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Abstract The supersymmetry breaking is discussed starting fmm the WessZumino model 
without adding the Feyet-Uiopoulos term. It is shown, in terms of the Nambu-Iona-Lasinio 
mechmism, that the supersymmetry breaking can be realized dynamically even in the W e s s  
Zumino model. 

1. Introduction 

Some time ago the spontaneous breaking of supersymmetry was studied by many authors [I- 
S]. The usual method for realizing the supersymmetry breaking is to add a gauge invariant 
but parity-violating term 131 6D (Feyet-Iliopoulos term) to the Lagrangian. The adding 
of the Feyet-IJiopoulos term to the Lagrangian leads to mass splitting between bosons and 
fermions and hence the supersymmetry should be broken down spontaneously. Feyet and 
Iliopoulos have pointed out that a spontaneous breaking of supersymmetry does not OCCUT 

for the interaction of a chiral scalar superfield with itself [3,5]. 
It is shown in our previous work 161, however, that the supersymmetry can break down 

dynamically without adding the parity-violating term. We have shown, in terms of the 
Nambu-Iona-Lasinio mechanism 171, that the supersymmetry breaking can be realized by 
the fermion pair condensation &h) even in the simplest supersymmetric theory of a single 
real supermultiplet [8]. 

The purpose of this present paper is to generalize our idea to the Wess-Zumino model 
[9] and show, in terms of Nambu-Jona-Lasinio mechanism, that the supersymmetry can be 
realized dynamically even in the Wess-Zumino model. We will show that the nonlinear 
interaction between the fields will generate different dynamical masses for different fields 
and hence leads to the supersymmetry breaking. 

The paper is organized as follows. In section 2 we review briefly the Nambu-Jona- 
Lasinio mechanism. In section 3 we will establish self-consistency equation for order 
parameter starting from a massless Wess-Zumino model and show that the scalar field of 
the theory has a non-vanishing vacuum expectation value due to the contribution from the 
self-energy of the fermion that leads to the mass splitting between bosons and fermions. 
The conclusions are summarized at the end of the paper. 
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2. The Nambu-Jona-Lasinio mechanism 

Nambu and Jona-Lasinio have suggested [7], in 1961, that the nucleon mass arises largely 
as a self-energy of some primary massless fermion fields and real nucleons are regarded 
as quasi-particle excitations. The Nambu-Jona-hinio model is based on the Lagrangian 
density 
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c = CO +CI (1) 

where CO is the free Lagrangian 

LO = $ia$ 

and CI is a four-fermions interaction of the type 

cr = i g t ( W 2  - ($Y5*)zl.  (3) 

Instead of diagonalizing CO and treating C, as perturbation, Nambu and Jona-Lasinio 
have introduced a self-energy term 

cs = 8m$* (4) 

to the Lagrangian and rewrite the Lagrangian (I) as 

L = (CO + C,) + (CI - CS). (5) 

The crucial assumption of the Nambu-Jona-Lasinio model is that despite the vanishing 
of the bare fermion mass, the physical mass m of the fermion is non-zero. Then by using 
Dyson's mass renormalization prescription, the Lagrangian can be. witten as 

c=cb+c; (6) 

with 

ch = $(ia - 8m)q 

ci = CI +6m+$. 

The self-mass Sm is given by 

6m = E*(P) (p= ,  

and the right-hand side of (9) can be calculated, to the first order in g, from the self-energy 
diagram of the fermion. Since mo = 0, we have m = Sm and so we get the self-consistent 
equation for the physical mass of fermion: 

m = E*(P)Jp=,.  (10) 

Nambu and Jona-Lasinio have evaluated that 

m N 2ig Tr &(O) 
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where 

represents the contribution of closed-loop (self-energy) diagram. Equation (1 1) gives 

by introducing invariant momentum cut-off P 2  = A’. Since the right-hand side of (13) is 
positive and < 1 for real A and m, we get a constraint equation for g and A: 

2x2 
o < - < l .  

gAZ 

We see that in the Nambu-Jona-Lasinio theory starting from zero-mass fermion one 
generates the dynamical mass of fermion self-consistently. 

Lurie and Macfarlane have shown [IO] the equivalence between Lagrangian field theory 
of four-fermion type considered by Nambu and Jona-Lasinio and a La-pngian theory of 
the same fermion fields with coupling of Yukawa type 

& = Lo + G$@% f G$Ys@P (15) 

and obtained the physical fermion mass in the equivalent Yukawa theory in the same way. 

3. Dynamical breaking of supersymmetry 

Many authors have discussed [ll-131 dynamical breaking of c h i d  symmetry in terms of 
the Nambu-Jona-Lasinio mechanism. Most recently, the Nambu-Jona-Lasinio mechanism 
has become popular as a toy model to investigate various aspects of low-energy hadron 
dynamics. 

The aim of this section is to start from a massless Wess-Zumino model (which involves 
Yukawa type interaction in its Lagrangian, in terms of the Nambu-Jona-Lasinio mechanism 
mentioned above), and to show that the contribution of the self-energy part of fermion to 
the self-consistency equation for the order parameter-see (50)-leads to a non-vanishing 
vacuum expectation value of the scalar field and provides different masses to the bosons 
and fermions in the supermultiplet. The masses of the fields will be determined in terms of 
coupling constant g and momentum cut-off A and so t h e  masses are not fixed parameters 

Now let us consider the massless Wess-Zumino model of the supersymmetry described 
but rather dynamical quantities [71. . 

by the Lagrangian density [14,15] 

c = eo + e, (16) 

with 

.c0 = ;[(a,A)2 + (a,BY+ i$a$ + F~ + G21 (17) 

(18) 
. Lt = -g[(A2 - B2)F + 2AEG + $(A - ysB)@].  
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Here A and B are respectively a scalar and a pseudoscdar field, @ is a Majorana spinor 
and F and G are auxiliary fields. 

Using the Euler-Lagrange formalism, we find following equations of motion for the 
auxiliary fields: 
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F = g(A2 - 5') (19) 

G = 2gAB (20) 

which can be used to eliminate the auxiliary fields from the Lagrangian (16). The result of 
their elimination' is 

L = $[(a,A)' + (a,B)* + i$$@] - $g2(A2 + B2)' -&A - y5B)@. (21) 

The Lagrangian (21) is invariant under the supertransformations 

SA = g@ 
SB = GY5* (22) 

= -ria + g(A + YSB)I(A + y55)k'. 

The equations of motion following from the Lagrangian (21) are given by 

OA + 2g2A(A2 + B2)  -g$@ 

OB +2gZB(A2 + B2) = g$y5@ 

[ia - 2g(A - ysB)I@ = 0. 

Now we introduce external sources JA(x),  J B ( x )  and J&) coupled to the fields A, B 
and @ respectively, and write the Lagrangian as 

L[J]  = L + J A  A + J B B  + + $ J q .  (26) 

The equations of motion then turn out to be 

OA + 2g2A(A2 + 5') ,= -g$@ + JA(x) 

O B  + 2gZB(A2 + 5') = g $ ~ 5 @  + J B ( x )  

[ia -Zg(A - ysB)]@ = -2J,(x) .  

As usual, the generating functional is given by 

Z [ J l =  /[dAl[dBl[d@l[d$lexp [ /d4x L[JI ) .  (30) 

By using the generating functional Z [ J ]  the vacuum expectation value of a field, say 
A(x), in the presence of external sources can be found as 
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with 

W V I  = (h/i) In Z [ J l .  (32) 

Now let us take vacuum expectation values of (27) and (28), then one gets 

O ( A ) i  + 2 g 2 ( A 3 ) i  + 2g2(ABZ)i = -g($@); + J A ( x )  

O(B),’ + 2 g 2 ( B A 2 ) i  +Zg’(B’)i = g($~5@)oJ + JB(x) .  

(33) 

(34) 

By using (31) the vacuum expectation values of the terms such as (A3);, (AB’); in 
(33) and (34) are easy to calculate and the results are given in the forms 

Equations (41) and (42) represent closed-loop diagrams which correspond to the self- 
energy of the fermion. The self-energy of the fermion can be evaluated from (29). From 
(29) we obtain 
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By using the general relation 

equation (43) reduces to the Schwingers functional differential equation for Si(., y): 

In the lowest order approximation in A and in the limit J + 0, the equation (44) turns 
out to be 

[ii? - 2g(Ao - ysBo)]S~(x - y) = S4(x - y). 

So we obtain, in the momentum space, the fermion propagator 

Substituting the fermion propagator into (37) and (38) gives 

(45) 

A straightforward calculation shows that (47) and (48) can be simplified to the same equation 

d4 P I 

( 2 ~ ) ~  P 2  - 4g2(Ai + Bi)‘ A i  + E; = 4 /  - (49) 

We see from (49) that the vacuum expectation values of the scalar field A and 
pseudoscalar field B are completely determined by the self-energy of the fermion. Note 
that (49) determines only the magnitude of CO = (Ao, BO), not its direction. The direction 
is essentially arbitrary. The arbitrariness in the direction of CO reflects infinite degeneracy 
of the vacuum state. If we take CO to lie along a particular direction, say A0 direction, then 
(49) becomes simply an equation for Ao: 

The kame in which Bo = 0 is characterized by a vacuum state which is an eigenstate 
of parity. For the space inversion invariance to hold (the Lagrangian (21) is invariant under 
the space inversion transformation), here and afterwards we take BO = 0. Equation (50) is 
a self-consistency equation for order parameter Ao. In (50). if we set 

(51) & - - 4 2  2 * -  gA0 
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then (50) reduces to the self-consistency equation for the physical fermion mass m$: 

The integration in (52) is quadratically divergent. Introducing a momentum cut-off A 
and performing Wick rotation one can make the integration meaningful. The result is given 
by 

or 

Translating the scalar field A as 

A + A ’ = A - A o  

and rewriting the Lagrangian (21) in terms of A + A0 instead of A, gives 

(53) 

(54) 

(55) 

L = + @,E)’ + i$8$ - m i A 2  - m i B Z  - m+$&] 

- i g 2 ( A 2  + B2) - g$(A  - ysB)@ - 2gZAoA(Ai + A’ + E’) (56) 

with 

Evidently, the boson fields A,  B and the fermion field $ have acquired different masses 
mA, mB and m e ,  respectively, due to the non-vanishing vacuum expectation value of the 
field A which is determined by the self-energy of the fermion. So the supersymmetry is 
broken dynamically. 

If we start from massive Wess-Zumino model, the masses of bosons and fermions after 
the supersymmetry breakdown are given, respectively, by 

,2 - 2 A - mo + 6gmoAo + 6g2& 

m i  = mi + 2gmoAo + 2g2Ai 

m i  = mi + 4gmoAo +4g2Ai  

where mo is the original mass of bosons and fermions. 
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From (19) and (20) we see that the vacuum expectation value of the auxiliary fields 

The only case where ( F )  = (G) = 0 is Ao = Bo = 0. This is another evidence of the 
supersymmetry breaking. 

It should be noted that in QCD,  the vacuum expectation value of $$ serves as an 
order parameter for spontaneously broken chiral symmetry [16,17]. It is therefore plausible 
to suppose [I81 that fermion bilinears have vacuum expectation values in supersymmetric 
theories. In supersymmetry theory with chiral multiplets a non-zero vacuum expectation 
value of $$ would break supersymmetry as well as chiral symmetry. 

Note that, in our model, there are no Goldstone boson or fermion after the 
supersymmetry breakdown. This result is very similar to the symmetry breaking in linear 
u-model [19]. In the linear 0-model the linear term Cu induces symmetry breaking 
(externally) but there is no Goldstone boson in the linear u-model. 

with supersymmetry breaking. 
Girardello et al [ZO] have also claimed that there are no Goldstone fermions associated . 

4. Conclusions and discussions 

The dynamical breaking of supersymmetry is studied in terms of the Nambu-Jona-Lasinio 
mechanism. Starting from a massless Wess-Zumino model we have shown that the nonlinear 
interaction between the fields generates different dynamical masses for different fields and 
hence leads to the supersymmetry breaking. 

The supersymmetry breaking and its behaviour at finite temperature remains a topic of 
considerable interest. As shown in this work, in the theories involving Yukawa coupling, 
the zero-point energy of fermion pair can move the minimum of the effective potential 
away from zero so as to break symmetry and generate masses. This fact suggests that if 
we can establish a self-consistency equation at finite temperature then one can investigate 
the supersymmetry behaviour at finite temperature by solving the self-consistency equation 
at finite temperature. This is particularly interesting for us. Since the supersymmetry is a 
beautiful symmetry, one would like somehow to maintain it at high temperature. Recent 
work of Cab0 et a1 [Zl] shows that invariance of the thermal average in supersymmetric 
theory should be retained by the Wess-Zumino model. 

It is worth noticing that the models we have considered do not involve gauge multiplet 
in its Lagrangian. For the case which involves gauge multiplet, we will deal with in our 
forthcoming work and we would l i e  to see what happens. 
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