EPJ Web of Conferences 182, 03002 (2018) https://doi.org/10.1051/epjconf/201818203002
ICNFP 2017

Possible Approach to Dynamical Supersymmetry Breaking via
Nambu—-Jona-Lasinio Model

Yifan Cheng-2

'Institute of Physics, Academia Sinica, Taipei 115, Taiwan

Abstract. Supersymmetry is undoubtedly a popular candidate for physics beyond the
Standard Model. However, the origin of soft supersymmetry breaking masses has been
usually depicted intricately in the literature via extra hidden/mediating sectors. Thus, a
simple theory for the generation of the soft masses would be more compelling. Here
we discuss a possible approach to dynamical supersymmetry breaking via Nambu—Jona-
Lasinio (NJL) Model, which has been missed since the first investigation of supersym-
metric NJL model. We introduce a four-superfield interaction term that induces a real
two-superfield composite with vacuum condensate. The latter has supersymmetry break-
ing parts, which we show to bear nontrivial solutions following a standard nonperturba-
tive analysis for a NJL type model. The presence of the expected Goldstino state along
with the supersymmetry breaking, is also verified. Moreover, the model gives rise to a
composite spin one field, as its important characteristic.

1 Introduction

With the discovery of the Higgs boson, all the elementary particles which the Standard Model (SM)
predicted, have been discovered. However, the Higgs sector, as well as the origin of the electroweak
symmetry breaking in the SM, are not fully appreciated. As indicated in the literature, a dimension-
six four-quark interaction can give interesting nonperturbative dynamics via strong interaction, and
break symmetries [1]. That is the classic Nambu—Jona-Lasinio model [2], to which Higgs physics
may correspond to the low energy effective theory with the Higgs doublet being identified as a two-
fermion composite. Unfortunately, the beautiful idea of the top-mode SM [3—8] fails to accommodate
the top quark mass phenomenologically [1].

On the other hand, though we have not seen any clear indication of supersymmetry or new physics,
so long as phenomenology at the TeV scale is concerned, the supersymmetric standard model (SSM)
is still a popular candidate theory beyond the SM being matched to the LHC results. The first super-
symmetric version of Nambu—Jona-Lasinio model was introduced in the early eighties [9, 10], which
generalizes the four-fermion interaction to a four-superfield interaction of the same dimension in the
Kaihler potential. However, it requires input soft supersymmetry breaking masses to have the dynami-
cal (electroweak) symmetry breaking. Meanwhile, the origin of soft supersymmetry breaking masses
in the phenomenological SSM is typically depicted through elaborated constructions of complicated
and contrived models with extra supersymmetry breaking and mediating sectors [11].
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Following the line of thinking, it will be great to find a simple model which breaks supersymmetry
and generates the soft mass dynamically under a NJL framework. This possibility has been missed
in the literature, and has the potential importance for investigation. Therefore, we present here a new
type of supersymmetric NJL model, which gives rise to a composite spin-one component field, as well
as plausible signatures of dynamical supersymmetry breaking.

In Sec. II, we present the model and the supergraph derivation of the superfield gap equation,
elaborating the extension of our framework of analysis [12, 13]. In Sec. III, we discuss the effective
theory picture with the composite and the matching effective potential analysis performed at the com-
ponent field level. Sec. IV is devoted to analysis of the nontrivial supersymmetry breaking solutions.
In Sec. V, we focus on the existence of the Goldstino mode along with the supersymmetry breaking.
Some remarks and conclusions will be presented in the last section.

2 The Model in Superfields

We start with the Lagrangian of single chiral superfield
L= fd“ [cp*cp + 2005 D) + "cp*cp*az(e) % ~ (0 cp)z] : (1)

in which we have suppressed multiplet (color) indices. Naively, if the bi-superfield condensate
(®T®|,) develops, we would have a soft supersymmetry breaking mass g2(®'®@|,).

We used a standard NJL gap equation analysis [9, 12, 13] applied to the soft supersymmetry
breaking mass parameters. As a first step of the self-consistent Hartree approximation, we add to and
subtract from the Lagrangian a superfield parameter Y = y —j,6* — ij;* — m26*6%, which contains not
only the supersymmetry breaking parts but also the supersymmetric part. The Lagrangian can then be
split into two parts as L = L, + L;,; where

- f d*0 [dﬁcb(l + )+ %@252(9) + %qﬁzaz(e)} )
and
2
Lo = f d“a[—yqﬂ@— %qﬁ@@*@} . 3)
The component y contributes a (supersymmetry) wave function renormalization factor. Therefore,

we introduce the renormalized superfield @, = VZ® = /1 + y® which gives the quantum effective
action as

=0 Ol - 76 - if' 6 — ?62) + — <D262(0) + 2 c1>T 252(0)

2
~ Y0 D, - %@,j'(DRCD,;"cDR + g @I+ )

in renormalized superfield, mass parameters and coupling constants. The superfield gap equation
under the NJL framework is then given by

~Y, + 2P (%) =0; 5)
DDy

on-shell
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in component form, we have

Y — 2,(,100p)(p)

l+y

~ loo
i = Z0""(p)

2 f (2 + Im|* + m* + |iil*)
=g
on-shell

(2 + ImP + i + [7)2 = 4lmPliP
_ f (k= ImP + i + [i?)
on-shell (kz + |l’}’l|2 + m? + |T~]|2)2 - 4|m|2|7~7|2 ’
_ 7 f ! :
w9 ] 2+ mP) (k2 + mP + i + 7P — AmP P
AR = 1mP) + 2058 | + mP + i + 1) = 8K mP1AP (6)

m? = x0oP
m

where in accordance with the standard NJL analysis one uses the one-loop contribution to
E(DR(D;(p; 6%6%) from the four-superfield interaction. The diagrammatic illustration of the renormal-
ized superfield gap equation is given in Fig. 1.

Nontrivial solutions to the three coupled equations with nonvanishing 7j and/or 72> give supersym-
metry breaking solutions. However, nontrivial y value only gives wave function renormalization to
® which does not change the qualitative answer to if supersymmetry breaking solution with the soft
mass generation exists.

3 The Effective Theory Picture

Following the general effective theory picture of the NJL-type models, we modify the model La-
grangian by adding to it
1
L= fd495(;1U+g,)(DT(D)2 , (7)

where U is an ‘auxiliary’ real superfield and mass parameter y taken as real and positive (for g2 > 0).
The equation of motion for U, from the full Lagrangian £ + £ gives

%
u

U=-220"D, (8)

showing it as a superfield composite of ®' and ®. Moreover, the condition indicates that the model
with £ + L is equivalent to that of £ alone. Expanding the term in L, we have a cancellation of the
dimension six interaction in the full Lagrangian, giving it as

2 €
Loyy=L+ L= f d*0 [qﬁ D + %U2 + g, UD @ + %@25(9) + %@1'25(9) : 9)

Obviously, if Ul develops a vacuum expectation value (VEV), the ug, U ® term gives a soft su-
persymmetry breaking mass of 722 = —ug,{ Ulp ), and supersymmetry is spontaneously broken. All
of the above looks very much like the standard features of NJL-type model.

The real superfield U can be expanded into the following components,

U(x,0,0) = % + \/59)%)6) + \/fé)? + 69@ + ééNZX)

+ V260046, (x) + V2000(x) + V2000A(x) + 0060D(x) . (10)
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The u factor is put to set the mass dimensions right. Though U does contain a vector component v,
please note that it differs from the usually studied ‘vector superfield” which is a gauge field supermul-
tiplet. The effective Lagrangian in component form is then given by

Loy =(1+9,0)|4'04 + i(@,0)7y + FF| + =

2
+ 4CD = puyd — uid + NN* — %vvvv — g AA* = g, A + ug,DA*A

- 1—1#0"‘)((9 A +z (éhzﬁ)o"‘xA JoXWF* + g,NAF*
+ i?)_(é'”a,/layA* - l'?A )}6’”@,;& - g(,)_(a,//F +g,N*A'F

ﬂgo v ES /Jg() v . * ,Ugo v s
- 7v,id*0,4 + 7v,i(0,4™)4 — v . (11)
V2ot e V2o
In accordance with the ‘quark-loop’ approximation in the (standard) NJL gap equation analysis and
our particular supergraph calculation scheme above in particular, we consider plausible nontrivial
vacuum solution with nonzero vacuum expectation values (VEVs) for the composite scalars C, D and
N.
Scalar C couples to kinetic terms of components of ®; ¢ = (C) hence contributes to a supersym-
metric wave function renormalization of the latter. It is the supersymmetrlc part of Z(IOOP ) (p; 6%,6%) in
our gap equation calculation in the previous section, with +y = gc. Furthermore, w1th n = (N) and

d = (D), we can identify —gn and —ugd corresponding to the supersymmetry breaking masses 7 and
m? of @, as appeared in Eq. 6.

One can easily obtain the minimum condition for the effective potential following the Weinberg
tadpole method [14, 15]. It is interesting to see that the effective potential analysis for (the components
of) the composite superfield U gives results equivalent to the superfield gap equations. Please also
note that our analysis here is in direct matching with the corresponding discussion for the NJL case
presented in Ref. [10], though for a superfield theory instead.

4 Supersymmetry Breaking Solutions

Since y parameter does not correspond to any physical quantity, it may be considered of little interest.
Our focus is if solutions of nontrivial supersymmetry breaking masses 77 and 7 exist.

With all variables and parameters expressed in terms of dimensionless counterparts normalized to
cut-off scale A given by G = IZGAZZ, s = AZ, and t = 'X'z ,

the generation of soft masses in Eq. 6 are equivalent to

the last two gap equations corresponding to

1 s+2tz(1 —z2) 2H(1 —z) 1

= + tln|l+ -

G(s,t,z)  s+2tz(1 =z  s+2tz(1 —z2)? t
s+2(1 = 2%)

[s+ (1 +2)°]n |1 + , (12)

Cs+20z(1 -z s+ 1(1 +2)?

forz=7% Ilml respectively.

The two equations for positive and negative (but equal) values of z of course collapse to one at
z = 0, indicating a vanishing |77|. We illustrate the solutions for m? in the case of vanishing |7j| in
Fig. 2. For more details, we see that solutions for nontrivial 7 for the case is given by the reduced

form of Eq.(12)as £ = 1 —sln [1 + %], obviously giving solution for 0 < s < 1 for the strong enough
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coupling G > 1. It can be seen from the numerical plot that the value of the 72> solution rises fast
with increasing G. However, nonzero ¢ has a strong limiting effect. It increases the critical coupling
needed for a nontrivial solution to s substantially.

As to looking for solution with nontrivial 7, it is more tricky and requires a careful analysis scan-
ning the numerical results. Again, we check plots of the effective coupling G as given in Eq.(12)
versus s simultaneously for positive and negative values of z of fixed magnitude, at a fixed input ¢
value, in Fig. 3. Numerically, where the two curves (dubbed G, and G_, respectively) intersect within
the window of interest gives a solution. We find that solution exists in general, though some of the
features of the solution locations are not somewhat peculiar and not easy to understand.

5 The Massless Goldstino Corresponding to Supersymmetry Breaking

In accordance with the supersymmetry breaking, there should be a massless Goldstino state, the exis-
tence of which can be verified via diagonalization of the fermionic mass matrix.

For the fermionic two-spinors y and A, the chirality conserving part of their self-energy diagrams
gives rise to kinetic terms. However, to find the mass eigenvalues is complicated. One needs first to
take a unitary transformation on the hermitian matrix and kinetic terms to diagonalize it. Denote the
eigenvalues by Ny, and Ny, and the diagonalizing matrix by 7. The canonically normalized fermionic

modes are given by
(4) [— 0 ] ¥
L= R T( ) (13)
£ 0 A A

Only the mass matrix for the canonically modes can be diagonalized to give the mass eigenvalues.
The mass matrix M for f and £ is hence given by

[ s ()

0 u
0
chirality-flipping pieces of self-energy diagrams. We have

where M,; = ) + Q, the first part being the tree-level mass while the last is the matrix for

deth = N; Ny, detMX/[ . (15)

In the case that the matrix of kinetic terms has the full rank, a zero determinant of det M or equiv-
alently det M, , shows the existence of a massless Goldstino state, which is to be expected from the
supersymmetry breaking. For the chirality-flipping diagrams (see Fig. 4), dropping the p-dependent
parts, we have the mass terms

ngh4 2 2 2 2 1Ly 22
Q = == lml Ll ol ) + 7 (¢°Lc +i*g’1,)

Q. = 2ug’ i imP L (mf m,_mil ) = ng’ly

Q= @G imP L (mP,m3_ ) (16)
where I,,(Im|?, m? ,m? ) is the integral of the product of three Feynman propagators with the mass-
squares as specified. I, and /.. are integrals of the gap equations [c¢f the second and third integrals in
Eqs.(6)]. It is straightforward to calculate the determinant of the mass matrix M, ;. By applications of
the gap equations, one can easily show that the determinant is exactly zero. Hence, we have verified
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the existence of a Goldstino mode for the supersymmetry breaking solution with 77 # 0. For the 7j = 0
case, only the off-diagonal term is nonzero, which is a result one can see even simply from the U(1),
symmetry considerations in the Lagrangian. Supersymmetry is really a local/spacetime symmetry.
The Goldstino would eaten up by the gravitino which would then be massive.

6 Conclusion

We have shown how the NJL mechanism can be used to break supersymmetry dynamically. Our
model is very simple with only one chiral superfield. As the bi-superfield condensate ®'® develops
VEV beyond a critical coupling, soft supersymmetry breaking mass can be generated.

The spin one vector boson v, is another important characteristic of the model. We have constructed
a supersymmetric version of the NJL model which gives rise to a composite spin one component field.
To our best knowledge, it is the first one of this kind.

There are still a lot of work to do to truly realize the theoretical features and properties of the su-
persymmetry breaking solutions. We do not have a definite answer to the relative stability issue of the
different vacuum solutions, partly due to the theoretical constraint of nonperturbative analysis. How-
ever, NJL analog indicates preference of the (super)symmetry breaking solution at beyond couplings,
not to say even metastable supersymmetry breaking solutions should be of great interest, especially
as it comes from such a simple model and gives directly only soft supersymmetry breaking masses to
the basic chiral superfield. Possibility of the dynamical supersymmetry breaking approach should not
be overlooked, and needs more investigation, so that we can fully justify the value of it.

D, D}

D, ¢ of D, o}

Figure 1. The renormalized superfield gap equation , with Y, = %, - 76* — i7" 6* — 626>

50 — T T S ———1  Figure 2. Numerical plot of nontrivial
solutions to the soft mass gap equation with
272
7l = 0. Coupling parameter G = Y45~ ig
20 L 4 167
plotted against the normalized soft mass
o 10+ {  parameter s (= ’K—i) for ¢ (: "/’\izz) values of 0

(red), 0.1 (blue), 0.2 (pink), 0.4 (orange), 0.5
(green), from the lowest to the highest curves,
respectively. Here N is the ‘color’ factor for the
case of the basic chiral superfield ® being an

S O(N) or S U(N) multiplet not shown
explicitly in the calculation, and A is the model
cutoff scale. Notice that the critical coupling
increases from G = 1 for nonzero values of the
input supersymmetric mass m.
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Figure 3. An illustrative of intersecting point solutions, with G versus s.
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Figure 4. Diagrams for fermion masses.
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