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Abstract We study real fifth-order superfield constraint for
N = 2 vector (and tensor) multiplet and derive most general
solution describing complete supersymmetry breaking, and
preserving a real scalar, two goldstini, and an abelian gauge
field as low-energy degrees of freedom on which both super-
symmetries are realized non-linearly. The surviving scalar
is identified as an axion of a broken global abelian symme-
try, while its scalar partner (saxion) is eliminated in terms
of the goldstini. We provide an example of a UV model giv-
ing rise to the quintic constraint, and discuss the connection
of this constraint and its solution to other known superfield
constraints in A" = 2 and A/ = 1 cases.
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1 Introduction

Introduced by Volkov and Akulov [1], non-linear realization
of global supersymmetry (SUSY) is a useful tool for cap-
turing low-energy behaviour of theories with spontaneously
broken supersymmetry. Theories with non-linear N' = 1
SUSY can be constructed off-shell by using constrained
(nilpotent) chiral superfields [2—7] (see also [8] for further
discussion of nilpotent and orthogonal nilpotent superfields),
®? = 0, and the resulting action can be related to the Volkov—
Akulov theory by field redefinitions [2,4,9].

Similar methods of constrained superfields can also be
applied in N' = 2 where there are two off-shell multiplets
available: vector and tensor. In this case SUSY can be bro-
ken partially [10-17] or completely. Bagger and Galperin
[15] showed that non-linear realization of partially broken
N = 2 SUSY with abelian vector multiplet gives rise to
supersymmetric Born—Infeld theory [18—20] with one linear
and one non-linear and spontaneously broken SUSY. This
construction has a counterpart in the A/ = 2 tensor multiplet
case [21-23].

N = 2 SUSY breaking in the non-linear limit can be con-
veniently described with the help of N' = 2 supefields. Let
us focus on A/ = 2 vector multiplet which can be embed-
ded in an N' = 2 superfield X which is chiral w.r.t. both
supersymmetries,

DyX =DyX =0, (D
where we call the two fermionic coordinates ¢ and ¢}, and
D, and D, are the respective supercovariant derivatives (we

use two-component spinor notation of [24]). The solution to
(1) that describes ' = 2 vector multiplet reads

X =@+ V2i0W + 02 (m—)-‘52<T>>, )

@ Springer
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where the A/ = 1 superfields ® and W, are chiral superfields
in 6-coordinate, and W, is the field strength of a real N' =
1 superfield V, defined as W, = —%EzDaV. Under the
second SUSY these components transform as

S, ® = N2 Wy, 5, Wy = —/2i€l (m — %5%)

+ V200,58, ® 3)

where €, is a constant transformation parameter. The real
parameter m is a magnetic FI term [13] which can be used
to partially break N = 2 supersymmetry. In the non-linear
limit, this partial breaking can be described by applying
quadratic nilpotency condition on X,

X2=0. “)

The ©%-component of (4) yields the " = 1 superfield form
of the constraint,

<D<m—£l_)25) =—iw?, )

where W2 = W*W,,. This leads to SUSY Born-Infeld the-
ory once & is eliminated in the Lagrangian in terms of W2,
This can be done recursively thanks to the anticommuting
nature of the fermionic superfield W,,, which means w3=0
(suppressing the indices). The first two ¥ -components of (4)
also show that ®> = ®W, = 0 which automatically holds
if @ is bilinear o« W?.

When both supersymmetries are non-linearly realized, this
can be described by a cubic N' = 2 superfield constraint
introduced by Dudas, Ferrara, and Sagnotti (DFS) [25],1

x3=0. (6)
Here the 1>-component reads
®? (m— §D?®) = —ow?. (7)

Of course, the partial breaking case with X> = 0 also
solves X3 = 0, or in the NV = 1 language, the solu-
tion to (5) solves Eq. (7) as well. However there is a more
general solution to (7) that does not satisfy the constraint
(5) (and by extension Eq. (4)). This solution breaks both
supersymmetries and eliminates the complex scalar in &,
rather than @ itself, in terms of two goldstini associated
with the two fermions (the chiral fermion in ® and the gaug-
ino).

1 See also [26] for further developments, and [27] for the general dis-
cussion of N -extended non-linear SUSY and its goldstino sector.

@ Springer

In this work we show that there is an even higher-order

and more general superfield constraint that can be imposed
on N/ = 2 vector multiplet, if we consider real, rather
than chiral, constraints on X and X. This is somewhat
similar to the A/ = 1 case, where in [28] it was shown
that one can generalize the quadratic nilpotent superfield
®2 = 0 to a cubic nilpotent superfield (& + ®)° = 0,
which is a weaker constraint and eliminates only the real
scalar Re ®|y—¢. This cubic superfield constraint is applica-
ble to models where there is an axion (Im ®|g—g) which is
protected by an exact or approximate global shift symme-
try (an analogous constraint exists when @ transforms by a
phase rotation under an abelian symmetry). In particular, in
the case where the axion is the goldstone boson of spon-
taneous R-symmetry breaking, this constrained superfield
could describe the low energy degrees of freedom of sponta-
neous supersymmetry and R-symmetry breaking (goldstino
and R-axion). Its generalization to A/ = 2 is motivated by
string theory D-branes due to the presence of a second bulk
supersymmetry which is realized non-linearly on their world-
volume.
The outline of our paper is the following. In Sect. 2 we
find that similar logic can be used to construct higher-
order A/ = 2 superfield constraint, but the constraint in
this case is of fifth order, (X + )_()5 = 0, due to the
presence of two goldstini. We find the appropriate con-
straints and their solutions in two cases — when the N' = 1
superfield ® (as a component of X) transforms under a
U(1) symmetry by a constant imaginary shift, and by a
phase rotation. We show that in the limit of decoupling
N = 1 vector multiplet, the quintic N = 2 constraint
(X + )_()5 = 0 reduces to the cubic N' = 1 constraint
(® + ®)° = 0 of [28]. In Sect. 3 we discuss the applica-
tion of the quintic constraint to A/ = 2 tensor multiplet,
and in Sect. 4 we construct an example of a UV model that
leads to the quintic constraint at low energies. We summa-
rize our findings and conclude in Sect. 5. Full component
form, to all orders in the fermions, of the quintic (shift-
symmetric) constraint can be found in Appendix A, and more
detailed study of the UV model can be found in Appendix
B.

2 Quintic constraint for A" = 2 vector multiplet

As mentioned in Introduction, our goal is to study higher-
order N/ = 2 superfield constraints which in general break
both supersymmetries. In the case of a vector multiplet the
constraint is expected to eliminate one of the two real scalars
in terms of the goldstini, while preserving the other one
(which we call the axion), protected by a global abelian
symmetry, in analogy with the cubic constraints described
in [28].
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Assuming that the abelian symmetry is realized as a shift
symmetry, X — X + i«, where « is a real constant, we
consider a real nilpotency constraint of the form

X+X)"=0, ®)
where n is some positive integer.
If we expect both supersymmetries to be broken, the lead-

ing component of the constraint, which we call ®|g—o = ¢,
must be a bilinear of the goldstini x and A,

¢+é~x*+r2+xr+---+he. )

Therefore we have

@+ ~ XAIA+ PR+ PR3+,

@+ ~ x22 122, (10)
and
(@+6)°=0. (11)

We then go back to the superfield level and impose this con-
straint on X,

X+X)Y=0. (12)
2.1 Component equation

The ﬁzﬁz—component of the constraint (12) reads
@3 (30,00, +A) =303 B +30, W W2 =0, (13)

where ®1 = ® + ®. A and B are the following functions of
the A/ = 1 superfields,

A=2(m—1D*®) (m - 1D*®) + 13, 0)?
—iWo" 9 W +id,Wo W |
B=—(m—D®) W2~ (m— }D°®) W2

—iWo" W, d_ .
The component expansion of ® and W is

D= +igy+V20x +6°F,
Wo = —iky + (85D + 505" Fu)0P + 020", 8, 0% .
15)

2 We denote the components of the ' = 1 superfields as & =
(¢, o, FYand V = {Aq, A, D}.

Next we extract the #262-component of Eq. (13), which is
our master equation:

— 20101 + ¢7 (P + L0101 + L0™"¢13nh1)
+&F (J1 + I3 Bnhr)

+ ¢1 (11 + Izmnamn¢1) + H + Hzmn mn®1 =0,
(16)

where 0,,,, = 9,,0,. We introduced P, H, I, J as (real) func-
tions of the independent fields ¢», x, A, Fiun, D, F and their
spacetime derivatives. Here it is sufficient to write down these
functions at the leading order in the fermions x and A, while
their full expressions can be found in Appendix A.

P starts with bosonic terms (meaning without fermions or
their derivatives) and is defined as (this is a full expression
for P)

3P = 160¢20¢p2 + 160,,020™ ¢ + 40(Q + i x 0™ 0 X
+iro™d,,1) — 328, Fd"F
— 160, D0™ D + 83" F,, 0y FX" + 40; Fy, 0% F™
+ 4i F,, JF™
—16i0x0™ 8 x — 16i0A6™ A — 16idypp x o™ " %
— 16i 3 ho™d" X + h.c.
(7

Here for convenience we introduce the shorthands

Q=D*+2fF —iF - F—LF.F—203¢:0¢»
—2ix0™Bpx — 2iAa ™A ,
f=F+m, anz%emnleklv Fyanan:tianv
(18)

and use the notation F - F = F,,,F™ and 0A9B =

0, A0™B.
Next, for J; and J;*" we have

Ji = 8iQ0¢n + 16Fyn k F™* 0" ¢y — 20(x>F + A2 f
+ X" X Omp2 + A" RO ep2)
—8id"Q2fF —ixc"d,x —iAc"3,1) 0
+ 16+/2i 0 x 0™ 941D
+ 820" x0nOmx + 20" ACpOmA — i€mnid™ x 0¥ %
— (€m0 A0 10)0" o
— 83, x5 3, x f — 80uAc "G O,AF
— 420 0" x " A(un D + 2i F))
— 420" o™ Ok — 0" A KOk ) ) (FE + 20 Frp)
+he.+---, (19)

@ Springer
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B =80 (30 + 30+ 4062000+ m> + F - F)
+ 160 F™ F" — 320" ¢29" ¢y + - - - (20)
As can be seen both J; and Jé"” start with bosonic terms. The

ellipsis denotes terms with more non-derivative fermions.
For Iy and 17" we find

I, =4QQ — 16(m> + F - F)d¢20¢»
— 32F"™" Fur 0" $o0mpp + - -, @1
13" = —an" [ )2 (F +20) +22(f +2F) + (xo* 7
4 20*R) e — 3V2ixAD + «/Exa"lek,]
—8(xa™x +r0"1)d" ¢
+ 16825 0™ A Fyn* + hec. (22)

where /; starts with bosonic terms, while 73" is bilinear in
x and A.
Finally, H; and Hy"" are given by
Hy = —x2QfQ+ 4mdprdgn) — A2 2FQ — 4mdgndgn)

= X" %" B2 Man 2D + F - F + 412 = 40¢202)
+ 4Dﬁmn + 477lemlen:|
— 30" 38" 6o 1n @D + F - F+ 4| F I — 40¢2962)
- 4Dﬁmn + 477kl leFkn)]

+ 2V2iQXAD + i x5 A F )
— 8V 2X 0™ ) (Finn 02092 + 2 Fuic 0 20 e2)
+4V2ix0™ 23" 2 [F (nun D — i Fyy,)

—f@unD = iFpp)] +hc 4 (23)
Hénn = 77mn(X2X2 + AZ;‘\Z + 2)(2}“2 + 2)—(2):2)
—dxo™grc" A . (24)

Here Hj is at least bilinear and H,"" is quadrilinear.
Itis easy to check that the constraint (16) is invariant under
the discrete R-symmetry (see e.g. [25,29])

F——f, D— %D,
Fon = £Fpn . (25)

X —> ik, A— *iyx,

As can be seen from Eq. (16), the solution ¢ has the form
~ (Hjy + ...)/I; which is well-defined only if the bosonic
part of ; is non-vanishing,

Iilpos = 4QQ — 16(m> + F - F)3¢20¢,
—32F"" Fd* $2dmepr # 0 . (26)

In particular this means that at the vacuum we have (Q) =
(D* 4+ 2(F + m)F) # 0, i.e. at least one of the auxiliary

@ Springer

fields F and D must be non-vanishing. Then, by looking at
SUSY transformation of the fermions at the vacuum,

(8ex) = V2€1(F) +iex(D), (27)
(8e1) = i€l (D) + 2iex(F +m) , (28)

we conclude that both supersymmetries must be broken,
while the parameter m sets the hierarchy between the two
breaking scales.

2.2 Leading-order solution and special case X> = 0

At the leading (bilinear) order Eq. (16) can be readily solved
as

¢ =—(H/ID+---, (29)

where we introduce the notation |, which means extracting
terms that are at most n'? order in Xs XAy . For example |»
extracts terms that are at most bilinear such as xz, A2, XA,
xo™A, etc.

Since there is a particular solution to the constraint
(X + X)° = 0 which satisfies X> = 0, we should be able to
reproduce the DFS solution [25] which eliminates both real
scalars. The lowest component of X* = 0 implies that both
¢1 and ¢, are bilinear, and therefore the terms in (29) con-
taining 9,,¢; include three or more non-derivative fermions,
and can be ignored at the leading order. This yields

o 1(¢+q;) X2F +22F — V2i(XAD + i x6™ A Fpy)
1 == — = — ~
2 2D% +4fF — FppF™ — j Fpyp F1
+hoe. -, (30)

which agrees with the result of [25]. Without the additional
constraint X = 0, the solution (29) includes ¢, as a physical
real scalar.

2.3 Full solution

Let us now solve the constraint up to eighth-order in
Xy Xs Ay i, since all higher-order terms identically vanish.
As we showed earlier, the fifth power of bilinear functions
vanish, i.e.

¢ = (3"’ =HY =0. 31)

Since H;" is quadrilinear we have (Hz’"”)3 = 0. Of course
any product of these functions containing more than eight
fermions also vanishes, e.g. H 13 HJ"™ = 0. This will help to
solve the constraint (16) by iteration.

It is convenient to rewrite the constraint (16) as

—2¢10%01 + ¢{G3 + ¢{G2 + $1G1 + Go=0,  (32)
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where

Go = Hi + H)" 0mn @1 ,

G =1L+ 5L"3ud1,

Ga = Ji + 13" dundh1 |

G3 = P+ R0¢10¢1 + 29" $10mnp1 -

(33)

Because (I1, Ji, J;"", P) start with bosonic terms, Hy and
Ié”” with bilinear, and Hz’”” with fourth-order terms, it can
be seen that Gy is at least bilinear, while G 2 3 start from
bosonic terms.

From (32) we have

1

As a first step we eliminate ¢12, @3, and gb‘f on the RHS in
terms of Go,1,2,3. Squaring (34) we obtain,

Gj +26{GoGs + ¢1G3

2
= 35
% G2 —2GG, 39
Further multiplying by (34) leads to
. GUGI-GiG) G
G1(G] —2GoG2) G|
Using Eqgs. (35) and (36) in (34) we can write
by = Gy G}G» N GiGs  2G3G3  5G{G2Gs
Y76 T @ TG G GS
5GYG3  2G§ _,
—— + —=%, 37
Gl 3G ¢ 37)

where ¢ enters the RHS only through its derivatives.

The next step is to eliminate these derivatives, namely
Omn¢1 and D2¢>1 ,in terms of the independent fields contained
in the functions H, I, J, P.To do so we notice thatin (37) (or
(34)), the second derivative 9,,,¢1 always multiplies at least
four goldstini, which means we must find 9,,,,¢1 up to fourth-
order terms. As for D2¢ 1, it suffices to obtain its bosonic part
(0?1 |o since it multiplies q)‘f ~ Gg ~ 2 52A22.

It is useful to find the leading-order term of 9, ;.
By applying 9,,, to (37) we obtain a simple expression
Omnd1lo = —@mnH1)/11.> Now we can derive (¢ o by
applying (0% to (37) and extracting the bosonic terms. We get

o Hi + Hy" 81 O7H}
11+12mnamn¢l 113

[P¢ilo = -0 (J1+ " 8pn1) . (38)

Since here we ignore terms proportional to goldstini, we can
use dun@1lo = —(9mn H1)/I1 on the RHS. Taking this into

3 In our notation, |,, in dpn 1|y is applied after the derivatives are taken.

account and Taylor-expanding the first term of (38) in 1;*"
(recall that it is at least bilinear in goldstini) we arrive at the
final expression

1 Hy  H
¢1lo = —PH 0 Hy — 0% | — + — 1" 3n H
é1lo 112 2 Omnl1] I 113 2 Omntl]
’H?
7 LI Jy = J3" Oy Hy) - 39)
1

Before considering 9,,,¢1(4 let us obtain an expression

for 0;,,¢1 up to bilinear terms. From Eq. (37) we have

Go G%Gz
8mn¢1|2 = _amn <_ + 3
G Gy
H] 1 Kl H] kl
—9, — — —=Hy' oy H — 1oy H
mn(I1 1122k11+1132k11
dyun H?
- %(ll Ji — X HY)

1
(40)

where we used 9,010 =
expansion in I;*".

Now we are in a position to derive 9,,,¢1 up to fourth
order in goldstini. Again, from (37) we have

—(OunH1)/I1 and Taylor-

Go G2G» G3}G3 2G3G3
amn¢l|4=_amn< 0 - 0 =2 .

G & Gt G

41)
From the definitions (33) of the functions G 12 3 it can be
seen that on the RHS of Eq. (41) the derivative 9,,¢; is
needed only up to bilinear terms, as higher-order terms do

not contribute to 9,,,¢1]4. Expanding the G-functions, we
have

And1la = —9, L my + iy 3 — 179
mn®114 = —0mn 15( 1+ Hy oudi2) | 17 (L — 1,7 0p46112)
i

+ (1398, H1>2]
+ (J1 + I i) (H I} — 21 HY 78,0 H

+3H, sz’qa,,qu)}

dun H?
" m;ﬁ i (112P+ OOH,0H + 13—63“H13k1H1>
1
28, H}
_ ”’1"7 Lna — JFa H?

1
(42)

@ Springer
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Knowing Egs. (39), (40), and (42) we can write down the
full solution to the quintic constraint by inserting these into
(37). We obtain

d1 =

field constraints studied in [28], which are given by (calling
the chiral superfield §)

_Hi+ HY"0pndrla (Hi + H"3n112)2(J1 + J5 311 14)

I+ X914 I+ 1570y 4112

+HE(H1 I = 3Hy" 9y Hy) (P + R O¢112)> + LM ¢y 1201 ¢112)

L} —4100,,Hy)
2HP(Hi I = 3H" 8 HD) (1 + 1y i 2)

5H?

11 —5189,, Hy)

16 SHY
+m3k1H13k1H1> - T&(hh — J3" 9 H)? +
i 1

171 (I J1 = J3" Oun H1)

1

2H1452¢ |
315 110 -

1

40
P+ —2E|H1|:|H1
31

All the leading-order (bilinear) terms come from —H; /I,
while the rest of the expression is higher-order, containing
up to eight (non-derivative) fermions.

2.4 U(1) as a phase symmetry

The constraint (X4 X)> = Ois applicable in situations where
X transforms by imaginary shift under a global (exact or
approximate) U (1), and the corresponding axion is identified
with the imaginary scalar component of X.

A U (1) symmetry can also act on the N = 1 chiral super-
field as a phase rotation. If itis not an R-symmetry (fermionic
coordinates are inert), m is forced to vanish since it will intro-
duce non-invariant terms in the action, and the three compo-
nents of X transform as,
® — del? D2® — D e i,

Wy — Wy, 44)

In contrast, if the U(1) is an R-symmetry, it rotates the
fermionic coordinates {0, 9} — {6, 9}e!?/2, and therefore
we have Wy, — W, ¢/%/2 and D>® — D?®. As the result,
X transforms homogeneously as X — Xe/®, while the mag-
netic parameter m is not required to vanish.

Regardless of whether the U(1l) phase symmetry is R-
symmetry or not, we can impose the following invariant con-
straint at N" = 2 level,
(XX —1v?)° =0, (45)
where v is the VEV of X which leads to spontaneous break-
ing of the U(1). In the limit v = 0, the U (1) is unbroken
and the constraint reduces to either X3 = 0 with complete
SUSY breaking, or X?> = 0 with partial breaking, because
the components of the constraints other than these two do not
lead to new solutions.

The forms of the two quintic constraints (shift-symmetric
and phase-symmetric) are similar to the cubic A" = 1 super-

@ Springer

43)
(S+5°=0, (46)
SS—13=o0, (47)

where in (47) we set the VEV of S to one. The constraint (47)
can be obtained from (46) by a simple redefinition of the N =
1 chiral superfield, S — log S. After the redefinition, (46)
becomes (log SS)? = 0, and we can expand SS around its
unit VEV, §S = 14T, where I denotes goldstino-dependent
terms:
llog(1+D)P =1 (1—1r+...)’ =0. (48)
This is solved by '3 = 0, which is exactly the constraint
(47), and implies that the leading component of I" is a (real)
bilinear function of the goldstino.

When it comes to A/ = 2 chiral superfield X, the redef-
inition X = log X cannot be performed. This is because its
lowest and highest ¥ -components,

b= logED, m—1D%®d = ! (ﬁ - 4—1152673 - %5_1VT/2)

(49)

-

are incompatible with each other due to the fact that the “F'-
term” of X is not independent but is a function of D*®.
Therefore the phase-symmetric N' = 2 constraint (45) (and
its solution) cannot be derived from (X + X)> = 0in analogy
with the aforementioned A/ = 1 case, and must be solved
separately, which we are going to do next.

The ﬂzﬁz-component of (45) reads

LAY OA+108) +12 A3 A -3 A2B+3v* AW W? = 0,

(50
where we introduce for convenience
A=dD—1? LN (51)
= ) 2 g 5 k]
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and A and B are defined as

A=2(m—1D%) (m - {D*®) — 207, 20" 5

— 16Wo" Wi, X
— 13 . e\ —
- [iWamamW — 5 (m—{D%%) W +h.c.j| :
Vv
(52)
~ 1 . e\ —
B=-—e™(m—iD3) W2
V
1 .
— =™ (m — {D*0) W?
Vv
— 4 —
+2Wo" WX — W W2, (53)
Y

From the lowest component of (45) we have A> = 0. By
using the variation of the ' = 1 superfields under second
supersymmetry,

8o, ® = V2ieS W, ,
b Wa = —V2i§ (m = }D?®) + V20 le80, @, (54)

we find that
AW, = A*W4 =0. (55)

Varying (55) shows that A3W? o A* and so ASW2Wy = 0.
We used these identities in the derivation of Eq. (50).

It is convenient to parametrize the scalar component of ®
as

O = |ple'“ , (56)

where a is our axion in this case, such that | = a (the
vertical bar denotes § = § = O component).

Our master equation now is the highest component of Eq.
(50), which can be solved (for A|) by the same method we
used in the previous subsection. At the leading order in gold-
stini there are no derivatives of A| and the solution is (after
rescaling a — a/v)

VAl = [QQ —4m? + F - F)dada — 8F’””Fnk8ma8ka]_l
X lxze_i“/”(fﬁ + 2m dada)
+ A2e71V(FQ — 2m dada)
+ x" 58" a[nmn (D* + L F - F +2| f1* — 28ada)
+2D Frpy + 20" kaan]
+20"%9"a [Nun (D* + 3 F - F +2|F|* — 20ada)
2Dy + 20" Fyi Fi |

—V2iQe™ " (xAD + i x 6™ W Fyn)

+432e71Y x ™A (Fundada + 2 F 0% adpa)
—2v2ix0™x3"a [F (gun D — i F,),)

 F D — iFy)] +h.c.} . (57)

where the ellipsis denotes higher-order terms. Here €2 is the
same as before but with ¢, replaced by a,

Q=D*+2fF —YF-F—LF.F—23ada —2ixo" dnx
—2irc™ B , (58)

Since A| = |¢|> — v?, we can write |¢]| in terms of A| as

S5A14
128v7 °

Al AP AP

Pl=v+ 2~ 57 T 13

(59)

which is an exact expression because A5 = 0. Thus the radial
scalar |¢| is eliminated by the quintic N = 2 constraint
(XX —v?%)> = 0, while the axion a survives along with two
goldstini and abelian gauge field.

2.5 Decoupling A/ = 1 vector multiplet
Let us go back to the shift-symmetric constraint
(X+X) =0, (60)

and decouple the V' = 1 vector multiplet, A = A,, = D =0,
expecting that the constraint will describe ' =1 — N =
0 breaking with a single chiral superfield. In this case the
leading component of (60) reduces from quintic nilpotent to
cubic nilpotent scalar, (¢ + &)3 = 0, because when A = 0,
the saxion ¢ + ¢ = 2¢; becomes a bilinear of x and ¥, and
its third power necessarily vanishes. This also means that
in terms of the A/ = 1 chiral superfield ®, the constraint
becomes,

(®+@)°=0. 61)

It was shown in [28] that the cubic constraint (61) indeed
describes spontaneous breaking of ' = 1 SUSY, and pre-
serves the axion ¢, protected by the shift-symmetry, and the
goldstino .

Let us now reproduce the solution to Eq. (61) found in
[28] by simply taking the full solution (43) to the quintic
constraint, and setting A = A,, = D = 0. Vanishing A
means that only the first line in (43) survives. After some
algebra we find

1 2T =2 m =
o1 = E(X F+ x°F +2x0" x0m¢2)

ix? _ —m - _
+ 2—U2x(0 Omx F — 330

@ Springer
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+26"" 3y X Omp2) + h.c.]

x2x2 —
—W[amxa’“"anﬂ + By x o™, x F
+anx(2nnko_n1 _ nmkan _ nmnak

—iemnk’a»akxamm] , (62)

where U = 2(|F|?> — 39¢»3¢>). This solution exactly coin-
cides with the one found in [28]. Thus, we conclude that the
cubic N/ = 1 constraint (61) and its general solution pre-
serving the axion of the U (1) shift symmetry, can be viewed
as the special case of the quintic constraint (60) where the
N = 1 vector multiplet decouples.

3 Tensor multiplet case

The quintic constraints can be applied to another off-shell
N = 2 multiplet — tensor multiplet — which can be repre-
sented by chiral-antichiral superfield, DgY = D,Y = 0. It
can be expanded as

Y =®—V2idDL +9* (m - }D*3) , (63)

where @ is again an N' = 1 chiral superfield, and m is a
real parameter for partial SUSY breaking. The N = 1 real
superfield L is defined by the linearity constraint

D’L =D’L=0, (64)

so that its superfield strength DL is an N = 1 chiral super-
field, and has the component expansion

l_)dL = Jfo't + Gaa(%z(Bm —i0me) + iezamwaam'

wq s (05)
where ¥ is Weyl fermion, ¢ is real scalar, and B,, =
%emnkla”Bkl with two-form field B¥ encoding a real scalar
on-shell degree of freedom (in four dimensions).

We can again impose one of the two quintic constraints

(Y+Y)Y =0, (66)
(YY —v») =0, (67)

depending on the realization of a global U(1) on Y (or
more precisely on its leading component ®). As in the
case of A/ = 2 vector multiplet, general solutions to the
constraints (66) and (67) eliminate real scalar components
(® + 5”0:9‘:0 and |®|,_g_, respectively. The surviving
(on-shell) degrees of freedom are then the axion, the real
scalar ¢, two goldstini, and the two-form B,,,. As the lin-
ear superfield L does not include any auxiliary fields, in the

@ Springer

denominator of the solution we will find the quantity (coun-
terpart of 2 from Eq. (18)),

(F + m)F + derivative terms , (68)

which leads to (F) # 0 (and of course (F) # —m).

4 A UV model for the quintic constraint

Here we provide an example of a microscopic theory for
N = 2 vector multiplet (within the realm of rigid SUSY),
that can lead to the superfield constraint (X + X)° = 0 in
the infrared (IR).

In [25] the authors proposed a microscopic theory for the
cubic constraint X* = 0, which relies on the integral over the
whole A/ = 2 superspace in order to generate large masses
for the two scalars, so that they decouple in the IR. Here we
follow the same route and introduce the Lagrangian

L= (—’5 / d’0d*0 F(X) + h.c.> —y / d*0d*vG(X, X), (69)

where the first term is chiral half-superspace integral of a
holomorphic prepotential F(X), and leads to the usual two-
derivative action for A/ = 2 vector multiplet with Kihler
potential, superpotential, and gauge kinetic function given
by

K=5(@F;—0Fe), W=—imFo., g=—iFoo.
(70)

respectively, where JF should be understood as a function
of ® = X|y—o. The second term of (69) is a real function
G(X, X) integrated over the whole V' = 2 superspace, which
gives rise to higher-derivative terms among other things.

Requiring that the theory is invariant under constant shifts,
X — X +i«, fixes the prepotential as F(X) = %X2, and G
as G(X 4 X). Then, performing the ©-integration we get the
N = 1 superspace formulation of the Lagrangian (69),

L= [% /d29 (—%@526 +m®d + %WZ) +h.c.]
—n2

~ly /d“@{g’mcp+ +4g" Um - ;{chp‘
— 18, @_d"d_ — LW 8, W + L3, Wo" W]
+2g" [W? (7 - §D2®) + W2 (m - 1D°%)

W Wond_] + g<4>w2W2} , )
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where 1 = & + @, § = %g(th), and GW =
%g(dhr). We discuss the details of this model in Appendix

B, while here we focus on the resulting scalar potential. Due
to the absence of electric FI term £ D, we have D = 0 as a
solution to its equation of motion. Therefore the potential is
determined by the F-term part of the Lagrangian,

LD FF+im(F+F)—yGYFFIF +m|*, (72)
and its equation of motion

F+im—2yG9YFF +m)(F+1m)=0, (73)
where G = G(¢ + ¢). Equation (73) has an obvious solution
F = —%m, consistent with the limit y — 0. This gives rise
to the scalar potential

V= ‘—I‘m2 + 1—16)/ m*g® . (74)

As long as y > 0, a mass term for the real part of ¢ can be
generated if we take for example

Ty L 16
GX+X) = (X +X)°, (75)
so that
G+ = o+ =097, (76)

where ¢ is the real part of ¢. The imaginary part of ¢ — the
axion —is absent from the potential due to the shift symmetry.
We confirm in Appendix B that the choice (75) does not lead
to ghosts and new propagating degrees of freedom.

As can be seen from (74) and (75), the mass of the sax-
ion ¢ is proportional to ﬁmz. Thus, at scales much lower
than ﬁmz (and SUSY breaking scale*) the saxion decou-
ples, and the effective theory can be described by the half-
superspace integral,

: / d*0d*9X*> + h.c. , (77)

with the help of the quintic constraint (X 4+ X)° = 0.
We could also add electric FI terms (with complex param-
eter e and real &)

Lrr = (e/d20 ® + h.c.> + s/d“ev , (78)

to the Lagrangian (69), as they are ' = 2 supersymmetric.
In this case the equations of motion for F and D will have

4 In this model both supersymmetries are broken at the same scale /m
as can be seen from SUSY transformations of the fermions (28).

more complicated forms, but it is sufficient that the saxion
mass squared, given by y (FF|F + m|?) (see (72)), is non-
vanishing and positive.

5 Conclusion

In this work we studied fifth-order constraint for abelian
N = 2 vector multiplet described by (short) chiral-chiral
superfield X. The constraint takes the form of the nilpotency
constraint of degree five on the real superfield X + X. We
found most general solution of the constraint, which elim-
inates the real scalar component of X as a function of the
imaginary scalar, two fermions, and the gauge field. This
solution necessarily breaks both supersymmetries (thus both
Weyl fermions are goldstini) which are non-linearly realized,
while the imaginary scalar can be identified as an axion of a
broken global U (1) symmetry. Therefore the constraint can
be used to describe low-energy dynamics of a microscopic
theory of N' = 2 — N = 0 SUSY breaking by a vector
multiplet, where the real scalar component becomes heavy
and decouples, while the imaginary scalar is protected by a
(exact or approximate) global abelian symmetry. We provide
one example of such microscopic theory which is discussed
in more detail in Appendix B.

The constraint can be generalized to the case where an
abelian symmetry acts on X (or more precisely on its complex
scalar component ¢) as a phase rotation, in which case it takes
the form,

(XX =%’ =0, (79)

where v is the VEV of X. For v # 0, the U(1) is sponta-
neously broken and the general solution to (79) eliminates the
radial scalar |¢|, while preserving the angular part log (¢/¢)
as the corresponding axion. It is also straightforward to gen-
eralize the quintic constraints to A/ = 2 chiral-antichiral
superfield describing N = 2 tensor multiplet.

Our quintic superfield constraints seem to be the highest-
order — and thus most general — constraints that can be
imposed on N' = 2 vector and tensor multiplets, yield-
ing unique solutions which break both supersymmetries.’
As such, the quintic constraints and their general solutions
reduce in the appropriate limits to various lower-order con-
straints known in the literature. In particular, in the limit
where the “axion’ acquires a large mass and decouples, our
quintic constraint, for example (X 4+ X)> = 0, reduces to the
cubic chiral constraint X> = 0 of Ref. [25], which eliminates

5 This is because if we construct a general bilinear function of the
goldstini x, A and their hermitian conjugates, its fifth power will always
vanish.
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Cubic. V"= 1 constraint V-0 Quintic. V"= 2 constraint
(axion solution) (axion solution)
decouple decouple R
axion axion N7=2
A =1
Quadratic. V=1 P V-0 Cubic. V"= 2 constraint branch Quadratic. V"= 2
constraint N (DFS solution) ”| constraint (Born-Infeld)

Fig. 1 The relations between various A/ = 2 and N' = 1 superfield constraints and their solutions, stemming from our quintic constraints. V
stands for the A" = 1 vector multiplet, and DFS for Dudas—Ferrara-Sagnotti [25]. “Axion solution™ is the solution that preserves the corresponding

axion

both real scalars. Then, as shown in [25], one can consistently
decouple the A/ = 1 vector multiplet so that the constraint
further reduces to the well-known quadratic constraint for
N =1 chiral superfield, ®2 = 0 [8]. We can also take the
following alternative route. First decouple the A/ = 1 vector
multiplet as we described in Sect. 2.5: this leads to the N = 1
real cubic constraint (® 4+ ®)3 = 0 of Ref. [28], which pre-
serves the axion. Then we can eliminate the axion by impos-
ing the stronger quadratic constraint ®2 = 0. If we go back
to the N = 2 constraint X> = 0, aside from the DFS solution
[25], it also admits a special solution which satisfies X 20,
and describes partial breaking N' = 2 — A/ = 1. This solu-
tion of course describes supersymmetric Born—Infeld theory
[18] with one linear (unbroken) and one non-linear (broken)
supersymmetry, where the whole N' = 1 chiral superfield
decouples, and the N' = 1 vector multiplet plays the role of
the goldstino multiplet. We summarize the relations between
all these constraints in Fig. 1. The same applies to N = 2
tensor multiplet if we replace A/ = 1 vector with A/ = 1
tensor (linear) multiplet.
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Appendix A: Full component expression of the quintic
constraint

In this Appendix we present the full component form of the
quintic constraint (12) of Sect. 2. The component equation
is given by (16), we repeat it here for convenience,

— 3610701 + ¢} (P + L 0¢10¢1 + 20" 10,161
+ @7 (J1 + T 8pn1) + 1 (I + 13" dnhr)
+ Hj + Hénnamn(]bl =0. (80)

The expressions for P, H, I, J to all orders in the fermions
are,

3P = 160¢20¢) + 160,n$20™" ¢y + 40(Q + i x5 O &
+ira™ M) — 320, FO"F
— 163, DI D + 8™ Fyppdx FX* + 43y Fypp X F™

+ 4i Fy, OF™
—16i0x0™ 8, 5 — 1606 0k — 16i dpn x o™ 0" %
— 16i9,un o™ 3" % + hec. | (81)

Ji = 8iQ0¢) + 16Fmndg F™* 0" ¢y — 20(x2F + A2 f
+ x0™ X 0md2 + Ao Admd2)
—8id"Q2fF —ixo" 5 — iro"0,1)dmen
+8(x0™" § + Ac " X)dmn
+ 820" x0p0m % + 20" A dmA — i€mpi1 0" x 0¥l %
— i€mni1 3" A3 18" ¢y
— 80 (x0™E" 3y x ) — 89, (Ao E" 8,0 F)
— 420" " A(n D + 2i )
+ 168213 x 0™ 31D — 4/2(3™ x " K .
— "0 B ) (b, + 2i Fopn)
— 22 0™ Oy + 23206 ™ Oy Fyn
— 832508, 05 A F
+ 8210 3,05 x Fyuie — 1672 0™ 8,005 Fopi
+ 168200 3y 3 K F e
— 83 2i (X0 O+ A By x )0 D
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mn
Sy

I

—16x0x f — 16A0AF
+ 68/2i (xOx + 20x) D — 4v/2(x 3™
— A" )" Fup + 83 %20 F
+ 89A20F — 8+/2i0y (x\)3™ D + 23/2i xAOD
— 242%™ \0Fu, + hec. ,

= 4™ (3Q 4 40¢pdds +m> + F - F +ixo*ox
+ iraX k) + 8y R FI
— 160" 3" ¢y — Sixo ™" ¥
—8ira™3"x +h.c.,

=2QQ — 8(m> + F - F)dgrddn
—16F™" F 3% oo
— 8ixo™om % (| f1> + d¢2062)
— 8iro™ A A(|F|* + 3¢pdg)
— 4i(x0™ 8" + 30" 0" %) [n (D* + S F - F)
21 Fy Fion = 40m 62002
—8i(x0™3" g — A" A)D Fpp — 8i (x> f
+ A2F = V2ixAD + V2% 0™ A Fypp) O
— 4V2F (300" % — 0" xo™ A
— x0"™ A" (Nun D — i F,5)
—4V2f ™0 5 — 3" A X
= 16" 0™ D + i Fyi )
+8i(md"x% —mam —dxo™ dux [
— 40" 3\ F
+232i x 6™ 330D + 282 0™ 8, x D) 02

(82)

(83)

— 8V2i(x ™A — A" X)0" by Fyly + 83/ 2i (x ook A

— 20" ) omer Fry

+ 8V 2i (X 3 — Ao ) K G2 (F Y, + 2 Frg)

+ x28idFdgy + Ox2 + 4A0N)

+ 22 8idFagy + OA2 + 4x0y)
+4x0™xQifouF + D3" Fyyyp — 0" D Fyppy
+ Fppdn F¥ 4 9,00 9 — 70" dun k)
+4rc™ A Qi Fou F — D" Fyyyy + 8" D Fypyy,

+ Fo 00 F* + 0y 0™ 9m X — x0" 0mn X)

+ 83220620 D + 165/2i x 0™ A3y 0K F i
+ 43 (x 2105 3

+ 49 (W2 X)) 5 0 x — 8V 2% 0™ %" F (1hmn D
— i Fyp) — 032052 — 022022

—2(x0™3"x — 3" xo™ ) (Ao I A

— dmAon k)

—2(x0™Mmx — dmxo™ ) (A" A

— dpA0"A) +hee.,

(84)

mn
I

L [XQ(F £27) +22(f +2F)
+ (xoF 5% + 10k R) 0 n
—3V2ixAD + fzxa’dxF,d]

—8(x0™ % 4+ Ao™N)3" ¢y + 168 2x0™ A Fypn® + hec.

(85)

Hy = —x*[2FQ + 4mdgndgy — 2iF(Aa™ d. — dmAc™ L)

+2id5%0¢

—4ire™G" 9y A0y — 2ira " KO F

+ V216" 3 (X D) + V2i00™ 3" (% Fopy) ]

— 22[2FQ — 4mdgnden — 2if (xo™ dm X

— Imx o™ %) + 20072 0¢
—4ixo™G" 0, x Omey — 2ixo" xOm F
+V2x0™ 3 (D) — V2ix o™ 8" (M) ]

— x6" % 0mp2(2D* + F - F + 4| f|?

— 433 — 4ira" 9y N)

— 4x0™ 78" $2(D Fyun + 1M Fpt Fion — iA00 9 1)
— A" ROy (2D* + F - F

+4|F)? — 43¢0 — 4ixo" 0 %)

— 400" 20" 2 (—D Fyun + 0 Fop Fin — i X 0nm %)
+2V2iQAD + i x o™ A Fmn)

— 8320 1 (Find 202 + 20" $20m$2)
+432ix 6™ 33" g3 [F (nun D — i Fyfyy)
—fOmnD — i Fppy)]

+ V250" GX) mn D — i Fyf)

+ V200" (A2 (mn D + i Ffy)

— 2ix 0™ F O f — 2in0" Ko x 2 F
+2ix%3*0¢; +hec.,

—4xo™xrc"N .
2 is defined in (18).

Appendix B: Details of the UV model

(86)

(87)

The Lagrangian of the UV model of Sect. 4 in N = 2 super-
space reads

L= <—%/d29d20}"(x) +h.c.>—y /d“ed“ﬁg(x, X),

(88)

where F = %Xz, and G is a function of X + X, as required
by the global symmetry X — X + i«.
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After integrating over ¢, we obtain the A" = 1 form of the
Lagrangian for which we introduce the following notation.
The first term in (88) is denoted £, and is given by

Ly = %/dze (~40D*B +md+ IW?) +he..  (89)

For convenience we divide the second term of (88) into seven
parts (integrated over ¥, ):

Lo

-z /d“eg/mcm,
L3=—y /d“eg”(m — 1D?®)(m — 1D*®),
Ly= %/d“eg”amcb_a’"@_ :

Ls

T /d499”(Wa’"3mW —he),

Le

-% fd40g”’W2(m — 1D*®) +hec.,
L7 =-Y% /d499’”WU’"V_V8m<D_ :
Ly=-% / d*9GPwAw? . (90)

Next, let us find the full component Lagrangian up to two
fermions, using the expansion of ® and W given by (15).
L is the usual (two-derivative) action for the N' = 2 vector
multiplet,

L1 =—0¢10¢1 — 3y —ix0"ImX — iAo O

1 mn 1 i T 1 2 On
— 3Fnn F™ + sm(F + F) + FF + 5 D",

while La, ..., L3 extend the simplest model by higher-order
interactions and higher derivatives. They are given by (up to
total derivatives)

$Lo = —G" 01 (FF — d¢23¢p2 — i X" 8 )
+ 69001 (x*F + x0™ % dm2)
+G" (x0" DX 02 + 3 x0™ X 9T
+ xOxF + 1 x*0F)
— G (30¢106¢1 + 5dmxo™0x — Sx0™8u0x
+ FOF — 8,,¢0™0gn)
— 1G0¢1 +hee., (92)
3 L3 =3G9 f FOCF + xo" X omd2) — 369 f f(FF
— iy — i X" O X)
+ 1GW2ifFxo™omx
+ %2 0
+ign) +ixo" X fouF
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+2i f 0" 5" 0 X 0n 2]
— 3G"[2fFO(¢1 — igh)
— 2i fouad" F + 3 f fO¢)
— fxOx — xo™5" 8, x 0 F
—2ix0" 9 XONP1 + ih2) — fOmx0"T" dux
+ 3 x 0" 5" O K On o]
— 36" (C10¢1 + Dol + 5 fOF
— YdF3F —iOxo™du %) +h.c., (93)
2Ly = G920 (X F + x0" X 9 h2)
— G090 (FF — d¢pdy — i x0" 0 X)
+GD(2ix0™" X Oppr0nhr — 2i x O x 0" o F
— X0 0" $20mnp1 + i X Om$20™ F)
— G ($0¢20¢20¢1 + 20" $20" $28un b1
—2iF 3y Fd" ¢y + 5dxdxF
— XOmxO"F — 0y x0" 3" X 32
— 30" X 0" 3 X Ouh2
+ix0"0" X 0mn®1 + X0 Opun x 0" $2)
— 16" (0" 420,02 + OFOF — 8yunp10™" 1
— 50" x0" 8 x) +hoc. (94)
HLs = G" 9 (un D — i Fpyp)3" (0" D + i FE™)
—G" "™ D — i FI"™) 0" un D — i F,y,)
+2iG" 9y (un D — i F;})3" (0" D + i FF™)
+2iGWD(FF — 0¢n0¢2) 0™ i
+ 269 (x0*5" 8" 19k 2 + 5 X0 T M2
— A" FFO"Y (D + i F,,)
+iGWxou X un D — i F;)3" (0™ D — i F™)
+ V26D 6™ 9" AF (gun D — i F))
—V2iG" (xOAD + i x o™ OAFypn)
+ 56" (5010 I 4 A" 8k — 200" 0" I 1)
+2G" (Mo Iy rd" ¢p2 — ByAa" 3, 10" o
+ 20" 3, A0¢1 — Ao 5" Iy AF + AOAF)
+V2iG" [x0"G* @ik + 188" un D — i F,),)
— X E" A n D + i Fyp)]
— LG}k Bk + 10) "
+ 2% G (39" A — 3"Ad) | (N D + i F,p,)
— 256" 0 x 0" " 9" A D + i Fypy) + hc
(95)
2Lo=—-GWfF(D* = 3F-F—%F-F)
—G"0¢1(D? = 3F - F) + 36" 0o F - F
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+GVRF(FF = opadgn) + 3G x> F(D?

—YF - F+iF.F)

—V2iG® f[20" 50" $2(lmn D + i Fy)

+ F(XAD +ixo™" AFpup)]

+iGP[xo™ o (D> = LF - F+1F . F)

+2f (Ao 3 AF + 2013y — £220py)]

- %9(4)[8”)»0’")2]” — A" % f

—2ir0" G 0 x 0" (P1 — i) |Gln + 1 Fy)

+ G921 + i0s — i9md2d™)F

+ 1672 + 1220 — 9u2%0™) f

+2iG" 0™ 3, A0(¢1 + i) — V2iGD (xAD

—ix0"" A Fpn) (1 + i)

—V2iG" Oy D — ira™ Oy Fypn)

+ 590" R @"F = f0") (i D + i F,7,) - (96)
2L7 = (GW0" pr0k¢s — 5G"9" 1) (83 D

+ 388 F - F + 2F" Fypp)

— G 9" 22D Fyp + O F*" Fuy)

—2G W 8,¢01 9092 F"" D

— GO0 A $20¢20 + GP Ao A" $20mnep1

+ 18,¢20¢1 — iFo,, F)

+ G"'[20mAc™ 8" K02 + iAo 0" Adn (1

—ign) + 320" A3y 02

+ 10%0™ Xy — 38,108 Ao

+ i€ 8, 1010k A0 b2 + A0 5" By kO F |

— GDno™[2i (3" Adupr — T 9uAF) dmeho

+ %(B"XF = X"F)WmnD + i Fypp)]

+ Lok (G 5 + GO 79" ) (85 D?

+ 185F - F +2F" F,p + 20" DF,p)

+V2iGVr0" (L F

— &* X 9 $2)0" 2 (nun D + i Fyy)

— 5GDh0"T O x " b

+ 0" x 0k p2) N D + i F,,,)

+ 20k E™ (GP x 0"

- %Q’”G”X)(nmnD —iF})

— 59V daxo 5" (e

— A Nmn D + 1 F,,)

+ ﬁxomak(g“‘ua"a,{m

— g(4)8”)(8k¢1 - gwanxak)(nmnD +iF,,)

+he., 97)
SLy=-GWID*—iF - F+4F - F)

+2iGW0"8,2(3D* — LF - F +iF - F)

— 4iGP N0 0" M (Fpy F™

— o F™ D) + GO)2F2D*> — F - F+iF - F)

+ 26O 103 10" (85 D?

+ 36k F - F — 2F, F™ + 21, F™* D)

—2GPNo AM(F™ 3, D — D3, F™ + F™ 3% Fop)

— 4GP (Ao 9 1) (3 A0 R)

+GWar%or2 — V2igO (xAD

+ixo™AFuy)2D?> — F-F+iF - F)+h.c.,
(98)

where we ignored terms with three or more fermions, and
denoted f = m + F as before (also &1 = & + ®, and same
for its scalar component ¢).

As long as the derivatives of G w.r.t. ¢ (up to fifth) van-
ish at the vacuum, new degrees of freedom are not generated,
since all the terms from £, g will vanish as well. For exam-
ple the possible kinetic terms 9 FdF and 3 D3 D multiply
G", so we require (G”) = 0 in order to keep F and D fields
auxiliary. Another question is whether or not the y-terms
can introduce ghost instabilities for the existing propagating
fields ¢1, ¢2, x, A, Ap. To answer this, let us write down the
terms (from the entire Lagrangian) containing at most two
derivatives in the bosonic sector, and at most one derivative
in the fermionic sector. Then for the bosonic Lagrangian we
have

Loos = —[1 = yGWD(m* +3mF + 3mF
+6FF +3D%)]0¢13¢
—[1 = yG®Pm® + mF +mF + D*)]d¢nd¢n
— 1 = yGYmF +mF 4+ 2FF + D*)|Fpu F™
+im(F + F)+ FF + D* — yG®|mF
+FI_7+%D2|2+--., (99)

where . .. stands for irrelevant terms containing derivatives
of the auxiliary fields and derivative interactions between ¢
and ¢, (since these do not contribute to the kinetic terms).

It can be seen from (99) that the positivity of the kinetic
terms (i.e. positivity of the expressions in the square brackets)
is not guaranteed, and depends on the model. The model of
our interest, as argued in Section 4, is determined by the
choice

G=mgpX+X)° = W@ =167 =¢7. (100)
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We then eliminate F' and D by their equations of motion
(these hold regardless of the choice of G),

F=-im, D=0, (101)
and the bosonic Lagrangian (99) becomes
Los = —(1+ 3ym>¢71)d¢10¢1 — d¢2ddo
— Y0+ YymP D) Fy F™ (102)
— qm® — ymiei

where the third line is the scalar potential of this model. As
can be seen, for positive y the kinetic terms always have the
correct sign for any value of ¢;. At the same time, the scalar
potential is stable, with the minimum at ¢; = 0, while ¢
has the mass ﬁm2/4.

As for the fermionic Lagrangian, up to one derivative and
up to two fermions, it reads

Lrermi = —5[1 = yGWm® + mF +3mF + 3FF
+3DH)]xo"dmx
— i[1 = yGW@mF +3FF + 3D*)]r6™ 8,1
— L2ymGHID(x6" Dk — 26" B )
+3yGO[Im + FIPFx* + Sm + F)D*x?
+ (m + F)FF\* + JFD*)?
—V2i(m + F)FDy\ — 2D 3]+ hec.

2
+ ceey,
(103)
After using Egs. (100) and (101) we have
Lermi = —5(1+ 1ym*¢D) (X0 0 X + 20" dmA)
—Lym3e1(x* = %) +he. . (104)

Similarly to the bosonic sector, fermions have the correct
sign of the kinetic terms for any value of ¢; provided that
y > 0. On the other hand, the masses of x and A vanish at
the minimum when ¢; = 0.

We conclude that the model has well-behaved kinetic
terms, but possible contribution of higher-derivatives (such
as L¢10ey ) to the effective scalar potential may require fur-
ther investigation.
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