PHYSICAL REVIEW D

VOLUME 46, NUMBER 4

15 AUGUST 1992

Spontaneous supersymmetry breaking of the Wess-Zumino model at finite temperature
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We investigate the one-loop effective potential of the supersymmetric model in the high-temperature
domain. We observe the fact that supersymmetry can be broken by finite-temperature effects and there
is a possibility that broken supersymmetry can be restored in the higher-temperature region.
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I. INTRODUCTION

The study of the vacuum structure by use of the
effective-potential method has been investigated by many
authors [1] since the possibility of using this method was
pointed out by Jona-Lasinio [2]. Jackiw [3] suggested the
elegant method, the Feynman path-integral method,
which was used to obtain a simple formula for the
effective potential. By use of this method, we obtained a
deep understanding of vacuum stability and structure in
the quantum domain.

Kirzhnits and Linde [4] have suggested that spontane-
ous symmetry breaking in relativistic field theory will
disappear above a critical temperature. By this sugges-
tion the study of the phase transition at finite tempera-
ture in quantum field theory has become a matter of in-
terest. It was reported that the broken symmetry of
several theories can be restored above the critical temper-
ature. Weinberg [5] suggested that the diagrammatic-
functional methods for evaluating effective potentials in
quantum field theory might be profitably employed to
study temperature effects. Dolan and Jackiw [6]
developed the functional method to evaluate directly the
temperature-dependent mass and potential shape.

Supersymmetry has fascinated particle physicists since
it was first discussed [7]. It allows one to mix bosons and
fermions in the same multiplet, which may have
relevance for particle-unification schemes. If nature real-
ly is described by a supersymmetric theory, the symmetry
must be spontaneously broken, because fermions and bo-
sons with degenerate masses do not occur in nature. In
terms of the Weyl two-component spinor formalism, the
supercharges Q, and Q 4 satisfy the relations
{Q4,0,1=20%;P,. Multiplying by this relation
(5*)84, we obtain the energy of the supersymmetric
theory:

H=1{0,0;+0,0,+0,0;+0;0,} . (1

We define the supersymmetric ground state denoted by
|0), such that

QA|O>=0 ’ A =1y2 ’ (2)
Q;loy=0, A=1i,2. (3)

Hence the supersymmetric vacuum state corresponds to
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the zero-energy state E., .., = (0|H|0) =0. If the vacu-
um energy is not zero (i.e., {0|H|0)70), then the super-
symmetry of the theory breaks down spontaneously.
Several authors [8,9] have investigated this issue, which is
spontaneous supersymmetry breaking in the finite-
temperature region, and they reported the critical tem-
perature, at which supersymmetry breaks down, for some
models. On the other hand, it was argued by other au-
thors [10] that supersymmetry is not broken at finite tem-
perature if it is not broken at zero temperature. These
considerations are important as a phenomenological and
theoretical basis for a unified theory and quantum
cosmology [11].

We also investigate this problem and represent some
different aspects of the theory. In Sec. II we treat the
Wess-Zumino model, explicitly derive the one-loop
effective potential, and add a finite-temperature effect,
and follow up with discussions.

II. EFFECTIVE POTENTIAL

Our starting action is the minimally extended Wess-
Zumino model. In superspace the action, which ap-
parently has supersymmetry, is given by

1= [a*% [d*dB[(e'o—go—Lim?
—1A®%)8%F)+H.c.], @)

where @ is the chiral superfield and H.c. denotes Hermi-
tian conjugation (we follow the conventions in Ref. [12]).
After supercoordinate integration we obtain the action

_ i _ -1
1= [d | 23,40 F—~yokd, B+ m P +F)

—A*OA+AMYP*A+P*A*)—V(A4,4%) |,

(5)
where
V(A4,A*)=g*+gm(A*+ A)+gA( A**+ 4?)
+m? AP +mAl 412 4%+ )+ Al (6)

The ¢ is the two-component Weyl spinor, and A is the
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complex scalar field; the auxiliary field (which has no ki-
netic term) has been eliminated by an “on-shell” condi-
tion. The superpotential ¥ ( 4 *, 4) has a minimum at

1/2
m?
422

P

-5
s 28 A

Since V(A4}, 4,)=0, the system is located at the super-
symmetric phase under the classical level.

To obtain the one-loop effective potential, we introduce
a spacetime-independent field )y, which corresponds to
the zero-momentum state, such that A4 (x)— A(x)+y,

Z1x*x1= [ DIuDiyyexp

where
by =49 ,) =(4,4%),
0 0'”;3 ’I]ﬁﬁ 0
YW= \suis o |0 M| ned | ©)
* 0 O
N= & p
p £ ao
E=2(gA+mAixy+A¥?) , (10)
p=m2+2m7t()(+x*)+4kzlxl2, (11)
n=m +2\x , (12)
i
s—1 4
SERNEE)) y—»xF(S f drt fd
4 2 1278 _
=K |77| Lis 2)X(volume),
16m% | u? I'(s)

= L[ty 8,— Moy )
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A*(x)— A*(x)+x*. We obtain the quadratic action in
terms of quantum fields:

BT T4, T+ S m AP+
+AMP +H Pt —gM 4%+ 47—

—mAQ2 Ay +x*) +x* Ay A*)
—A4[x|2 412+ A2 2+ 42 . 7

Lquadr=i )—A*DA

2|A|2

Our one-loop partition function Z [x*,x] in terms of the
zero-momentum field y, x* is

(8)

ffDA *D Aexp

—é [fd‘*x BT(O+N)B ]

where ¥, is the four-component Majorana spinor and
Y4 is the gamma matrix in Weyl basis. Now we obtain
the result in momentum space:

Det(y,P#—M)
Det(O+N)

_ det[(p2—[9[*?]
det[(p2—p—|ENp*—p+IED]

Z(x,x*)=

(13)

where we have performed the determinant in terms of
discrete space for a second equality. We use the (-

function method [13] to obtain the continuum-space

) (0)
determinant (note det 4 = i ):

622 B exp[u(x —y)2/(41)— 9|t /(uD)]

(14)

where the dimensional parameter u? is introduced to make a dimensionless exponent. We obtain the regulated § func-

tion such that

(15)

where a prime denotes differentiation with respect to s. The one-loop effective potential for the fermionic loops is

1 3 |/
- Inl*| =5+ ,
é‘l_hﬂZ 3217-2 n 2 ,U.Z
i 1 3 U1§
yiem=2¢,  (0)=— fl—=+In
! gpz_‘ﬂ’ 167T2 {In| 2 ‘LLZ

By the same way, we can find the bosonic contribution:

VBose —

= 610V T 61O

1
3272

(p+1E)? [—E-Hn

p+l1él
e

+(p—‘|§|)2[—%+ln
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It is interesting that bosonic and fermionic contributions have the opposite effect to the potential [see Egs. (16) and
(17)]. This difference of sign originates from the different spin character of the two fields. The above {-function ap-
proach directly gives us the renormalized expression. So all parameters have been already renormalized. In terms of
the one-loop level, we find the effective potential

Vgﬂz Vclassical(X’X‘ )+ﬁ( Vll:ermi + Vlliose ) * (18)

Consider the thermal effect of our system. The thermal contribution can be easily introduced by an imaginary-time
formalism [6] such as

pBFermi — g~ 2ﬁ4f dx x*In(1+exp{ —(x2+p%9]|))1"%})

77 |7l| |”L| 2p2 2)
= + 1 +0
1808 1282 | 162 ol |n[*6")+0(6")

ose — 1 *® 1 *® — — —
y&B —221r2 f dxx2ln(1—exp{-[x2+Bz(p+|§])]V2])+221T2 ,fo dx xUn(1—exp{ —[x2+B*p—1€)]'?})
27 p 32 32
=~ - +(p+ +0 (19)
IRy 63 [p—IEN*2+(p+IED**1+0(B) ,

where the above expressions include antiperiodic and periodic boundary conditions for the fermion and boson fields, re-
spectively. The total thermal contributions are

V[13 — VfFermi + VIBBOSe (20)
2

2
= =T M L S Ayt +2820x 2]+ 0 (1/8) 1)

126* 1232 6/32

where we use a high-temperature perturbation to obtain the above relations. Now we can write the one-loop effective
potential at the high-temperature region:

ngf = Vclassical(x‘= 7X) +ﬁ( Vllzermi + Vlliose )+ﬁ( Vl]g) . (22)

III. RESULTS AND DISCUSSIONS

We have represented the vacuum structure of the system, which is the minimally extended supersymmetric Wess-
Zumino model, by explicitly deriving the one-loop effectlve potential at a finite-temperature region. As a result of
thermal loop corrections, V. deformed to V2. It is curious that the fermionic contribution to the zero-
temperature effective potential has an opposite sign compared with the bosonic one [see Eq. (16)]. At zero temperature
there is a competition between fermionic and bosonic contributions. If the contributions of fermions more rapidly grow
up than the bosonic ones, then the system is unstable. Hence the parameters of the system should be chosen properly to
include the theory on the consistent region.

We can see the free-energy density of an ideal ultrarelativistic free gas in Eq. (21). It can be redefined such that
g 2_’g % ’ (23)

where

gp=g’+#|—

2
T
. 24
128 ] (24)
By fitting the other parameters (41— g, m —mg, A—Ag), we obtain
Ver™=Vetassical (X3: X g s8> M g hg) HALV I ™ (X3, X g 8 5o M s g) + VO (X5, X g3 148 1 o M)

mp
1232 652

[

These reparametrizations correspond to the changing of  correction term. As the temperature is raised, the struc-
the renormalization point, which does not affect the ture in the potential is swept, whatever the vacuum struc-
physical analysis. In the high-temperature region, the  ture at zero temperature may be, and we can expect that
last term is the dominant one, which is the thermal the minimum of the effective potential grows up. The
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vacuum energy is no longer zero, (0|H|0)=0, and so a
supercharge cannot annihilate the vacuum state
Q,10Y#0 and the mass degeneracy has disappeared.
This is a general feature of the supersymmetric model
which is located in the thermal environment [9]. As the
temperature was raised in this temperature region, the
vacuum structure wiped out. Then any internal symme-
try which was broken at zero temperature can be restored
in the finite-temperature region. The supersymmetry res-
toration can occur under a particular situation (i.e., when
there exists a minimum point at which the vacuum ener-
gy is zero). Supersymmetry is not the case in this temper-
ature region.

On the other hand, let us consider the extremely-high-
temperature domain. In that case the thermal contribu-
tion is the most dominant term in the effective potential.
We pick up the most dominant power 1/B% term such
that

HmV o=~ V8
B0 eff 1

2

5
125° +6—b,z[makg<xa+x;)+2kzlxﬁI2] :

(26)

In the extremely-high-temperature domain, our system is
dictated by the above vacuum structure. We can easily
find the minimum value by requiring the condition

Ve o
d(Re(y)) |Retypm
X s 27)
avh _
(Im(y)) |mag™
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The minimum point is Re(y§")=—mp/2A
Im(xg™)=0. At this point the value of the potential is
VE(xpimx5™")=0 (i.e., limg_o{0|H|0) =0). We can see
the degenerated thermal masses from Eq. (26) such that

3*v§ _10A%

(ReXx)) |y=0 382’ o8
a*vf _ 10Ag

AIm(x)) |y=0 3B

These aspects (which are the facts that there are the de-
generated massive modes and the value of the vacuum en-
ergy is zero at the minimum point) imply that supersym-
metry can be restored at the extremely-high-temperature
domain; this is very curious.

Intuitively, the contribution from the fermionic loop
has an opposite sign compared with the bosonic one, and
so there is competition between the bosonic and fermion-
ic corrections. At the extremely-high-temperature re-
gion, the competition is stabilized as Eq. (26). It is not
clear at this stage that these features are the general
property of the supersymmetric system or confined
within our model. These observations are limited under
the one-loop approximation at extremely high tempera-
ture. It is noticeable that the stable structure, which
gives rise to the restoration of supersymmetry, can be
maintained when higher-loop effects are considered.
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