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1 Introduction

One universal prediction of spontaneous breaking of rigid supersymmetry is a massless
Weyl fermion, the Goldstino G,. In supergravity the Goldstino is eaten by the gravitino
and becomes massive. This effect is negligible when the SUSY breaking scale f is much
smaller than Ml%. In that case the low-energy couplings of the gravitino are dominated by
its Goldstino component and can be analyzed in the rigid limit.

Despite an extensive literature on Goldstino couplings, e.g. [1-21], a simple and trans-
parent presentation of the subject is still lacking. In particular, many couplings of Gold-
stinos to Goldstinos and of Goldstino to matter particles are known. However, some terms



are not easily found using the known methods and it is not always clear how to identify
the leading order terms and their corrections. Also, some of the computations exhibit
miraculous cancelations and lead to simple results whose origin is not obvious.

For example, if a certain theory breaks SUSY and has only the Goldstino at low
energies the Lagrangian at very low energies should of course be

L=—f*+i0,G5"G + -, (1.1)

where the ellipses stand for terms with more derivatives and more fermions. Some of these
terms are described by the Akulov-Volkov (AV) Lagrangian [1]. But there are also higher
order corrections which we would like to identify.

When a global symmetry is spontaneously broken the corresponding conserved charge
does not exist because its correlation functions are IR divergent. However, the conserved
current and even commutators with the conserved charge do exist. Therefore, although the
one particle states are not in linear representations of the symmetry, the local operators are.
The same is true when supersymmetry is spontaneously broken in infinite volume. (When
supersymmetry is spontaneously broken in finite volume even the supercharge exists.) The
supercharge (), does not exist but the supercurrent and the (anti)commutators with @,
exist. This means that operators reside in supermultiplets and we can construct superspace
and superfields.

Here we will use this well known observation to give a new superspace description of
Goldstinos and matter fields. We will start in section 2 by reviewing the supersymmetry
current and its supermultiplet. This is the Ferrara-Zumino (FZ) multiplet J,4 [22] which
satisfies the conservation equation

D" Joe = Du X , (1.2)

where X is a chiral superfield. Studying a general theory with broken supersymmetry,
we identify the IR limit of this X as proportional to the Goldstino superfield. Hence the
microscopic operator X includes both the order parameter for supersymmetry breaking
and the Goldstino with a canonical normalization. At low energies X satisfies X2 = 0.
This leads us to consider the nonlinear Goldstino superfield Xy, as an ordinary chiral
superfield constrained to satisfy

X% =0. (1.3)

Its lowest component is proportional to G?. It is important that this description of the
Goldstinos and their superfields allows us to compute the IR behavior of correlation func-
tions of X in any theory with broken supersymmetry.

In section 3 we write Lagrangians for Xyp,. We identify the AV Lagrangian as the
leading Lagrangian with an appropriate scaling and discuss the higher order corrections.
We demonstrate our formalism in a particular example based on a simple theory of super-
symmetry breaking with a single chiral superfield.

In section 4 we study couplings of the Goldstino to superfields. This discussion is
relevant at energies below +/f but above the masses of the superpartners. Here we identify



Xni, with the known spurion, thereby establishing the existence of a spurion field in all
SUSY-breaking models, including strongly coupled ones.

Section 5 describes the Goldstino couplings at very low energies, below the masses of the
superpartners. We consider couplings to light fermions, light gauge fields and light scalars
(including Goldstone bosons of global symmetries). We embed these fields in superfields
and impose constraints which remove the massive degrees of freedom. The scalar from a
chiral superfields @, which we often refer to as a squark (but it could also be any other
sfermion), is removed by imposing

XNL@nL =0 . (1.4)
Fermions (e.g. Higgsinos) from chiral superfields H are removed by imposing
X~ Hnt, = chiral . (1.5)
If we want to leave only a real scalar out of a chiral superfield A we impose
Xnp(Ane — Axp) =0 (1.6)

Such fields can be used to describe Goldstone bosons of broken continuous symmetries or
axions. Under the broken symmetry, Ay, transforms inhomogeneously as Any, — AnL + @
where « is a real transformation parameter. Note that this transformation is consistent
with (1.6). We can also exponentiate Ayy, to find a superfield Ryy, = eMANL with charge
one. Then

XNL(RNLRNL — 1) =0 (1.7)

Gauge fields are a bit more subtle. It is well known that supersymmetric gauge the-
ories are invariant under the gauge symmetry V — V 4+ Q + Q with chiral €. This sym-
metry is larger than that of non-supersymmetric theories. So if we want to describe a
non-supersymmetric gauge theory using vector superfields, we need to restrict the gauge
symmetry to that of the non-supersymmetric theory. Normally, this is achieved by choosing
the Wess-Zumino gauge. In our framework it is the gauge choice

XnWnp, =0 (1.8)
The remaining gauge freedom Var, — Vi, + Oni + O, is characterized by
Xnp (OnL +Onp) =0 (1.9)

Then, if charged matter fields are present and we embed them in superfields like Qnr,,
Hnt, or Ryr, we can assign to them gauge transformation laws by multiplication by e~
In addition, if the gauginos are massive we need to eliminate them. This is achieved by
imposing

XNLWNLa =0 . (1.10)

These constraints have an analogy in pion physics, although it is not usually discussed.
For instance, consider the situation of global symmetry breaking of SO(3) to SO(2). We



can describe the Goldstone bosons by a 3 vector 7i constrained to satisfy 7 -7 = 1. This is
analogous to our Xyp, with the constraint XI%L = 0. Then, using 7 we can describe other
low energy excitations by making them satisfy certain relations. For example, we can have
a three vector of fermions ¢ in the 3 of SO(3). Because of the symmetry breaking, it breaks
into a neutral fermion ¢y = 7 - J and two charged ones which can be described by the
components of 1/7 subject to 7 - J = 0. In other words, 7 allows us to write SO(3) invariant
expressions even when this symmetry is spontaneously broken. Clearly, this is analogous
to our various constraints on the superfields (1.3)—(1.10).

In section 5 we also use our formalism to present explicit component terms involving
Goldstinos and matter fields. Here we easily reproduce many known results and derive new
ones.

In several appendices we present some more technical details.

2 The supercurrent multiplet and spontaneous SUSY breaking

2.1 The supercurrent multiplet

We start this section with a review of the Ferrara-Zumino (FZ) multiplet [22]. It is a
Lorentz vector, real superfield J, which includes the supersymmetry current S, the
energy-momentum tensor 7}, and an R-current j,. (The R-current is not necessarily
conserved.) It satisfies the conservation equation!

D" Joe = Do X , (2.1)

with X some chiral superfield.
Solving (2.1) is straightforward

. o 1 — 7 ¢ 1 &8/ a —
T = Ju+0 (Sua + g(auapsp)a> +0a <Su + 56 B(Spapau)5>
_ 9 1 ; -
+(0570) <2Tw — ST~ Zewpaa[”jo]> + 3920,@ - %eQaMx T
Ty = 0"Spa =0, Ty =Ty . (2.2)

The ellipses represent terms with more #s. They are determined by the lower order
terms (2.2). The last line represents the known conservation equations and the fact that
the energy momentum tensor is symmetric. In terms of these fields the chiral superfield
X is

X = z(y) + V204 (y) + 6°F(y),

V2, 2. o
Yo = ?UZaSua F =T + 195", (2.3)
'For any vector £,,,
los = —20" 0, l, = iaf}a -



where we follow the conventions of [23] with
y* = 2" 4+ ifa"0 . (2.4)

Using these expressions we can derive the SUSY variations of the supercurrent

— y . o a 1 -
{Q37Sua} =0, <2Tuv A Zeyupo—@[”] }> ,

{Qp, Spa} = 2iers (0,p)0 O°F (2.5)

We remark that the solution of (2.1) is not unique. If a pair (7, X) satisfies the equation,
so does the shifted pair

(ju +i0,(Y - V), X — %ﬁ?) : (2.6)

This transformation does not change the charges but it affects the improvement terms of
the supercurrent and the energy momentum tensor.

In a superconformal theory X = 0 and therefore we get
T=0, it =0, 1S 0 =0 . (2.7)

Interestingly, the supercurrent multiplet requires the existence of an operator z. The
need for this operator follows from (2.5), as a supersymmetry transform of the supercurrent
(even though, as a Schwinger term, it does not affect the algebra of charges). Thus, z is a
well defined operator in the UV, which can be expressed in terms of the elementary degrees
of freedom.

As an example, a general sigma model
5= / dOK (3, + / d20W (97 + / d20W (3 (2.8)

leads to

T~ F

Toi = ~505(DaT) (Do) +i5 (0K ai® — HK 00T ) + i (¥ (®) — V()

3
= 245 (Da®) (D) — 2[Da, Dal K + ilaa (¥ (®) = V()
X =AW — %ﬁQK - %ﬁy@) . (2.9)

This expression has already been given in [24]. Note that we have included an arbitrary
holomorphic function Y (®) corresponding to the ambiguity (2.6). Here it is identified with
the freedom in Kéahler transformations

K_>K+2(Y +Y) . (2.10)

This ambiguity plays a central role in [25].



2.2 SUSY breaking

As we emphasized in the introduction, the multiplets J,s and X can be used even when
SUSY is spontaneously broken. These operators are well defined and can be followed
consistently along the RG flow down to the deep IR. Let us demonstrate it in a trivial
example — a free theory which exhibits SUSY breaking. Its Lagrangian is

L=, 0+ ([ +cc) . (2.11)

The chiral superfield
® = d(y) + V2004 (y) + 07 Fy(y) (2.12)

includes the free fermion (1)4), which we identify as the Goldstino G,. Using (2.9)

2 — 2= _
Joa = i3 (P0aa® — POaa®) — 3Da®Da®,
X = g o . (2.13)

Therefore, we see that the operator X is proportional to the superfield .

More generally, standard arguments about symmetry breaking show that when super-
symmetry is spontaneously broken, the low-energy supercurrent is expressed in terms of
the massless Goldstino G, as

Spa = V2f0u0aG + f(0)20" Gy + -+, (2.14)

with some constants f and f’. Note that the term with f’ is an improvement term
(associated with the ambiguity (2.6)) and therefore can be ignored. We see that the spin
(1, %) component of the supercurrent essentially decouples from the low-energy physics,
while the (0, %) representation is proportional to the Goldstino field. We conclude that as
in the trivial example (2.13), at long distances the § component of X, which is the spin %

projection of the supercurrent (2.3), is the Goldstino
XNL|ga = V2Ga, (2.15)

where, for reasons which will soon be obvious, we denote the long distance expression of
%X as XNL-

In the trivial example (2.13) the lowest component = of the superfield X is propor-
tional to the free scalar ¢. In general, the low-energy Goldstino is not accompanied by a
massless scalar. Then, the bosonic operator x cannot create a one particle state. Instead,
the simplest bosonic state it can create is constructed out of two Goldstinos. When super-
symmetry is broken in finite volume the states in the Hilbert space are in supersymmetry
multiplets. Then, the supersymmetric partner of a one Goldstino state QL|O> is a “two
Goldstino state” QIQQO) At infinite volume the supercharge does not exist and the zero
momentum Goldstino state is not normalizable. However, the finite volume intuition is still
valid. The operator 14 creates a one Goldstino state and its superpartner ¢ ~ x creates a
two Goldstino state.



More explicitly, denoting the first component of Xy, by @nr, the supersymmetry
transformations are

[£Q., xx1] = V26, [€Q,an] =0,
€Q, Go] = V2, F, € Q,Ga] = ivV20" E 8, an1.,
[gQa F] = 0’ [_ aa F] = iﬂgdﬁﬂdaaﬂGa . (216)

This fixes ony, = % up to an uninteresting additive constant. We conclude that

2
XnL = f—F +V20G + 6*F , (2.17)

where all the fields are functions of y* (2.4). Clearly, (2.17) satisfies the interesting opera-
tor identity
X% =0. (2.18)

The expression for Xy, can also be written as

9 G
X1, = FO“, @_6+\/§F’ (2.19)

where again, all the fields are functions of y#. This makes it obvious that X%, = 0.
The combination © = 6 + % is reminiscent of expressions found in the literature on
nonlinear realizations (for a summary of the various approaches see [8]), except that we
have an independent auxiliary field F' rather than its vev f.

We conclude that the Goldstino always resides in a chiral superfield Xnt, which satisfies
XI%L = 0. Furthermore, this chiral superfield is the IR limit of the microscopic superfield
X. Surprisingly, this result is true both for F-term and for D-term breaking because it
relies only on the existence of the chiral operator X .2 Thus, our discussion is applicable in
all the models of dynamical SUSY breaking.

Several authors have also included the Goldstino field in superfields. Samuel and
Wess [8] studied various superfields which are not chiral (they are roughly D, Xnr,). Rocek
considered a chiral superfield similar to our Xy, except that it satisfies another equation
XNLﬁQYNL = 4f XN [4]. This equation eliminates the 62 component of Xy, which we
prefer not to do. We will later see that in some cases this equation arises as an equation of
motion. Finally Lindstrom and Rocek described the Goldstino in a vector superfield [5].

It is instructive to compare the situation here with the theory of ordinary Goldstone
bosons like pions. Clearly, the decay constant f here is analogous to the decay constant
fr of pion physics. Both of them are well defined. However, in pion physics the order
parameter (¢)) for chiral symmetry breaking does not have a universal definition with a
precise normalization (it suffers from wave function normalization). In our case the order
parameter for supersymmetry breaking is the energy momentum tensor which resides in the

2The only exception is the situation with pure D-term breaking which occurs when a tree-level FI-term
is present for an unbroken U(1) gauge theory. In this case the operator X is not gauge invariant [25] and
we do not discuss it here. However, our discussion does apply in the Higgs phase of the FI-model in which
the low energy limit of X is gauge invariant.



same multiplet as the supersymmetry current and hence it has a well defined normalization.
Therefore, our X is completely well defined. Correspondingly, the operator 1 of pion
physics acts as an interpolating field for pions, but its normalization is not meaningful.
In our case X is used both as an order parameter for supersymmetry breaking and as an
interpolating field for Goldstinos with well defined normalization.

The analogy with pion physics also clarifies the meaning of our constraint (2.18). It
arises from removing the massless scalar in X. This is analogous to describing pion physics
by starting with a linear sigma model with a sigma field. Removing the sigma field is
implemented by imposing a constraint of the field UUT = 1 which is analogous to our
X% =0.

Finally, we would like to comment about another application of our identification of X
in the low-energy theory. In every microscopic theory we can identify X in the ultraviolet
using (2.1). Then (2.17) describes its low-energy limit. We can therefore calculate, for
example, correlation functions of x at large separations even in strongly coupled models
which break supersymmetry. We see that also “incalculable” models of SUSY breaking
(like the SU(5) theory of [26] or the SO(10) theory of [27]) have a solvable sector at
long distances. The operator x interpolates between the vacuum and a state with two
Goldstinos, with a universal normalization. This is because at long distances the leading

behavior of x is proportional to that of G2. Therefore,
fim (a(e)2(0)) = (7) (220)
im (x(r)z =|-—| — .
|r|—o0 32 ’I"G ’

which is independent of the details of the microscopic theory and its coupling constants.
In a similar fashion we can calculate the long distance limit of any correlation function of
x and 7.

3 Lagrangians for Xy,

3.1 General analysis

Now we will use Xni, to write supersymmetric effective Lagrangians. We start without
including derivatives. Then the most general supersymmetric Lagrangian (without deriva-
tives) subject to the constraint XZ; = 0 is

L= /d4(9XNL7NL+/dQGfXNL—i-/dQEfYNL, (31)

where without loss of generality we take f to be real. This looks like the trivial exam-
ple (2.11) except that the superfield is constrained. This difference removes the massless
scalar field and introduces nonlinearities.

More explicitly, the constraint can be solved as (2.17)

GQ
XyL =5+ V20G + 6°F . (3.2)



Substituting this in (3.1), we derive the component Lagrangian

e 5 [ G?
L =1id, Ga“G—l—FF—i——@ oF + (fF +cc.) . (3.3)

The equations of motion of the auxiliary fields F, F are

ral 2
F+f—£L¥<G>::m
2F

2F
_ 2 (G
F+f—2F28 <2F> =0. (3.4)
They are solved by
a
Fe_—fl14 242 _ 272 52 2 927
f< fﬁG 16f8GG6G6G
= f1+gﬁa———@aywya (3.5)
Afa 168 ' '
Upon substituting this solution back in (3.3) we find
_ 1 —o
_ 2 g ep L A20242 272 522 527
Lav f*+1i0,Go G+4f2G6G 16f6GG8G6G (3.6)

This is equivalent to the Akulov-Volkov Lagrangian [1]. We conclude that (3.1) is a simple
description of the AV Lagrangian.

What is the equation of motion which follows from (3.1)7? To answer this question we
add a superpotential term 1)\X 21 to (3.1) in order to implement the constraint where A
is a Lagrange multiplier chiral superfield. Now the equations of motion are X%; = 0 and
1D XN = MXnr1, + f. The first is our constraint and the second determines G and F.
However, if we multiply the second equation by Xyr, and use the constraint, we derive

_2_
XNLD™ XN = 4f XN - (3.7)

This equation contains less information than the full equation of motion. It determines F
but does not determine GG. One way to think about it, is as the variation equation of the
Lagrangian (3.1) under XNy, = xXnr, with an infinitesimal chiral superfield y.

Rocek used (3.7) to constrain his Goldstino superfield [4]. We see that our formalism
leads to this equation as a consequence of the equation of motion. However, it is important
to stress that once we include corrections to (3.1), or terms with additional fields (see
below), the equations of motion are modified and (3.7) no longer holds. Therefore, for the
minimal theory our on shell description coincides with that of [4]. When various corrections
are added both descriptions are valid but they differ by field redefinitions.

It is again instructive to compare this discussion with the theory of pions. The the-
ory (3.1) appears free but the constraint makes it nonlinear. This is similar to the leading
order Lagrangian for pions which is not free only because the field U is constrained to
be unitary.



Both theories (3.1) and the leading order pion Lagrangian are subject to higher deriva-
tive corrections. In the case of pions the leading order term has two derivatives and the
corrections are suppressed by additional derivatives divided by powers of some high scale,
e.g. fr. Clearly, this cannot be so simple in our case. The Lagrangian (3.6) includes terms
with different numbers of derivatives and various factors of f. The reason for this is as fol-
lows. Since pions represent the breaking of a global symmetry, it is natural to assign them
the same dimension as the corresponding transformation parameter; i.e. dimension zero.
In our case the transformation parameter of supersymmetry has dimension —%. Hence it
is more natural to assign scaling S = —% to G, which differs from its canonical dimen-
sion. Equivalently, in the case of pions the natural field is the dimensionless field 7/ f,
and in our case the natural field is the dimension —% field G/f. In terms of superfields,
this means that we should assign S(Xnp,) = —1. Consequently, a term with k& derivatives
and [ fermions, has scaling S = k — % The leading order Lagrangian (3.1) or (3.6) has
S = 0. Its corrections which have more derivatives have higher values of S. A related
scaling assignment was discussed in [13, 28].

We should make an important comment about the possible corrections to the leading
order Lagrangian (3.1). Obviously, we can restrict the various correction terms by using
integration by parts and the constraint XI%L = 0. For example, this allows us to absorb
f dQGXNLE2YNL in the normalization of Xyp, and the value of f. A bit less trivial is
the freedom in performing field redefinitions. We can redefine Xyp, while preserving the
constraint e.g. Xn1, — Xn1, + Y X~ where x is a chiral superfield.> As an example, this
allows us to remove S = 0 terms like

/ Xy, XD X, - (3.8)

The equation (3.7) allows us to simplify the analysis of such field redefinitions. For example,

using (3.7) the operator (3.8) is easily seen to be redundant. In fact, it is easy to show

that (3.1) are the only S = 0 terms. The proof of this fact is presented in appendix A.
Higher order corrections terms like the S = 2 term

/ 4010 Xy 2 (3.9)

are suppressed by additional powers of higher scales. These could be either /f or perhaps
other scales. In the next subsection we will consider an explicit example where the opera-
tor (3.9) is suppressed by powers of a scale which is lower than /f. It is important that
such high order corrections lead to terms with either more derivatives or more fermions
than the leading order Lagrangian (3.1).

A curious property of the AV Lagrangian is that it has an accidental R-symmetry
under which Xyr, has charge 2. It must be there because the AV Lagrangian is universal

and there are known examples of R-invariant theories which break SUSY. However, higher

3Tt is important to stress that such a redefinition does not affect our identification of Xnr, as the IR limit
of the operator X (normalizing Xnr, such that it has a canonical kinetic term, the redefinition § Xni, = x X1
is always negligible at long distances).

,10,



scaling corrections can break this symmetry. For instance the S = 2 term
/ d*0 Xn1,D?*(Xn1,)0* XN (3.10)

or equivalently
/d29 Xnr (02 Xnp)? (3.11)

breaks the R-symmetry by 4 units.* The component expression with the least number of
fermions and derivatives which arises from (3.10)(3.11) is of the form (82(G2))2.

3.2 Example

In this subsection we analyze a simple model of supersymmetry breaking which demon-
strates our general discussion above. Unlike the free theory (2.11), here there is no massless
scalar and hence we will see how the constraint arises. In order to remove the massless
scalar we modify the Kéhler potential of (2.11):

K — &% — #@262 - (#@354—0.0.) ,
W = f® . (3.12)

Here ¢, ¢ are dimensionless numbers of order one. We choose the sign of the real constant ¢
to be positive. Without loss of generality we can take ¢ and f to be real and non-negative.
Such a theory can arise as the low-energy Lagrangian below some scale M after neglecting
higher order terms in ﬁ It is valid for

VI<E<M. (3.13)

For ¢ = 0 the theory has an R-symmetry which is explicitly broken for nonzero c.

For example, the low-energy limit of the standard O’Raifeartaigh model looks
like (3.12). Since the O’Raifeartaigh model preserves an R-symmetry, it has ¢ = 0. The
term with ¢ arises at one loop. Other UV theories without an R-symmetry can lead to
non-zero c.

The scalar potential of this theory is

f2
Kq>§

V:

4¢ — 3¢ 3¢ —2 1
2 2
whose minimum is at ¢ = 0. The two bosons have masses

mi = “—(4c + 62) . (3.15)

c (3.16)

4Tt is easy to show that there is no S = 2 operator which violates the R-symmetry by two units. However,
it is possible to completely break the R-symmetry (more precisely, break to a Za which is in the Lorentz
group) using higher scaling operators.

— 11 —



(this is the reason we chose ¢ to be positive). For ¢ = %c there is a massless particle
and higher order corrections are important. The latter case can be obtained from UV
completions with spontaneously broken R-symmetry (e.g. the 3-2 model [29] or the example
in appendix E). For simplicity we concentrate on the region
_ 2
0<ec< 3¢ (3.17)

Let us integrate out the massive bosons. Using

c 9 c _
L=—f*+|Fs+ f* - e 120F, — 2| — Ve ((¢*Fy — 99*) Fy + c.c.)

+terms with derivatives (3.18)

the zero momentum equation of motion of ¢ is
2 (20F, — v?) Fy + 3¢ (26 Fy ~ ") Fy = 0. (3.19)

Its solution

il 3.20
6= (3:20)

is independent of ¢,¢. In other words, it is independent of the details of the high-energy
physics.

We see that upon substituting (3.20) back into ® we discover that in the IR ®2 = 0.
Hence, it satisfies the same constraint as Xyr,. To make the relation more precise, we
calculate the operator X defined in (2.1) in the UV model (3.12). Using (2.9) and the
equation of motion we find in the UV

X = é <8f<I> - #®2D2(¢)2 - 8f#<1>3 +0 (%)) . (3.21)
As we have seen in our discussion above, well below the mass of the scalar field ¢ the
superfield ® satisfies 2 = 0. Due to this property we get at low energies (F < %, M)

X = g o, (3.22)

and hence in the IR we identify
® = Xy, - (3.23)

Finally, we compute the low-energy effective theory. We substitute the zero momentum
solution (3.20) back into the microscopic Lagrangian (3.12) and express it in terms of Xnr,.
Clearly, due to the property XI%L = 0 the quartic terms in the microscopic theory do not
contribute at leading order and the only contribution arises from the kinetic term; i.e. we
end up with the Lagrangian (3.1).

Let us discuss the corrections to this effective Lagrangian. Clearly, its cutoff is m4 ~ %
— the energy scale at which the additional scalar shows up. Therefore, the Lagrangian has
higher derivative corrections which are multiplied by powers of % This is in addition to
various other corrections we neglected at our starting point (3.12) which are multiplied by
ﬁ. These two kinds of corrections have higher scaling S. Therefore, our truncation of the
effective theory to (3.1) is meaningful. Furthermore, since for nonzero ¢ our example does

not have an R-symmetry, we expect higher scaling operators like (3.10) to be present.

- 12 —



4 Coupling Goldstinos to superfields

In this section we couple Goldstinos to a theory like the MSSM. We have in mind a
theory which is characterized by some renormalizable supersymmetric couplings as well as
a set of soft supersymmetry breaking terms. For simplicity we take all the dimensionful
supersymmetric terms (like 1) and all the soft terms to be of the same order of magnitude
denoted mgop. Furthermore, we assume that the scale p ~ mgog is separated from a larger
scale A where additional physics might be present:

L~ Mgy << A (4.1)
This allows us to view the MSSM as an effective theory at energies
o~ meopy K B << A (4.2)

which is cut off at the scale A.

In this case it is common to write the soft breaking terms using a dimensionless spurion
field [30] Y = 6%mg.. Then supersymmetric or non-supersymmetric corrections to the
MSSM are suppressed by +— where d is known as the “effective dimension” (see e.g. [31]).

We would like to replace the explicit supersymmetry breaking in the MSSM by spon-
taneous breaking with some f. A complete microscopic theory involves adding degrees of
freedom at the scale v/f which, because of our assumption (4.1), must satisfy A</ f. We
will not do that here, nor will we explain the hierarchy mg.g < /f (this can arise, as in
gauge mediation, from loop factors or couplings through heavier messengers). Instead, we
will add only the Goldstino field G, or more precisely the Goldstino superfield Xyr..

The coupling of this theory to Goldstinos is easily found as follows. Since (Xnr,) = 62,
it is natural to replace the spurion in the Lagrangian by

Mgsoft

f
Then we add to the supersymmetric terms and the Lagrangian for Xy, (3.1) the following

Y — XNL - (4.3)

couplings. First, there are couplings to chiral superfields Q’

2
Lsoft = _/d49 % (mQ)z(Qeva);
+/d26% <—%BijQin + éAiijinQk> + c.c., (4.4)

where m, B and A are the standard soft masses and trilinear couplings. Using spurions,
the A and B terms can also be written as D-terms — an integral over all of superspace.
In this case the resulting terms after the substitution (4.3) appear to be different than
the terms in (4.4). However, a redefinition of Xy, by a shift proportional to xy Xnr, with
an appropriate chiral superfield y brings them to the form (4.4) plus higher dimension
operators which we suppress. Second, there are couplings to vector multiplets

X X
Lo = [ a0 ‘% sl

2
EDW,, + / d*0 7

mAW, W + c.c., (4.5)
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where £ is a Fl-term and m) is the gaugino mass. The Fl-term is not usually written
because it can be removed by a change of variables

2

X
AN (4.6)

f
which, due to XZ; = 0, just changes the coefficients in (4.4).

V=V - g%

Normally, the use of spurions involves an assumption that the breaking of supersym-
metry can be parameterized by a chiral spurion Y. Our discussion here which starts with
the operator equation (1.2) and the chiral superfield X shows that such a Y always exists.
It exists even if the theory which spontaneously breaks supersymmetry is strongly coupled
and does not have a simple description in terms of weakly coupled chiral superfields which
exhibit tree level supersymmetry breaking.

Clearly, this nonrenormalizable Lagrangian leaves out physics at the scale A (e.g. v/f).
The Goldstino couplings in this Lagrangian involve high dimension operators and hence
their loops have to be cut off. Such loops were recently considered (using another formalism
for the Goldstinos) in [21].

An important question is the identification of the corrections to this Lagrangian. In
the pure Goldstino problem we have identified the scaling S which assigns S(Xnp,) = —1
and that helped us organize the corrections to the leading order AV Lagrangian (3.1). Here,
we identify the field Xn1, with the dimensionless spurion Y (4.3). Let us see what this tells
us about the corrections to the Lagrangian.

We assign the S value of the chiral and vector superfields to be the same as their
canonical dimensions. Then the lowest scaling terms in the Lagrangian are the leading
order Goldstino terms (3.1) which have S = 0. In section 3 we discussed some of the
higher S terms involving only Goldstinos. The leading order terms with matter and gauge
fields are the couplings (4.4)(4.5) which have S = 2, 3. The supersymmetric terms involving
matter and gauge fields have S = 3,4. Then, there are various couplings of these fields to
Xn1, with larger S, e.g. the S =4 term

/d49 | Xn1210Q)? . (4.7)

Fortunately, our assumption (4.1) means that such terms do not contribute to low mo-
mentum processes. The reason for that is that even though they have the same S as
the supersymmetric terms, they have higher S than the leading order couplings of Gold-
stinos and matter fields (4.4)(4.5). Hence, they lead to terms with more Goldstinos or
more derivatives than (4.4)(4.5). More explicitly, terms like (4.7) arise from the spurion
coupling [ d*@ |Y[?|0Q|* using the substitution (4.3). According to the standard dimen-
sion assignment this term has effective dimension 6; i.e. it is suppressed by % It reflects
higher energy physics which is beyond the MSSM. This means that the coefficient of (4.7)

is of order 1;;5;’\%. In components it leads to several interactions including the coupling of 2

2
Goldstinos 2 matter fermions and 2 derivatives with coefficient ?25}’\%. Evaluating the same
amplitude using the couplings in (4.4)(4.5) including superpartner intermediate lines we
find a larger effect of order f_12 We will discuss this in more detail below.
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A complementary way to see that terms like (4.7) can be ignored is to use a different
scaling counting. Previously we assigned S(Xnp,) = —1. Instead, motivated by the stan-
dard dimension of the spurion Y, we can define S (Xn1) = 0. This means that the F-term
carries S (F') = 1, which is physically desirable since the limit mgor, << /f suggests that in-
deed the vacuum energy is relevant. With this scaling, (4.7) clearly has higher scaling than
all the other terms, and therefore it should be suppressed by positive powers of mgog/v/f
and consequently dropped.

Let us summarize this section by recapitulating the different roles played by the oper-
ator X:

1. In the UV description of the theory it is an operator on the right hand side of
D” Joa (1.2). Here it is a measure of the violation of conformal invariance.

2. The expectation value of its 2 component is the order parameter for supersymmetry
breaking.

3. When supersymmetry is spontaneously broken X flows at low energies to Xy, = %X
from (2.17) which is the Goldstino superfield.

4. As in (4.3), X generalizes the usual notion of a spurion.

5 Matter couplings

In the previous section we have seen that the leading terms describing the interactions
of the Goldstino particle with the MSSM superfields depend only on the soft parameters
and the SUSY breaking scale f. These interactions allow us to extract the interesting
information regarding physics at or above the soft breaking scale mgog;.
Our goal in this section is to develop tools for finding the interactions at energies below
the soft scale
E < mgot - (5.1)

One way to derive these interactions is to start with the MSSM Lagrangian including the
Goldstino couplings (4.4)(4.5) and to integrate out the superpartners. Here we will follow
another procedure which directly determines these interactions without relying on a more
microscopic description like the MSSM.

Our description has several advantages:

1. Starting with the MSSM and the Goldstino couplings (4.4)(4.5), as in section 4, we
assumed (4.1) and in particular mgo < +/f. Then we could neglect high effective
dimension terms in the MSSM as well as terms like (4.7) which depend on higher
energy physics. A formalism which is intrinsic to the low energy particles (5.1) has a
larger range of validity because it allows mgo <V f-

2. Many authors have constructed a low energy effective Lagrangian in the range (5.1)
by integrating out the superpartners [12, 14, 15, 18, 32]. These computations exhibit
“miraculous cancelations” and lead to relatively simple final answers. In another
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approach [13] one has to go through a nonlinear change of variables and calculate
the results order by order in the number of Goldstinos and then integrate out the
superpartners. Again, this leads to simple answers. Our formalism will make these
“miraculous cancelations” and simplifications manifest. It will explain the reason
behind the simplicity of the final expressions in many cases and will allow us to
re-derive and significantly extend many of the results in the literature.

Some authors, e.g. [11, 16, 24] have focused on the light degrees of freedom and have
used nonlinear realizations of supersymmetry to find their Lagrangian. Although, this is
technically correct, it turns out to be challenging to use this approach to find the most
general Lagrangian and to control the corrections to the leading order terms. We will see
some examples of this below.

Our basic idea is similar to the approach to the Lagrangian of the Goldstino
around (3.12); we write the Lagrangian in superspace using various constrained super-
fields. This makes supersymmetry manifest and quickly allows us to see that certain terms
vanish without complicated calculations. In addition, it sheds light on the origin of various
corrections.

Some of the terms in the effective action originate from the kinetic terms of the light
fields. Their coefficients are universal — they depend only on the SUSY breaking scale f.

Other terms have the same or higher scaling and their coefficients are not universal. If
at higher energies a description like the one in section 4 with the assumption (4.1) is valid,
then some of the non-universal terms are calculable from the MSSM data. Other higher
order terms are not easily determined and their coeflicients depend on the details of the
high energy theory.

5.1 Fermions

In this subsection we couple Goldstinos to light fermions. We will embed the fermions
in chiral superfields. Here our presentation will not follow the route we took in studying
Goldstinos in sections 2 and 3. Instead, we will start with a microscopic example.

We study a system of two chiral superfields ® and @ interacting through
c

K = 3% +QQ - 9% - —QQ3%,

W = fo. (5.2)

Here M is some higher energy scale which is also the UV cutoff of this nonrenormalizable
theory and ¢ and ¢ are dimensionless coefficients. We will refer to the generic matter field
@ as a quark (although it can be any other fermion).

As in section 3, we want to integrate out the scalar components of ® and . The
Lagrangian is

— C 2 c 2
L=—f+|Fp+ [P+ FF, - e 126Fy — 3| — 27 4Fs + 0Fq = Yavl
+terms with derivatives . (5.3)
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The zero momentum equations of motion of ¢ and ¢ are

qFy + oFy =Ygy = 0,
20F, — 7 = 0. (5.4)

(Note that the equation of motion of ¢ is basically the same as in (3.19).) The solution of
these equations is
2 2
oo Vo Yo Ve
2F,’ Fy  2F37 77

(5.5)

Interestingly, these solutions are independent of high energies data, like ¢ and .
Substituting this solution back into the chiral superfields ®, @) and denoting the fields
in ® as in the previous sections, we find

G2
XNy = o5+ V20G + 6°F | (5.6)
G G?
Q. = B~ S F + V00, + R, (57)

As before, all the fields in (5.6)(5.7) are functions of y* (2.4). These two superfields satisfy
the constraints (which were mentioned in a slightly different context in [14])

X{r. =0,  QnuXNL=0. (5.8)

By analogy to (2.19) the expression for @y, can also be written as

QNL:ﬂ<wq—FLf>e+Fq@2, @:e+%. (5.9)
This makes it obvious that it satisfies the constraint Xnr,@ni, = 0. Again, as in (2.19),
we find the combination © = 0 + % Another similarity to (2.19) is that we keep the
independent fields F' and Fj,.

Here we have derived the two superfields Xy, and Qnr, from a particular microscopic
theory. To show the uniqueness of the result and the inevitability of the constraint (5.8)
we can follow the procedure outlined around (2.16), and look for a nonlinear superfield
@1, whose scalar component is expressed in terms of the fields in Xy, as well as ¢, (and
perhaps Fy) such that it transforms properly under supersymmetry. The expression (5.7) is
the unique solution of these constraints and (5.8) follows. Since the constraint is manifestly
invariant under supersymmetry we are guaranteed that if it has a nontrivial solution, then
it must be consistent with supersymmetry.

The physical interpretation of the solution for ¢ was given around (2.17): ¢ does not
create a one particle state, but instead, as the superpartner of ¢y = G it creates a two
Goldstino state. Similarly, at low energies ¢ cannot create a one particle squark state.
Instead, as the superpartner of the fermionic operator v, it creates a two particle state —
a quark and a Goldstino. If Fj, is nonzero ¢ can create also a two Goldstino state.
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The Lagrangian obtained by substituting the solutions (5.5) back into the original
Lagrangian is

K = XnLXNL + QNLQNr
W = fXnr - (5.10)

This describes the low energy physics. As before, we expand in powers of % and %
It is easy to repeat the analysis around (3.7) and derive additional equations which
are related to the equations of motion of (5.10):

_2—

XN D™ Xt = 4f XN,
_2_

XNLD " Qn, =0,
_2_

These can be used to simplify various higher order corrections to (5.10).

The leading interaction of the quarks involves two Goldstinos and quarks. It is easily
obtained from substituting the solution for ¢ (5.5) into the kinetic term of the squark
(equivalently, it follows from the term QnpQyy, in (5.10)) and we get

1 ——
‘Cleading interaction — FG Zf)an(GlZ)q) : (512)

We see that this term is related to the kinetic term of the quark superfield and therefore
it is universal — it depends only on the SUSY-breaking scale.

As before, we assign S(Xn1) = —1, S(@Q~1) = 1. Then, the terms involving Xy,
in (5.10) have S = 0 and the term with Qnp, has S = 4. As in section 3, there are positive
S corrections which involve only Xyg,. More interesting are other S = 4 terms which couple
XnL to @nr, which are similar to (4.7)

/ 44010 X1 P Qe - (5.13)

It is important that this term is unique. Other terms with the same fields and two deriva-
tives are equal to it be integration by parts and the constraints.

Clearly, the coefficient of (5.13) is not universal. It cannot be determined without
additional information about the high energy theory. Conversely, if the high energy theory
is known, then the coefficient is calculable. For example, if the high energy theory is a
supersymmetric theory satisfying (4.1) or mgory << +/f, then the coefficient of (5.13) is
calculable; it can be found by integrating out the heavy superpartners and perhaps also

the massive gauge bosons.?

®Actually, in the context of the MSSM as defined in (4.4)(4.5), it is easy to prove that (5.13) is not
generated by integrating out the sparticles at tree level. The argument is that the leading order equations
of motion of the sparticles amount to replacing all the superfields by their constrained versions (as in the
example in subsection 3.2) leading to terms like (5.10). A more careful integration out of the sparticles
is carried out by expanding the propagators of the sparticles in momentum, thus adding derivatives while
keeping the number of external particles fixed. Therefore, the scaling of the resulting operators is increased.
However, (5.13) has the same scaling as [ d*0|Qnw|>.
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Expanding (5.13) in components we find the coupling
(z/;qaﬂq)(aMGa”a@) : (5.14)

Unlike the discussion around (4.7), here this term can lead to quark Goldstino interactions
which are of the same scaling as those of (5.12). This follows from the fact that both of
them arise from supersymmetric operators with the same scaling S = 4. If all the momenta
of the scattered Goldstinos and quarks are small and comparable, this term is as important
as the contribution from (5.12). However, if the Goldstinos are softer than the quarks (this
is impossible in quark-anti-quark scattering), the interaction (5.12) is dominant because
in (5.14) the derivatives act on the Goldstinos, while (5.12) cannot be brought to this form.

In appendix B we show that even without using the supersymmetry constraints, there
are only two operators with this field content and two derivatives. These are the opera-
tors (5.12) and (5.14). Now we see that supersymmetry determines the coefficient of (5.12)
but the coefficient of (5.14) is not determined by low energy considerations.

Note that so far we have only discussed the case of massless quarks. A mass m for the
quarks can easily be incorporated by adding mQZNL to the superpotential.

Some parts of the discussion of the two Goldstinos and two quarks are very similar to
the one in [12, 14, 15]. We have presented it here to explain how this easily follows from
our formalism and to prepare the ground for subsequent subsections.

5.2 Complex scalars

In the previous subsection we considered the low energy theory of a fermion from a chiral
superfield. Here we will analyze a situation of a complex scalar from a chiral superfield.
Such a situation, where the fermion is much heavier than the scalar, is unnatural and
involves fine tuning of the parameters. Nevertheless, it is worth exploring it for two reasons.
First, we might face a situation where such fine tuning takes place. Second, this analysis is a
good introduction to our discussion in the next subsection which describes real light scalars
which can naturally arise if they are Goldstone bosons of some broken global symmetry.

The terminology we will use is that of Higgs physics. The Higgs chiral superfield H
includes a complex scalar H. When it is much lighter than its Higgsino superpartner we
will derive a nonlinear superfield Hyr,.

Based on our experience so far, here and in the later subsections we will use the
following procedure. We will postulate a constraint analogous to (5.8), and then solve
it. Then it will be straightforward to check that the solution indeed contains the desired
degrees of freedom and hence can be used to write Lagrangians.

We want to eliminate the fermionic component of H. This is achieved by imposing

XNLDaHNL = 0, (5.15)

or equivalently
X~ Hnt, = chiral . (5.16)

Therefore, Xnr, “projects” any function of Hyr,, Hnr, on a chiral superfield

XNLP(HNL,ﬁNL) = chiral . (5.17)
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The constraint (5.16) is easy to solve in components. The detailed computation is
described in appendix C. The result in components is

G G G 1 —o
Ha = H + V200" ( = ) 9,H + 6% -0, | = | ctc" =0, H —G62H>
a1 = H o4 iv200 <F> Wt F ( (F)”F“ TP

= H(y), (5.18)

where all the fields in the first line are functions of y* and we have defined

7 = g+ iv30oh 2D

F(y)
_ . Gly) _ G\ ,..Gw
=yt + u/ieaﬂﬁ(y) 20010, (F@)) o ) (5.19)

The expression for Hyy, as a function of the independent field H as a function of ¥ is similar
to expressions in the literature based on nonlinear realizations [8]. Here we derived it using
the constraint (5.16).

As with our previous examples of constrained fields, we see that the superpartner of
the scalar H involves an H and a Goldstino.

Using the constraint (5.15) and a shift of Xy, by a term of the form yXnr, where y is
some chiral superfield we find

XNLXNLP(HNLa ﬂNL){@4 ~ XNLP(HNLa ﬂNL){GQ + c.c. 4 total derivatives , (5.20)

where the last term is supersymmetric because of (5.17). These terms lead to an arbitrary
scalar potential for H.

The superfield (5.18) does not include the Fy-term of the original chiral superfield.
Therefore, terms like H%\IL in the superpotential do not give rise to a mass term. Rather,
a superpotential for Hyy, leads to terms with Goldstinos. A general superpotential W =
W (Hnr) results in the component Lagrangian

G G [ex e
W (HNL)|po = —0s <:> Gho’ =0, W(H) + —0*W(H) = ——*W(H) +..., (5.21)
F F 2F 2F
where the ellipses represent total derivatives and terms with more Goldstinos. To show
this equality one has to integrate by parts and use the Dirac equation of the Goldstino.

This result will be useful in the next subsection.

5.3 Real scalars

Next we describe a real scalar from a chiral superfield. We will start with a general solution
to this problem and then specialize to a scalar which is a Goldstone boson of a continuous
global symmetry. This symmetry can be an ordinary symmetry or an R-symmetry.

In the previous section we have found a superfield Hnt, describing one complex degrees
of freedom and no fermions. Our goal here is to find a consistent way to reduce the number
of degrees of freedom to just one real scalar. We expect to find a superfield of the form
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Hnr, in (5.18) but in order to avoid confusion with the Higgs superfield we refer to such a
superfield as an axion superfield Ar..

We want to keep only a single real field a as an independent degree of freedom. The
imaginary part of the bottom component b should be expressed in terms of a and the
components of Xny,. The constraint we impose is

XN (.ANL — ZNL) =0. (5.22)

This implies, in particular, the constraint (5.16). Therefore Any, should be thought of as
a superfield of the form discussed in the previous section with an additional constraint
removing one real degree of freedom. It is easy to solve this equation in components. The
solution is of the form (5.18) where the bottom component is

AxL| =a+ib, (5.23)

and b is the following function of the axion a and Goldstinos

b= %(%ﬂ%)@uﬁ---, (5.24)
where the ellipses stand for terms with more fermions and derivatives which are explicitly
displayed in appendix D.

Instead of embedding a complex scalar H in a constrained chiral superfield Hyr,, we
can write H = a1 +tap and embed a; 2 in two independent constrained superfields Ay 2.
So in this sense the superfields Hyr, and Ant, are on the same footing. Indeed, the superfield
Hn = Anp1 + iANLo satisfies (5.16)

XNLﬂNL = XNL(ZNLl — izNLQ) = XNL(-ANLl — iANLQ) = chiral . (5.25)

The solution (5.24) allows us to derive an additional useful identity which follows from
b =0
— \3
(Anp, — Anp)" =0 (5.26)
When the field Any, satisfying (5.22) describes a Goldstone boson, the theory is invari-
ant under the spontaneously broken symmetry

AxpL — AnL + (5.27)

with real a. Using this symmetry and the identities X2; = 0, (5.22) and (5.26) the most
general Kéahler potential without derivatives is

1 _
K =|Xn|” - §ff(«4NL — AnL)?, (5.28)

where the constant f, is the axion decay constant.
It is natural to define an exponentiated field with charge one under the

broken symmetry
R = e (5.29)
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and then (5.22) implies
Xne (|RNLP = 1) =0 (5.30)

In terms of Ry, (5.28) becomes
K = |Xxu” + f21Rai]? (5.31)

Its simplicity follows from (5.30) as well as (|Rnw|* — 1)3 = 0 and [Ryr|? — F|RL|* =
chiral 4 antichiral.

If a is the Goldstone boson of a broken R-symmetry (which is often being referred to
as an R-axion), the transformation law (5.27) should be accompanied by a rotation of 6.
Then Rnr, has R-charge 1 and we can write the superpotential

W = fXnL + fREL (5.32)

with an arbitrary ]7
Using (5.21) we see that the term proportional to f in (5.32) leads to the interaction

L~ f@282(62i“) ~ feQi‘I@Z(@a)Q . (5.33)

If f: 0 there is a new “accidental” symmetry (5.27) without a 6 rotation. This symmetry
acts as Ry, — € “Ruyi, and Xy, is left invariant. The term f breaks this symmetry by
introducing terms like (5.33). These terms are necessary for the interpretation of a as an
R-axion. Therefore, this term should be added to the action in [33].

In appendix E we present a simple linear theory involving a single chiral superfield
which exhibits an R-symmetry and SUSY breaking. After solving the equations of motion
of the massive modes we find a single nonlinear chiral superfield which includes both the
Goldstino and the axion. Its action turns out to be identical to the one we find using the
two superfields X1, and Rnr..

5.4 Gauge fields

In this subsection we discuss the coupling of Goldstinos to low energy gauge fields. For
simplicity, we will restrict our attention to Abelian gauge fields. The generalization to non-
Abelian fields is straightforward. We will face two distinct issues. First, we will discuss the
gauge invariance of the supersymmetric gauge field which we will need to restrict. Then
we will eliminate the gauginos.

The usual supersymmetric gauge field

V = c+ iy —ifx + 0°M + 8D — 05™F A,
—(— 1 — ) 1 - 1
+i670 <)\ + %a’” mX> 8% <)\ + %amamy> +56% <D + 50%) (5.34)
transforms under gauge transformations as
VoV+Q+0Q (5.35)

with chiral . If our matter system includes charge scalars which are promoted to con-
strained superfields like Hyr, or Ryr, = €NL as is the case in possible applications to the
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Standard Model, we cannot keep the full gauge invariance (5.35). The reason is that the
constraints (5.16) and (5.22) are not invariant under (5.35). More concretely, the gauge
transformation of Anr,

ANL - .ANL + iQNL (5.36)

is consistent with the constraint (5.22) only if i, is constrained to satisfy
XNL(OnL +Onp) =0 . (5.37)

This situation is similar to the standard choice of Wess-Zumino gauge. This gauge
choice breaks supersymmetry and the remaining gauge freedom is that of ordinary gauge
transformations which are labeled by Im Q|. In our formalism the real scalar degree of free-
dom in Im 2| is promoted to the nonlinear superfield Qny, which satisfies (5.37). Therefore,
we need to find the analog of Wess-Zumino gauge in our formalism. It fixes the large group
of gauge transformations (5.35) with arbitrary Q and leaves freedom only in Q. This
will have the effect of making the modes ¢, x and M of V dependent variables.

The desired gauge choice is

XNLWNL =0 (5.38)
Its components solution is
Ga'G , iGPGN iGRGX . G2G°D .
C = —— — - pu— o
2F2"" 9 a PP 2V2F?F - §|F|*
— —2
Gaot G
= —i——=A, + A4
X V2 F 1 oF?
-~ —2
A
Mo GG (5.39)

:’L—_——_ D+...,
V2F 4F?
where the ellipses represent terms with more Goldstinos and more derivatives. These terms
can be straightforwardly obtained from (5.38); in particular, the series in derivatives and
Goldstinos truncates after a finite number of terms. We will not present them here.
As in (2.19)(5.9) we can express the gauge field as

P m adGaD . atjz)\cu Gaxd
L = —0°0 |:O-adAm+W+\/§Z< 7 + Ia >]

+i0%0 <X + Z\S;DF> — 0’0 <)\ - z%@) + %@2@2D + terms with derivatives,
G

®:9+E ) (5.40)

Since we neglect terms with derivatives, we can take the arguments of the various
fields to be either z* or y* or y*. Using Xn1, = F'©?2, this expression makes it clear that
it satisfies the gauge choice (5.38). It also makes it an obvious analog of the Wess-Zumino
gauge; for example, we have Vl\?L = 0.

It is easy to check that the gauge choice (5.38) is invariant only under gauge transfor-
mations

VAL — VAL + Onp + One (5.41)
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with Qg satisfying (5.37). Now, with this Vni, we can write gauge couplings like
Rre"NE Ry, which are invariant under (5.41).

The second issue we should discuss is the elimination of the gauginos. In many inter-
esting cases, particularly in supersymmetric extensions of the Standard Model, some of the
gaugino fields are much heavier than the gauge bosons. It is therefore desirable to have a
description without the gauginos to facilitate the study of the low energy effective action.

This is best done in terms of the field strength superfield

Wy = —ida + L3205 + 0,01 02,

LP = 6D — %(amﬁn)gan . (5.42)

A simple constraint which eliminates the gaugino A but leaves the field strength F},, and
the D-term is
XNtWane =0 (5.43)

By analogy to (2.19)(5.9) we can solve (5.43) by writing

—sGP

Wanr = <L§ — \/iagndamA ?> @5 + O'Zldamxd@2 , (5.44)

which makes it obvious that it satisfies the constraint Xni,Wonz = 0. Then, in order to
match the form (5.42) we need to impose

G —a G?

— N =L — o™ — . 4
2)\04 a\/§F O0aYm 22 (5 5)
It is solved by
~ ~ —_ ~ =2 ~ =2~ —_
A = iLG — G?0,,(GL)a"e — iG*6™5" 0,y (G 8n(LG)> —2G*G (0G)%0,GLa"e,
a-_G (5.46)

V2F
The combination LG stands for LQ@B which is the same as @aD — %amE"@an and the

combination GT is its complex conjugate. As with our other constrained fields, the gaugino
is roughly given by the field strength times a Goldstino.
We can use this expression for A in (5.40) to find

GGoD

- _ any® m Am _ Toara~
L 0“0 (O‘aa Tak

1 o
) + 5@2®2D + terms with derivatives . (5.47)
This expression, which we will use below, makes many of the properties of this Vxr, manifest.
In different physical situations we impose the gauge choice (5.38) and the con-
straint (5.43), or one of them, or neither one. If we want to eliminate a heavy gaugino we
use the constraint (5.43). If we want to restrict the gauge symmetry (we must do it when

charged scalars are present) we impose the gauge choice (5.38). For low energy applications
in the Standard Model we must impose both (5.38) and (5.43).
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It is straightforward to write Lagrangians for these superfields. Let us give some
examples. Consider a system where the gaugino is heavy. We therefore impose (5.43). The
universal terms in the Lagrangian are obtained, as before, from the kinetic term for the
superfield Wy,

1 (63
/d294—92WNLWaNL : (5.48)
The leading term containing the field strength and Goldstinos is
L (A dﬁ') : < Ba )
S (GaF™?) 0,5 (FGa) - (5.49)

Here we used the following notation F*% = F,,(ecta” )*8 and its complex conjugate.

In section 4 we discussed the operator [ d%6 ‘XNL‘zDaWa (4.5) and mentioned that
it can be removed by a field redefinition (4.6). This field redefinition is still possible even
if we impose (5.38) and (5.43). This easily follows from their invariance under (4.6).

Other terms we can consider are coupling to charged fermions and scalars. The uni-
versal terms arise from

/d49 (QNLBVNLQNL + HNLBVNLﬁNL + stNLBVNLﬁNL) , (5.50)

where the last term represents the Higgsing of the gauge field. Since this theory is ev-
erywhere Higgsed, there is no harm introducing a term linear in Vyy, (see [25] for more
details). Therefore, we can also add

/d49§VNL . (5.51)

This term leads, upon solving the D-term equation of motion, to a nonzero (D).

We now analyze the coupling of one gauge field to two Goldstinos. This coupling was
first discussed in [13], and later also, for example, in [15, 16, 32]. To show an example
of how our framework operates, we present here a simple derivation of this coupling and
explain its origin and simplicity. We do not need to make any specific assumptions on
the detailed way the Standard Model is completed to a supersymmetric theory to derive
this coupling.

Focusing on the last term in (5.50), using the bottom components of Ryr,, Rt and
the vev of D we find

- %@E“GAM . (5.52)

Clearly, since it originates from the kinetic term, the coefficient of this operator depends
only on universal data: the scale of SUSY breaking f, the scale of gauge symmetry breaking
fo and the value of the D-term which is described by a term in the low energy effective
Lagrangian. As in subsection 5.1, terms that have the same scaling as the universal one
|RNL|?e"NE, for example |0 XN |2 RNL|?e'NT, arise at subleading orders and are negligible.5

We would like to make a few comments about (5.52) which are important in compar-
isons with the literature:

6 Another analogy with our discussion in subsection 5.1 is the fact that |8XNL|2|RNL|26VNL does not
arise by integrating out the sparticles at tree level. This is due to the same reason as in subsection 5.1.

,25,



1. Using integration by parts and the equations of motion of G and A, the cou-
pling (5.52) can also be written as

G7"GA, ~ GG"GO'Fy + ... ~ OM'Ge” (0,)A, + ... . (5.53)
2. Given that the gauge field is massive with m 4 ~ ¢f,, it can be integrated out and
lead to additional couplings of Goldstinos to quarks

(D)

~Y
2,2
fem4

"G (0,G)p Tty (5.54)

where 1), is some matter fermion. This is of the form of the non-universal four fermion
term (5.14) which corresponds to the superspace expression (5.13). As a check, note
that the universal term (5.10)(5.12) is indeed not corrected. This contribution to the
non-universal four fermion term is comparable to that of (5.12) and its magnitude is
predicted by the MSSM. Our discussion here is in agreement with [32].

3. In appendix F we calculate this term in the context of the MSSM and we reproduce
2
the answer (5.52) with f2 = v2+v3, (D) = —% (v2 — v3). This computation demon-
strates the simplicity of our method compared to explicit microscopic calculations.
The latter also obscure the universality of the answer. (For example, see how the
gaugino mass dependence drops out in appendix F.)

The conclusion of this subsection is that we derived (5.52) from a universal low energy
term in the Lagrangian (5.50). This explains its simplicity and generality. Without limiting
ourselves to any specific framework we see that (5.52) (and (5.54)) arises in a universal
form whenever there is a Higgsed gauge symmetry.
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A Uniqueness of leading scaling action

In this appendix we prove that the most general Lagrangian with S = 0 can always be
written after suitable changes of variables as

L= /d49XNLYNL +/d29fXNL+/d2§fYNL . (Al)
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Using XI%L = 0, the list of superfields with negative S is
XN, XL, Do XN, Da XN - (A.2)
In addition, there are some superfields with S =0
DXy, DXt , 0, XNL 0, XL - (A.3)

Lastly, there are many operators with positive S. We will not need to specify these oper-
ators here.

First, we observe that there are no possible superfields with S < —2. This follows
because all the operators with negative S have fermions in their bottom components and
therefore we cannot multiply too many of them. This means that the most general way
to generate S = —2 operators (which become S = 0 operators after a [ d*0 integral) is
to combine operators from (A.2) to have S = —2 and multiply by some function of the
S = 0 operators in (A.3). Note however that Xy, 9Xnr, have at least one fermion in
their bottom component and therefore they cannot be used. Therefore, we end up with
three different possible terms in the Kéahler potential

—_ _2—
XnLXNLPL(D? XN, D™ XNe)
X (D Xni)” Po(D*Xni, D™ Xn) + e,
(DXn1)? (D Xwi)” P3(D*Xnr, D" Xnt) - (A.4)
The first term in (A.4) can always be reduced to | Xnr|? by successive uses of X DXL =
4fXnr,. For the second term we apply Xn1,DgXn1, = 0 (which follows from XNL2 =0) to

find (ﬁ XNL)2 ~ XNLDQXNL. Hence, it reduces to a term of the first type. Similarly, the
last term in (A.4) can be reduced to a term of the first type, which can be transformed

to | Xnr|?. Finally, similar reasoning applies to the superpotential and hence (A.1) is the
most general S = 0 Lagrangian.

B Terms with four fermions and two derivatives

Our purpose in this appendix is to understand the general possible couplings of two massless
fermions and two Goldstinos. We will impose Lorentz invariance and the Dirac equation.
We will not use any constraints from supersymmetry.

A priori, two fermions y and ¢ and two derivatives can be coupled as (all the operators
with two derivatives acting on the same fermion can be removed by integration by parts)

Ay = (00)0(¥)xX, Ay = PI(x)I(X) »
Az = 0() o)X, Ay = 0()xI(X) .
As = Ya)O(x)X , Ag = () xI(X) - (B.1)

Note that A5 = Ag. Using the fact that the Dirac equation projects out the spin %
component of i and Oy, there are two independent Lorentz contractions in As and Ag
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and a single contraction in the other operators:
Ay = (8,10) 0" (¥)xX Ag = P8, (x)9"(X) ,
Ay = 0u()x0" (X ) As = 90, ()0" (X)X - (B.2)

Using integration by parts and 0% = 8%y = 0 we can remove Ay, A4 and As from our
list of independent operators. So, we remain with

A1 = 0 () ()xX, Az =0(W)I(IX,  As = yIW)XIX) - (B.3)
This basis can be further restricted using

0 X UaaUZBaVXB = QaMX,@aMYda (B4)

which can be proven as follows
0uX"0ta 0% = 00X (dhacly + ohavlys)
= OO (=1 eapesy + Ho™ap(e7”),5)
= 0"xg0uX¢4 + 4(9!0(0‘(Jp“e)aﬁ&,yﬁ(eﬁp”)dﬁ

1 .
—Buxa(apﬁ"e)agayyﬁ(GEVJP)C.YB

= aMXBaqu - 4

= 8“)(58;1)(0{_'_ auX Uaa I@Bal/x (B5)

Using (B.4) and the Dirac equation and integration by parts A; is of the form As.
Since A5 = Ag, we end up with the two dimensional space of operators of the form Asj.
Writing these two operators explicitly one finds that they are both manifestly real (after
integration by parts). In the text we preferred to use a different basis (5.12) (5.14) for the

same two dimensional space of operators.

C The nonlinear Higgs superfield

Here we solve the (complex conjugate of the) constraint (5.15). In the y coordinate we can

write the Higgs superfield as
Hyr, = H(y) + V200u(y) + 0 Fu(y) . (C.1)

Let us now write the same superfield in the coordinate 7. This is easily done remembering
that y™ = 7™ + 2i0c™6. We therefore expand and get

Hxt = H@™ + 2i00™0) + V200 (5™ + 2i00™0) + 0> Fr (7™ + 2i00™0)
= H + V200 + 02Fyy + 2i00™00,, H + 020" 0 H — iv/2020,,050™8, (C.2)

where all the fields in the second line are functions of 3. Multiplying it with

—2
o = % + 309G +0°F, (C.3)
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where again all the fields are functions of 3", we should get an antichiral superfield.
This is easily imposed by requiring that all the components but 1,6, 6” cancel. They lead
after some algebra to:

G
=7 m:amH 5
Yy = io =

Fryp = —0m (E " mga H + 232 (C.4)
F o
D The axion superfield
We present here the complete solution to the constraint
Xy (Ant, — Anw) =0 (D.1)
From the bottom component we get
G2 =0 . (D.2)

This is solved by assuming that b begins with two fermions. The equation of the §2
component is

G G G? G G
2 — | — H L = ) dto"=0,H — —G 9*H ) =0. D.
b (F F)@ +Z2F2 (3 <F>O' o Fau o= G 0 ) 0 (D.3)

Since we know from (D.2) that b includes fermions, we can solve the equations itera-

G G i G? G G
_ ru S\ op oY
b= <F >8Ma <8F26V <_> oo’ =0ua + c.c.)

TR
G, (@) ot v (Ega. 0
32F2F

tively

The first term in this expansion was quoted in subsection 5.4.

E A microscopic theory for SUSY and R-symmetry breaking

Consider an R-invariant theory based on a single chiral superfield field with a general
Kahler potential and a linear superpotential
K(®®) = 33)> + 2 (93)°
W= fo. (E.1)
Here the ellipses represent higher order terms. The R-charge of @ is fixed to be 2. For
certain choices of parameters the theory has a classical vacuum at nonzero ®, thereby

spontaneously breaking both supersymmetry and the R-symmetry. In this case we expect
to find at low energies a Goldstino and an R-axion.
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Here the Goldstino and the R-axion originate from the same superfield, which becomes
a nonlinear superfield, ®yy,. Denoting the R-axion by a we expect to find € in the bottom
component of @y, and the Goldstino in its 6 component. This motives us to try to express
®yp, as a linear combination of our constrained superfields Xy, and Ryr,.

Normalizing ® conveniently, we can write

PNy, = RQNL + aXNL , (EQ)

where « is some complex number (with mass dimension —1). Using the relations in sub-
section 5.4 it is easy to see that

(|Bxe> —1)° =0 (E.3)

In addition, one can check that up to total derivatives |®np|* ~ |®np|?. Hence, the
most general theory without covariant derivatives is

L= f2ONLPNL| i + <f‘I>NL|92 + C.C) : (E.4)

Of course, here f has dimension 3. The physical decay constant of the axion is 2f, and
the SUSY breaking scale is f = f—i
Rewriting this theory in terms of Xni,, Rn1, we find a Lagrangian of the form

L= (4f3|RNL|2 + f3a2|XNL|2) ‘94 + [(faXNL + ]/C\RNL) ‘92 + c.c} . (E.5)

We can conveniently choose o = f, ! and obtain
f ~
S XNL A+ fRNL || +ccf - (E.6)

L= (4f2IRxL + [XNLP) |0 + [(f

We explicitly see that there are only two adjustable parameters, while the most general
case in subsection 5.4 has an additional parameter. The remaining parameter of the theory
of a Goldstino and an R-axion can be recovered by adding a higher derivative term such
as fd496NL(D‘1)NL)2 + c.c..

F Massive gauge boson decay

Here we consider a microscopic MSSM-like theory which leads to the coupling
GoGA, (5.52). We start with a supersymmetric U(1) gauge theory with two charged
superfields H,, Hy with charges 1, —1 respectively and add to it soft terms at the scale
Msofc- As in section 4 we take mgop < \/f.

We start with the Lagrangian

1 mg
/d20 <<@ + 2—;XNL> WO{2 + uHqu> + c.c.

— m2 —_— m2 _
+/d49 <HueVHu — f—;|XNLHu|QeV +Hge VH; - f—2d|XNLHd|2e V> . (F.1)
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As in section 4, a microscopic D-term can be shifted away.

Clearly, classical integration out of massive particles cannot lead to the three particle
coupling GE@AM. Instead, it can be generated from off-diagonal terms in the fermions
mass matrix. For that, we focus on the zero-momentum terms which are at most quadratic
in fermions and we replace the Higgs fields by their VEVs (v, q) everywhere. The contri-
butions from the usual supersymmetric terms are

1 D
Lsusy = @DZ + ’Fu‘Q + ‘Fd‘Z + (uFyvg + pFquy, — pipyhg + c.c.) + 5 (vi — vﬁ)

+% (Vuthu — vaPaX — c.c.) + <%%ﬁ“¢u - %%ﬁ“?ﬁd) Ay (F.2)
The leading order couplings to Xnt, lead to
Uy am> m2v?__ mdvd a
L = 7 (quJrcc) (de—i-c.c.)—(QfQG“G— T G“G)A
—lmg)\Q M9 prG . (F.3)

V2f

The equations of motion of the Higgs fields lead to

D
M2+mi_§:07

D
ptmi+ g =0, (F.4)

and those of the the massive fermions 1, 4, A are

2
w A — G=0
W + \/ivd 7
: 2
i VM
— —=U\ — LG =0,
piba \/iv f
mz\ — Mg —= DG — vul/}u Ud¢d F.5
The solution of these equations is
1DG 1Ug Uy
A=—, Yy = ——G, Yo =——"-G. F.6
VT, 7 7 0

Note that the dependence on mg has completely disappeared.
Finally, we substitute this solution back into the last term in the Lagrangian (F.2) and
combine it with the term coupling the Goldstino to the vector field in (F.3) to find

f;g (62 + 02) Go"G A, (F.7)

Here (D) = -~z (v2 — v3). The result of this simple calculation is in agreement with (5.52)

2
and [13].
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