep beerved charge stored in the system is larger than a critical
lief, encouraged by everyday life experiences, would tellvalue, the charge cannot entirely reside in the thermal ex-
us that at high temperature spontaneously broken symmeited modes, but it must flow into the vacuum. This is an
tries of high energy physics get restored. This, in fact, iSndication that the expectation value of the charged field is
what happens in the standard model (SM) of electroweakonzero, i.e., that the symmetry is spontaneously broken.
interactions. Whether or not this is true in general is arFrom the work of Affleck and Dine [11] we know that there
important question in its own right, but it also has a po-is nothing unnatural about large densities in SUSY theo-
tentially dramatic impact on cosmology. Namely, mostries. The most natural candidate for the large density of the
of the extensions of SM tend to suggest the existence afniverse is the lepton number that may reside in the form of
the so-called topological defects, and it is known that twaneutrinos. In fact, this is precisely what is assumed in [10].
types of such defects, i.e., domain walls and monopolef\low, one may fear that the usual washout of the- L
pose cosmological catastrophe. More precisely, they aneumber due to sphalerons will predict the baryon and lep-
supposed to be produced during phase transitions at higbn numbers to be equal, which would be disastrous. How-
temperaturd’ [1], and they simply carry too much energy ever, there is a catch here. If the standard model symmetry
density to be in accord with the standard big-bang cosis not restored at high temperature, sphaleron effects get
mology. One possible way out of this problem could beexponentially suppressed, and the usually assuBnedL
provided by eliminating phase transitions if possible. Inwashout becomes ineffective [12]. Thus the large lepton
fact, it has been known for a long time [2] that in theo- number can coexist with a small baryon number. Further-
ries with more than one Higgs field (and the existence ofmore, it should be stressed that a large lepton number is
topological defects requires more than one such field in reperfectly consistent with the ideas of grand unification. It
alistic theories) symmetries may remain broken at figh can be shown that in S@0) one can naturally arrive at a
and even unbroken ones may get broken as the tempersmall baryon number and a large lepton number [13].
ture is increased. This offers a simple way out of the do- It is the purpose of this Letter to demonstrate that rea-
main wall problem [3], whereas the situation regarding thesonably large charge densities (with the chemical potential
monopole problem is somewhat less clear [4]. Unfortu-smaller than temperature) provide a natural mechanism of
nately, the same mechanism seems to be inoperative in sbreaking internal symmetries in SUSY at arbitrary high
persymmetric theories. Whereas supersymmetry (SUSYemperature. We exemplify our findings on simple Abel-
itself gets broken at higif', internal symmetries, on the ian models, with both global and local symmetries, and
other hand, get necessarily restored. This has been prové&ave the generalization to non-Abelian symmetry for fu-
at the level of renormalizable theories [5], and a recenture publication. However, before presenting our results,
attempt to evade it using higher dimensional nonrenormalwe wish to make some comments regarding background
izable operators [6] has been shown not to work [7]. charge asymmetries.

All papers mentioned above have an important assump- A. Chemical potential: generalities-Let us assume
tionin common: The chemical potential is taken to be zerothat associated with some unbroken Abelian symmetry, ei-
In other words, they assume the vanishing of any conservettier global or local, there exists a nonvanishing net back-
charge. On the other hand, it has been known that in norground charge) = (n — i)V, whereV is the physical
supersymmetric theories the background charge asymmeelume of the system and and# are the particle and the
try may postpone symmetry restoration at high temperaturantiparticle density distributions
[8], and even more remarkably that it can lead to symmetry
breaking of internal symmetries, both in cases of global [9] N = d*p 1 @
and local symmetries [10] at arbitrarily high temperatures. Qm)3 eE-WIT + 1
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andi(u) = n(—u). Inthe above* refers to fermions The original U(1)z global symmetry is spontaneously
and bosons, respectively, and is the chemical poten- broken, and this is valid at arbitrarily high temperatures
tial associated with the charg@. It is easy to show (as long as the approximation afsmall holds true).
that for fermions (which is all we need herg) = £ = Notice that, in all the above, we have assumed unbroken
A pwd(mrPuT?) for w > T (u < T), whereg. denotes supersymmetry. When supersymmetry is softly broken,
the number of degrees of freedom. Now, if these particled/(1)z also gets explicitly broken because of the presence
are in equilibrium with the photons, then— 7 < n +  of softtrilinear scalar couplings in the Lagrangian. There-
i =n, = T3 andthugn — 7)/n, < limpliesu < T. fore, the associated net charge vanishes, and the reader
We shall stick to this reasonable physical assumption. Imight be worried about the validity of our result. How-
general,u has a temperature dependence dictated by thever, the typical rate folU(1)g-symmetry-breaking ef-
charge conservation constraint. In an expanding Universtgcts is given byI" ~ m?/T, where we have indicated by
V ~ T3, and thus the fact th@ remains constant during m ~ 10? GeV the typical soft SUSY breaking mass term.
the expansion implies./T = const. This simple, but Since the expansion rate of the Universe is givertby-
important observation plays a crucial role in what follows.3072/Mp¢, Mp¢ being the Planck mass, one finds that
B. Global Abelian charge—The simplest supersym- U(1)z-symmetry-breaking effects are in equilibrium, and
metric model with a global (1) symmetry is provided by the net charge must vanish only at temperataesller

a chiral superfieldb and a superpotential than Tss ~ ;712/3M}/€3 ~ 107 GeV. Therefore, it is per-
A fectly legitimate to consider the presence of a nonvanish-
W= =3 (2) ing R charge at very high temperatures even in the case of
3 softly broken SUSY.

It has a globalU(1) R symmetry under which fields  Thus, we have provided a simple and natural coun-
transform asp — ¢'*¢ andy — e @/2y, where¢ and  terexample to the theorem of the restoration of internal
y are the scalar and the fermionic component of thelymmetries in supersymmetry [5]. The situation here
superfield®. Thus the fermionic and bosonic chargesis completely analogous to what happens in the non-
are related by20, + Q, = 0, or, in other words, the supersymmetric scalar field theory with potentidl=
chemical potentials satisfy the relatipn= 4 = —2p,. m*¢1é + A(@T¢)* described in [9]. The presence of
Now, the main point here is that the presence of e nonvanishing chemical potential for the associafét)
nonvanishing neR charge atree levelalready leads to 9lobal charge makes it possible for the global symmetry
a mass term for the scalar field with a “wrong” (negative)to be t;roken at arbitrarily high temperatures even in the
sign after canonical momenta have been integrated out ig@sém- > 0. This is a consequence of the fact that the
the path integral [8,9]. The one-loop high temperaturecharge cannot be stored in the thermal excited modes, but
effective potential receives dominant contributions fram it must reside in the vacuum, and this is an indication that

andT for a small Yukawa coupling < 1 and reads (for the expectation value of the charged field is nonzero, i.e.,
w < T)[8,9] that the symmetry is spontaneously broken.

: C. Local gauge charge—It has been known for a
Vr(g) = <—M2 + = A2T2>¢T¢ + A2 (pt )2 (3) long time [10] that a background charge asymmetry tends
2 to increase symmetry breaking in the case of a local

The above result is not new: it has been found before i§@uge symmetry. In his work, Linde has shown how a

th fch d lar fields 18.91. The i tant rge fe_rmion n_umber density vyould prevent symmetry
e case of charged scalar fields [8,9] © Important ne restoration at high temperature in both Abelian [10] and

ingredient here is that it holds in the case of supersym- g . . C

metry, since we may safely ignore the one-loop fermioni on-Abelian theories [14]. The essentlal_pomt is that the

contribution in the chemical potential term, being of the Or_e_xternall chgrge Ie_ads.to the conden_sa'qon of the gauge

der \2u26t ¢ and suppressed by small Of course, the field which in turn implies the nonvanishing VEV of the

fermions enter in th@&? mass term, and the coefficient2. Higgs field. This ph_enomenon may be easily un(_jerstood if
’ one recalls that an increase of an external fermion current

reflects that. Obviously, forn?> > A>T?/2 the symmetry e o
; ; ._Jyleads to symmetry restoration in the superconductivit
is spontaneously broken at high temperature, and the ﬂel’%eory [15].y n ga)L/Jge theories symmet?y breaking ig

ets a vacuum expectation value (VEV . X ;
¢9 P 2 (VEV) necessarily a function of> = ji — j2, wherej, is the
- 5T charge density of fermions. An increasejgfis therefore

(pp=H—22 ) . . ,
A2 ' accompanied by an increase of symmetry breaking [10].
. . . . . We now demonstrate that this phenomenon persists in
This result is valid as long as t.he chemical potenﬂqb supersymmetric theories, at least in the case of Abelian
smaller 2than the scalar mass in th®) background, i.e., symmetry
) o e > S .
i“ E ’?f’f_ 2\ <‘]{’> tl[g]' This 'T)Itum impliesy > AT. The simplest model is based @f(1) supersymmetric
h short, for a perfectly reasonable range local gauge symmetry. The minimal anomaly free matter
AT < u <T. (5) content consists of two chiral superfieldls and® ~ with
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opposite gauge charges, and the most general renormaligetential depends only on the supt = |¢*|* + |~ |?,
able superpotential takes the form and thus the energy is minimized for the vanishing of
W= mb+d—. ©6) the D-term potential, i.e., fot¢ " |> = |¢ ~|>. It is easy

) ) to see that, in this case, the effective potential has two
Notice that the symmetry iBot spontaneously broken at aoytrema:

zero temperature. Since there is no Yukawa interaction,

; 2
there is also a globdl(1) R symmetry, under which the é =0 and ¢2= _Jo _ T_‘ 8)
bosons have, say, the same charge and the fermions are \/ng 2

mvarlaln/g. Furthermore, at very high temperatufe>  The second extremum obviously exists only for
m*3Mp;, the fermion mass can be neglected, and we 73

also get a chiralU(1) symmetry under which the bosons Jo > N 9
are invariant. We may now suppose for simplicity that 2

there is a net background charge dengitywith the zero  Moreover, in that case, it is an absolute minimum, while
current density and that it lies entirely in the fermionic ¢ = 0is a maximum.

sector. In other words, we assume the background charge Now, we can rephrase the above condition in the lan-
to be in the form of the chiral fermionic charge. Thus guage of the chemical potential (usipg = 4): u > gT.

only the fermions have a nonvanishing chemical potentialFor g < 1, which is of our interesty easily satisfies the
Equally important, we assume that the gauge charge of theondition . < 7. As noted above, since Yukawa inter-
Universe is zero, just as in [10]. In the realistic version ofactions are absent, the role of the external charge may
this example, one would imagine the gauge charge to bkeave been played by the charge in the scalar sector, the
the electromagnetic one and the chiral fermionic charge ttwo scalars being equally charged under this symmetry.
be, say, the lepton charge in the minimal supersymmetritn such a case, the analysis requires careful handling be-
standard model (MSSM). We know from observation thatcause of issues related to gauge invariance, and we will
the electromagnetic charge of the Universe vanishes textensively explore this in a future publication. We only
a good precision. Thus we have to minimize the actiormention here that the addition of thetem(¢lﬁo¢+ +

with the constraint that the electric field is zero. What¢13,¢ ) to the Lagrangian requires a simultaneous addi-
will happen is that some amount of bosonic charge willtion of the term2Aou(|¢ +|> — |¢—|?) to conserve gauge
get stored into the vacuum in order to compensate for th@variance. It is straightforward to show that, for large
fermionic one and achieve the vanishing of the electrienough chemical potentigk, the effective potential at
field. In this way, the totalU(1) charge density of the high temperature is again minimized for vanishindgerm,
system, including the charge of the condensate, is equahich results inA, = 0, and that|¢|* terms induced at

to zero even if symmetry is broken and the gauge forcesne loop are crucial for the existence of global minimum
are short-range ones. This is the principal reason behinghich breaks local gauge symmetry. For the physical re-
the resulting spontaneous symmetry breaking of the locadlization of this situation the existence of an extra source is
gauge symmetry, as we show below. Thus it is cruciahecessary and, in our case, the latter is provided by the chi-
to have some nonvanishing external background chargeal fermionic charge. This situation is quite different from
i.e., the model should have some extra global symmetry aghat happens in a simple nonsupersymmetric model with
provided by our chiral symmetry. We can obviously takelocal Abelian symmetry and only one scalar field, where
A; = 0 in the vacuum and treat, on the same footing only the combination(4, + x) appears in the computa-
with the scalar field$) * (due to the net chargg, cannot tion, and the absence of an extra source imposes the con-
vanish in the vacuum). If we now integrate awtusingits  dition that this quantity is equal to zero [16].

equation of motion, assuming the electric field to be zero, Thus we have also provided a supersymmetric example
we can then compute the high temperature potential fopf a local gauge symmetry being broken at high tempera-
the scalar fields in question at high temperature and largeire in the presence of a background charge density.

charge density with the following result: D. Summary and outlook-The main point of our pa-
e per is that internal symmetries in supersymmetric theories,
Vet (T) = ey T* (o™ 1> + 167 contrary to the general belief, may be broken at high tem-
perature, as long as the system has a nonvanishing back-
2 .
n g_(|¢+|2 — |6 IPR ground charge. The examples we have provided here,
2 based on both global and local Abelian symmetries, are

1 2 natural and simple and should be viewed as prototypes of
Jo I . g
5 2 Pt lo )+ T2 (7 more realistic theories. The necessary requirement for the
phenomenon to take place is that the chemical potential be
where we have takeRi > m, and we have included both bigger than a fraction of temperature on the order of (1—
scalar and fermionic loop contributions in tH& mass 10)%. Notice that this is by no means unnatural. Inthe ex-
term forAg. Now, except for theD term, the rest of the panding Universe, as we have stressed before, the chemical

+
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potential is proportional to temperature, and, thus, unlesthough, an important condition must be satisfied: The
zero for some reason /T is naturally expected to be of system must possess a non-negligible chemical potential,
order one. More important, this chemical potential couldu = T, or, in other words, a net background charge. This
be zero today; all that is needed is that it is nonvanishing @t the novel and main point of our paper. The previous
high temperature. We have seen how soft supersymmetmyorks, it should be stressed, indicating the role of chemi-
breaking may naturally provide such a scenario if there i€al potential in symmetry nonrestoration at high tempera-
some nonvanishing external charge. ture referred only to nonsupersymmetric theories. Now, in
Now, it is well known that in suspersymmetry the nonsupersymmetric theories, in many cases it is possible to
existence of flat directions may lead to large baryon andchieve high temperature symmetry breaking even without
lepton number densities at very high temperature [11]resorting to charge asymmetries, whereas it is impossible
In any case, we wish to be even more open minded anoh SUSY. Generalization of our results to supersymmetric
simply allow for a charge density without worrying about non-Abelian theories is now in progress.
its origin. It is noteworthy that a large neutrino number We are deeply grateful to Borut Bajc for his keen inter-
density may persist all the way through nucleosynthesigst in our work, for many useful discussions, for checking
up to today [17]. This has been used by Linde [14]some of our computations, and for the careful reading of
in order to argue that, even in SM, the @} ® U(1)y the manuscript. We also wish to acknowledge discussions
symmetry may not be restored at high temperature. Sinceith Graciela Gelmini, Andrei Linde, Alejandra Melfo,
SUSY, as we have seen, does not spoil the possibility adnd, in particular, Scott Dodeldson. A.R. is supported by
large chemical potentials allowing symmetry breaking athe DOE and NASA under Grant No. NAG5-2788.
high T, it is important to see if our results remain valid
in the case of non-Abelian global and local symmetries.
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