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Abstract: This is a sequel to our earlier paper presenting a supersymmetric Nambu—Jona—Lasinio
(NJL)-type model for a real superfield composite. The model in the simplest version has only a
chiral superfield (multiplet), with a strong four-superfield interaction in the Kahler potential that
induces a real two-superfield composite with vacuum condensate. The latter can have supersymmetry
breaking parts, which we have shown to bear nontrivial solutions under a standard nonperturbative
analysis for a Nambu-Jona-Lasinio-type model on a superfield setting. In this article, we generalize
our earlier analysis by allowing a supersymmetric mass term for the chiral superfield, as well as
possible 82 components for the soft supersymmetry breaking part of the condensate. We present
admissible nontrivial vacuum solutions and an analysis of the resulted low energy effective theory
with components of the composite becoming dynamical. The determinant of the fermionic modes is
shown to be zero, illustrating the presence of the expected Goldstino.

Keywords: NJL model; superfield composite; supersymmetry

PACS: 11.10.Stbound and unstable states; Bethe-Salpeter equations; 11.15.Pg expansions for large
numbers of components (e.g., 1/Nc expansions); 11.30.Pb Supersymmetry

1. Introduction

With the discovery of the Higgs particle at the large hadron collider (LHC), the full success of
the standard model (SM) has been crowned. Unfortunately, we still do not see any clear indication of
experimental features beyond, so long as phenomenology at the TeV scale is concerned. Theorists are
however mostly unsatisfied with the SM, particularly with its Higgs sector and explanation of the
origin of the electroweak symmetry breaking. With a negative mass-square at the right scale put in by
hand, the Higgs mechanism looks like only a phenomenological description of the ‘true’ theory behind
it. Moreover, the other parts of the SM theory have their field content tightly constrained by the gauge
symmetry and no parameters with mass dimensions admissible; everything in the Higgs sector looks
completely arbitrary in comparison. Another way of looking at the issue would be that the only natural
value of any input mass parameter should be like the model cutoff scale. We may need a model with a
dynamical mechanism to generate the extra mass scale substantially below the cutoff.

Practically and experimentally accessible physics is really only about effective (field) theories.
Taking the SM as an effective field theory, one would admit the higher dimensional operators with
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couplings suppressed by powers of the model cutoff scale in the Lagrangian. Actually, a dimension
six term of four-fermion interaction with strong coupling gives interesting nonperturbative dynamics
that can break symmetries and generate masses [1]. That is the Nobel prize-winning classic
Nambu-Jona-Lasinio (NJL) model [2,3], to which Higgs physics may correspond to the low energy
effective theory, with the Higgs boson being identified as a two-quark composite. This beautiful
idea of the top-mode SM [4-9] fails to accommodate the too small phenomenological top quark
mass [1]. At this point, it looks like a holomorphic supersymmetric version that gives the (minimal)
supersymmetric standard model (SSM) with both Higgs supermultiplets as two-superfield composite
maintains phenomenological viability [10].

The SSM is still the most popular candidate theory beyond the SM. The theoretical beauty of
supersymmetry is certainly part of its appeal. While the naive picture of supersymmetry at or below
the TeV scale as a solution to the “hierarchy problem’ fails, the dynamical electroweak symmetry
breaking option of a supersymmetric Nambu—Jona-Lasinio (SNJL) model may work with a higher
supersymmetry breaking scale. The first SNJL model was introduced in the early 1980s [11,12],
generalizing the four-fermion interaction to a four-superfield interaction of the same dimension, in the
Kéhler potential. A holomorphic version (HSNJL) as an alternative supersymmetrization [13] with a
four-superfield interaction in the superpotential [10] has been introduced, with different theoretical
and phenomenological merits [10,14,15]. However, this kind of supersymmetric NJL-type model
discusses only the formation of composite chiral superfields, for modeling the Higgs sector. There are
more interesting possibilities in the supersymmetrization of NJL-type models. Here, we focus on
a simple one giving a real two-superfield composite from a dimension-six four-chiral-superfield
interaction, first reported in our earlier paper [16]. Following and extending the framework of our
earlier analyses [14-16], we present, in the article, further interesting nontrivial solutions for the soft
mass parameters of the composite, under a more general setting, and the resulting physics. This kind
of model may have the chance of dynamically generating the SNJL model with soft supersymmetry
breaking masses for the further dynamical electroweak symmetry breaking, though the simple NJL
framework is not able to have a firmly conclusive result on the dynamical supersymmetry breaking
beyond its nature of a large-N approximation.

In Section 2, we present the model and the supergraph derivation of the superfield
gap equation, elaborating carefully the extension of our framework of analysis [14,15] with model
parameters and correlation functions taken as superspace parameters, like constant superfields,
containing supersymmetric and supersymmetry breaking parts. The superfield gap equation
contains components which include wavefunction renormalization factor and two different soft
mass parameters. In Section 3, we discuss the effective theory picture with the composite and the
matching effective potential analysis performed at the component field level, further strengthen the
result and illustrate the physics involved. Section 4 is devoted to the analysis of the nontrivial solutions
for the soft supersymmetry breaking parameters. In Section 5, we go further to look at some dynamical
features of the composite superfield or its various components at low energy, focusing on the Goldstino
mode. Some remarks and conclusions will be presented in the last section. Two appendices are given,
the first on some details of the analytical expressions as background for the effective theory analysis and
some results for two-point functions of the various components of the composite superfield relevant
for their low energy dynamics, and the second on propagator expressions for a (chiral) superfield
and components admitting the most general mass parameters. The latter expressions have not been
explicitly presented in the literature.

2. The Model and the Superfield Gap Equation

The model has a dimension six four-superfield interaction similar but somewhat different from
that of the SNJL model [11,12]. We start with the single chiral superfield (multiplet) Lagrangian

*
mO

L= /d49 [CBCD + %cbcp(sz(é) + 7@@52(9) — %0 (o) (1)
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where @ is the chiral superfield which is a scalar field on the chiral superspace, and 6 is the Grassmann
number which is one coordinate of superspace. We have suppressed any multiplet (color) indices,
with basic notation being in line with that of Wess and Bagger [17]. Note the two supersymmetric mass
terms in the superpotential which are absent in our previous study [16]. We present here a standard
NJL gap equation analysis [11,14,15], to check for the dynamical generation of a ® composite and
the related physics.

Before getting into our analysis, some comments on the symmetry issues are in order. Apart from
supersymmetry itself, the model Lagrangian has, independent of the multiplet content of ®,, a U (1),
symmetry under which @, has a unit charge. With vanishing m,, it has a full U(N) symmetry under
which the multiplet can be considered in the fundamental representation [16]. With the condition lifted,
®, may then be considered as an SO(N), instead of SU(N), multiplet. It is important to note that the
usual 1/ N approximation picture can still be valid. The U(1) ®-number symmetry is only violated by
the mass term, in the Lagrangian. In the naive case of a single superfield, the gap equation analysis
here would correspond to the quenched planar approximation of QED by Bardeen et al. [18-20], which is
commonly believed to give the correct qualitative result in the kind of dynamical symmetry breaking
studies. Some more discussion of the issue in a somewhat different setting is available in Reference [15].

Let us go onto a superfield gap equation analysis following and extending our earlier formulated
framework [14,15]. We consider a superfield two-point proper vertex Zgqt (p; 62,0%), which can
be treated as a constant superfield with components explicitly dependent on 62 and 2. In the full
superfield picture, gt (p; 6%, 0%) can be expanded as

Sy (1:6°0%) = Zr(p) — 2q(p)0% — i (p)8” — T (p)670% . @

It contains different components. The supersymmetric part X, gives only a kinetic term,
hence contributes to wavefunction renormalization. The part X in itself is like a proper self-energy
contribution to the scalar but not the fermion component, hence soft supersymmetry breaking.
Note that with ® = A + /2y0 + F6?, the four-superfield interaction after the d*6 integration,
has the part —g2AAT (dPT) lo.g—o- We have also performed the calculation fully in the component
field framework for cases of Reference [16], but prefer to illustrate the superfield calculation here
in accordance with the formulation under the perspective discussed in Reference [14]. The soft
supersymmetry breaking mass 7 as a superfield term is just the 626 component of the kinetic term,
to which Lt (p; 02, %) is the quantum correction to the latter. The part Y., which is not considered in
our earlier study [16], is somewhat less obvious. It is a proper vertex of AF*, to be matched to another
mass parameter 7j; the 7 AF* term gives another kind of soft supersymmetry breaking mass not usually
discussed in the literature.

To keep notation simple, we will present our analysis here onwards with the index suppressed,
as if we are working on a single superfield. What we have in mind is really a N-multiplet of the SO(N)
or SU(N). Retrieving result for a nontrivial N is straightforward. The one-loop contribution such as
the one in Zgqt (p; 02, 0%) or L5 (p) will have to be multiplied by the factor N.

It is then easy to appreciate that a consistent superfield treatment of the standard NJL analysis
should consider modifying the superfield propagator to incorporate plausible nonperturbative
parameter of the generic form given by

Y =y = o6 = 6% — ig6°6” ®)
where containing supersymmetric as well as supersymmetry breaking parts. We write here 72
and 7, instead of /% and 7], as the parameters are not physical ones yet. The component y
contributes a (supersymmetric) wavefunction renormalization factor which renormalizes all mass
parameters accordingly, as shown below explicitly. Particularly, in the former work, [16] 7, = 0 was
assumed for simplicity. However, we do not make such an assumption here to give a more complete
picture of the analysis. Notice that a generation of nontrivial y breaks no symmetry while a generation
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of ? breaks only supersymmetry. Non-vanishing 77 however breaks the U(1)z symmetry together
with supersymmetry.

To proceed with the derivation of the superfield gap equation, we add and subtract the term Y P,
as the first step of the self-consistent Hartree approximation, and split the Lagrangian as £ = £, +
L+ where

L, = /d49 [®¢(1+y)+";"<1>252(é)+?@252(9)} )
and
2
ol —vead — S0 dbd
L = / d 9{ Vo 2q>q>q>q>} . )

To restore the canonical kinetic term in the presence of a plausibly nonzero y, we introduce the
renormalized superfield @, = /Z® = /T + y® which gives

_ _ _ m _ m* _
L, = / d*0 [%%(1 — 76 — 77767 — m26%0%) + E<1>1§52(9) + 7@552(9) . (6)
The mass parameters are of course renormalized ones, to be divided by the wavefunction
renormalization parameter Z; explicitly m = 1’”T“y, for example. The quantum effective action is
T S R S U Y R L 3C VRN AV ¥
I = &Pr(1-—1760°— 776" —m°6°0 )+E(DR5 (9)—|—7<I>R5 @)
2
— )PPy — %chchchch g B @)
where g% = i fgy)z is the renormalized four-superfield coupling and )} is similarly given by
_Y_ v 702 %P2 220232
nyZny 6% — 77°6% — m*6%0% . )

The superfield gap equation under the NJL framework is then given by

loop) 2 A2
e+ 2P 22)| =0, )
‘:DR(PE on-shell
In component form, we have
¥ (loop)
— Z
1+ y r ( oneshell
. loop)
= Z~ ,
T] U ( on-shell
i = zlor)( , (10)
on-shell

where, in accordance with the standard NJL analysis, one uses the one-loop contribution to
Z<1>R<I>{g (p; 6262) from the four-superfield interaction. The diagrammatic illustration of the renormalized
superfield gap equation is given in Figure 1. Note that results reported in Reference [16] correspond
to assuming 7j remains zero from the beginning, which will be shown to be a consistent solution.
Our interest here is on solutions with nontrivial 7.
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We perform a supergraph calculation for Z<I>R<I>f£(p; 0,0) directly. The relevant superfield
propagator is given by

- 2) o Q- 20m) oo
T(®(1)®! (2))) = TS (s 254 _ T \Q = 2iml”)
(@M@ = o~ g g 4% ~ gz g O
~ ~ ~ ~2=2
Lo (PR Pl [D2a’D]
(7 + nP(Q@ 4Ry | 16 |
_217]2 2 2 2 21512
LA+ mP)Q & dp ml Pl g2 a1

(P + [m[?)(Q* — 4[m[?[7]?)

where Q = p? + |m|? + |ij|?> + m? and 6}, = 5*(6 — 6). The necessary evaluation of Z( )(p, 0262)

on-shell

is much similar to previous cases [14]. The result is given by
7(Qx = 2m*) o LT —2[mf?) 5

</ th+% AmPlg2" Q2 — 4lmPlaP
(R |7)Qi — 4m PP
(K + [mP[)(Q2 — & [mP[72)
(=K2[771* + m?[m[*) Qx + 4Kk*|m|?| 77|
(KR [mP))(QF - 4[mP[ )

l -
Zrat (1 6°0%)

on-shell

@—H%W+Mwﬂmm)

026>

, (12)

where the [ * denotes integration over Euclidean four-momentum k with the measure and

d*k
(2m)*
Qi = k* + |m|* + |7j|?> + 2. Each of the five terms in the above expression comes exactly from the
corresponding term in the superfield propagator. The 4k,0?, 0“6* term vanishes upon integration.

The others can be pull together to give the component gap equations as

Yy Z(l"op)( ) I / (k2 + |m|? + @2 + |i]?)
Ly e W+WP+W+MW — 4mPTP
i = sl =g 7]/ — |m[* +m* + [7*)
Pl W+mvwﬁ+m% — 4[mPiP
E 1 1
22 Z(_IOOP) _ 2/
) w2 Pl =8 G ) W [P+ (7P AP

AR = [mP) + 2207 2] 02 + 2+ 7+ 72) -8 mPP) . (3)

Non-trivial solutions of the three coupled equations with nonvanishing 7 and/or #? give
supersymmetry breaking solutions, while nontrivial y value gives wavefunction renormalization to
@, which does not change the qualitative answer to whether supersymmetry breaking solutions with
the soft mass generation exist. Our analysis will explicitly demonstrate that. However, we postpone
the analysis of the nontrivial solution until after the discussion of the effective theory picture in the
next section.

D, D}

— Y t t
(S NV oy, o, oy

N\

Figure 1. The renormalized superfield gap equation, with )} = 117 - 7792 — 1 02 — 1726202,
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3. The Effective Theory Picture

Following the general effective theory picture of the NJL-type models, we modify the model
Lagrangian by adding to it

. 1 B
L= / 40 (ull + g, PP, (14)

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

u= _%éxp, (15)

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

2 *
Lop=L+Ls= /d49 [cbcp + %uz + g UDD + %@2(5(@) + %@25(9) . (16)

Obviously, if U|, develops a vacuum expectation value (VEV), supersymmetry is broken
spontaneously and the superfield ® gains a soft supersymmetry breaking mass of 12 = —ug, (U|p).
The above looks very much like the standard features of NJL-type model. Notice that while U does
contain a vector component, its couplings differ from that of the usually studied ‘vector superfield’
which is a gauge field supermultiplet. That is in addition to having y as like a supersymmetric mass for
U, which can be compatible only with a broken gauge symmetry. As such, the model with superfield
U is not usually discussed. The superfield can be seen as two parts, as illustrated by the following
component expansion,

U(x,6,0) = C‘E/IX) + \697(5;) + \fZéXE/lx) + 00 N‘ng) + ééN*y(x)
+v/200"8v,,(x) + V20002 (x) + V2000 (x) + 0696D () , 17)

where the components C, x, and N are the first parts which have content like a chiral superfield with,
however, C being real. The y factor is put to set the mass dimensions right. The rest is like the content
of a superfield for the usual gauge field supermultiplet, with D and vy, real. The effective Lagrangian
in component form is given by

*

Loy = (1400) [A'DA+i(@0,f)0"p + F'F] + 52 (2AF — ) + 5 2A'F — )

2
+uCD — uxA — ugxA + NN* — P; 00y — HGoPAA™ — ugoPAA + ug,DA* A

—i%lpﬁ’y)(ayA + igz—"(aytﬁ)f‘f”xA — QoXYF* + goNAF*
150 X3y AT — 8L AR — QoRFF + QN A'F

—%"vam*am + %"vai(a,,A*)A - %"valpmlp . (18)

Notice that, like F, N and D have mass dimension two.

Under the U(1)z symmetry, A and F have charge +1 and —1. The superfield U is uncharged.
However, components N, x and A carry nontrivial U(1) charges —2, —1 and +1, respectively. For the
m, = 0 case, there is an extra U(1) ®-number symmetry with common charge for all components.
All components of U are not charged under the latter.



Symmetry 2020, 12, 1818 7 of 23

In accordance with the ‘quark-loop” approximation in the (standard) NJL gap equation analysis
and our particular supergraph calculation scheme above, we consider plausible non-trivial vacuum
solution with non-zero vacuum expectation values (VEVs) for the composite scalars C, D and N.
While N is complex, we can safely take n = (N) to be real here. At least we can exploit the U(1)x
symmetry to absorb any phase at the expense of having a complex m,, the phase of which does
not show up in the calculation. First note that scalar C couples to kinetic terms of components

of ®; ¢ = (C) hence contributes to a supersymmetric wavefunction renormalization of the latter.

It is the supersymmetric part of Zgi;f )

in our gap equation calculation in the previous section. Again, we should go to the renormalized
superfield ®x = /(1 + go¢)® in the following calculations, with renormalized mass m and coupling g.
Withn = (N) and d = (D), we have —gn and —pugd, corresponding to the supersymmetry breaking
masses 7j and 7% of ;. In the former case, it gives a AxF; component term. Note that (N) is the
only VEV that breaks the U(1)z symmetry, as C and D carry no charges, though both (N) and (D)
break supersymmetry.

With propagators for the components of the renormalized ‘quark’ superfield &, as given in the
Appendix A, one can easily obtain the minimum condition for the effective potential following the
Weinberg tadpole method [21,22]. Firstly, for C-tadpoles, we have a ®x loop or in component form one
from each of A, yx, and Fr. Hence, we have up to one loop level

(p; 62,6%), an unavoidable part of the one-loop supergraph

[V = 4 réi) + FC(:)) + l"éi) =pud—glc, (19)
where
I = ICA — ZICIP + Iclr ;
L /E K2k + m|? + g|n|> — pgd)
< = (K2 + [m|2 + g2|n|2 — ugd)? — 4g2|n[2|m|2 ’
E K2

ICq; B / m/
Y 7 (S Tk o) 0)
r (k2 + [m|? + g2[n|? — pgd)? — 4g2|n[2|m|? -

Next, the N*-tadpole is given by

) = n—gh, 1)
where
Lo /E gn(k? — |m|” + g%[n|? — pgd) )
Yo ) (4 [mP o+ g2 [nf? — ugd)? — 4g2[n 2 m[?

The D-tadpole is given by
i) = we+ugl (23)

where

Lo /E K2+ |m|? + §%[n|* — pgd (24)
. (K2 + [m|2 + g2[n]2 — ugd)? — 4g2[n|2|m|?
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(1)

The tadpole diagrams are illustrated in Figure 2. We look for vacuum solution with —I';”’ =
oV (c,n,d)11/0a = 0 for a = ¢, n, d. Firstly, note that the vanishing of N*-tadpole is equivalent to

n(l—-g*ly) =0, (25)
with Iy given by Iy = gnl; vanishing D-tadpole gives
c=—8lp; (26)
the vanishing C-tadpole condition is
ud = gle . (27)

To get the physics picture clear, one can identify the soft masses generated for the superfield ® by
ij = —gn and m? = —pugd. We will explore nontrivial solutions for the soft masses below.

It is interesting to see that the effective potential analysis for (the components of) the composite
superfield U can be shown directly to be equivalent to the superfield gap equation, which we illustrated
explicitly in Reference [16] and duplicated here. In terms of the superfield, the potential minimum
condition is given by

1
P2 (U) + Ugggpore =0 = ugw>=—fé$$ (28)

where Ig;‘;g
Note that from the original Lagrangian with two-superfield composite assumed, we can obtain
—g> ((®®)) = Ik, which is equivalent to ug (U) = Ik = Zg;g?(p; 6262) = —gzlgzg).
R on-shell R
The same loop integral is of course involved in both the gap equation picture and the effective
potential analysis. The results here are in direct matching with the corresponding discussion for
the NJL case presented in Reference [12], though for a superfield theory instead. The component
field effective potential analysis above really serves as a double-check of the superfield gap equation
analysis of the previous section. In terms of component fields, we need the soft mass identifications
above as well as y = goc, or % = gc.

is the momentum integral of the ®;®; propagator loop (cf. the first diagram in Figure 2).

7 AN 7 AN
/ \ / \
\ ] \ 1
O O AR\T/AR E?,\_Y_}AR
U pA N4
1 1
(d) _ -
7 AN 7 N
/ \ / \
\ 1 \ 1
Ak -+ F A, (I Yr F.x -+ 0
c A c A c A
1 1 1

Figure 2. The tadpole diagrams: (a) the superfield diagram; (b) D-tadpole; (c) N-tadpole;
(d) C-tadpoles.
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4. Nontrivial Solutions

Let us pull together the gap equations in terms of y = (1 — gc) ™!, j(= —gn) and m?(= —ugd).
We have

f(1-g’Iy)=0 and m*=—gI,

as a set of coupled equations to be solved simultaneously. The integrals are complicated expressions
involving the two soft mass parameters. The third equation of

y=(1+g)"

where independently gives the y value for any solution of 7j and . The trivial zero soft masses
solution is consistent, as I vanishes in the supersymmetric limit. Note that the y parameter does
not correspond to any physical quantity and hence may be considered of little interest. The point of
interest is if the nontrivial solutions of supersymmetry breaking masses #j and # exist.

2]}, = 1 for non-trivial 7, for the case of which we have

= | (i) et

} has been used to denote integral of the Feynman propagator for field of mass

The first equation above gives g

i) voo). 9

where I;(S) [E I kZLS
square S and we have the scalar mass eigenvalues

my = i+ (Im] F 17]) (30)

As seen here, the presence of non-zero mij product splits the masses of the scalar and pseudoscalar
part of A and produces mass mixing between them, giving the mass eigenvalues. The interesting point
is that one only needs non-zero mfj to have it; even a real value would do.

Similarly, we have

m
== (md =) no )= (w2 =) 1)+ 2. 61
If we take m = 0, we would have
I, — Ie(|f]* + m?)

and
Ie — =PI (|f* + %) — 2|7 L (|7 |* + @?) .

The second soft mass gap equation becomes
27 (1712 4 2 |7
L +i?) (1+2 5 ) =1 (32)
which is not compatible with the first one (g2}, = 1) unless 7j = 0. It remains to be seen if there

exist 77 # 0 solutions for some non-zero values of m. After some algebra, one can rewrite the solution
equations in the form

[l 5 20| (m] £ [7)* | 2[m](lm] £ [77])

2 2
ShOi) = Lamr— 22+ zmE -2+ s rmh)

Af (33)

The two equations have the same form only, with the |ij| variable coming in different signs.
Moreover, both reduce to the same equation for the Ir(m,) at the |7j| = 0 limit, which is the gap
equation for the limiting case [16]. Evaluating the integrals with model cutoff A, with all variables and
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B g2A2

parameters casted in terms of dimensionless counterparts normalized to A givenby G = 95,5 = 75,
and t = b":—‘zz, the two equations are equivalent to
1 _ s+2tz(1—z) 2t(1 — 2) ‘n 1+1
G(s, t,z) s+2tz(1—2)%2  s+2tz(1—2)2 t
s+ 2t(1 —22) 5 1
—_— = (1 In|{l+ ——| , 34
s—i—2tz(1—z)2[S+ (142)7In +S+t(1—|—z)2 G4

forz = :Fl%'l, respectively. We need simultaneous solutions for s and z for reasonable values of model
parameters G and t. The two equations for positive and negative (but equal) values of z of course
collapse to one at z = 0, which are the vanishing |7j| solutions. We present them in Figure 3 for
different values of supersymmetric mass m, among which the case of m = 0 has been illustrated in

Reference [16].

50— ]

20r 1
10+ ]

Figure 3. Numerical plot of nontrivial solutions to the soft mass gap equation with || = 0.

2 A2 -
Coupling parameter G = % is plotted against the normalized soft mass parameter s <: ?\iz)

|m[?

for t (: ﬁ) values of 0 (red), 0.1 (blue), 0.2 (pink), 0.4 (orange), 0.5 (green), from the lowest to the
highest curves, respectively. The red curve (¢t = 0) has been reported and analyzed in Reference [16].
Here, N is the “color’ factor for the case of the basic chiral superfield ® being an SO(N) or SU(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.

Actually, in the 77 = 0 (z = 0) case, all the above integrals simplify analytically. In particular,

we have
Ip — Ie(|m|* + m?)

and
Ic — —(m? —i—2|m|2)IF(|m\2 + 1?) +2|m|2lp(|m\2)

where (I}, is irrelevant). The masses in the Feynman propagators correspond to the scalar and fermion
masses. It is interesting to note that for m = 0 (t = 0), we have the simple result ¢?I; (%) = 1,
which is the same as the basic NJL model one except with the soft mass 12 replacing the (Dirac)
fermionic mass (see for example Reference [12]) if we take % as the four-fermion coupling in the
model. Moreover, in this case, we have the gap equation for the renormalization factor, which is
equivalent to the vanishing D-tadpole condition ¢ = —g1, giving ¢ = —g¢I(172%) hence g, c = —0.5.
The wavefunction renormalization factor is Z = 1 + g, ¢ = 0.5, of order one but tangible. This is a
clear indication of the nonperturbative nature of the results and that there is nothing improper in the
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analysis. For more details, we see that solutions for nontrivial 7% for the case are given by the reduced
form of Equation (34) as é =1-sln [1 + H obviously giving solution for 0 < s < 1 for the strong

enough coupling G > 1. It can be seen from the numerical plot that the value of the 1 solution rises
fast with increasing G. However, nonzero t has a strong limiting effect. It increases the critical coupling
needed for a nontrivial solution to s very substantially. In fact, taking the limit s — 0, the equation
becomes G% =1+ t% —3tIn (1 + %) , which gives the critical coupling G, as a function of ¢. It can be
seen then as f increases from zero, ic decreases and reaches vanishing value (i.e., G — o) at a critical
t value of about 0.55, beyond which no coupling G will be strong enough to break the supersymmetry
and generate the soft mass.

Looking for solutions with nontrivial 7 is more tricky and requires a very careful analysis scanning
the numerical results. Again, we check plots of the effective coupling G as given in Equation (34)
versus s simultaneously for positive and negative values of z of fixed magnitude, at a fixed input
t value. Numerically, within the window of interest, the intersection of the two curves (dubbed G, and
G_, respectively) gives a solution. Only one then has to numerically scan the plots of the G} and G_
curves to see all the solutions. The window of interest is restricted to positive G valueand 0 < s <1
plus the extra constraint of both of the mass eigenvalues of the scalar states in ® to be within the cutoff
A [cf. Equation (30)]. This is the generalization of s < 1 to the nontrivial 7, |z| # 0 case. The constraint
is given by

s+t(1+z[)><1. (35)

It is strong. For any ¢ value, it first restricts |z| of interest to < % — 1. Close to the upper limit
means s admissible has to be very small. So, the constraint may cut out quite a range, if not all, of the s
value of interest. We find that a solution exists in general, though some of the features of the solution
locations are not somewhat peculiar and not easy to understand.

We scanned the effective coupling G versus s, |z|, and t plots to study the behavior of the
intersecting point solutions and checked for consistency. The results are as follows: for somewhat
large t, solution exists only at large enough |z|, for example the minimal |z| value for solution at
t = 0.3 is about 1. Such a solution certainly violates (35). Actually, solution satisfying the constraint
shows up only for t below about 0.265, which also guarantees the G curve to be smooth, at least
within the numerical window of interest. Moreover, the G versus |z| plots for any ¢ and s essentially
always give two solutions for (nonzero) |z|. The larger value |z| solution may not even correspond to
a larger coupling G, as shown in Figure 4. Furthermore, a G value smaller than the |z| = 0 solution
is typical. Another illustration of the same coupling value issue is given in Figure 5 in which we show
G versus s plots with two intersecting points, particularly including one with s = 0. Such non-zero
|z| with s = 0 solutions are not available for ¢ less than about 0.17. For the latter case, the G versus
s plots give a single intersecting point. In Figure 6, we show comparisons of the intersecting point
solutions at the same t. We have again a solution with larger values of the parameter, s and |z|, for the
masses generated corresponding again to smaller coupling G. Recall the standard, obviously physical
sensible, solution features of the NJL-type model which our |z| = 0 solutions shown above bears,
is that nontrivial symmetry breaking mass solution exists for large enough coupling beyond a minimal
critical value and increases with the coupling. The |z| # 0 ‘solutions” behave, however, in ways
difficult to understand. A more careful inspection of the various plots shows that the G_ curve in
particular has strange singularities. In fact, each intersecting point ‘solution’ corresponds to a pair of s
and |z| values, with the G_ curve either diverging at a smaller s or at a smaller |z| value. It sounds
like in order to ‘get” to that ‘solution’, one has to bring the coupling value all the way to positive or
negative infinity and back. However, it should be noted that nonzero 7j(= |z|y/t) increases the mass of
one of the smaller mode but decreases that of the other one [cf. Equation (30)]. It is not so trivial to
consider if larger 7j or |z| should really be considered to be giving a larger supersymmetry breaking
effect. Another noteworthy feature is that among solutions of fixed |z|, a larger t generally tends
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to give smaller s or 72, and among solutions of fixed s, a larger t generally tends to give larger |z|;
larger t always tends to increase coupling G required for a solution. Recall that the |m| or t value also
suppresses the mass generation in the |z| = 0 case, but |m| = 0 gives certainly no |z| # 0 solution.

G
4.5
4.0

3.5¢

\

3.0¢

23.0 0.2 0.4 0.6 0.8 1.0 ||

=
(W)

Figure 4. An illustrative of intersecting point solutions, with G versus |z|.

G
340
t=0.2

335 2] = 0.605

3.30

3.25

320

315

W0 002 004 006 008 010 012 014

Figure 5. Illustrative intersecting point solution plots, with G versus s.

G
2.30,

12

10

W\

8.0 0.2 0.4 0.6 0.8 2'6%00 0.005 0.010 0.015

Figure 6. Illustrative intersecting point solution plots, with G versus s.; two cases in each frame for
comparison. The two colors each corresponds to the case of one set of fixed parameter values as shown.
Intersecting points of G* and G~ curves of the same color give the solution point for the value of |z|.
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5. The Goldstino and Composite (Super) Field Dynamics

Some components of the superfield U, which are auxiliary as introduced, develop kinetic terms
through wavefunction renormalizations in the effective theory below the cutoff A. We trace them
here through checking of the relevant loop diagrams, based on the effective Lagrangian in terms
of components of ®; and couplings all having the ® wavefunction renormalization from the gap
equation result incorporated (cf. equations in Appendix A). The analysis focuses on results at the
supersymmetry breaking vacuum solutions, i.e. non-zero 7> with zero or nonzero 7j. We only sketch
the key results here, leaving some more details in Appendix A.

We start with the two-spinors x and A. The chirality conserving part of the self-energy diagrams
gives rise to kinetic terms. We can see that all terms are nonzero in the presence of nonvanishing 7,
while the x-A kinetic mixing vanishes at 7j = 0. Full results are presented in Appendix A. To look at the
mass values 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 T. The canonically normalized fermionic modes are given by

Ao
(- 2))
N

2

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

/N 0 /N 0
My = /i T( My, )|T" ! (37)
! o /N “ o JN, |’
fa 2
_Oy _OV =+ (), the first part being the tree-level mass while the last is the matrix
for chirality-flipping pieces of self-energy diagrams. We have

where —M ) =

det ./\/lf = Nfl Nf2 det MX)\ . (38)

In the case that the matrix of kinetic terms has the full rank, a zero determinant of det M for
equivalently det M, shows the existence of a Goldstino, which is expected as the Nambu-Goldstone
fermion corresponding to the supersymmetry breaking. We are mostly interested only in the kind of
qualitative questions here, which saves us from having to deal with the diagonalization of the matrix
of kinetic terms. For the chirality-flipping diagrams (see Figure 7), dropping the p-dependent parts,
we have the mass terms

2 4
gm N, .
Op = PNy (i) = 2o (e + T )
Qu = —2ughi | mPNele(jmf?, m?_ned, ) + ng?Nely
Q= pmPNeLe(m|?m; ,m3 ), (39)

where L (|m|?, mff,mi) is the integral of the product of three Feynman propagators with the

mass-squares as specified, and we have expressed the results with the Ic and I,y integrals of the
gap equations (cf. Equations (31) and (29)). Applications of the gap equations kill the term with the
then vanishing (g2Ic + Mm?g?I) factor and has the jg” NI term canceling the tree-level term in the
mass matrix M,,, the determinant of which is then exactly zero. Hence, we have established the
existence of a Goldstino mode for the supersymmetry breaking solution with 77 # 0. For the 77 = 0 case,
only the off-diagonal terms are nonzero, which is a result one can see even simply from the U(1)z



Symmetry 2020, 12, 1818 14 of 23

symmetry considerations. The latter has been presented in [16], with the result that the tree-level Dirac
mass is exactly canceled by ()-matrix upon application of the corresponding gap equation, giving M,
as the zero matrix. No matter m = 0 or not, the qualitative feature does not change. Again, we have
the Goldstino. Supersymmetry is really a local/spacetime symmetry. The Goldstino would be eaten
up by the gravitino, which would then be massive.

The spin one vector boson v# is an important characteristic of the model. The proper self-energy
diagrams (see Figure 8) for the vector mode give the result

o =N~ I (o, I?) + 5 [ x|
[x(mf —m3 ) }IZF( x(my —mg ) +m; ,—x(m; —mi)%—mf)
2

+ Ir (—x(m? —mA+)—|—mA)

[ (m 7" _mA ) — mA+] Ly ( m§+ _mA )+mA+ x(m§+ - mA )+mA+)

1y (—x(m?, — ik Hm’”)]}

1
plog e {—SMWM|m5

- */ dxx(1 IzF (— x(m? —mir) +m2 , —x(m} —mi) —i—mf_)

+Izp<— (mi—mA )—i—mA+ x(mi—mA )+mA+)]}+...

o~ 2N = (o, )+ [ [-m (o) + 102)] )
2 ZN 1
pzyic{lzp(|m|2,|m )+ gl (md,m) } (40)

with I,r denoting the integrals with product of n Feynman propagators. There is also a tree-level
mass-squared term of — 22 v'v, to be added. It sure indicates that we have properly behaving kinetic
and mass terms (note our metric convention).

The other scalar modes also acquire kinetic and mass terms accordingly. Mode mixings, however,
make the result a lot less transparent. Details are given in Appendix A.

X { } X X { } X X { } X

__K N__X “__A
A A

~— ~— ~—

R I Iy F R AR

I

—~— AR AR ~— AR AR ~— AR

Figure 7. Diagrams for fermion masses.
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Figure 8. Proper self-energy diagrams for the spin one composite v*.

6. Conclusions

We have studied the supersymmetric NJL model with a composite real superfield proposed in
Reference [16] in a more general and complete scheme, by admitting a supersymmetric mass term for
the chiral superfield while considering the most general form of the VEV for the composite superfield,
hence allowing the soft supersymmetry breaking components of 62 as well as 6262. Note that admitting
the supersymmetric mass term actually reduces the symmetry of the model. The necessary conditions
for the soft mass generation, and the basic features of the nontrivial solutions were discussed. We also
calculated the contributions of all possible one-loop diagrams of component fields. The most general
expressions for the superfield propagator were given in Appendix B. The analysis is much more
technically involved compared to the previous limiting case though the basic approach is the same.
However, the full analysis has quite interesting new features, as well as further nontrivial solutions.

The full analysis of all nontrivial vacuum solutions is difficult, and we have mostly to rely on
numerical scanning of the multi-dimensional space for the parameters. There are some important
general features to note. Firstly, no 7j # 0 solutions are possible for m = 0. The critical coupling bringing
in plausible nontrivial solutions increases substantially with increasing |m| in general. When the
latter value gets beyond a certain limit, solutions with nontrivial soft mass solutions no longer exist.
For nonzero m within the limit, we find 7 # 0 solutions in general, from the numerical scanning.
There are indications for an 77 # 0 solution to be preferred over the 77 = 0 in the sense that assuming
fixed m and 172 values, the coupling value for an 7j # 0 solution seems to be always lower than the
i = 0 one. For admissible solutions at a fixed coupling, however, the analysis cannot tell which
solution would be more preferable.

We also calculated the contributions to the two-point functions for the component fields from all
possible one-loop diagrams. All the scalar components become dynamical. The fermion mass matrix,
while getting more complicated, clearly gives a zero eigenvalue for a Goldstino state. There is no
indication of any problem. Some details and discussions are given in Appendix A. The results are
useful for further analysis of the model and plausible applications. Meanwhile, it is interesting to note
that applications of supersymmetric NJL models to condensed matter physics have been studied [23].
Studies of our model in the direction may also be considered.

Finally, we emphasize that with the modern effective (field) theory perspective, it is the most
natural thing to consider any theory as an effective description of nature only within a limited
domain/scale. Physics is arguably only about effective theories, as any theory can only be verified
experimentally up to a finite scale, and there may always be a cut-off beyond that. Having a cutoff
scale with the so-called nonrenormalizable higher dimensional operators is hence in no sense an
undesirable feature. Model content not admitting any other parameter with mass dimension in the
Lagrangian would be very natural. Here, we have illustrated a model that gives rise to nonzero values
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for all admissible soft supersymmetry breaking masses for the single superfield, including U (1) part,
dynamically. Models of the kind may have a chance to be the source for the soft supersymmetry
breaking in a supersymmetric standard model.
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Appendix A. Some More Technical Details of the Model Calculations

Starting with the effective Lagrangian of Equation (18) with ¢, d, and n denoting VEVs of the
(original) scalars C, D, and N, we have, in terms of the renormalized components Az = VZA,
r = VZp, and K, = VZF of & = +/Z® with the common (supersymmetric) wavefunction
renormalization factor Z = 1 4 g,c, the quadratic part of the Lagrangian is given by

*

* . — _ % m m . o
ﬁg} = ADAAH Q)0 + E R+ o (4B — fu) + - QAR — i)
2
+ pCD - pxA —pxA+ NN - %UUUV + ugA A Ax + gnAly + gn" Ak, (A1)
in which we have the renormalized mass and coupling m = "¢ and g = g70 . Here, the scalars

C, N, and D are the physical ones with VEVs already pulled out, though we do not distinguish
them from the original ones with VEVs explicitly in notation. One can easily obtain the following
propagator expressions:

—i(p? + |m|* + g*|n|* — pgd)

T(Ar A7
(T(Ar A7) (P2 + |[m2 + g2nf2 — ugd)? — 4g2n2[m|2
2ign*m*
T(Ar A =
(T(Ar Ar)) (P2 + [mP2 + 2] — ngd)? — 4g2[n2|m|2 ’
. i(p® — pgd) (p* + |m|* + §%|n > — pugd)
T(RE)) =
< (R R)> (P2+ |m|2+82|n\2—ygd)2—4gz|”|2|m|2 '
_ * (12 _
(T(RE)) = Zgnrlp — igd) ,

(P2 + [m[2 + g2[n[? — igd)? — 4g2[n [ m]?
in* (p? + |m[? — g%|n|* — pgd)
T(AR)) = ’
(T(ARR)) (P2 + [mP2 + §2[n2 — ugd)? — 4¢2[n[2[m[2

. ign*(p? — |m|* + ¢*|n|> — ugd)
T(ARF, = ’
(T(ARK)) (P21 |m? + g2|n] — ngd)? — 4g2[n[Z[m|?
"
] — P g
(T(gr¥ry)) = 2 mE’
% sP
By — M
(T(Yro¥r)) = P2+ ml2 "

Note that —ugd and —gn here correspond to the (renormalized) soft mass terms 7> and 7.
The propagator expressions can be matched to that of the superfield ® in Equation (11).
The remaining, interaction, terms in the effective Lagrangian read
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Ll = §C[A;DA+i(ufk)0" s + F R — pgPrA AL — pgid Ax + gD AL Ax
—igtﬁzeff”xauAR + ig(aylﬁe)c‘f"xAR — gxrE + gNARE

+is S AT Hyray, A*—ng* X" 0ur — X Fx + §N" AR R

]\/%11 Yu,iAg 0y Ag + ﬁnyvvyi(avAg)AR — %n”“vy%m% . (A3)

Note that the above gives essentially all parts of the Lagrangian, apart from a constant. The linear
terms are canceled at the physical vacuum with consistent ¢, #, d solutions discussed in the main text.

In the following, we present some details of the ‘quark-loop” contribution to the two-point
functions for the various components of the composite superfield U at the supersymmetry breaking
vacuum solutions, as discussed in Section 5. Though we argue in the text that 7j # 0 solution looks
suspicious and is hard to understand, we present fully generic results for completion. The results may
offer more insight into the problem.

The two-point functions for fermion kinetic terms are given by the diagrams in Figure A1, with the
ip - 05 [24] results given as

Boe = =S |Iml (] = 177]) kel w2 ) + || (jm] + [7]) e (|m[, me? )
m ) =2 (202 +3|mf? = 2| |m| ) ke (m?_,m3 >
mi)—2(2m2+3|m|2+2|ﬁ||m\) b (
—2|m[? (w2 — 2% = 3{m [ +217||m| ) ke (||, m3_, 2 )

( (

—2|m[? (ne? — 2% = 3[m[* = 217||m| ) ke (Jm |, m2 2 )]+,
2
Nc -
7= 8 (20 m2) + [mPhe (]2, mi2) — 2 (272 4 3|m[) be (2, mi?)
+2\m[? (2 + 2(m|?) b (jm [, mi2, mi3)] (A4)
— m
Zu = = Ne| (1= ) e )+ (1+ ﬁ)ep (12, m

0B be(mP 2 ) — 2 b, 2 ,mm}

=0 — 0. (A5)

[1]

wo= N e (md ) + he(nid i)
—|m[2Ee(|mf?, o2 ) — [m[2he(mf?, 2 o )|+,
j=0 — —2128*Ne [ b (i, nid) — [m | ke (|m |2, nid, m) | (A6)

where I; denote integrals each of a product of n Feynman propagators with the mass-square
parameters as given. We have given, besides the general result also, the simplified expression at

the 7 = 0 limit. Recall

miy = m? + (Jm| F [77])?
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and at the limit 7 = 0, we have used m2 = ? + |m|?> = m2 = mA The vanishing kinetic mixing

between x and A can also be easily seen from U(1)z symmetry con51derat10ns.

t
\__ A __ ¥ “__A
FR FR AR AR AR FR
Ur Vr Vr Ur Ur U
X A X A A //_\\—A»—
> > > >
N__~ “__A N__~
F, Ay A Ay An An

Figure A1. Diagrams for the generation of kinetic terms for the fermionic modes.

For the scalars, results for the various proper self-energy diagrams are very tedious. Apart from I,
we further introduce

Ly(m3, m?) = 3L (m3, m?, m3) — 4m3 L (m2, m2, m2, m3) (A7)
where to present the results. Again, we give the general result and the 7j = 0 limit, with the diagrams
being given in the Figures A2—-A8. Note that they are one-loop contributions, which have to be summed
up with the tree-level terms in the Lagrangian. We have:

2,52
N
Ypp = szg4 [134("1,4 lmA )4‘134(771,4+ m£+)]
2,2
N,
+%[IZF(mA ,m? )+Izp(m§+ mi)] 4.,
2N,
=0 — sz g ©Lu(m, m3) + i g S Ly (3, m3) (A8)
2
N, _ -
Seo = pP Bl 4 (Il = (7)) B )+ [+ (ol 171)?] Ba(? i)}

2
N, _ ~
+EE S L (il = 1712 e (22 )+ [, (| + |71)?] e (2, 2
—Ip () = L3 ) b+

=0 — P* ug®Ne (m + [m[?) ba(nid, m2)

+.“82NC[ <m§+ \m|2) L (m3, m3) — IF(”@%)} , (A9)
2 §°Ne 2 2
Zov = PP E{ (Il = 1) B wd )+ (Im] + [7])% Ba(nid, 2 )
| (| + 171) B2 m2) + ]| (] = [7]) Ba(2 w3 ) |
gch

+

7 {(Iml—lﬂl) Li(m_,m3 )+ (|m| + |71)? Le (ni3, mi3)
Ay

2lmPLp(m? m2) — L(m? ) — Ip(mi)} T

=0 — P 282 mPNehy(m?, mi2) + &N [2lm 2L (m2, m2) = Ir(m2) |, (A10)
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282Nc

See = pPEE{16lmP 3hr(m2, imP?) — 4lm Lo ((m[2, [m ], )| = 16]m|* Ty (|m[, |m[2)

6 (12 + (|| = 171)?) he(m2 w2 )

+8 (n2_+ (jm| = [71)2) wid_he(nid_,m_,m2)

6 (2, + (Im| + 171)?) ke (2, mi2,)

+8 (m2, + (|| + [7)2) w2 _e(mid, w2 )

2(m 4 (il ~1702) b ) 402 (=2 ) B )

e (w2 w2 ) B w2 ) 42 (m2 4 (ml 1)) B )}

$*Ne 2 2 4 2 2 2 2 ~1\2 2
+ 5 {2l P1p(Im ) = 16[m[* o (jm 2, m[?) + (i, —5m?_ —8(jm| = |71)?) b(ned)
— (5m2, —m2_+8(|m| +17)?) k(m2, )
2
+2 (2 + (Im| = [7)%)" Le (m_,m2)

2 2 2 2 2 2
+ (ZmA M, —ny g —ng m> ) Le(mj_,my,)

2 (n2, (4 171)7) B w2 )} 4
= o—>P2g “LamP? [3r(mP2, (mP?) = 4lmPLs((m[2, [m 2, |m?)] = 4lm|*Tsa (mf?, |m]2)

=3 (12 4 ) B (2, m2) + 4 (2 o+ ) ey (i, i, )

2
(2 ) a2, m) )
2N,
< { olm 21 (jm[2) = 4lm|* L (jm 2, m[?) = 2 (2 +2|m[?) k(ne?)
(08 1) ke )} (A11)

+

There are more mixing terms which vanish with #, as follows:

2
N,
Ty = p2g4f|g| [ (] = 171 Faa (3 w3 ) + (|| + [71)? Ba(m2 i)
[ (] — 177 a2 ) = || (Jmn| + |7]) B, 2 )]
2
N,
+g4f|’jﬂ [l = 171)? e (22 ) + (|m] +1771)* Lo (2 i)
—2|m|212F(m§7,m§+)} ) (A12)
AR’\ AR AR’\ AR
>4 - ->4 b<-
“__¥ N__A
Ay T T A R Ar

Figure A2. Proper self-energy diagrams for the DD term.
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2 gchi
2 il
ol |m| () = (fm| = 171) [+ (] = 7)) Ra(md ) |

- ~1\2
Sev = P {{Uml+170) [, + (ml 4+ 171)7] Bam2 2, ) = 2, | Fa (3, i)

&Ne 7] ~ 2 ~ 2 204 2 .2
+EE g Gl = 2071) 10 ) = @l +2171) ok, ) = 4P| ke (8, )
— (m| = 171) [+ (|m| = [7)?] Le(m2_, w2 )
+ (Im| + [7) [, + (Im| +171)?] B, w2 )} (A13)
2N ~ _ ~
Zowe = P B [+ 1a1) BaGonk i) = (] = 1) B )
—m|Ba(md_ w2 ) + || a(? i) |
ZN > _ B
RS ol 1) ) = (= 1) Bt )} (A19)

with also the complex conjugates for the last three, i.e., —Xy+y+, —2cy, and —Zpy.

It is somewhat surprising that all the scalar actually becomes dynamic, including D and N.
The latter are introduced as auxiliary components of mass dimension two. One should hence
consider % and Y instead. For the general case, the complex % has to be expanded into the real
components first. One has then to diagonalize the kinetic term matrix for all the real scalars to find the
proper wavefunction renormalization factors for the canonical modes, and subsequently diagonalize
the mass-square matrix, with the tree-level terms included, of the latter for the eigenvalues.

A A e M
c 77N, c 7 X )
-4 b=- -4 b=
“__H# _ A
An Ay F An
A A B A
C ” X D C 7 A\ D
- >4 b= - >+ b= -
“_ A __H
A A, Fr An

Figure A3. Proper self-energy diagrams for the CD term.
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Figure A4. Proper self-energy diagrams for the NN* term.
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Figure A5. Proper self-energy diagrams for the CC term.
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Figure A6. Proper self-energy diagrams for the NN term.
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Figure A7. Proper self-energy diagrams for the CN* term.
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Figure A8. Proper self-energy diagrams for the DN* term.

Appendix B. Propagator Expressions for the Most General Case

We give here the superfield propagator expressions for the most general case,

21 of 23

i.e., all soft

supersymmetry breaking parameters are included. The propagator(s) used in our model above is
the case with the soft mass term —%17924)2 in the superpotential vanishing. The expressions have,

apparently, not been explicitly given before, and may be useful in some future studies.
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The free-field Lagrangian for a single chiral superfield ® = A + /28 + F6? admitting all
supersymmetric and (soft) supersymmetry breaking mass parameters can be written as

L, = /d46 OD(1 — 776 — 70> — m*6%6%) + {/dz (m — %) D*6%(0) +he.|. (A15)

Again, we allow a complex m. Soft supersymmetry breaking parameters 7 and # are also complex

while the most familiar soft mass 72 is real. The superfield propagators are given by

+ —i o iQ=2lmP) +my] o iFF(Q—2[m[*) + my¥]
A e 77 T 2 TR T

—P2||? + 17 m ? )Q+4P 21772 — (Pz— |m[2) (m*y " + moy*ip) — |mP2jy1? o2 50

(P? + [m[?)(Q |77—2m77\2) o

6°st,

(72 +7)Q — |y —2mj|> [ D?28°D)|
01r s Al6
T mP QT —am?) | 16 | ® (A16)
and
(T(®(1)D(2))) im' DE i —2m) DPA

TP mP) 4T Q2 —2m 4
2m*ij(p? + m2) + m*2y + y*7? D262

; 4
- Q> — [ — 2mi|? w2
. _ 52 A2
LML 4 [712)Q — |y — 2mi) - f(p” = 2m") (p + [m?) | D626 | 6762D2 |
(p? + [m[?)(Q* = [y — 2m7[?) 4 L

(A17)
where Q = p? + |m|? + m? + |7j|2. The corresponding component field propagators are given by

—i(p® + |m[* +m* + |77]?)
(p? + |m|2 +m2 + ||?)? — |y — 2mij|>*
i(y” —2m'i7")
AL = G a2y~ 2miP
repey = AP P g Iy - ]
(p? + [m|? +m2 + []>)? — |y — 2mij|?
i[2m*ij (p* + m?) + m*2y + 5* 7]

(P2 + [m|? + @2+ 177|2)? — |n — 2mij|>
rary - AP P )

(p? + |m[? +m2 + [7[*)? — |y — 2mij|?
—i[* (p* — |m]* + m* + |77]*) + my*]

(T(AAY))

(T(FF)) =

TAF)) = R P a1 [P — [y — 2mil?
L
i TPp O
(T(Yryry)) = P m?’
T T . (A1)
Pror)) = p2+|m2’

Note that the Lagrangian without all the masses has a U(1) and a U(1)z symmetry to which
® carries both charges (of 1). U(1)z charges for the components A and F are 1 and —1, with ¢
neutral. We can assign corresponding charges to the mass parameters and use them to trace and check
the role of the parameters in the component field propagators and the corresponding terms of the
superfield propagators.
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