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Abstract: We determine the effective gravitational couplings in superspace whose components
reproduce the supergravity Higgs effect for the constrained Goldstino multiplet. It reproduces the
known Gravitino sector while constraining the off-shell completion. We show that these couplings
arise by computing them as quantum corrections. This may be useful for phenomenological studies
and model-building. We give an example of its application to multiple Goldstini.
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1. Introduction

The spontaneous breakdown of global supersymmetry generates a massless Goldstino [1,2],
which is well described by the Akulov-Volkov (A-V) effective action [3]. When supersymmetry is
made local, the Gravitino “eats” the Goldstino of the A-V action to become massive: The super-Higgs
mechanism [4,5].

In terms of superfields, the constrained Goldstino multiplet @y, [6-12] is equivalent to the A-V
formulation (see also [13-17]). It is, therefore, natural to extend the description of supergravity with
this multiplet, in superspace, to one that can reproduce the super-Higgs mechanism. In this paper we
address two issues—first we demonstrate how the Gravitino, Goldstino, and multiple Goldstini obtain
a mass. Secondly, by using the Spurion analysis, we write down the most minimal set of new terms in
superspace that incorporate both supergravity and the Goldstino multiplet in order to reproduce the
super-Higgs mechanism of [5,18] at lowest order in Mp.

The usual presentation of the super-Higgs mechanism introduces Goldstino and Gravitino
self-couplings (or mass terms) by hand and shows that the resulting action is consistent under local
supersymmetry [2]. One then applies a shift of the Gravitino to obtain a massive Gravitino action
coupled to matter supercurrents. We review this approach in the Appendix A.

Instead, to obtain additional insight, we take one step back from this and will address the question
of “how” the Gravitino and Goldstino obtain these self-couplings. This approach is strongly analogous
to that of the Higgs mechanism presented by Englert and Brout [19] (see also an excellent review of
these topics [20]). In this approach we start from a classical action that contains only kinetic terms and
current couplings to fields. At this point, both the Gravitino and Goldstino are classically massless.
We then generate all the necessary terms from current correlators, which give the self-energies or
vacuum polarization amplitudes, and then, by resumming this series, obtain propagators.

What is perhaps surprising is that these terms arise from an interplay of the gravitational
cosmological constant that appears in the scalar component of the Anomaly multiplet ®, i.e., (x).
We will refer to (x) as the “Goldstino condensate” as it is the vev around which the scalar term G?
of the Constrained Goldstino mutliplet f®y, fluctuates. If supersysymmetry is broken, ® flows to
%—fCDNL in the Infrared Radiation (IR) [12], with f being the supersymmetry breaking order parameter.
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We then set the gravitational cosmological constant to cancel the F-term of the Goldstino, a prerequisite
for the super-Higgs mechanism. In retrospect this should not be so surprising: in supersymmetry all
coefficients should be promoted to background superfields and this includes the cosmological constant
(more precisely the Goldstino condensate, these being simply related by factors of Mp;). It is therefore
sensible to suspect that the cosmological constant is contained in a chiral superfield. In this paper we
show that the cosmological constant may naturally be contained within the scalar component of ®
which flows in the Infrared to the Goldstino multiplet @y . Furthermore, we show that all the soft
terms associated with the super-Higgs mechanism may be naturally written in terms of superspace
couplings involving ®py..

Furthermore, this approach emphasizes how the Goldstino couples to general matter
supercurrents, both through Goldberger-Treiman type derivative couplings and non-derivative
couplings. We will show how these non-derivative couplings are derived also, as an exchange of
a Gravitino mode between two supercurrents. There are corrections to our results at higher order in
1/ Mp;, equivalent to full nonlinear supergravity, but for most applications including phenomenology
do not concern us. These can of course be derived by computing the higher orders in the quantum
effective action.

Our action may be useful for analyzing Goldstino couplings to U(1)r currents and may
be naturally extended to the use of $** and R* current multiplets [21]. It may also offer an in
principle phenomenological way to determine the correct supercurrent multiplet that describes nature.
Furthermore, this setup allows for straightforward analysis of models with many Goldstini [22] and
with Pseudo-Goldstini [23,24].

In Section 4, we extend the usual presentation of supersymmetric soft masses in superspace [25],
by treating ® . as a Spurion multiplet, to include also terms proportional to the Gravitino mass
mg3 /2. We then show that expanding these terms in components, and including previously well-known
terms associated with the scalar and Gaugino soft masses m3 and 1 /5, reproduces the super-Higgs
mechanism at leading order. While our effective superspace action does not have the full complexity
of supergravity, including complicated expressions involving the Kdhler metric, we gain a simpler
more transparent construction that constrains the off-shell completion. To find these new superspace
terms that we must add, we take suitable couplings of the Goldstino multiplet @y, the supercurrent
multiplet J *% the Graviton multiplet H**, Mp; and a constant term (x), constrained by dimensional
analysis. This is reasonable in a weak field expansion in 1/Mp;. For a theory without matter the
procedure is straightforward. For a theory with matter, to demonstrate the full shift of the super-Higgs
mechanism, the Goldberger-Treiman relation(s) should appear explicitly. These are identified with the
superspace terms proportional to m3 and m /5 [25], and are then accounted for. We then demonstrate
the super-Higgs mechanism with matter supercurrents.

The outline of this paper is as follows: In the next section we will review the constrained
Goldstino multiplet ®y; and its relation to the Ferrara-Zumino (F-Z) [26] supercurrent multiplet
J*. We then compute the quantum corrections in components that reproduces the terms necessary
for the super-Higgs mechanism. Next we promote the component terms to a full superspace effective
action, by coupling the Goldstino multiplet to the supercurrent multiplet and determine that the
superspace formulation of these new terms correctly reproduces the components of the super-Higgs
mechanism. In the Appendix A we include a review of [18], which is the component formulation of
the super-Higgs mechanism. We adopt two-component spinor notation throughout.

2. Nonlinear Susy Coupled to Supergravity

It is well known that in a theory with supersymmetry one can describe the supersymmetric
current in terms of a general supermultiplet J,. As a bosonic completion this multiplet also contains
the R-symmetry and the conformal symmetry currents and satisfies the general relation

deauic - Dtch/ (1)
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where J = —2(75 i JH. The multiplet so formed is called the Ferrara-Zumino supercurrent
multiplet [26], which is a real linear multiplet: D?] = D?] = 0. The multiplet X on the right-hand side
is the Anomaly multiplet. In components the Anomaly multiplet contains the parameters describing
the quantum effects leading to non-conservation of the supersymmetry, R-symmetry and conformal
symmetry currents, supplemented by bosonic degrees of freedom in the form of an auxiliary field in
its scalar component. Therefore

® = x + V20 (x) + 00F(x) @)

where x is an auxiliary field, {, = Ui‘agij and F(x) = 2T + idyj*. If the theory is superconformal,

then ® = 0. The component form of the supercurrent multiplet is given by

. 1 . i I R
Tu = ju+0%(Su+ ga,mamﬁsvﬁ) + Eezayx + 0 (S + 5(6“75Vﬁ(7”ﬁ"‘(7},a7))
i . 2 1 .
— 50 + 008" (2Tuy — S T Z.sw,pga[f)]”]) T 3)

Ju is the R-current, S the supercurrent, T, the stress energy tensor, the vacuum expectation value of
x, denoted (x), is in general non-zero and will play the part of a cosmological constant as shown in
the remainder of the paper. This x may be equivalent to the auxiliary terms found in [27-30] however
from this perspective it appears in the scalar component of .

As discussed in [12] the supercurrent multiplet can also be studied in theories in which
supersymmetry is broken spontaneously. Even though the conserved charge of the global broken
symmetry does not exist, its conserved current and its commutators with the charge do. This allows
one to construct superspace and supermultiplets in the usual way and extends the above formalism
to the non-supersymmetric case. In this scenario, the large distance limit of the chiral superfield X is
identified with the Goldstino, also including the supersymmetry breaking order parameter f, the scale
of supersymmetry breaking. To describe the Goldstino supermultiplet we may start from a lefthanded
chiral superfield D;® = 0 and apply the constraint ®*> = 0. The solution to this equation is given by
the nonlinear Goldstino multiplet [12,31]

2
Dy = ZG—F + /260G + 6°F. @)

The field G* is the Goldstino and F the auxiliary field. In general one must integrate out F,
which may be complicated to do in practice, but will lead as (F) = f + ..., where the ellipses may often
be ignored due to terms with higher derivatives. The above result remains valid for both F-term and
D-term supersymmetry breaking as long as the chiral superfield ® can be constructed.

In this formalism, the term (x) = 3 (G?) is a Goldstino condensate and has been discussed before
in [32,33] (the coefficient appearing here was derived in [12] where in the IR ® — % f®nr). For (x) not
to vanish depends on the details of the supersymmetry breaking mechanism. In fact it is curious that
one may obtain (x) non-zero even when supersymmetry is not broken and f = 0 [34].

The ellipses in Equation (3) may be determined from a shift from y# = x* — i6*g’, 9. Our metric
conventions are mostly minus, 17, = (1, —1, —1, —1). The supersymmetry current algebra is

- - . , 1 .
{Qu Say} = Oy (2T;w +idyjy — l’hwa/\]/\ - Eev;lp)\ap]A) 5)

{Qﬁ/ S;ux} = Ziex\ﬁ(gup)éapf (6)

where the first term of Equation (5) is the conserved symmetric energy tensor and the remaining terms
are Schwinger Terms that vanish in the vacuum. It is straightforward to use the definition of the
Supercharge, Q. = [d®xSY, to relate this expression to the super algebra

{Qu, Q_zic} = Zﬂfap;p ()
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The simplest nonlinear Goldstino superfield ®y; action that breaks supersymmetry
spontaneously is given by

L= / oY, Oy + / POf Dy + / POfD, . @®)

As shown in [12] this action, in the absence of other couplings involving the auxiliary field,
is equivalent to the full A-V action in components

G>G%9°G%9°G2. )

— 112 Gt L A2m2

EAV |f| +18,,G¢7 G+4|f|2G 0°G 16|f|6

Let us for the moment focus on only the first two terms, which comprise the A-V action,

ignoring terms with a higher number of derivatives. The relevant terms in the A-V action are the

supersymmetry breaking term and the Goldstino kinetic terms. The supersymmetry breaking term

—|f|? in the action is a cosmological constant. The minimum of the scalar potential is Vipin = +|f|?

which is positive definite, and we see that global supersymmetry is broken. The supergravity action

will also generate a cosmological constant, but of opposite sign. If these are made to be equal, the overall
cosmological constant vanishes. This will appear shortly.

We introduce the linear supergravity action which provides kinetic terms for the Gravitino.

The supergravity fields are embedded in a real vector superfield. In Wess-Zumino gauge the

components are given by

. . 1 _
+ 192MV —GZM’L + 0%, + 04l ) — 620%A, (10)

where H;, = 4 y A pr hyy is the linear Graviton, 1/1” is the Gravitino and M, A, are auxiliary fields.
The kinetic terms of the supergravity action are given by [31]

1 A o 1 1
— / d*6HV'E,” = — 5 €7 (03" IpPoic — Pady" dptpon) — §|aP,M%‘|2 +3ApAt ()
The ellipses include a linearized Graviton kinetic term. E£Z is defined as
EEZ = D+D*D'Hyy + D:D*DyH] + DTYD*DyHyi — 200407 Hoypt. (12)

This gives a kinetic term for the Graviton and Gravitino, but the remaining fields are auxiliary,
and therefore not dynamical. The auxiliary field A, integrates out to give A, = ]\11—"” + ..., with the
ellipses denoting higher order termsin 1/F and 1/ Mp;. The complex field M, plays a role in generating
a cosmological constant once we weakly couple the supercurrent mutliplet to linear supergravity.

Now that we have introduced the Goldstino and supergravity actions, we would like to couple
the supercurrent multiplet to a linear supergravity muliplet [31]

— [ d*0Tua H* = ——— (1 TV F St — A
gy | PO = g (T St PuS* A

duMHx — Mz, (13)

4Mpl

Also Mp; = M, /87 is the reduced Planck mass. It is useful here to recall that the supersymmetry
current multiplet J** contains at order 67 a contribution from fermionic matter and a term proportional
to the supersymmetry breaking term,

S - anatter + 1\/](0'” Ga SH = Sﬁwtter + iﬂf-“a'ydaGﬂé' (14)
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We remind the reader that at this point, the Gravitino and Goldstino are massless in the
classical action.

3. Super-Higgs as an Effective Action

In this section, we focus on the component formalism and explicitly compute the relevant terms in
the effective action at tree level to realize the super-Higgs mechanism. We shall find that the necessary
terms all arise from couplings to the cosmological constant terms that we introduced in our definition
of the supercurrent multiplet.

Our approach is non-standard within the supergravity literature, in that rather than using the
local supersymmetry transformations, as outlined in the Appendix A, to generate a self-consistent
action, we instead use the approach of evaluating a quantum corrections to a classically massless
action. In Higgs type mechanisms the symmetry breaking is often a result of strong dynamics, in which
case the fundamental quantity to compute is the self-energy from evaluating the vacuum polarization
amplitude. Diagrammatically, at tree level, a single Goldstone mode is exchanged between two gauge
bosons to generate a transverse contribution to the gauge boson’s mass [19,20]. Our approach is
analogous and therefore puts the super-Higgs mechanism on a similarly equal footing to the other
forms of symmetry breaking phenomena. To demonstrate this our principle interest is in the evaluation
of the supercurrent correlator, which may also have interesting applications beyond the scope of
this paper.

All corrections to our approach are higher order in 1/ Mp; and therefore does not necessitate a full
nonlinear analysis, although these corrections may also be generated as higher order corrections to the
quantum effective action.

The starting point is to interpret the classical action as only the massless kinetic terms of the
various fields. All remaining terms will be considered to be interaction terms.

3.1. The Cosmological Constant

First we focus on the overall cosmological constant. This will be found by collecting the relevant
contributions to the vacuum energy density by integrating out the auxiliary fields. Varying the
combination of Equations (11) and (13) with respect to M = d,, M¥ (treating M and M as independent
fields) we find that

3 3
M=-—Z x, M= ————x 15
Ay Ay )

Substituting this result back in the original action, and integrating out A*, gives the terms

3xx 3jujt

Eaux = v V7
16M2, 16032,

(16)

These are the relevant parts of the effective action which describes the MLZ back reaction of the
Pl
supergravity auxiliary fields on matter.

We can see that this mechanism provides a non-vanishing contribution to the vacuum energy
density of the form [27,35]

3 (x) (%)
_ - ]. 7
PVac 16 M%) l (17)

Taking the cosmological constant |f|? from the Goldstino action we may cancel the overall
cosmological constant by setting
3 (x) (1)

2
- ‘f| ’ (18)
16 M3,
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and hence
_ 4

) =%

This unambiguously defines the gravitational cosmological constant contribution to the vacuum
energy as proportional to (x).

It has been shown in [5] that whether one generates a Gravitino mass, or not, depends on whether
these terms cancel, which is related to whether we are in Minkowski background or anti de Sitter space.
We take them to exactly cancel such that the massive Gravitino does appear. Expanding x around its
vev x — (x) 4 dx at this order in Mp, there is a contribution to the Goldstino self-coupling (We are
careful not to write mass as the Goldstino couples to the Gravitino and in the mass basis there is only
a massive Gravitino) coming from Equation (16), this takes the form

Mpyf. (19)

3({x) +3G*)({x) +3G°) _ 3
16M3, 16M3,

[x) (2) + 262 (%) + 2 (1) G2 + (4>2 GG, (o)

Law 2 3 3 3

which therefore arises from coupling to (x) directly.

3.2. The Component Terms

In this section, we will derive the tree level contributions of the effective action and explicitly
demonstrate how the Gravitino mass arises. First, to clarify notation, we define the time ordered
current correlators

(T[Sk(p)SE(—=p)]) = [15G3/2(p?) (21)
(T[S (x)S(0)]) = I1};Ga/a(x?) (22)

which are related by a Fourier Transform. In analogy with gauge theories, these are the linear response
functions or vacuum polarization amplitude of the Gravitino.

Next, considering the classical action to have only massless kinetic terms, and introducing the
linear current to field couplings Equation (13) it is straightforward to see that the effective action
generated from linear supergravity will give

i

L' 5
8M2,

[Gar2(0)¢5 ()i + Ca 2 (0) Py (" )5 (23)

The terms comprise the Gravitino self-energy term (at zero momentum). It may be thought of as
the effect of the matter, more specifically the (x) term, on the gravity sector. The explicit evaluation of
this term is found in the next subsection and demonstrates how the Gravitino self-couplings arise in
this formalism. The result is a shifted pole at

sy — iG3/2(0) _ 3(x) _ f
M, 16M3, v/3Mpy

(24)

where the last equality is found only after cancelling the overall cosmological constant. Without matter,
we already have the relevant terms to achieve the super-Higgs mechanism and the overall action is
locally invariant. One may attempt a geometric sum of mass insertions to obtain the massive Gravitino
propagator found in [18].

Upon inclusion of matter the action is however not yet invariant under local supersymmetry.
For this to happen, it is necessary to generate a term of the form M%DZGIXUE " §§mattter. To obtain this term
we look to compute

, i Y a1 AAp 5
L' @(sg%m)sm + 5D (0)S5), (25)
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these terms comprise the reaction of the Gravitino, back onto the matter sector, where the two point
function is given by (We wish to point out that this is not (¢} (x)y%(y))).

W) = [ Dl . (20

In the zero-momentum limit, the relevant pieces are given by [18]

21% (1" eq wp +iled™), /3) . (27)
3 p —m3,,

v

D ﬁ(p )=

Equivalently, one may instead use the local supersymmetry transformations to find the terms

that must be added to make the action invariant. Finally, collecting the terms, one recovers the
effective contributions

Lese = =i (ma o (07 )b + 1] (0750

2 +12 '
S SEC NN i Nl
3Mplm3/2 3IM lWl3/2
f +f sz G _|_ lf \/E
12Mplm IXD( pmatter 12M%l m3/2
{x)
M,
It is only after we require the vanishing cosmological constant, in the form of Equation (18), that we
. . . f
find the relation mj/, = eI
Finally, we note that the local supersymmetry transformations are also modified by the presence of
a non-vanishing (x), these become

G:i a.ymx S umatter- (28)
3/2

From these we see that the cosmological constant factor

determines the Gravitino mass m3 /5.

OPua = <2Mplayea +l4§\/1> Ouaic€ ) (29)

Taking Equation (28) and also including the Goldberger Trieman relations one then has all the
necessary terms to apply the shifts Equation (36) and obtain the massive Gravitino action coupled to
matter supercurrents Equation (40). However, we will defer this until we have obtained these very
same terms from effective superspace terms, in the next section.

4. The Superspace Terms

In the previous section we demonstrated that certain terms needed for the super-Higgs mechanism
are generated in an effective action that combines linear supergravity and the Goldstino multiplet.
In this section we will promote the effective terms in components to full superspace terms in the
action. One may write the supersymmetry breaking soft masses in superspace [23,25] using a standard
Spurion analysis in which the Goldstino multiplet @y acts as the Spurion multiplet. The sfermion
and Gaugino masses m? and m, are used as coefficients in these superspace terms though they may
be computed from tree [36,37] or loop level diagrams or may be encoded in current correlators when
one addresses the problem of supersymmetry breaking with strong coupling (e.g., [38-41]). These soft
mass terms are reproduced in Equations (37) and (38).

Our contribution is to introduce the additional superspace terms proportional to m3,, and show
that the collection, in components, do indeed satisfy the super-Higgs mechanism. Our starting point
of this superspace effective action is to assume all the relevant pieces of Section 2. In particular we
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also assume the vanishing overall cosmological constant Equation (18). Next we introduce a new term,
we add to the supergravity action

PN Y N T AR BB A 4 = wi\2
7674/51 9( AR DaDyHP¥ D*D* Hyg — 2 (DyDuH™) (30)
which in components gives a Gravitino self-coupling
— i (37295 )tpup + S 2 Bua ()50 ) + . (31)

The second superspace term was introduced to remove terms of the form 2. The ellipses denote
some higher order terms or derivative couplings, which we will ignore. Different off-shell completions
will generate different couplings at this order, including couplings between the Goldstino and the
off-shell supergravity fields, which may be interesting to catalogue but deviate too far from the
present discussion.

Next we introduce the new superspace term

9 [ o4y [ M32PNL md @\ Jaa T
784/d 9( f + ft 2 (32)

which introduces the Goldstino couplings

(G“ Onit ymatter + G_écﬁymxszxymatter) - 7773/2@@@& — ﬂ”l;/zGaG“. (33)

i

2\/61\71131
There are also some higher order terms, mostly suppressed by higher ordersin 1/F.
Collecting the relevant terms, one obtains

1 _ . - v =p
L= _Eeyww(lpwx aplpmx l/Jya(T{,mapl/Jm) —1 (mB/ZI/J]O; (va)glpvﬁ + mg/zllﬂya((fw)giﬁg)

1 =i = ; JER
+ W(G“Ui‘dszmatter + Gaa'y“aszxymatter) - m3/2Gl¥ G‘X - m;/ZGaGa
Pl
1 ) . 1. )
3 ——=— (1 S* + P S*) + sz”‘Uﬂ’f&ayG”‘ + 51Ga0"*0, Go + .. (34)

4.1. The Case of No Matter

We consider first the case of vanishing matter contributions, st

wmatter = 0. The component
Lagrangian Equation (34) reduces to

1 i . . v - f
L= _2€WW(¢W 000 Pos — Pualy dptPoa) — i <m3/21/7ﬁ(‘7w)5¢vﬁ + m§/z%a(f7’”)§¢5)

(FI/J“ M Ga +F+l[J ,J((_TMGK)

ymx

Pl

1 _. _ )
+ EiG”‘Ui’aayG“ + Eicarfmaﬂca + ... (35)

In this case, we can realize the super-Higgs mechanism by applying the shifts [42]

i - 29,G o i 29,G%
Fra = Y~ O G - \@7’; , ¥ =¢ﬁ—\@oﬁ,‘“6a—\f3;ﬁ, (36)
2

3
2
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then one reproduces

1 . _ g
L= —Ze%vm(‘}faavma ‘I’ ‘I’WU“ 0 Yoa) — i <m3/2‘P;';(gF‘V)§‘I’Vﬁ + m}:/z‘I’M(aW)g‘YE)

the Lagrangian of a massive Gravitino Weyl spinor ¥73.

4.2. Coupling to Matter

To couple the massive Gravitino to the matter supercurrent requires that all components of the shift
of Equation (36) couple to the matter supercurrent. After integration by parts, one of these shifted terms
is the Goldberger-Treiman relation. These terms are the most useful for phenomenology [43]. In the
superspace formalism, the Goldberger-Treiman terms appear in components in their non-derivative
form [23,25] from superspace terms such as

/d2 0", W"‘Wa+/d29 A<1> t WeWi (37)
and
49 3 or t
/d SCL L (38)

where @ represents some generic matter chiral superfield and W* is the superfield strength tensor.
m, and my are the soft supersymmetry breaking masses of Gauginos and scalars. Expanding out
these terms in superspace, first give the soft breaking mass terms and at linear order in the Goldstino,
give the Golberger Treiman relations. After collecting the components and use of the equation of
motion, this will supply
GlX
foaHSZmatter \f f+ H‘anaatter
Including these terms with the action given by Equation (34) and applying the shifts of
Equation (36) we find

(39)

£ = 5" (¥000adp s — a9 ¥ou) — i <m3 2 (VB g + /ZTW-C(O'VV)g‘PE)

+

ZMPI (‘Yﬁ(SZ)matter + ITI;ui((Swjt)matter) + ... (40)

The Lagrangian of a Majorana fermion coupled to matter.

We note here that the coefficients of the superspace terms added above are chosen by hand to
ensure detailed cancellations. They are therefore not fixed and should be understood as coming from
a higher energy completion. These terms should therefore be fixed by a string theory completion at
the Planck scale, and we understood the above action as an effective low energy description of this
completion. What the detailed high energy completion is we leave to further work.

5. Applications

In this section, we wish to demonstrate some of the uses that an effective action of the super-Higgs
mechanism in superspace may have. To demonstrate this we first write down the effective action
which, in components, will reproduce the linearized action that correctly describes the theory of
multiple Goldstini [22].

Goldstini

As a simple application, we would like to write an action whose components naturally reproduce
the effect of multiple supersymmetry breaking sectors, and hence, multiple Goldstini. We use an index
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i running from 1 to N, to label the supersymmetry breaking sectors, with F; F-terms and ®; chiral
superfields. This is the interaction basis #;. The mass basis we will label {G, {,}. We define the

chiral superfields
e

Ding = ﬁ

+V201; + 6°F; (41)

from which the components of the supercurrent may be found
ztotal = S:(tmatter + Zz\fF v ,xﬁﬂz ymatter + l\ffeff “ﬁGﬂ (42)

It is straightforward to see that the uneaten Goldstino do not appear in the supercurrent, which is
a simple application of

En? ; (43)
feffz 17;

where f ezf £ is the sum of the f2. We now introduce the N Goldstino multiplet Lagrangian

(/d 9¢,NLXZNL+/d29f,.+q>iNL+/dzéf,»op}m). (44)

The current supermultiplet to supergravity coupling is modified

1
e —~ u ) ) LT 7.
v /d O aH™ 3 = o 3,M L (3 -+ () 4Mpla MY (% + (%)) (45)

i

which after integrating out 9, M¥, using x; = 372 and setting C = ¥; (x;), which is sum of all possible
contributions, therefore leads to

3(%i 37 +C)(¥; 377 +C)
16M3,

el
= L7 +ms o) + 1 +Z3M2 ni (46)

which are the uneaten Goldstini masses and a contribution to the Goldstino self-coupling. Once the
overall cosmological constant is assumed to vanish C = \% feffMpl, this sets m3,, = C/ 4]\7[1231 =

ferf/ V/3Mp;. this also fixes the masses of the other ; Goldstini which are proportional to C (and not
on their respective F; as one might naively think from an effective theory approach). It is the vanishing
of the overall cosmological constant that sets m, = 2mj3,, (the factor of 2 arising as the Goldstini
above are two-component spinors that make a Majorana fermion): this seems to be the most intuitive
argument for the Goldstini mass formula.

Let us now compute the effective action. In fact no new computation is necessary: After applying
Equation (42) will reproduce exactly the same terms as found in Equation (28). Importantly, the uneaten
Goldstini do not appear.

It is interesting to ask what may be learned about multiple Goldstini coupling to supersymmetric
standard model matter. The Goldstini obey analogue Goldberger-Treiman type couplings from
a natural extension of Equations (37) and (38) and these have already been explored [22]. However,
interestingly the Goldstino to matter coupling of the form % (T” Sﬁ
Goldstino G, and not for the Goldstini.

It is also interesting to consider locating different supersymmetry breaking sectors, and therefore
different ®y;, in spatially separated regions of a higher dimensional space, such as on different
“branes”. If there were different values for the condensate in these different regions then at leading
order at least, one may be able to achieve a splitting between the Goldstini masses: we leave this for
future research.

/Mp; only appears for the true
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6. Discussion

In this paper, we attempted to derive an effective action, in superspace, that manifestly respects
global supersymmetry and whose components reproduce the super-Higgs mechanism. The coefficients
of these superspace terms appear to be chosen by hand to reproduce the necessary components but
we demonstrated that these coefficients arise from explicitly computing the quantum corrections in
components. After using this choice of coefficients, the components respect the necessary modified
local supersymmetry transformations. It is perhaps unfortunate that local supersymmetry does not
seem to fix the coefficients at the level of superfields but suggest that we should interpret our action as
an effective one, in any case.

Still we think this setup is useful as it achieves the super-Higgs mechanism of the Goldstino
multiplet and more interestingly, through the use of the supercurrent multiplet. Additionally, we have
outlined how an effective action may be written that reproduces the results of multiple Goldstini [22].

There is much interest in the literature on the constrained Goldstino superfield. In [44]
a supergravity setup is explored which leads to an explicit solution to the nilpotent Goldstino
superfield constraint ®> = 0. A similar result in the context of A = 2 supergravity is investigated
in [45], where the constrained linear superfield approach allows for de Sitter vacua in these models
(this general approach is reviewed in [46]). These investigations led to the discovery of new nilpotent
superfields in supergravity models, which are still a subject of active research [47]. More recently,
constrained superfields have been used in models of Goldstone boson inflation [48]. There is no doubt
that the field of constrained Goldstone superfields is an active research direction, and one that will
yield many new surprises in the future.
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Appendix A. The Super-Higgs Mechanism: A Review

In this section, we review the super-Higgs mechanism following closely the appendix of [18].
We choose to review this appendix for two principle reasons: first it makes apparent the importance of
couplings to the supercurrent Sj, for example the term Equation (A12), and secondly because we wish
to connect the above work directly with phenomenology and observation.

In two-component spinor notation, if supersymmetry is broken by an F-term vacuum expectation
value, then the Goldstino must transform as Jcx = V2Fe and 6. X = V2Fte where (€,€) are
supersymmetry transformation parameters and /2 is a convention. Treating supersymmetry as
a global symmetry, Noether’s theorem leads to a conserved supercurrent

6L = (9,€"%)Sh + (9,64) 5" = 0. (A1)
Integrating by parts one finds the variation of the action
58 = — / dx [ (2,54 +e(@,8)| =o0. (A2)

The action may be determined

| XT X QL
Ser = / d*x [\@Faysm ﬁ“F +ays#‘"} . (A3)
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This gives the familiar Goldberger-Treiman relation and a kinetic term for the Goldstino.
The supercurrent should contain general matter contributions and a term proportional to the vev:
SZ = SZmatter + i\fZPO’alZ&X’j‘ 4 S_’m = S_;aatter + i\fzp-ra"u&axﬂ' (A4)

Invariance of the action under supersymmetry transformations implies the canonically normalized
Goldstino kinetic terms

%i)(“%fl@yx“ + %iXaﬁW“ayxa, (A5)
these being related to each other by an integration by parts. The reader can verify that varying
the above kinetic contribution with respect to x* and x* independently will lead to the constraints
0,5 = 0and 9,5"* = 0, as required in Equation (A2), thus avoiding double counting the kinetic
terms as would result by substituting Equation (A4) in Equation (A3) directly.

We now introduce the Gravitino

1 P
Skin = ) /d4xew‘w(¢ﬁ0’vaaap¢3 - lﬁyaﬁﬁ“ap%a) (A6)

and consider weakly gauging gravity by the introduction of a Gravitino that couples to the supercurrent

1 o
4
Sinet = / e [Pk + S (A7)

This term naturally leads to

iF oo GFY
— P00 X+ == P X, A8
\/EMPI % sz \/EMPI lleX Xa ( )
Additionally, one must introduce the term
S R gk o o
Sz = [ @ TS+ RS, (A9)

to obtain
2Ft 2F

\/gMPlX Xa — mX&X
which is the first source of what will later become the Gravitino mass of the super-Higgs mechanism.
There is also a contribution from coupling directly to the cosmological constant to give the overall mass

& (A10)

1+ 1 I &
- =Y - - =Y — = X & X . All
\@Mplx A \/gMpl AiX ( )

In addition, it generates a non-derivative coupling between the Goldstino and the supercurrent

i i i iy
m%aaga(si)matter + mxagga<si)matter- (A12)

In [18], it was commented that it may seem surprising to add this new term Equation (A12),
but that there is no contradiction as this new term vanishes when Mp; — c. It is, therefore, interesting
to see that it arises quite naturally after one computes the effective action Equation (23) or instead
from Equation (32).
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To preserve local supersymmetry invariance under the modified [5] transformations

SPue = —Mp <2ayea + im%ayme“) (A13)
V2Fe, (A14)

OXu

one must add a Gravitino self-coupling term

Sm3/2 = —i / d*x (m3/21p]oj ((Tw/)glpvﬁ + m§/2lpya(5w)%l/_15) ’ (A15)
provided that
F
m = —. Al6
3/2 \/gMpl ( )

Gathering all the terms together the overall Lagrangian is therefore

1 . _ ) ) Y
£ = =" (Pounadp — Fuadt dptpon) — i (a2 (0" )itpug + b o @) 5

x"‘ay X+ Xocayo' Xa — F+_ X“XM*L-XQX&
2 2 V3Mp V/3Mp

1 M —éé(s

+ mlam?( (S_ )matter

1

4+ ———1

1) matter 2/6Mp, x'o,
irt

iF
lP;wAT “Xa
V2Mp;

S

fM

1 _ ,
+ m(lpﬁ(sg)mmer + P (S" ) matter)

X" Xi
\/i a# amatter \[0;:..1.8 Sﬁféatter (A17)
The super-Higgs mechanism is realized by applying the shift
Y — L ~-“—\Fla (A18)
e l/«’;wc \/g nai X 3 g uXa
\T[ﬂ'( Tk i —zxa 21 d i A19
w7 le—%yXa— 51173'#% (A19)
2

so that the Gravitino eats the Goldstino degrees of freedom and the Lagrangian becomes that of the
massive Gravitino coupled to matter

1 _ g
L= =€ (0001 ¥ — ¥t 9p¥oa) — i (a2 ¥ (0¥ g + 3 )y ¥ (0)5HY)

_|_

2Mp; (Ta (S )matter + ‘Pya (SV )matter ), (A20)
with the Gravitino now carrying the right degrees of freedom for the self-interaction term to be correctly
identified with the Gravitino mass.

This review of the super-Higgs mechanism generates the same Lagrangian as that of
Deser-Zumino [5], which is a combination of the A-V action [3] plus linear supergravity, with one
addition: In their paper they additionally comment on the two cosmological constants —f;e + ce,
which are set to cancel. where e = det(ej;) and ¢f, is the Vielbein of the Graviton. In this review and

in [18] this is implicitly assumed.
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Appendix B. Computing the Current Correlator

Here we demonstrate the evaluation of the time ordered current correlator appearing in
Equation (23)
(T[Sk(x)S(0)]) - (A21)

We wish to write this correlator in terms of the super algebra. To do this we take first the definition
(TISk(x)Sp(W)) = 0(x" — y°) (Sk(x)Sp(y)) — 0(y° — x°) (S(v)Sk(x)), (A22)

where 8(x° — °) is the Heaviside function and the minus sign between the two terms on the right-hand
side is standard for fermionic operators. Using the standard manipulation

Oy (T[Sk (x)Sp(y)]) = 6(x° —y°) ({S2(x), Sp(W)}) + (T[PxS (1)K ()]) (A23)
and then integrating by parts
= Y0, (T[S (x)Sp(y)]) = (9uy®) (TISk (x)S(w)]) (A24)

with y* as a four-vector, one obtains
(TSR (x)SE(W)]) = —v* (5(x0 —y°) ({8 (x), Sp(w)}) + <T[9;¢S§(X)Si(y)]>) : (A25)

Using 9,,S* = 0 to remove the second term then [ d®xS)(x) = Q, gives

/d4X<T[5§(x)5E(y)]> ==y {Qu,Sp(y)}) - (A26)

Inserting
{Qp, Syn} = 2i€rp(03p)ad° (A27)

integrating by parts, we find

[ @i (T[S () B W) = (@) 2iea (@03 (A28)

Thus, we see that the constant (x) will contribute to the current correlator. We mention that if one
instead evaluates the sum rule for {Q;, sk (x)} then one may show the massless Goldstino pole [2,49].
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