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Abstract

We consider low energy processes described by the N' = 2 supercurrent on its partially (to N =
1) and spontaneously broken vacuum and the attendant Nambu-Goldstone fermion (NGF),
which the presence of the electric and magnetic Fayet-Iliopoulos (FI) terms is responsible for.
We show suppressions of amplitudes decaying into the NGF as its momentum becomes small.
In the lagrangian realization (namely, the model of arXiv:hep-th/0409060) of the conserved
supercurrent, the NGF resides in the overall U(1), which is nonetheless not decoupled, and
interacts with the SU(N) sector through nonderivative as well as derivative couplings. The low
energy suppression is instead accomplished by a cancellation between the annihilation diagram
from the Yukawa couplings and the contact four-Fermi terms. We give a complete form of the

supercurrent and the model is recast in more transparent notation.
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1 Introduction

Notion of spontaneously broken symmetry [1, 2] and the current algebras of sixties [3] had
successes in investigating some of the low energy properties of hadrons. A basic argument
starts from stating that the diagrams representing the hadronic matrix elements of the conserved
current fall into two categories - the one in which the current couples a nearly on-shell massless
Nambu-Goldstone pion that propagates before it interacts with initial and final hadrons and the
other in which the current couples directly to the hadrons. There is no candidate excitation to
produce a singularity in the latter category. The conservation law then forces the residue of the
pion pole at the first category to vanish at zero momentum, which in turn implies that emission
amplitudes of the pion vanish at zero momentum. The same logic can be applied to the case of
spontaneously broken N/ = 1 supersymmetry and emission amplitudes of the Nambu-Goldstone
fermion (NGF). As was shown by de Wit-Freedman and Bardeen [4, 5, 6], this argument and
the observed [ decay spectrum precluded the idea of the NGF being neutrino. (See also [7] for
recent work on the Nambu-Goldstone boson low energy theorems in A/ = 8 supergravity.)

Turning our attention to extended supersymmetry, it is in fact straightforward to generalize
the above argument to the case in which N = 2 supersymmetry is partially and spontaneously
broken to N' = 1. It has been known for a long time that partial breaking of N' = 2 super-
symmetry to N/ = 1 is accomplished by the simultaneous presence of the electric and magnetic
Fayet-Iliopoulos (FT) terms [8]. The lagrangian realization with a nonabelian U (V) gauge group
has been given for some time [9, 10, 11]. See [12] for related topics. Changing the strength of
the FT terms, we are able to interpolate [13, 14, 15] between N = 2 super-Yang Mills and V' = 1
super-Yang Mills with a superpotential consisting of a chiral multiplet in the adjoint represen-
tation. The corresponding interpolation of the low energy effective action (LEEA) offers an
interesting arena for the study of the exact determination of the LEEA [16, 17, 18, 19, 20, 21]
and the integrable systems [22]. Several pieces of work along this direction have already ap-
peared [13, 23, 14, 24, 25, 26, 27, 28]. (For closely related works, see [29, 30, 31, 32].) Matter
hypermultiplets in the bi-fundamental representation have been included in the work of [33].
Albeit being nonchiral, these, combined with several well-known mechanisms that break N' = 1
supersymmetry, permit semi-realistic considerations beyond the standard model [34]. In fact,
there are already some phenomenological works on N/ = 2 supersymmetric models which are
relevant in ten TEV energy scale [35]: partial breaking of N' = 2 supersymmetry provides an
interesting prospect to physics issues at LHC.

In models with rigid NV = 2 supersymmetry realized on the partially broken vacua, a massless
NGF is predicted while, in local models, the NGF is absorbed into a massive gravitino by the

super-Higgs mechanism. In A = 2 supersymmetry, the rigid models and the local models live



in different Kahler geometries (special Kahler v.s. quaternionic Kahler) [36]. For prescription
of partial breaking of local N/ = 2 supersymmetry, see [37]. In general, models with the FI
terms are known to be hard to couple to gravity. For a recent discussion, see [38]. In this paper,
we have in mind the rigid realization of partially broken N/ = 2 supersymmetry.

There is apparently, however, a puzzling situation which we encounter with regard to some
properties of the model and suppression of zero momentum emission amplitudes of the NGF
derived from the conserved supercurrent on the broken vacuum. The overall U(1) sector,
which the NGF and its superpartner (dark photon) resides in and which drives the breaking
of N =2 to N =1, is successfully coupled to the SU(N) sector. The mass spectrum of the
model consists of three types of N' = 1 supermultiplet belonging to the gauge group U(N)
broken by the Higgs mechanism to a variety of product gauge groups [10]. We show explicitly
in this paper the presence of non-derivative Yukawa couplings that involve the NGF. It is
an interesting question to address how this counterintuitive structure is compatible with the
consequences derived from the low energy theorem. Answering this demystifies the situation.

In the next section, we take the point of view of the algebra of currents to consider matrix
elements of the NV = 2 supercurrent that couples to the NGF. The low energy theorem is given
that attendant multiparticle amplitudes emitting the NGF (by the factorization of the pole)
are suppressed as its momentum becomes small under the assumption that there is no other
source of singularity in the limit. Actually a major source of the potential singularities is the
mass degeneracy of the spectrum and one may be afraid in principle that unbroken N = 1
supermultiplets may realize this possibility. In order to examine the validity of the assumption,
we derive an explicit form of the supercurrent from the model we discuss in the subsequent
section. We are able to argue that the singularity due to the degeneracy does not appear by
the insertion of the component of the N' = 2 supercurrent that couples to the NGF. In section
3, we recall a lagrangian realization of the current algebra, which is the model of [9] already
mentioned. After recalling several properties given in [10, 26], we derive interaction vertices
of the NGF. Among other things, we point out the presence of NGF-gaugino-scalar Yukawa
couplings which do not disappear even at zero momentum transfer to the NGF. In section 4, we
consider an emission amplitude of the NGF directly from tree diagrams of the model, taking the
simplest case. We show that the suppression at zero momentum is realized by the cancellation
between the s-channel annihilation diagram and the four-fermi terms.

In Appendix A, we give the component lagrangian of the model in the new notation as com-
pared with [9]. In Appendix B, we give the transformation law of the extended supersymmetry.
In Appendix C, we review the low energy theorem associated with spontaneously broken N' = 1

supersymmetry. We adopt the notation of [39].



2 Low energy theorem associated with conserved N = 2

supercurrent

2.1 Low energy suppression of processes with NGF emission

Let us consider matrix elements of the N = 2 supercurrent (SM*, S@#). As will be explained in
subsection 3.2, we focus on the vacua where the second N' = 1 supersymmetry corresponding to
S®H is broken for simplicity. In this choice, the NGF is coupled to S®*#. It is straightforward
to apply the analysis in the subsequent sections to the theory on the vacua where the first
N = 1 supersymmetry is broken.

We consider the Fourier transform (F.T.) of the matrix element of S®* is

F.Tpg; -+ [SP¥|pis--)(q), ¢=pi—ps- (2.1)
We have here adopted the majorana notation for the supercurrent:
S@u — (SC(Y?)u,gd(?)u)t ) (2.2)

The explicit form of the supercurrent will be given below. For definiteness, the initial state is
taken to be a multiparticle bosonic state with a set of momenta p; while the final state to be a
fermionic one with p;. We have suppressed the spinor indices.

The decomposition of this quantity after considering the on-shell condition should go as
FT(psi - [SP¥|pis- ) (a) = " F(¢%,- ) + R* (%, -+ +) - (2.3)
In the special case where the initial state is a scalar and the final state is a spinor, this reads

FT{pgi - [SPH[pss- ) (q) = ¢"Au(d, ) (Us(pp)C)' + Aa(d?, ) (T ()7 C)" . (24)

Here the spinor Us(ps) are the final state wave functions. Imposing current conservation and

noting that there is no singularity contributing to R* or As in the limit ¢ — 0, we obtain

lim ¢°F(¢* ---)=0. (2.5)

q*—0
The residue of q% in F or A is (fAngrli) up to the numerical factor. The emission amplitude
of the NGF is suppressed as ¢* vanishes.

The above simple argument is based on the assumption that there is no other singularity in
this limit and its validity needs to be examined. In fact, in the Fayet model of broken N = 1
supersymmetry [40], there exists a two-point coupling of photon and the NGF introduced by the
insertion of the supercurrent [4]. The simultaneous emission amplitude of the NGF and photon
is not suppressed as g* — 0. More generally, the emission amplitude at zero momentum transfer
will not be suppressed if there is a term consisting of two fields whose masses are degenerate.

These are briefly illustrated in appendix C.



2.2 N =2 supercurrent and its matrix elements

In order to settle down the issue raised in the last subsection, it is preferable to have an
explicit form of the supercurrent. Let us exploit the one derived from the lagrangian realization
discussed in later sections.

The Noether currents associated with the first N' = 1 supersymmetry and the second one

are respectively
mSWE =/2g.,mo” a1 D, " + %gabn10p5”0“5\“Ffp — 2iVN (@00 + mFoq)moty?

1
Fabcnlo—uwa(AbAc) (26)

abcnlw <wb0#w ) \/5

i b uya zc id 1
——Gap fog ot A

29 bf 4 ¢ ¢ 2\/§
and

oS = —\/2g,m20" T ND, ¢ + %gabnga’)&”a“lﬁaﬁ’fp + 20V N (€62 + mFoq ) 020" X

1 _ _ _ _ _
—igabfgdn20”¢a¢c¢d + fabcn2)\a(/\b0"u)\c) + fabcn20u/\a<wbwc)' (27)

1 1
2v2 212
The terms in S@* relevant to our present discussion are —\/§gabn20”5“)\“5’,,ng , % Gap1)201PGY) a”zﬁ“a,,Al;
and 2iv Nm (]?Uabmgbnga“;\“. All of these terms contain one massless field and one massive field.
None of them contains any mass degeneracy. The singularity is not introduced by the mass
degeneracy. We have not thoroughly investigated the consequences derived from the last two

terms of (2.7) which crate three-point couplings.

3 Lagrangian realization of partially and spontaneously

broken N = 2 supersymmetry

3.1 The model and the transformation law

We first recast the lagrangian of the U (V) gauge model with partially and spontaneously broken

N = 2 supersymmetry of [9, 10] in more transparent notation:

2
Lyvy =Im { / d49Tr<T>eadVa‘g—gI)) n / dQG;gqf éq}lwaawb] ( / 20 () +c.c.) (3.1)

where the superpotential is

W(P)=Tr (26@ + magé®)) . (3.2)

In this notation, the electric Fayet-Iliopoulos parameter e is complex while the magnetic one

m is real. Both terms are vectors under SU(2)g. An apparent difference from the original
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notation of [8, 11] just translates into a different way of fixing this rigid SU(2)g rotation. In
terms of U(N) generators t,, a =0, ..., N*—1, (a = 0 refers to the overall U(1) generator)!, the
superfield U = {V, ®} is expanded as ¥ = ¥%,. In what follows, we will denote the derivatives
of F(®) with respect to ®¢, L by F,p.... The lagrangian in the component fields is explicitly
written in appendix A.

This lagrangian is invariant under N' = 2 supersymmetry. Invariance under A/ = 1 super-
symmetry is manifest: 6()£ = 0. Another N' = 1 supersymmetry distinct from this one is

obtained by exploiting the discrete transformation R which acts on the doublet of fermions:

2@ S ,l/}a
o(S)e- (). ”

As is explained in the appendix of [9], we define the second supersymmetry by
g = RolbmmO g1, (3.4)

taking the sign flip of Ime at the action into account. The invariance of the action S(Ime)

under this second supersymmetry follows from that of the first one:
5P IS(Ime) = RS ™IRTIRS(—Ime)R™ = RSV ™S (—Ime)R =0, (3.5)

We have collected the supersymmetry transformation constructed by eq. (3.4) in appendix

B. In particular, the supersymmetry transformation acting on the doublet of fermions (B.4) is

A\ n )
6 ( a) :F;lyo-,uu (?71> — 20.# ( 77% ) 'D#qba . %gab@b (Ul)
(0 M2 — M2

+2\/Ngab 0 6519 + mﬁob ™
—(éég + m]:"Ob) 0 2

Vi (Pt N+ Fral N, FoeaX N = P i\ (m -
1 _(Fb0d¢cwd o Jf‘dej\cj\d)a Fbcd¢CAd + :/Ebcd&cj\d 2 7

where 60 = §OW + §@ g,

3.2 Some properties of the classical vacua and the mass spectrum

In the following, we will analyze the prototypical case of a single trace prepotential of degree

n -+ 2:

n ~

9k k+2
F(P) = E Tr @ . 3.7
(®) (k+2)! (37)
k=0
"'We normalize the generators as Tr(t.ty) = dap/2. In this normalization, the U(1) generator becomes

to = ﬁleN-



With this choice, the superpotential becomes essentially that considered in [18, 19, 20, 21]:

~ g +1
W(®) = Tr <2e¢+m;(k:1)!¢’f ) (3.8)

Let us consider the classical vacua of the model, which preserve N' = 1 supersymmetry. We

analyze the scalar potential of this theory (A.15):

1 -
V=g <§@a@b + aawabw> : (3.9)
where ©, = —iga f2,0°¢%. The vacuum condition is
1 _ _
a2,V = —Zgbd}"adegec(eég + mFo) (€60 + mFy.) = 0. (3.10)

Note that we are considering the vacua (¢") = 0 where ®, term vanishes. We have decom-
posed the gauge index a into a = (i,7), where i and r label the Cartan and non-Cartan parts
respectively. In order to analyze the above conditions, we introduce another basis such that
the elements of the Cartan subalgebra are (;);" = (SikéjZ (¢=1,...,N) [10]. In this basis, the

vacuum conditions are simply written as
(Fiui(g™)?(2e + mFy) (26 + mFy)) =0, i not summed, (3.11)

for each i. As (F;) = 0 or {(g%) = 0 corresponds to unstable vacua, the above condition reduces

to {(2e + mF;) (26 + mF;)) = 0 for each i. As the parameter e is complex, we have to choose

2e 2e
(Fi) = ——— or ——, (3.12)
for each i.

Taking this into account, the possible N’ = 1 supersymmetric vacua are as follows. In the
case with Imﬁ < 0, we have two possibilities. The first one is where (F;;) = —% for all i. (In
the original bases, m(Fy) = —e.) These vacua are just obtained from the F-term equation:
these vacua preserve the A/ = 1 supersymmetry which is manifest in the Lagrangian (3.1). The
vacuum expectation value of F determines the vacuum value of the scalar field. As a result,
the gauge symmetry is broken in general into U(N) — [[i_, U(V;). As can be seen from (3.6),

the NGF associated with the partial supersymmetry breaking is A" residing in the overall U(1)

part.
While we do not treat in this paper, there is another possibility that (F;) = —% for all 7.
(In the original bases, (Foo) = —<). In contrast to the first vacua, these vacua preserve another

N =1 supersymmetry, as analyzed in [10]. Actually, we can see from (3.6) that the NGF is 9"
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mass mass mass
A B C

Figure 1: The mass spectrum.

and the first N' = 1 supersymmetry is broken. Note that (g;) are all negative in these vacua.
Although this leads to the negative kinetic energy, it has been argued in [24, 26] that there
exists a well-defined description. In the case with Imﬁ > (0, the situation is the opposite to that
of the above [10, 26].

Let us now turn to the discussion of the mass spectrum of the model. The mass spectrum
was derived in [10] and we here briefly recall some of the qualitative features. There are three
types of unbroken N = 1 multiplets which we refer to as type A, type B and type C and are
depicted in Fig. 1. Type A supermultiplet is massless and consists of two polarization states
of helicity 1/2 and 1 and their CPT conjugate. The NG supermultiplet lies in the overall
U(1). Type B supermultiplet consists of massive states of spin (z component) 1/2, —1/2 and
two of spin zero. This supermultiplet receives the mass of |v2Nm(g** Foaa)| through the
third prepotential derivatives, which is our characteristic mass generation mechanism. We have
defined the indices as a = {i,7|[t,, (¢)] = 0}. (r label the non-Cartan generators corresponding
to the unbroken gauge symmetry. The corresponding generators ¢, can be written as E;E with
(¢%) = (¢1). Here E}; = 5(Ey;+ Ej;) and E; = —2(Ey; — Ej;). Ey; has the nonvanishing entry 1
at the (i, j) element ;)nly.) It is a salient feature of the model that mass is naturally supplied to
the scalar this way. The scalar of this kind has received attention recently and is called s-gluon
in some of the phenomenological researches [35]. Type C supermultiplet consists of a set of
polarization states of spin (0,1/2,1/2,1) and its CPT conjugate. This supermultiplet receives

its mass through the Higgs mechanism.

3.3 Nondecoupling of U(1) from SU(N) and NGF-related vertices

In this section, we will see that the overall U(1) gauge part (in which the NGF resides) does
not decouple from the other part in the lagrangian. To see this we concentrate on the Yukawa
interaction terms.

As in appendix A, the Yukawa couplings are contained in Lpas (A.17) and Ly, (A.14). Let



us write them down for convenience:

V2N J_

Emass = _TmFOab¢ ¢b (650 + mf‘Oa)JTbcdw @D (313)
2Ngab(é(52 + mﬁOa)fbcd/\c)\d ! —=Yab cd¢d c¢a fbc¢b¢cfadewdAe +c. c.,
1 V2 ve
1 - ) -
Lin=—5FuN" 0" DN’ - %gabwaa“Du@Db teet..., (3.14)

where we have substituted the explicit form of the superpotential (3.8) into (A.17).
Let us consider the model on the vacua with partially and spontaneously broken supersym-

metry. We expand the scalar fields around the vacuum expectation values as
¢ = (¢") +¢". (3.15)

We expand the prepotential and other quantities, e.g., Fupe = (Fape) + <fabcd><5d + ... in the
fluctuation field &,

Let us list the Yukawa couplings obtained from L. (3.13). From the first and second
terms, the ¢ vertices are

@
4

Note that we have included i factor in front of the interaction lagrangian. The A\¢ vertices are
calculated from the third term of (3.13):

V2N
Tm< de]—"abe]-"()cd>¢ AN (3.17)

From the last two terms, we obtain the ¢ (A\)¢) vertices

m<_2i:’r0abc + gdefabef00d>écwawb- (316)

4\/—< cd-,'tabe(bd fge«/fabcédﬁge)\czba

4f

There are also derivative coupling terms obtained from Ly, (3.14). The Feynman rules are

<42f eJab — Qfé)dﬁabqud - Sdfabc¢d>§5 /\C¢Q- (318)

illustrated in Fig. 2 and 3. The propagator of the massless \ fermions and that of massive ¥
fermions are denoted by a single line and a double solid line respectively. The scalar propagator
is drawn by a broken line.

Next, we focus on the Yukawa coupling involving one NGF. Such couplings can be obtained
from A\¢ and 1) A\¢ vertices in Lyas. From (3.17), it can be easily seen that the coupling of the
NGF and the SU(N) fermions are indeed nonvanishing:

V2N =
Tm(gdefobef0cd>¢ AN = —mz 9% Foaa]?) 0NN, (3.19)



type A massless type B massive scalar
fermion fermion

Figure 2: Feynman propagators for the massless and massive fermions and the scalar. That of type
A massless fermions, i.e., A* is drawn by a single solid line while that of type B massive fermions, i.e.,

1% is drawn by a double solid lines. A scalar propagator is drawn by a broken line.

Figure 3: A Feynman rule for three-point vertices corresponding to (3.16), (3.17) and (3.18).

Note that we have used (Fy,,) = 0 [10], where p label the broken non-Cartan generators. Eq.
(3.19) means that the Yukawa coupling of the NGF with the fermions belonging to the unbroken
generators does exist. The existence of the nonderivative Yukawa coupling that involves the
NGF and that is supported by the third prepotential derivatives is remarkable.

The coupling coming from (3.18) vanishes because f4 = 0 and f7,(¢*) = 0 which follows

from [t,, (¢)] = 0. There are also derivative couplings due to Ly,.

4 Low energy suppression of NGF emission by direct

computation

In this section, we check the validity of the low energy theorem stated in section 2 by direct
computation of tree Feynman diagrams obtained from the lagrangian. According to our dis-
cussion of the U(1) nondecoupling and the presence of nonderivative couplings of the NGF and
the SU(N) sector, the low energy suppression of processes having the emission of the NGF
together with massless as well as massive particles in the final state is by no means obvious.
We will exhibit a cancellation mechanism shortly.

For simplicity and illustrative purposes, we take as an initial state two massive fermions of
type B with momentum p® and p®. In the final state, we consider the case in which the NGF
with momentum p® and massless fermion (gaugino) of type A with momentum p® are present.
We limit ourselves to this case, namely, 1%)® — A\°\® scattering in this paper, as in Fig.4.

The nonvanishing possibilities are (a,b) = (a,0). As for the diagram of t-channel scalar

exchange, the relevant interaction vertex can in principle be obtained from (3.18). But, as



Y <X

Figure 4: 4% — A°\* tree diagrams.

explained in subsection 3.3, it vanishes for the NGF as the piece of the structure constant is
zero in which overall U(1) is involved.

In order to discuss the diagram of s-channel annihilation, it is more transparent to ex-
tract the appropriate effective (¢1))(A)) vertex with one scalar contraction from 1 (i [ Emass)z.
Rescaling the fluctuation field as ¢* = VgL, we obtain

can’

1 — . )
1_6< V2NM)* (9" Fore Vg Faca) (g Fony vV 971 Fiji. — 2iFonig v/ 97 7) (4.1)

< / 0 s (815, (1) (2) Y OCN) (2) (9065 ()

Note that
—10¢f

BT (000 (01) 0Lan (22))) (90, Pa) = —— (Po + Pa)?

(4.2)
as well as
mi = 2Nm2<gaa>2<f0m>(]:“0aa> . (4.3)

In the limit of py — 0, the propagator is n;—;’, and the contribution to the 1)%)® — XA scattering
amplitude from eq. (4.1) is

1 U oo 9
_§<f00aa> - E(g ><f0aa> : (4'4)

The presence of this alone is against the low energy theorem and is in fact saved by the presence

of the appropriate four-Fermi interactions in (A.18). Their contributions are

1 [ 9
g(fooaa>+ﬁ<9 ) ((Foaa))” (4.5)

exactly cancelling eq. (4.4).
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Appendix

A The component Lagrangian

In this appendix, we consider the lagrangian of N' = 2 supersymmetric U(N) gauge theory
with the electric and magnetic FI terms in terms of the component fields. We use convention of
[39]. In particular, we use the metric n** = diag(+1, —1,—1,—1) and the Levi-Civita symbol
o123 = +1 and €123 = —1.

The lagrangian (3.1) can be divided into the following parts:

L = Lxanier + Loauge + [ / d*OW + c.c} : (A1)
where
Licanler = Im [ / d49Tr<T>e“dVa](;—gb)} ,
Leange =Im { / d%%fabwwwgl : (A.2)

We have chosen the common function F in Kéhler, gauge kinetic and superpotential terms such
that the lagrangian is invariant under the discrete R transformation (3.3).
In components, as can be seen in appendix of [14], Lkanier 18 the same as L + Lr in the

original lagrangian of [9], which is

g g _ _
Lxanter = Jav D" D¢’ — §9ab¢aU“DL¢b + §gabDL"¢faU“¢b + g FOF?

1 I 1 . 1
- EFa bjc __ ~ caFC a,/b . A€ ak*b ¢ bkca iy pLc " A.
5 Jabel VY = S Gbe YY) +_\/§gb< YOk + AYRS) + 5 DD s (A3)

where g4 is the Kéhler metric and its derivatives are defined as gup.. = 0gap/0¢° and gap: =

0gap/0¢°. The covariant derivatives are defined as

1

D, ¢" =0,¢" — §Azkba, (A.4)

DL¢G = Dlﬂpa —|— FZC(DM¢b>¢CJ (A5)
1

D" = 0," — §A26ckb“¢° , (A.6)

where I'¢, = g%gyq.. Also, the Killing vector and the Killing potential are given by

ko =KDy, K = —ig"0.D,,

a

1 _ _
Qa:_§<]:b 50¢C +‘7:b tlz)cgb(;)’ (A7)
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which satisfies [9]
kDD = FLO°, KO F, = —fo T, (A.8)

By using the second equation of (A.8): F,f2. = k40,F, = FaafL¢°, the Killing potential (A.7)

can be written as
1., - _ , —
D = =5 fead O (Fap = Fur) = —igunfead’¢". (A.9)
The gauge part Lgayge is, in components,

1 - 1= < 1 1
Loage =5 A TP DA — §fabDM)\“a“)\b -3 ganFo, F — 5 (ReF)ae?” F, F?

prs po

8 (Fabcqvbco-ya-“)‘a - fabcj‘aaﬂal/lﬁc)Fﬁu

, 5 - . N
+59aD" D" + %(ﬂbcww + Fupeth°X") DP + ifachCAaAb - ifachCA“Ab

5 Farcdth VNNt < Faneath G XX, (A.10)
where the field strength is F}, = 9, A} — 0, A}, — : fg’cAfLA,ﬁ. Finally, the superpotential can be
written as

/ d*OW (@) + c.c. = F*O,W — %aaabwwwb +c.c.. (A.11)

Let us exhibit the on-shell Lagrangian. Eq. of motion with respect to the auxiliary fields
D% and F'* are

1 1 e
D* = —=g"Dy — —=g” (Foea? "X + Foea"X%) ,
59 2\/59 (Focath N

— .
Fo=—g"9,W — Z—lgab (Foeatr“th? — FoeadA?) (A.12)

where ¢ are defined by g.,,0% = 0¢. After eliminating the auxiliary fields, the lagrangian £

reduces to the following on-shell Lagrangian:

‘Con—shell = Liin + ‘Cpot + 'CPauli + £mass + Efermi47 (A]_?))
where
_ 1 1
Liin = 0D DS — Ll F — (ReF) e i, L, (A14
1 - 1 - - 1 - 1 _
_5 ab)\aUMD;L)\b - §fabDu)\aau)\b - igabwaaupuwb + égabpuwaau¢ba
1
'Cpot = _ggabgagb - gabaawabw = _Vv (A15)
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P i
Pauli — 4\/§ 4\/§
1 ' -
Linass = —§aaabW¢a1/Jb - %gabaaw fbcd¢cwd - fbcd)\c)\d>

Fapeb " "\ F), + FapeATHa "y F),, (A.16)

(
—%—aaabwww = 2 B (Foaa\°X' = Fonal ")
)

1 - - 1 o
+—=Yab (Ac¢bkca + /\Cwak:b _ 4_\/§gab©a (fbcd¢dAC + ]:bcdl/}dAC) : (Al?)

V2
i P
*Cfermi‘l = _g abcdwawb)‘c)‘d + gfabcd¢awaCAd

1 R TdN — R
_1_69 ( adedAc + facdwd)‘c) (fbefwf)\e + fbefwf)\e)

1 o
+169ab (Jfacd)\c - acdw ¢ ) (Fbefwewf - Jfbef>\e)\f) . (A18)
In (A.15), we have used that ©,9%0) = —if% #?¢" = 0, following from (A.9).

B Supersymmetry transformation law

We consider supersymmetry transformation laws in this subsection. The first and second N’ = 1

supersymmetry transformation laws of the scalar and the fermions are (see [39)):

O @7 = \/§U1¢a,

60 = V20" D" + V2 F,

o A" ="' Fy, + i D,

Oy A, = —imo, A" + X0, (B.1)
and

6772 ¢a = _\/§U2Aa7
O A" = =iV 2017, D,u " — V2, F*,
O =0'mFy, + 2772Da
Oy Afy = 120, + W07, (B.2)
where 7, and 7, are the transformation parameters of the first N' = 1 supersymmetry and the
second one respectively. The second supersymmetry transformation is derived by acting the

discrete R transformation on the first one, as explained in section 3. Also, the auxiliary fields

are defined in (A.12) and

~ 1 _
D= ——gDy + ——=g" (Foeat)* N + Foeath® 1) ,
59 Db 2\/— 9% (Foearh AN
—V2N g (ed? + mFy,) — ig“b (Focd NN — Foeathh?) . (B.3)
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We note that the sign of Im e has been flipped in F' as compared with F in (A.12).
These supersymmetry transformation laws (B.1) and (B.2) can be combined into the fol-

lowing forms:
66" =2 (4 —x) ("1> ,
T2

A\? _ ra _uv m o u 772 a 1. D® _ﬂﬁa m
§ <¢> =Flo (m) V20 <—m> D,¢" + (\@F e ) (772),
= -N_ [T ‘ 12
AL =1\ ) oy + “—\) o, B B.4
u Z( (0 )U (772) @<1/1 )‘7 <_771> (B.4)

where 0¥ = 6,, ¥ + 9,,¥. The last term of the transformation law of the fermion doublet can

be separated into the terms involving the fermion bilinears and the other terms. This last part

_%gabgb <771> NP ( —i§ (edy fmeb)> <771> | (B.5)

18
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C N =1 supercurrent and the low energy theorem

In this appendix, we briefly review the low energy theorem for the scattering amplitudes in the
case where N/ = 1 supersymmetry is spontaneously and completely broken [4]. We consider
the special case where supersymmetry is broken by the Fayet-lliopoulos D-term [40]. The

supercurrent in the four component majorana notation reads
: 1 y
St = —ifivt A+ §Fl,p7 YA A 4+ ... (C.1)

where A is the NGF field and f) is the decay constant. F),, is a field strength of an abelian
gauge field.

Let us look at the following scattering processes: (1) processes of the type A — B + A;
(2) radiative processes of the type A — B + v+ A. We denote the corresponding amplitudes
by @(q)M1(q) and €, (k)u(q) My (k, q) respectively. A and B are respectively the initial and the
final multiparticle states consisting of massive particles alone.

(1) First, consider the matrix element of the form
(B|SH|A). (C.2)

In the diagrammatic representation, the possible insertions of the supercurrent S* are divided

into three patterns as depicted in Fig. 5. In the limit ¢* — 0, the contributions to the amplitude

14



g

Figure 5: Insertions of S# which are denoted by a crossed circle. Fig. 5-1) S* is inserted in the end
point of the NGF propagator (one-point coupling). Fig. 5-2) S* is inserted in an initial or a final

external line (two-point coupling). Fig. 5-3) S* is connected to internal lines.

from Fig. 5-1 and from Fig. 5-2 can be singular and that from Fig. 5-3 is regular. In fact, the

contribution from Fig. 5-1, in terms of the amplitude M; above, reads

oyl
(0]8#(\) x ”q}“ x Mi(q) | (C.3)

which is singular as ¢* — 0. Fig. 5-2 can be singular in the limit as well for the case in which
masses of the two particles coupling to the current are degenerate. This is seen as follows:
suppose that we insert S* in an initial external line whose momentum and mass are p; and m;
respectively. The propagator that connects to this line via the current insertion is, for the case

of a scalar,

7 1
_ , C4
(pi +q)?—m3  mi—m?+2p;-q+ O(¢?) (C4)

1;_

where m; is the mass of the intermediate state that propagates. A similar expression holds for
a fermion. Thus, only when the masses are degenerate, m; = m;, (C.4) is singular as ¢* — 0.
Under the assumption that there is no such degeneracy, Fig. 5-2 does not contribute. The
conservation of the current d,(B|S*|A) = 0 leads to

lim M, = 0. (C.5)

qt—0

The processes of this type with the NGF emission are suppressed.

(2) Next, consider the processes of the second type with both photon emission and NGF
emission. The diagrams with current insertion that give rise to singular contributions are
illustrated in Fig. 6. Contrary to the processes considered in (1), Fig. 6-2 gives a nonvanishing
contribution as both photon and the NGF are massless. The supercurrent (C.1) in fact contains

a v-A coupling, which is the second term in (C.1). Note that we can relate the radiative

15



Figure 6: Fig. 6-1) S* is inserted in the end point of the NGF propagator (one-point coupling.)

Fig. 6-2) S* is inserted in the external photon line (two-point coupling.)

amplitude of this type with the amplitude M; discussed in (1) by the current conservation. In
fact, 0,(B,v|S*|A), leads to

lim e; M (0, k) = =i epy™y 35 M (b). (C.6)
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