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Goldstino couplings to matter

T. E. Clark and S. T. Love
Department of Physics, Purdue University, West Lafayette, Indiana 47907-1396

~Received 5 April 1996!

A nonlinearly realized supersymmetric action describing the invariant couplings of the Goldstino to matter
is constructed. Using the Akulov-Volkov Lagrangian, any operator can be made part of a supersymmetric-
invariant action. Of particular interest are interaction terms which include the product of the Akulov-Volkov
Lagrangian with the ordinary matter Lagrangian as well as the coupling of the product of the covariant
derivative of the Goldstino field to the matter supersymmetry current. The latter is the lowest dimensional
operator linear in the Goldstino field. A Goldstino Goldberger-Treiman relation is established and shown to be
satisfied by the effective action.@S0556-2821~96!01321-5#

PACS number~s!: 11.30.Na, 11.30.Pb, 14.80.Ly
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I. INTRODUCTION

If supersymmetry~SUSY! is to be realized in nature, it
must be as a broken symmetry. The breaking mechan
which maintains the preponderance of the dynamical c
straints of the symmetry and hence is theoretically most
tractive, is a spontaneous one. Indeed, many of the curre
investigated attempts to construct realistic models of el
troweak symmetry breaking incorporating SUSY use spon
neous supersymmetry breaking in one form or another. T
includes both the so-called hidden sector@1# and visible sec-
tor classes of models@2#.

A general consequence of the spontaneous breakdow
global supersymmetry is the appearance of a Nam
Goldstone fermion, the Goldstino@3,4#. The leading term in
the action describing its self-dynamics at energy scales
low 4p/k, where 1/k is the Goldstino decay constant, i
uniquely fixed by the Akulov-Volkov effective Lagrangian
@3# which takes the form

LAV52
1

2k2detA, ~1.1!

where

Am
n [dm

n 1 ik2l ]Jmsnl̄. ~1.2!

Here,l(l̄) is the Goldstino Weyl spinor field. This effective
Lagrangian provides a valid description of the Goldstin
self-interactions independent of the particular~nonperturba-
tive! mechanism by which the SUSY is dynamically broke
@5#. Moreover, if the spontaneously broken supersymme
is gauged, with the erstwhile Goldstino degrees of freed
absorbed to become the longitudinal~spin 1/2! modes of the
gravitino via the super-Higgs mechanism, then the act
formed from the Akulov-Volkov Lagrangian also describe
the dynamics of those modes. This is completely analog
to using the gauged nonlinear sigma model to represent
dynamics of the longitudinal degrees of freedom of theW6

andZ0 vector bosons independent of the particular mech
nism employed to break the electroweak symmetry.

Nonlinear realizations of symmetry transformations allo
a model-independent analysis of the dynamical con
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quences of spontaneous symmetry-breaking using th
Nambu-Goldstone degrees of freedom. This is true wheth
the part of the theory responsible for the symmetry breakin
is strongly or weakly interacting. If weakly interacting, such
as in the standard electroweak model with a light Higgs sca
lar, then the low energy physics can be directly calculated i
perturbation theory. On the other hand, if the symmetr
breaking sector of the model is strongly interacting, the
explicit direct calculations of dynamical consequences ca
prove quite difficult. Since there are many such models o
SUSY breaking presently being studied, it is worthwhile to
determine, in a completely model-independent way, the var
ous consequences of the supersymmetry breaking.

Using nonlinear realizations of supersymmetry for both
the Goldstino and non-Goldstino degrees of freedom, Sam
uel and Wess@6# constructed supersymmetric-invariant cou-
plings of the Goldstino to matter. Their construction entailed
a somewhat elaborate procedure in which the Goldstino fie
and all matter fields are promoted to become superfield
whose lowest components are the ordinary fields themselv
and whose higher components involve the product of Gold
stino fields and derivatives of the lowest components. For th
special case of the Goldstino-promoted superfields, theu or
ū components also contain the Goldstino decay constant
an additive component. Using these superfields, every ord
nary operator can then be cast as a part of a manifestly s
persymmetric action. While this procedure is elegant an
complete, it does require the introduction of a considerab
amount of additional~super!structure.

In this paper, we present an alternate construction of
nonlinearly realized supersymmetric-invariant action. Ou
procedure works directly with the ordinary~component!
Goldstino and matter fields and does not require the intro
duction of the entire superfield structures. Thus, in a simpl
and straightforward manner, we can make any ordinary op
erator part of a manifestly supersymmetric action. After in
troducing the nonlinear SUSY transformations and covarian
derivative, we construct the SUSY-~and internal symmetry-!
invariant action terms using the special properties of th
Akulov-Volkov Lagrangian. We focus on two particular in-
teraction terms. One involves the coupling of the Akulov-
Volkov Lagrangian to the ordinary matter action. Once the
ordinary matter action is appropriately normalized, the coe
5723 © 1996 The American Physical Society
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ficient of this term is fixed solely by the Goldstino deca
constant. Another action term, which is the lowes
dimensional operator linear in the Goldstino field, involv
the coupling of its~SUSY-covariant! derivative to the ordi-
nary matter supersymmetry current. This coupling is th
used to show that a Goldberger-Treiman relation@7# associ-
ated with the spontaneous supersymmetry breaking is ind
satisfied.

II. NONLINEAR SUSY TRANSFORMATIONS

The self-dynamics of the Goldstino can be encapsula
in the Akulov-Volkov Lagrangian, Eq.~1.1!. The supersym-
metry transformations are nonlinearly realized on the Go
stino field by

dQ~j,j̄ !la5
1

k
ja2 ik~lsrj̄2jsrl̄!]rla,

dQ~j,j̄ !l̄ȧ5
1

k
j̄ȧ2 ik~lsrj̄2jsrl̄!]rl̄ȧ , ~2.1!

whereja,j̄ ȧ are Weyl spinor SUSY transformation param
eters. The Akulov-Volkov Lagrangian then transforms as
total divergence

dQ~j,j̄ !LAV52 ik]r@~lsrj̄2jsrl̄!LAV# ~2.2!

and hence, the associated action

IAV5E d4xLAV ~2.3!

is SUSY invariant:

dQ~j,j̄ !IAV50. ~2.4!

The supersymmetry algebra can also be nonlinearly real
on the matter~non-Goldstino! fields, generically denoted by
f i , wherei can represent any Lorentz or internal symme
labels, as

dQ~j,j̄ !f i52 ik~lsrj̄2jsrl̄!]rf i . ~2.5!

This is referred to as the standard realization@6#. Forming
the SUSY Ward identity functional differential operator

dQ~j,j̄ !5E d4xFdQ~j,j̄ !la
d

dla 1dQ~j,j̄ !l̄ȧ

d

dl̄ȧ

1(
i

dQ~j,j̄ !f i

d

df i
G , ~2.6!

one readily establishes the SUSY algebra

@dQ~j,j̄ !,dQ~h,h̄ !#522idP~jsh̄2hsj̄!

@dQ~j,j̄ !,dP~a!#50. ~2.7!

As usual, the space-time translations are given by
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dP~a!la5am]mla,

dP~a!l̄a5am]ml̄a ,

dP~a!f i5am]mf i , ~2.8!

with am the global space-time translation parameter and

dP~a!5E d4xFdP~a!la
d

dla 1dP~a!l̄ȧ

d

dl̄ȧ

1(
i

dP~a!f i

d

df i
G ~2.9!

is the space-time translation Ward identity functional differ-
ential operator.

Under the nonlinear SUSY standard realization, the de-
rivative of a matter field transforms as

dQ~j,j̄ !~]nf i !5]n@dQ~j,j̄ !f i #

52 ik~lsrj̄2jsrl̄!]r~]nf i !

2 ik]n~lsrj̄2jsrl̄!]rf i . ~2.10!

In order to eliminate the second term on the right-hand side
~RHS! and thus restore the SUSY-covariance, we introduce a
SUSY covariant derivative which transforms analogously to
f i . To achieve this, we note that

dQ~j,j̄ !Am
n 52 ik@~lsrj̄2jsrl̄!]rAm

n

1]m~lsrj̄2jsrl̄!Ar
n#, ~2.11!

from which it follows that

dQ~j,j̄ !~A21!m
n 52~A21!m

r @dQ~j,j̄ !Ar
s#~A21!s

n

52 ik@~lsrj̄2jsrl̄!]r~A21!m
n

2]r~lsnj̄2jsnl̄!~A21!m
r #, ~2.12!

where

~A21!m
nAn

r5dm
r . ~2.13!

We are thus led to define the nonlinearly realized SUSY-
covariant derivative as

Dmf i5~A21!m
n ]nf i , ~2.14!

so that under the standard realization of SUSY:

dQ~j,j̄ !~Dmf i !52 ik~lsrj̄2jsrl̄!]r~Dmf i !. ~2.15!

In addition to the SUSY and space-time translations, we
can also defineR transformations under which the Goldstino
field transforms as@8#

dR~v!la5 ivla,

dR~v!l̄ȧ52 ivl̄ȧ . ~2.16!
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Forming theR-transformation Ward identity functional dif-
ferential operator

dR~v!5E d4xFdR~v!la
d

dla 1dR~v!l̄ȧ

d

dl̄ȧ

1(
i

dR~v!f i

d

df i
G , ~2.17!

it is readily established that the algebra

@dR~v!,dQ~j,j̄ !#5dQ~2 ivj,ivj̄! ~2.18!

holds independent of the form ofdR(v)f i . The action
formed from the Akulov-Volkov Lagrangian is invariant un
derR-symmetry, supersymmetry and space-time translatio
Moreover, the improved currents associated with these s
metries have been shown@8# to form the components of a
supercurrent@9#. Thus, all conservation laws and anomalie
are derivable from the supercurrent conservation law and
generalized trace anomaly@10,11#.

Since the Goldstino field transforms as a singlet und
any internal symmetry transformation,dG(L)la50
5dG(L)l̄ȧ , the Akulov-Volkov action is also invariant un
der internal symmetry transformations:

dG~L!IAV50, ~2.19!

whereL parametrizes the transformation. Denoting the
ternal symmetry matter field transformation asdG(L)f i ,
then the Ward identity functional differential operator cha
acterizing the internal symmetry transformation is

dG~L!5E d4x(
i

dG~L!f i

d

df i
. ~2.20!

Note that if the internal symmetry is gauged, the nonlinea
realized SUSY, gauge-covariant derivative, Eq.~2.14!, is re-
placed with

Dmf i5~A21!m
nDnf i , ~2.21!

whereDmf i is the ordinary gauge-covariant derivative.

III. INVARIANT ACTIONS

We now construct actions containing the Goldstino a
matter fields which are invariant under both SUSY and
ternal symmetry transformations. The Akulov-Volkov actio
is one such term which contains the Goldstino kinetic te
and self-couplings. Using the Akulov-Volkov Lagrangian
we can form SUSY-invariant actions out of any Lorentz a
internal symmetry singlet operatorO5O(f,Df). To
achieve this, we note that under the nonlinear standard r
ization of SUSY given by Eqs.~2.1!, ~2.5!, and~2.10!, such
an operator transforms as

dQ~j,j̄ !O~f,Df!52 ik~lsrj̄2jsrl̄!]rO~f,Df!. ~3.1!

Consequently, the action
-
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IO522k2COE d4xLAVO5COE d4x~detA!O, ~3.2!

with CO a constant, is SUSY invariant:

dQ~j,j̄ !IO50. ~3.3!

SinceLAV is defined so as to contain the additive constant
term21/2k2 ~or equivalently, the detA starts with the iden-
tity!, the actionIO includes the pieceCO*d4xO(x) for any
operatorO.

One special case is afforded by using the internal
symmetry-invariant ordinary matter LagrangianLf(f,Df)
where all derivatives are replaced by SUSY-covariant de-
rivatives. Under SUSY

dQ~j,j̄ !Lf~f,Df!52 ik~lsrj̄2jsrl̄!]rLf~f,Df!,
~3.4!

while under the internal group transformation, the Lagrang-
ian is invariant:

dG~L!Lf~f,Df!50. ~3.5!

It follows that the action

I LL522k2E d4xLf~f,Df!LAV~l,l̄! ~3.6!

is both SUSY and internal symmetry invariant

dQ~j,j̄ !I LL50, ~3.7!

dG~L!I LL50. ~3.8!

Note that in the absence of Goldstino fields, this action re-
duces to the ordinary matter actionIf5*d4xLf(f,]mf) so
I LL contains the ordinary matter action as well as couplings
of the Goldstino to matter. Thus, once the normalization of
the ordinary matter action is fixed, so are its couplings to the
Goldstino field. As such this term requires no additional in-
dependent coupling constant. Further note that using the non
linear realization, various higher-dimensional operators, such
as the electron anomalous magnetic moment operator, ca
also be made part of a SUSY-invariant action. On the other
hand, such a term cannot be included in a SUSY-invarian
action if the supersymmetry is linearly realized@12#.

Both IAV and I LL depend onl,l̄ only throughAmn and
thus only through the bilinear combinationll̄ ~and deriva-
tives!. While, by using the Goldstino field, any Lorentz and
internal symmetry singlet can be incorporated into a
supersymmetric-invariant action, the most natural setting is
to consider those pure matter actions which allow for linear
realizations of the supersymmetry. In that case, using the
associated internal symmetry singlet supersymmetry cur
rents,Qfa

m (f,]mf) andQ̄fȧ
m (f,]mf), we can construct an-

other invariant action whose Goldstino dependence is odd in
l,l̄ and, in fact, starts off as linear in]ml. Letting
Qfa

m 5Qfa
m (f,Df) and Q̄fȧ

m
5Q̄fȧ

m (f,Df) be the matter
supercurrents where all space-time derivatives are replace
by nonlinearly realized SUSY-covariant derivatives, it fol-
lows that under the standard realization of SUSY
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dQ~j,j̄ !Qfa
m 52 ik~lsrj̄2jsrl̄!]rQfa

m ,

dQ~j,j̄ !Q̄fȧ
m

52 ik~lsrj̄2jsrl̄!]rQ̄fȧ
m , ~3.9!

while

dG~L!Qfa
m 505dG~L!Q̄fȧ

m . ~3.10!

When used in conjunction with the SUSY transformations

dQ~j,j̄ !~Dmla!52 ik~lsrj̄2jsrl̄!]r~Dmla!,

dQ~j,j̄ !~Dml̄ȧ!52 ik~lsrj̄2jsrl̄!]r~Dml̄ȧ!, ~3.11!

we construct the invariant action

I lQ522k3CQE d4xLAV~DmlaQfa
m 1Q̄fȧ

m Dml̄ȧ!, ~3.12!

whereCQ is a constant. This action satisfies

dQ~j,j̄ !I lQ50, ~3.13!

dG~L!I lQ50. ~3.14!

Using the form of the Akulov-Volkov Lagrangian and the
SUSY-covariant derivative, we see that

I lQ5kCQE d4x@]mlaQfa
m ~f,]nf!

1Q̄fȧ
m

~f,]nf!]ml̄ȧ#1•••, ~3.15!

which is coupling linear in the Goldstino field. In fact, this
mass dimension-six operator contains the smallest power
k coefficient of the various couplings of the Goldstino t
matter. The appearance of the coupling of the Goldstino fie
to the divergence of the matter supersymmetry current
certainly anticipated. In fact, it is reminiscent of the situatio
in spontaneously broken chiral symmetry where the Namb
Goldstone pion couples derivatively to the spontaneou
broken matter chiral symmetry current.

Combining the various terms, we secure the SUSY- a
internal symmetry-invariant action

I5IAV1I LL1I lQ5E d4xLAV22k2E d4xLAVLf

22k3CQE d4xLAV~DmlaQfa
m 1Q̄fȧ

m Dml̄ȧ! ~3.16!

which satisfies

dQ~j,j̄ !I50 ~3.17!

and

dG~L!I50. ~3.18!

The action starts out as

I5E d4x@LAV1Lf1kCQ~]mlaQfa
m 1Q̄fȧ

m
]ml̄ȧ!1•••#,

~3.19!
:

of
o
ld
is
n
u-
sly

nd

so that

dI

dla 5
dI AV
dla 2kCQ]mQfa

m 1•••

52
i

2
detA~A21!nm~sn]ml̄!a2kCQ]mQfa

m 1•••

52 isaȧ
m

]ml̄ȧ2kCQ]mQfa
m 1••• ~3.20!

and the Goldstino field equation takes the form

saȧ
m 1

i
]ml̄ȧ5kCQ]mQfa

m 1•••. ~3.21!

IV. GOLDBERGER-TREIMAN RELATION

As a consequence of their Nambu-Goldstone nature, th
couplings of the Goldstino to matter are constrained to sa
isfy certain general relationships. One such constraint is th
analogue of the Goldberger-Treiman relationship@7# famil-
iar from pion physics and spontaneously broken chiral sym
metry. When applied to spontaneously broken supersymm
try, the analogous relation ties form factors of the
supersymmetry and Goldstino currents at zero-momentu
transfer to the Goldstino decay constant and mass differenc
between matter boson and fermion states. The Lorentz d
composition of the supersymmetry currentQa

m taken between
arbitrary single particle~scalar! Bose and~spin 1/2! Fermi
states,up1 ;B& and up2 ;F&, of massesmB andmF and carry-
ing four-momentap1

m andp2
m , respectively, takes the form

^p1 ;BuQa
m~0!up2 ;F&5@A1~q

2!qm1A2~q
2!km

1A3~q
2!sms̄•q#a

bxb~p2!F

1@A4~q
2!sm1A5~q

2!qms•q

1A6~q
2!kms•q#aȧx̄ ȧ~p2!F , ~4.1!

whereqm5(p12p2)
m andkm5(p11p2)

m, and the fermion
spinors satisfy

s•p2x̄~p2!F52mFx~p2!F ,

s̄•p2x~p2!F52mFx̄~p2!F . ~4.2!

Conservation of the supersymmetry current,]mQa
m50, then

relates the various form factors as

q2@A1~q
2!2A3~q

2!#5~mB
22mF

2 !A2~q
2!. ~4.3!

Since the massless Goldstino directly couples to the s
persymmetry current, some of these form factors are singul
in theq2→0 limit. Thus, before taking this limit, we need to
include the effect of the massless Goldstino pole. This pole
reflected in the nonvanishing matrix element of the supe
symmetry current between the vacuum and single Goldstin
state,uq;l&, of four-momentumqm which is given by

^0uQa
m~0!uq;l&5

1

ik
saȧ

m
x̄l

ȧ , ~4.4!
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wherek21 is the Goldstino decay constant.
It follows that the combinationQa

m2(1/ik)saȧ
m

l̄ȧ has
vanishing matrix element between the vacuum and sin
Goldstino state. The matrix element of this combinati
taken between the single Bose state and single Fermion s
can then be Lorentz decomposed just as in Eq.~4.1! where
now the various form factors are all nonsingular in th
q2→0 limit.

Finally, the Goldstino currentj a
G is defined through the

Goldstino field equation

saȧ
m 1

i
]ml̄ȧ5 j a

G . ~4.5!

Taking its matrix element between the Bose and Fermi sta
leads to the Lorentz decomposition

^p1 ;Bu j a
G~0!up2 ;F&5B1~q

2!xa~p2!F1B2~q
2!

3~s•q!aȧx̄ ȧ~p2!F ~4.6!

and, thus,

^p1 ;Bul̄ȧ~0!up2 ;F&52
B1~q

2!

q2
~ s̄•q!ȧaxa~p2!F

1B2~q
2!x̄ ȧ~p2!F . ~4.7!

Since the form factors of the combinatio
Qa

m2(1/ik)saȧ
m

l̄ȧ are regular asq2→0, we see on compari-
son of Eqs.~4.1! and ~4.7! that theA1(q

2) form factor is
regular while theA3(q

2) form factor is singular. The singu-
lar piece is given by

lim
q2→0

q2A3~q
2!5

i

k
B1~0!. ~4.8!
gle
on
tate

e

tes

n

Substituting into Eq.~4.3! and taking theq2→0 limit, we
secure the Goldstino Goldberger-Treiman relation

2
i

k
B1~0!5~mB

22mF
2 !A2~0!. ~4.9!

To establish that the effective action@Eq. ~3.16!# satisfies
this Goldstino Goldberger-Treiman relation, we note that a
Noether construction of the conserved supersymmetry cur
rent starts out as

Qa
m5CQQfa

m 1•••, ~4.10!

while the Goldstino field equation~3.21! provides the iden-
tification of the Goldstino current as

j a
G5kCQ]mQfa

m 1•••. ~4.11!

For the ‘‘matter’’ supersymmetry current we use@9,13#

Qfa
m 5]mĀca1•••, ~4.12!

whereĀ(c) are the Bose~Fermi! fields creating~destroying!
the Bose~Fermi! states in the matrix elements of the Lorentz
decomposition of the supersymmetry and Goldstino currents
The matrix elements are readily computed, yielding

A2~0!52
i

2
CQ ,

B1~0!5
k

2
~mB

22mF
2 !CQ , ~4.13!

and the Goldberger-Treiman relation~4.9! is indeed satisfied.
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