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ABSTRACT: We study supersymmetry breaking in theories with non-minimal multiplets
(such as the complex linear or CNM multiplets), by using superspace higher derivative
terms which give rise to new supersymmetry breaking vacuum solutions on top of the
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multiplets and chiral multiplets in the presence of superspace higher derivatives. From the
superspace Noether procedure we calculate the supercurrents, and we show that in the
supersymmetry breaking vacuum the chiral superfield X which enters the Ferrara-Zumino
supercurrent conservation equation does indeed flow in the IR to the chiral constrained
Goldstino superfield. We also provide a description of the Goldstino sector in terms of the
Samuel-Wess superfield for the supersymmetry breaking mechanism at hand.
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1 Introduction

If supersymmetry [1] is realized in nature, it has to be spontaneously broken. It is common
practice to identify the supersymmetry breaking sector with some hidden sector, and its
main impact in particle physics is solely the breaking of supersymmetry [2]. Therefore, the
study of the various supersymmetry breaking mechanisms and the patterns they give for
the breaking in the low energy, would in principle serve as a way to distinguish between
the various possibilities. In this work we will study the non-minimal superfields [3-15], in
4D, N =1, as candidates for the supersymmetry breaking hidden sector.

Supersymmetry breaking by a pure complex linear superfield contribution has only
recently shown to be possible [14, 15].! Even though a superpotential can not be used
to deform the auxiliary field potential and break supersymmetry it has been found that
instead one may use superspace higher derivative terms to achieve this. In particular, a
model which will do this is given by (in the conventions of [1])

L= —/d49 £T+ ;P/d“emzpazpﬁngz. (1.1)
The mechanism relies on the existence of several solutions to the auxiliary field equations
which leads to multiple vacua with different properties. Among these vacua, there is the
standard supersymmetric solution ((D?3[) = 0) in which the physics is the same as in the
free theory, but there also exist vacua which break supersymmetry ((D?Y|) # 0). In this
work we will further investigate this mechanism both for the complex linear superfield but
also for the chiral non-minimal (CNM) [4] multiplet, which contains both a complex linear

"However in [13] a different supersymmetry breaking mechanism using a modified complex linear super-
field was studied.



and a chiral superfield, where the complex linear constraint is modified using the chiral
field. The main advantage of the CNM multiplet is that the complex linear superfield can
naturally be given a mass.

A characteristic property of the supersymmetry breaking mechanism discussed in this
paper is that the massless fermionic excitation generically associated with global super-
symmetry breaking, the Goldstino, is identified with a fermion which in the free theory is
auxiliary. In the supersymmetry breaking vacuum it acquires a kinetic term and becomes
propagating. This means that the superspace higher derivative term induces supersym-
metry breaking while introducing additional propagating modes. Similar properties of
supersymmetric theories, not related to supersymmetry breaking, have been found in a
supergravity setup [16-18]. In a supersymmetric setting the Goldstino can be nonlinearly
embedded in a chiral superfield Xy [19, 20]. This superfield satisfies the constraints

X2, =0 (1.2)
XniD*Xnp = fXNI (1.3)

which remove the scalar partner of the Goldstino from the spectrum and fix the vev of the
auxiliary field to a non-vanishing value f. The constraint (1.3) can be implemented from
the equation

DXy =f+-- (1.4)

which will also yield an equation of motion for the Goldstino.

It is well known that there exists a duality between models of complex linear superfields
and chiral superfields. The duality is robust in the sense that it does not rely on the
existence of special properties of the model, such as isometries in the case of sigma models.
In fact, one might be tempted to conclude that the duality can always be performed in
any model built with complex linear superfields. However, the theories studied in this
paper show that in the supersymmetry breaking vacuum the complex linear model has
more degrees of freedom than what can be described by a single chiral superfield. The
chiral-linear duality can still be performed in a setting where one perturbatively solves
the equations of motion of the parent theory around the appropriate background. In this
procedure the additional degrees of freedom, even though they are dynamical, are contained
in the background. We also discuss the appropriate Lagrangian description for these new
degrees of freedom.

After describing the generic properties of the models, and finding the supersymmetry
breaking vacua, we study their low energy limits. From the superspace Noether proce-
dure [21], we identify the X superfield which enters the supercurrent equation [22]

D“Jne = Do X (1.5)

and we show that in the IR it flows to Xy [19, 20, 23] as has been advocated in [24].
More precisely, we calculate the Ferrara-Zumino (FZ) supercurrent multiplet, for both the
complex linear model and the CNM, and we find that in the low energy limit

1
X — ngNL- (16)



Since these theories have an exact R-symmetry, we also calculate the R-multiplet [25-27].
The existence of both the FZ-multiplet and also of the R-multiplet, provides evidence
for the possibility of consistently coupling these models to the old-minimal and the new-
minimal supergravity.

A different way of embedding the Goldstino in a superfield was invented in [28-30].
This procedure gives a realization of the Goldstino in terms of a constrained spinorial
superfield A, where the constraints were explicitly given by Samuel and Wess in [30].
Already in [30], it was shown that the nonlinear embedding of the Goldstino into the chiral
superfield Xy, discussed above, can be realized using the Samuel-Wess superfield as

XNL X DQ(AQAQ). (17)

In this paper we argue that universally, for all models that break supersymmetry with a
superspace higher derivative term involving complex linear superfields, the Goldstino can
be embedded in the complex linear superfield using the SW-superfield as

YA = DY (AgA“A,) . (1.8)
This Goldstino superfield satisfies
Y3 =0 (1.9)
and
(D?5,]) #0 (1.10)

while it contains only the Goldstone fermion (G, ), as a propagating mode in its lowest
component A,| = G,. We also discuss the superspace equations of motion implemented
on A, from these models.

2 Complex linear superfields and superspace higher derivatives

In this section we study the supersymmetry breaking from the non-minimal superfields and
comment on the duality to chiral superfields.

2.1 CNM and supersymmetry breaking

The CNM multiplet [4] contains a complex linear superfield 3 as well as a chiral superfield
® linked together through the modified complex linear constraint

D?Y = m® (2.1)

where m is a mass scale. The component definitions are

| =2, Do®| = po, D*®| =N (2.2)
and
Y|=A, D3 =F, DyDoY| = Pag,
_ _ 1 _
DdEI = Y4, Da2’ = Ao, iD’YDO'CDWE’ = Xa- (23)



In principle the component fields F', G, N, P4, Xa and A\, are auxiliary and we integrate
them out. The fields ®, 3 constrained by (2.1) and the Lagrangian

L= —/d49 DI /d49 R (2.4)
give the component Lagrangian (after we integrate out the auxiliary fields)
1 le%e A 1 fe%eY > 2,3 241
L= §A8 3adA+§za OnaZ —m“2zZ —m~AA (2.5)
_iwaaaB&B - ipaaaBﬁB —myY*pa — m&dﬁda

and thus describes a free massive theory. Notice that the massive scalars z and A are
accompanied by two massive Weyl spinors p, and 1, which together constitute a massive
Dirac spinor.

Now we turn to supersymmetry breaking. The model we study here is

_ _ 1 e
_ 4 4 40 o B .
E__/d022+/d9<13<1>+8fz/d9D LD XD YD 3. (2.6)
To understand the vacuum structure we look at the bosonic sector of the theory, which is

Lp = %A 990 A + %zaadamz

—FF + P%P,s —m?22 —mAN —mNA + NN (2.7)
1 2 =2 1 — S 1 - _,BB —
+Tf2F F + ﬁFFPaaPad‘ngfQPaaPadP Pﬁﬂ

Since N, I’ and P, are auxiliary fields, we integrate them out. By varying N we get
N =mA (2.8)
which then contributes to the total scalar potential
V =m?2z + m2AA. (2.9)
From (2.9) we see that in the vacuum
(2)=0, (4) =0 (2.10)

therefore (N) = 0. We now proceed to integrate out P,s. The variation with respect to
P2 gives

_ 1

1
Pad+2f2 —

FFP.+ e PaaPPPPys =0 (2.11)
which is solved for

(Poa) = 0. (2.12)



There is also the solution (Pﬁﬁpﬂ[;}) = —4f? — 2(FF) where PP8 = PPB which how-
ever we do not consider further in this paper. In the following we will always take the
solution (2.12). Finally, we want to integrate out F'.

The variation with respect to F' gives

_ 1 -
—F+ PFFQ =0. (2.13)

It is easy to check that equation (2.13) has two solutions

1. The standard supersymmetric solution with (F)) = 0. Here supersymmety is not
broken and (V) =0.

2. The supersymmetry breaking solution with (FF) = f2. Here supersymmetry is
broken and (V) = f; .

We have also included the vacuum energy of the theory, in the two vacua, such that the
relation to supersymmetry breaking in evident.

The basic signal for supersymmetry breaking is the existence of a fermionic Goldstone
mode. i.e. the existence of a fermion which transforms with a shift under a supersymmetry
transformation around the supersymmetry breaking vacuum. To understand the structure
of the fermions we give the fermionic sector up to quadratic order

Lauaar = =iad*P; = ipad*py + X" Aa + X*Aa = m*pa = M) pa (2.14)
1 o o o i NP
tgpl ~ HOTFIP NNy - 460°08 = 503070, — 05X P s

— PP X (21006t + 2mpe)
— 6§ F(2m8,N — 2id, 5 P7 —20,,0°° A)X) X
— 264 F (2mpq — 2i079P4Cha) PP Ng
— 2\ (2mEoN — 2i0, 4P — 20, ;07 A) Pgs A\
— AY(2mpq — 2i87d@5d07a)]5'3d]5@d
NY: 4 a 3 a.—f et n
+ 4(i0*P Ng — 55/387% — 65X )ORFAYC, 4 F
- oaf i « ; a—f pBc n
+4(i0°7Ng — S0507° Ny — 05X AP C 4 F
af & 1 VBN
+ 4P BCOCQF)\ (icdﬁaﬂw)\»y + CBO'CX/B)
af DY 1 VBN
— 4P B)WP’Y (icdgc’)ﬁ”)w + CB@XB)CﬂW
— 2P\ (~ 200745 + 2mp™) O, 5 F
— 2PN (2iC, ;0% Pay + C5,0°7955A — 2mCy, N)
— AN Cop F(—x" +i07 N5 F + AN FF(=X" 41077 X;)Cy5
= NN F (2107 Py; — 0793,A + 2mN) |.



To find the propagating modes in the two vacua, we write down the theory in the appro-
priate background and expand to quadratic order in the fields.

We start with the standard vacuum with (F') = 0. There we have the exact solution
F =0 and P, = 0, which leads to

1 1 B
L= 5A0™00aA + 520 0na% — m?2zZ —m?AA (2.15)
_iwaaa'glﬁg - ipaaagﬁg' - ml/}apa - ml/;dﬁo'a + Xa)‘oa + )Zdj‘o'w

Once we integrate out the auxiliary fermions x, and A,, they will work as Lagrange

multipliers for each other which will put them to zero, leaving behind two massive scalar

multiplets, with Dirac mass for the fermions. In other words we recover the free theory we

started with and with no trace of the higher dimension operator left. Note that this is an

exact result, not an approximation. We will clarify this later using superspace methods.
In the supersymmetry breaking vacuum we have

(FF) = f?, (Pag) = 0. (2.16)
The quadratic contributions in this vacuum are
1 fe%e' A 1 fele" = 2 = 244
LQuad. = §A8 Oaa A + 5% 0“0naZ2 — m"2Z —m~AA (2.17)
_iwaaaﬁzﬁg - ipaaaﬂﬁg' - mlﬁ%a - mq/;dﬁd
Lo i\ 0883
—3 f2—=1iAg0"" A i
From the Lagrangian (2.17) we see that on top of the massive sector, there is a new fermionic
mode in the last line (and we have also kept the positive vacuum energy manifest). In fact,
the new mode is the previously auxiliary fermion which has acquired a kinetic term and

taken the role of the Goldstino which transforms under a supersymmetry transformation
in the supersymmetry breaking vacuum as

Ao = feat - (2.18)

The fact that there exists a Goldstino is dictated by supersymmetry breaking.
If we instead study the superspace formulation of the theory, we can derive the equa-
tions of motion from the Lagrangian (2.6)

_ _ 1 e
L= —/d40 vy + /d40 DD + 8f2/d49D°‘EDaED52D5~E
+ / 0 'Y (DS — md) + / P20V (DS — md) (2.19)

where now Y is a chiral superfield but > is unconstrained. By integrating out Y we
get (2.1). If we on the other hand vary with respect to ¥ we get

_ 1 .  _ _
-X+Y -~ 4721)‘* (DeXD*ED,Y) = 0. (2.20)



If we introduce a complex superfield H satisfying
1 . _
H+ WD"‘ (DeHD*HDoH) =0 (2.21)

and use the fact that Y is chiral, we see that
S=Y+H (2.22)

solves the equation of motion (2.20). With this redefinition we have separated the degrees of
freedom from the original complex linear field ¥ into an antichiral field and the constrained
field H. The equation for H (2.21) has several solutions. First, there is the trivial solution

H = 0 which corresponds to the supersymmetric vacuum. But there is also the solution

where (FF) # 0 [14], in which
H=Xn. (2.23)
where X, is the Goldstino chiral superfield, which satisfies [19, 20, 23, 24]

X%, =0 (2.24)
DQXNL—f—I-QCXNL:O. (2.25)

These equations can be derived from the variation of
L= /d49X)‘< + {/d26 (—-fX+CcXx?) + c.c.} (2.26)

where X is a chiral superfield and C is a chiral Lagrange multiplier superfield. In [14] it was
shown that if H satisfies these equations it also solves the equation (2.21). We therefore find
that H contains the Goldstino sector that we found in (2.17). Equations (2.24) and (2.25)
are more restrictive than (1.2) and (1.3) since they also lead to equations of motion for the
Goldstino component. Indeed, equation (2.21) can be solved only in terms of superfields
which satisfy appropriate equations of motion, since it is itself an equation of motion. For
further discussion on the Xy Goldstino superfield and applications to particle physics
see [31-38]. Also, relations between different Goldstino realizations were given in [39].

Apart from the Goldstino sector, there is also the massive sector. For the chiral
superfields ® and Y we find

D*Y = m® (2.27)
D?® = mY (2.28)
where we have used D?Y = D?Y which follows from (2.22). Equations (2.27) and (2.28)
describe a pair of massive chiral multiplets, with Dirac masses for the femionic sector,

exactly as we found from the component discussion in (2.17).

Let us see what happens at low energy. The IR limit also implies the formal limit

m — 00 (2.29)



which leads to the decoupling of the massive modes, and we can set them to their vacuum
values

Y =0, &=0. (2.30)

This decoupling can be also seen from the component form (2.17). For the H superfield we
have seen that in the supersymmetric vacuum it trivially vanishes. In the supersymmetry
breaking vacuum the H superfield stays massless and does not decouple in the IR, it
describes the Goldstino sector. Indeed, if we call the Goldstino field G, we have

Go = DoXni| = DoH| = Do(S = V)| = Da¥| = Ao (2.31)

and from the component form (2.17), we can see that the fermion A, is the only field that
will appear in the IR. In the next section we will revisit the low energy behavior of the
theory using supercurrent methods [24].

2.2 Complex linear multiplet, supersymmetry breaking and mediation
For the massless complex linear multiplet we have
D?*% =0 (2.32)

with components defined as in (2.3). The supersymmetry breaking mechanism we now
describe was introduced in [14]. The Lagrangian used to achieve this is

_ 1 Cal
L= —/d40 P)INE e /d49D°‘2Da2DﬁED52 (2.33)
with equations of motion
I =4 /5 @na
Dq <2 + 4721) (DaxD EDQZ)) =0 (2.34)
which integrates to
I =4 /7 ©na =
>+ 4721) (D4EDYED,Y) = @ (2.35)

where ® is an arbitrary chiral superfield zero mode of the D, operator, and for consistency
of (2.35) has to satisfy

D?® = 0. (2.36)
Similarly to the previous model there is a supersymmetric vacuum in which
=90 (2.37)

and the theory just reduces to a free chiral superfield. There is also a supersymmetry
breaking vacuum solution in which we solve the equation using the same reasoning as
when solving equation (2.21) leading to

Z:(i)—i-XNL (2.38)



with Xy satisfying (2.24) and (2.25) and @ satisfying (2.36). In the supersymmetric
vacuum, the theory is described by a massless chiral superfield and in the SUSY breaking
vacuum the theory contains a massless chiral superfield and a massless Goldstino. All the
excitations of the model stay massless and the only thing that happens in the SUSY break-
ing vacuum is that there is a new propagating fermionic degree of freedom, the Goldstino.
For similar models with chiral superfields see for example [40-50]. For supersymmetry
breaking with a modified complex linear see [13].

A natural question to ask is how disentangled these degrees of freedom are. Since they
all have the same mass they could mix in some nontrivial way. To get a clearer picture of
the independence of the degrees of freedom of the theory, we will now show how to mediate
the supersymmetry breaking to the scalar sector. This can be achieved by modifying the
higher derivative term

2 .
L= /d40 DI 82 /d49 (1 — 2%22) D*YDEDPED,S (2.39)

where the M? term is there to mediate the supersymmetry breaking to the scalar sector,
by giving rise to masses.
To study the vacuum structure we write down the bosonic sector

1 . _ _ .

Lp = §A 0““Ope A — FF + PP,

(1-28aa)

mE {F2F2 + FEP®YP + 4PWPMP55PBB} : (2.40)

The equations for P,s give P,s = 0, and for the scalar F' we have two solutions

+

1. The trivial vacuum with (") = 0. Here supersymmety is not broken and (V) =0.

2. The susy breaking vacuum with (FF) = f2. Here supersymmetry is broken and
2
vy="%.

Let us study the supersymmetry breaking vacuum. If we expand the theory around
that solution we see that the auxiliary fermion A\, now has a kinetic term

<FF> T IA0%N s = —ingdPoN (2.41)

and in fact is the Goldstone mode (dA, = f €4 + - -+ ). The bosonic sector reads

Ly = Agmegui-f L (2.42)
BT IV Y '
and for small field excitations the scalar potential becomes
2
1
T A L + M?AA (2.43)

2 1—2M2AA 2




therefore the scalar has become massive. One can check that the fermions 1, remain
massless. Therefore, supersymmetry is broken and it is also mediated to the bosonic sector.
The superspace equations of motion which follow from the Lagrangian (2.39) are

DS + D" (D,EDSD;5)

4f?
,7\[27 7,6.’777 7\[2 B L
e « [0} i
+ SprEDEDLEDIED,S - D (SSD,EDYSD,Y) } =0. (2.44)

This equation can be rewritten as

|
2 _
tip
2

8f4

D* (D,SD*ED,Y)

_ o _ M2 _ o
+ 7 SD*SDEDED,S — @Da (SEDEDYEDsE) = @ (2.45)
where @ is a chiral superfield arising as the zero mode of the Dg operator. If one is
interested in the low energy behavior of the theory, the superspace equations have a simple
solution as we will see. The low energy limit also implies the formal limit

M — co. (2.46)

In this limit the equation breaks into two parts which decouple from each other. This
happens because if we study the theory in the IR and M — oo, the fluctuations of the
fields are much smaller than M, therefore can not affect the M dependent part; the two
equations have to be solved independently.

For the part of the equations of motion which does not contain M we find

1
412

which is the same equation as in the model without mediation (2.35). The solution is again

S+ —5 D (D,EDYED.Y) = @ (2.47)

the same, namely
S=Xn,+ @ (2.48)
and
D?® =0 (2.49)

where the presence of X, indicates that we are looking at the supersymmetry breaking
solution. Again the Goldstino is the auxiliary field A\, = Dy3| = Do Xy |, which becomes
propagating when supersymmetry is broken.
The part proportional to M should rather be solved as a constraint than as an equations
of motion. Indeed we find that
M5 pospasnis,s - M pe (S£DEDYED4E) = 0 (2.50)
8 f4 a B 44 « a=) ’

,10,



is always satisfied if we use (2.48) and constrain ® to satisfy
Xy ® = 0. (2.51)

It has been shown in [24] that this particular constraint (2.51) corresponds to the decoupling
of the scalar lowest component of ®, namely A, which is replaced with Goldstino and
fermions. Indeed, an inspection of the component form shows that in the limit M — oo, the
scalar becomes very heavy and decouples from the IR physics. Now equation (2.49) together
with (2.51) makes perfect sense; it describes a massless fermion with no superpartner. This
fermion is of course not the Goldstino since (D?®|) = 0.

Alternatively, one may mediate the supersymmetry breaking to the fermionic sector
(1) via the term

M
Lar, = —

4 NS T 5" 3 P . T
v = gy /d 0 (D7SDsY + D'SD,E) D*SDa XD SD5 (2.52)

which in the breaking vacuum generates masses

M, o
EM#) |broken vacuum — 7¢ (%Zﬂl% + @Zﬂw’y) + - (253)
In the formal limit
M¢ — 00 (2.54)

which leads to the decoupling of the very massive fermion v, the part of the equations of
motion which is proportional to M, becomes a constraint and enforces the condition

XnpDs® = 0. (2.55)

This constraint has indeed been shown to correspond to the decoupling of the fermionic
sector of matter superfields [24]. We therefore see that all the sectors except the Goldstino,
can be consistently decoupled in the IR by introducing mass terms, leaving behind only
the Goldstino superfield.

For the vacuum where supersymmetry is not broken we find

Y=20 (2.56)
with
D?® =0 (2.57)
and no further constraints on ®.

2.3 Comments on duality

It is well known that the complex linear superfield can be dualized to a chiral superfield.
Similarly, the CNM multiplet is known to be dual to two massive chiral superfields. The
duality is not dependent on any special properties of the model such as the existence

— 11 —



of the target space of a sigma model and therefore believed to be valid quite generally.
The procedure can be outlined as follows. Start with a theory defined by a Lagrangian
depending on a complex linear superfield and its derivatives

/d49 L(%,%, D, DY, . ..). (2.58)
We turn ¥ into an unconstrained superfield by introducing a chiral field ¢
/d40 (L(Z,5, DS, Dx,...) + X + &%) . (2.59)

Integrating out the chiral field ® imposes the complex linearity constraint on ¥ which gives
back the original theory. If we on the other hand integrate out > we get a complicated
equation

oL - 0L

——+4+D——+... 2.
ox " Vaps (2.60)
which needs to be inverted as ¥ = %(®,®, D®, D®,...) and inserted back in (2.59) for
us to be able to write the action of the dual theory depending on the chiral superfield ®.

b —

Thinking of the field ¥ as a small fluctuation around a vacuum value and organizing the
right hand side of (2.60) in a series with smaller and smaller terms one may invert the
series term by term to find 3 as a function of .

Although straightforward, this procedure becomes nontrivial when the theory has sev-
eral possible vacua around which we may invert the equations of motion (2.60). Choosing
different vacua gives different dual theories so the duality procedure, although valid, will
capture only the physics of the particular vacua around which we choose to invert. Also, if
there are new propagating degrees of freedom in the vacuum at hand, the dual theory will
not see them since they belong to the background. One would have to insert them by hand
after performing the duality. We have already seen that by introducing superspace higher
derivatives together with complex linear superfields or CNM multiplets, we do get theories
with several vacua. Let us look at how the duality works for several interesting examples.

As an example we take the complex linear theory with the higher derivative term
discussed in (2.33). The equation that needs to be inverted is then

1 _. _ _
=T+ 15D (DaSDID,Y). (2.61)

Following the procedure outlined above we can now invert this relation around the two
vacua of the theory

Y=0+4+... (2.62)

To first order in ® we get
S=0+P+... (2.64)
S =Xnp+P+... (2.65)

— 12 —



When we insert this into (2.61) to find the next order corrections we see that due to the
particular structure of the higher derivative term, we in fact have the full inverted solution
in both cases. If we insert any of these solutions into the original action we get a free chiral
theory, the Goldstino of the supersymmetry breaking vacua needs to be inserted by hand.
It is instructive to contrast this model with the very similar looking theory defined by
the Lagrangian
_ 1 e
_ 4 7 4 B .
L= —/d 0¥ + 572 /d 0D D,¥D EDgY. (2.66)
Here the superspace equations of motion are
= 1
b=+ —
+ 12

In this case there is no supersymmetry breaking vacuum and the only possible solution is

D (DaED*SDsY) . (2.67)

to invert around the trivial vacuum X = 0
X=0+P+... (2.68)

If we insert this into (2.67) we are left with term of third order in ® so the procedure has
to continue. Following this program to the end one can shown that the equation (2.67) can
be inverted as

and after plugging back into (2.66) one ends up with a higher derivative theory for the
chiral superfield ® [51, 52].

As we have seen, to perform the inversion procedure, we had to treat the new degrees
of freedom as a background, therefore a Lagrangian description of the new degrees of
freedom was not possible. Now we would like to present a complementary approach to the
previous discussion, which will allow us to find a Lagrangian which will also include the
new superfields.

Let us remind the reader the duality for the free complex linear multiplet. We have

L= /d49 P)Y +/d49 Y + /d46 % (2.70)

where ® is a chiral superfield but ¥ is unconstrained. By integrating out ® we get that
D?Y = 0, therefore we have a complex linear multiplet. If we now define the unconstrained
superfields = as

(1]
Il
™
|
i)

(2.71)

the theory becomes

L= /d40 PP — /d4 EE. (2.72)
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We may trivially integrate out Z. We see that the theory is dual to a free massless chiral
superfield. The last step completes the duality and is important for our discussions. We
note that if one turns to the component form of (2.72), there will not be any kinetic terms
for the component fields of =, therefore here it is indeed non-dynamical.

The general complex linear model can be written as

L= —/d4922+/d499(2,2) +/d49 <I>E+/d49 oy (2.73)
where (X, %) may contain also superspace higher derivative terms (DY, D?Y---) as we

said earlier. Here ¥ is unconstrained but becomes a complex linear when we integrate out
the chiral superfield ®. Again we define

E=2-0 (2.74)
and the theory becomes
L:/d46i)(l)—/d‘*@EE+/d4HQ(E+§>,E+<I>). (2.75)

Now we have to complete the duality by integrating out = from (2.75). Two things may
happen here.

1. The variation with respect to Z yields algebraic equations and = can be integrated
out. In case the equations are complicated but solvable, a solution can still be found
around = = 0, up to the desired order, by inverting them as described earlier.

2. The variation with respect to = yields equations of motion and = can not be in-
tegrated out; = is dynamical and it is related to dynamical auxiliary fields. The
Lagrangian (2.75) makes the new degrees of freedom manifest, and it provides the
Lagrangian description for the theory.

If a theory is described by the first or the second case depends on the particular form of
the superspace function Q(X,%, DY, D?%---). To clarify our discussion we will study
two explicit cases where () does contain superspace higher derivatives. The superspace
higher derivatives we introduce here, have the property to give rise to kinetic terms for
the auxiliary fields in the component form. We will see that this is related to = being
dynamical.

First we introduce the model which we saw that gives rise to the kinetic terms for the
auxiliary fermion in the broken vacuum. We have
L= —/d4922+ ;F/d‘lGDO‘ZDaZDBZDBZ +/d49 Yo+ /d49‘2c1> (2.76)

which with the definition

(1
Il
™
|
i)

(2.77)
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becomes
_ _ 1 P
_ 4 o 1y == dgpa=n =DB=7).
ﬁ_/d9<1><1> /de__+8f2/d 0D°ED,=D°ZD),

with Z unconstrained. Notice that the chiral sector and the = sector have completely

[1]1

(2.78)

decoupled. To complete the duality procedure one integrates out =. The variation with

respect to = yields
_ 1 U
=4 EDO‘ (DQEDQEDQE) =0. (2.79)

Equation (2.79) has two solutions. The first solution

[1]

=0 (2.80)

represents the theory around the supersymmetry preserving vacuum. Notice that in this
vacuum the free theory remains intact, exactly as we found for the component sector (2.15),
and in particular it reads

L= /d49 DO, (2.81)

The second solution is

(1]

= XN (2.82)

This solution requires new degrees of freedom (a Goldstino in particular), and would not
be captured by expanding around = = 0. This is related to the fact that equation (2.79)
contains dynamics in the broken vacuum. This can be also seen in the component level,
where expanding around (D?Z|) # 0 (the supersymmetry breaking vacuum) one finds there
is a propagating Goldstino mode, which is a component field of =. The Lagrangian for this
vacuum is therefore (2.78).

We can also look at an example with a complex linear superfield but with no super-
symmetry breaking

L= —/d4922 +a/d49D22D2E. (2.83)

The bosonic sector of this theory contains 4 real additional propagating bosonic modes
(F and 0°%P,4) which form an on-shell supermultiplet with the auxiliary spinors x, and
Ao, Which also become propagating and together form a massive Dirac spinor. There are
no ghosts for a > 0 which we will assume henceforth. If we start the duality procedure
we have

L=- / d'03E + o / d*'9D*SD?S + / d'0 [@% + o5 (2.84)
for ® chiral and ¥ unconstrained. Now we define

=Y - (2.85)

[1]
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and we have
L= / d'0pd — / d*0ZZ + o / d*0D*=D’=. (2.86)
The equations of motion for = are
aD?’D*Z ==, (2.87)

Taking a small «, and inverting around = = 0 one would find that = should vanish,
which clearly does not represent all the propagating degrees of freedom. In fact (2.87) is
a dynamical equation which describes two massive chiral superfields and therefore = can
not be integrated out, and the Lagrangian description of the theory is precisely (2.86). To
explain the origin of the propagating chiral superfields, we can rewrite the model as

z:/d49q><1>—/d4 Ea+a/d4ess
+/d2eT(s_D2é)+/d29:f(9_p2z)

where T is a chiral Lagrange multiplier. After we integrate out = (which now has equations
= = —T') and rescale S with /a, the Lagrangian (2.88) becomes

(2.88)

L= /d40q>i>+/d4eTT+/d4ass+ /d29TS+ /d29Ts (2.89)

We see that the new modes have mass 1//«, therefore if we had performed the inversion
for small a we would be effectively decoupling them.

A similar situation appears in the supergravity theory. The duality between the new-
minimal and the old-minimal formulations can be understood as a duality [53] between the
chiral and the real linear compensator which when gauge fixed, break the superconformal
theory to superPoincare [54]. The supergravity-matter theories with no curvature higher
derivatives can be in principle dualized to each other, but the chiral-linear duality does
not offer a complete description when higher curvature terms are present [16]. In that case
the compensator equations seize to be algebraic and it may not be integrated out in order
to lead the dual theory. In these cases the equivalent theory contains the gravitational
sector but also additional propagating sectors appear. In the component form, one can see
this by the fact that in higher curvature supergravity some of the auxiliary fields become
propagating [16-18].

3 Supercurrents and low energy limits

In this section we study models of non-minimal superfields, calculate their supercurrent
when they include superspace higher derivatives, and study the IR limits. For the super-
symmetry breaking vacua we give low energy descriptions.

The supercurrent conservation equations (which hold only when one uses the equations
of motion) have the generic form [21, 22, 25-27, 55-59]

D*TJos = Vo + Xa (3.1)

,16,



where the supercurrent 7.4 is a real superfield, and the superfields ), and X, satisfy

DyX, =0
DX, + DX, =0

and

D%y, =0 (3.4)
Dayﬂ + D,Bya = 0.

The superfields which enter the right hand side of the supercurrent equation (3.1), have
IR properties related to supersymmetry breaking. From the identities for ), we see that
locally it can always be written as

ya - DaX (36)
where
DgX = 0. (3.7)

It was pointed out in [24] that when supersymmetry is broken, one will find (on-shell) for
the low energy

X — X[R = XNL' (3.8)

We will show now that this property holds also for the models of complex linear and CNM
multiplets which break supersymmetry with superspace higher derivatives.

3.1 Supercurrents from the Noether procedure

First we have to identify the supercurrents, which is done by turning to the Noether pro-
cedure [21, 55, 58]. A superdiffeomorphism of a superfield S is given by the transformation

S — A GeA (3.9)
where
A =A"D, 4+ A%Dg + A4 (3.10)

If the superfield S is a complex linear (DS = 0), this property has to be preserved by the
superdiffeomophism which therefore leads to the restrictions

DaA® =0

nga = DyAe

D?AYY = ( (3.11)
D2AY =0
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which are solved by

Aad _ DdLoz
A® = iD*L” (3.12)
A = DL’

with L® and L%% both complex and unconstrained. It is straightforward to check that this
choice of parameters is also compatible with S being chiral (DsS = 0) and also with the

CNM multiplet.
An infinitesimal transformation for the complex linear is

SsuperditS = [i2A, 5] = —D?L*Do % + iDL 008 + iD ;L% D . (3.13)

The superspace Noether procedure [21, 55, 58] then directly gives conserved complex cur-
rents

oL =— / d*o (DdLajw + DBLBde) + c.c. (3.14)

with conservation equations

D% Tps =0 (3.15)
and

D[gja =0 (3.16)
but generically

DT # 0 (3.17)

since Ju,q 1S not necessarily real.

We may now use improvement terms to bring J,q, X and Y, to the desired form (3.1).
This can be done by using shifts which change the form of the supercurrent ., at the
same time as they also change X, and ),,. These shifts can be found in table 1 Furthermore,
since in the variation of the action, J,4 is multiplied with DYL®, we can interchange a
term in 7,4 of the form DdXBa. with _QDBXBaa'

We now proceed as follows. We start with a complex current J,4 and X, = Y, = 0.
We use all possible shifts and rewritings to make the current real. This produces nonzero
X, and Y, however, X, might not fulfil (3.3). To try to improve this, we may only perform
shifts that respect the reality of J,s. Those are given by type A shifts with a real U and
type B shifts with an imaginary U. Finally we are left with a system

dead = ch + ya (318)

satisfying all the requirements. We may still perform shifts of type A with a real U to
change the system into the FZ-multiplet (X, = 0) or to the R-multiplet (}, = 0).

In the next part of this section we will use the above methods to find the appropriate
form of the supercurrents for the various cases, identify X, and study its IR flow.
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Shifts Type A Type B Type C Type D

Jai = |Tai + [Day Da)U| Tae + 006U | Tae + DaDaU|Tae + DaDeU
X, — Xy —3D*DoU | Xy + D*DU| X, +2D?*DU| X, — D*D,U
Vo — Yo — DoD?*U| Yy — D, D*U Va Yo — D,D*U

Table 1. The table presents the various shifts which can be used to bring the current to the

desired form.

3.2 IR limits of supersymmetry breaking vacua

For the model of the complex linear of [14]

Lz—/d4922—|—1

812

(with D2% = 0) the Noether procedure gives

where

jao'az_
Ja =1

-l

N

Dy
2

«

(DaX Z) 4 i00aX Z

Z=%+ %Dd (DaEDYED,Y)

and the equations of motion are

Note that Z also satisfies

Af

D,z = 0.

D?Z =0.

/ d49DaEDaZDBEDBS

(3.19)

(3.23)

(3.24)

It is easy to check that on-shell D*7,4 = 0 and also see that the J,4 current is not real.

To make the current real we use a combination of shift from table 1 to shift 7,4 with

1 . : I
5DaDa(~Z5 + 3% - 2T) + éaaa(—zz L ZS - ZY 4+ T)

where

If we also define

,19,
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we can write the resulting system as

1 . 1 1 _
Jai = =51%00aZ + 515002 + 5Dﬂ(iamz Ts) — §D5(7gamz ;) (3.28)
1_ _ _
X, = §D2DQ(ZE — 3T - Z% - 7%) (3.29)
1 _ _ _ _
Vo = EDQDQ(EZ —T - 7% - 7%). (3.30)

Now Jaq has become real and X, satisfies (3.3). Notice that in (3.30) after the shift (3.25)
the last term will appear like +Z%, but by using the equations of motion this term will
vanish due to the fact that D? acts on it, therefore one may flip the sign to bring it in the
form of (3.30) as we have done here, such that everything inside (3.30) is real.

We are still allowed to add improvement terms to bring the supercurrent equation to
the desired form either of the FZ-multiplet or the R-multiplet. But to keep the reality
properties of 7, and the properties (3.3) of X,, we can only use the type A shift with a
real U. To find the R-multiplet we perform a type A shift with

1 _ _
U=3 (52 -T-25-2%) (3.31)
which gives a real J,s and
X, =D?D, -2+ ZX + Z%.
“ al ) (3.32)
X=0

which together with the new supercurrent satisfy
DYTng = Xa. (3.33)

The fact that we can bring the supercurrent conservation equation in this form shows that
this model can be coupled to the new-minimal supergravity consistently.

Now we turn to the FZ-multiplet. By performing a type A shift with
1
6

we get a system with a real [, and

U=—-(X2-3T 2% - 7ZY) (3.34)

Xo=0
2 = (3.35)
Vo = gDaDQT.
From (3.35) we find
2 =2
X = §D T. (3.36)
The new supercurrent and X satisfy
D%*June = Do X (3.37)

which shows that this model can be also coupled to the old-minimal supergravity.
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Now we want to study the IR limit of X for the supersymmetry breaking vacuum.
We have found that ¥ = Xy, + ®, therefore we insert this in the expression for X (3.36)
to find

X = 5 D (DX (D)) (3.38)

which gives
1
X = ngNL. (3.39)

We see that X for the supersymmetry breaking vacuum is proportional to Xy, and this
will also hold in the IR. Therefore we confirm that X flow to Xy in the IR as was
advocated in [24].

For the CNM Lagrangian (2.6) we find from the Noether procedure

Toi = —%Dd (DaS2) +i0aaS 2 + %Dd@pa@) B D (3.40)
with
Z=x+ 4}21‘)@ (DaED*SD,Y) (3.41)
and the equations of motion are
Z=Y, DY =m®, D*® =mY. (3.42)

The only difference from the massless complex linear model is the presence of the chiral
superfield @ inside the supercurrent. To bring J,s to the desired form we shift with

1. B ) . ) o . B
5DaDa(~Z2+ 5% - 27) + %&m(—zz Y ZS - ZS4T) + i(%a(@@) (3.43)
which is a combination of the various types of shifts shown in table 1. After this we find
1 . = 1 = 1 By 1 —B . - —
Tac = —izEﬁadZ + 5@28@2 + §D (100aXTp) — §D (10062 TB) (3.44)
1 - . )
H2De®Dp® — ~Bps® + ~ Doy d
2 4 4
1= _ _ 1 -
X, = §D2Da [22 -3T-ZY - Z% + 2@@} (3.45)

R I
Vo = 5DaD2 [zz ~T 254+ 2% — 2@@} (3.46)

where T, T,, and T} are defined in (3.27). To be able to bring the current in the FZ-
multiplet form or the R-multiplet form we have to make one more shift. First notice that

DX(Z%) = DX(YY) = YD) = YDV = <;D2<I>> (m®) = DX(@®)  (3.47)

— 21 —



which gives
D*(Z%) = —D*(Z%) 4 2D?* (). (3.48)
Now we insert (3.48) into (3.46) to find

1 _ _ _ _
YV, = 5D&D2 [22 —T—-Z% - 7%+ gq@} . (3.49)

Now we are ready to perform appropriate shifts of type A with real U to bring the current
to the desired form.
To find the FZ-multiplet we perform a type A shift with

U= é [Ei —3T - 2% - Z% + ;fbé] (3.50)
which gives a real J,4 with
X, =0 (3.51)
and
X = %DQ 2T + ©9] . (3.52)

It is clear that since we can bring the supercurrent conservation equation to this form
the model can be consistently coupled to the old-minimal supergravity. One may perform
an appropriate shift and bring the system to the supercurrent conservation related to the
new-minimal supergravity. To achieve this we perform a type A shift with

U:% EZ_]—T—ZE_]—kZE—%(I)(f’ (3.53)
which gives
Xy = D’D, [-3E + ZS + Z¥ + 0O (3.54)
and
X =0. (3.55)

Now we can go to the IR limit for the FZ-multiplet. For the supersymmetry breaking
vacuum, in the IR (and on-shell) as we explained

SUR) — X (3.56)
and
yUR =, oI =, (3.57)
Then we have after a short calculation
XUR) — %fXNL. (3.58)

We see again that X in the low energy flows to Xy, [24].
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4 Goldstino description

In this section we focus on the supersymmetry breaking vacua, and give the low energy de-
scription of the complex linear Goldstino superfield in terms of the Samuel-Wess superfield
A, [30]. For the CNM multiplet (2.1) with Lagrangian (2.6), we have shown that in the
IR the massive sector will decouple, and leave only the Goldstino sector behind. For the
complex linear, we have seen that one can employ mediation terms which will generically
give non-supersymmetric masses to all the other modes except the Goldstino mode, there-
fore again in the IR there will be only the Goldstino. In other words for the complex linear
model we employ both (2.39) and (2.52). Therefore, our models can be treated under a
common framework in the IR, which is of course the concept of an effective low energy
description; the UV properties of the theory are not important any more.
The A-superfield [30] satisfies the conditions

1

_

Dyhs = —Cyp (4.2)
DPA® = kA0 A (4.3)
DPAY = irAz0°P A% (4.4)

and k is related to the supersymmetry breaking scale (k here is assumed to be real without
loss of generality). The minimal superspace Lagrangian for the A-superfield, has the form

Ly =— / d*0 A®A A% A (4.5)

Before we turn to the complex linear Goldstino, let us review the chiral superfield Goldstino
description. In this case the supersymmetry breaking Lagrangian is

L= / d*0e® — { / d*0f® + c.c.} (4.6)

and the appropriate embedding of the Goldstino into the chiral superfield is
D) = _g DD (A*AaA®As) (4.7)
for f = —4k3. If we insert (4.7) into (4.6) we will find it is proportional to (4.5), with the
correct sign.
It is also interesting to look at the modified complex linear superfield given in [13]

which is dual to the chiral model given in (4.6). The model is described by a superfield I'
satisfying the modified complex linear constraint

DT =f. (4.8)

In [13] it was shown that for this model the Goldstino can be embedded into the modified
complex linear superfield as

[=—2A2 (4.9)
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for f2 = -1;. Inserting the ansatz (4.9) into the action gives the kinetic term of the
2K

Goldstino with the correct sign. Since in this case we can write

- 1

Ao =——
V2

we see that it is the physical fermion that becomes the Goldstino as one may expect from

Dgll (4.10)

the duality with the chiral model. Because of the very simple relation between I' and A4 in
this model, one may invert equation (4.9) to express the Samuel-Wess superfield in terms
of I'. Therefore it is possible to use I' as an alternative to A, when one wants to describe
superfield embeddings of the Goldstino in any model.?

As we have seen in our case, at low energy, the only sector of the CNM and the complex
linear models which does not decouple in the broken vacuum is the Goldstino modes inside
Y. We propose that the appropriate IR description for ¥ in the broken vacuum is

YA = DY (AuA“A,) (4.11)

where A, is the Samuel-Wess Goldstino superfield [30].
Let us explain why (4.11) is the correct description in terms of A. First we can see that

D?*%, = 0. (4.12)

Secondly, the Goldstino does not reside in the component Dg¥ | (the physical fermion),
but rather in

Go = Doy (4.13)

which is the previously auxiliary fermion A,. Moreover, we have

(F) = (D?5,]) = —% (4.14)

which also gives the relation to the supersymmetry breaking scale. In addition, notice that
»3 =0. (4.15)

Finally, we can study the free Lagrangian for the complex linear superfield and replace X
with the Goldstino superfield ¥5. We have

_ 4 .
L= —/d49 SaSa = /d49A"AaA°‘Ad (4.16)

with the right hand side being the standard Lagrangian for the Goldstino in the A-superfield
formulation [30]. One might ask whether we could have ¥ equal to D?(A%A?) in the
IR. From the result in (4.16), one can understand that this would not be appropriate to
describe a complex linear Goldstino superfield, since this would lead to a Lagrangian for
the A-superfield with the wrong sign.

*We would like to thank Sergei Kuzenko for discussions on this topic [60].
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We now want to revisit the Lagrangian
_ 1 o
o 4 4n Ha B )
L= —/d 0 X3+ 8fQ/d 0D“¥D,¥D EDBZ (4.17)

for which we know there exists supersymmetry breaking vacua. As we explained, this
Lagrangian is the low energy description in the broken vacuum for both the CNM and the
complex linear models. For this model the Goldstino multiplet in the broken vacuum is
described by > = 3\ with

f=—4r73 (4.18)

Notice that the higher dimension operator becomes proportional to the standard kinetic
term for X = X,

1 45 Mo AfE LS. 1 4 S
8P/d 0D AD YD EADB'EA— 2/d 03A2A (4.19)
similarly to what happens for the chiral model with a supersymmetry breaking superpo-
tential. The important point is that the final Lagrangian contains only the Goldstino and

it has the correct (non-ghost) sign

1 _
L=—3 /d49 YAZA. (4.20)
A simple calculation gives
1
(V) =5 f* (4.21)

therefore we find the same vacuum energy as for the models (2.6) and (2.33).

Now we want to find the superspace equations of motion for the Goldstino superfield
Aq. We may insert the complex linear Goldstino (4.11) in the equations of motion that
arise from Lagrangian (4.17). The equations for 3, will be

6 . — —
Sa = _%Da (DaSADSADLSS) . (4.22)
A manipulation of the right hand side of (4.22) using the properties of the A-superfield
reveals
_ = = 64
D (DgXpADEADY) = ——Pa (4.23)
K

which shows that the equations for ¥ in fact predict that on-shell
YA = Py (4.24)

Equation (4.24) is exactly the equation we had to assume such that we could solve the
superspace equations of motion earlier (see for example (2.23)). Of course (4.22) is not
satisfied by using only the A-superfield properties, but it gives a restriction on A,

D* (A*A*05Aa) =0 (4.25)
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which can be also written as
43 . Ao .
—;; APAG MO 5N + AP Ag AP 5 0770, (APA,) = 0 (4.26)

and represents the superspace equations of motion for the A-superfield. The lowest compo-
nent of the superspace equation (4.26) can be shown to be compatible with the equations
of the Goldstino fermion (the lowest component of A,). Indeed, we may expand the La-
grangian (4.5) in components and perform a variation with respect to A8 | = GP. After we
multiply with G2G? we have

_% GﬁGﬁ 65876-07 + GﬁGg @B(‘;B mpaw (GPG,) =0 (4.27)

and we compare with (4.26) to see that they are identical. This verifies that (4.25) is the
A-superfield equations of motion.

Finally, from equation (2.25), which as we said also gives equations of motion for the
Goldstino, we get

((i)ADQ(i)A — f(i)A) D,Ppr =0 (4.28)

where we have replaced Xy, with ®5 and multiplied with &5 D,®,. Formula (4.28) is not
trivially satisfied just from the properties of ®,, but rather it yields an additional equation
for A. Expanding (4.28) in A gives

A2A208 A, =0 (4.29)

which again implies (4.25).

5 Conclusions

In this work we have studied the properties of non-minimal multiplets as candidates for
the hidden sector of supersymmetry breaking. We have explored the properties of two
key models: the CNM multiplet and the complex linear multiplet with mediation terms.
We have employed superspace higher derivatives, such that the auxiliary field potential
is deformed and the system has acquires new supersymmetry breaking vacuum solutions.
In these vacua, naively auxiliary fermionic fields become propagating and in particular
they become the fermionic Goldstone modes. We have revisited the duality between non-
minimal theories and chiral models and shown that the conventional duality procedure can
not always capture the full dynamics of the theory, especially when auxiliary fields have
become propagating - as happens here. Moreover, we have followed the Noether procedure
for superdiffeomorphisms and we have identified the chiral X superfield which enters the
supercurrent equations. For both models we have shown that in the IR it becomes the chiral
Goldstino superfield Xy . Finally, we have given a description for the Goldstino in terms
of the Samuel-Wess A-superfield, which works both for the CNM and the complex linear
model and therefore offers a universal description, and we have identified the superspace
equations of motion.
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