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e−γ → ẽL/RG̃

e−e+ → χ̃0
1G̃



Supersymmetry

•each SM particle has supersymmetric 
partner with spin differing by 1/2

• in local SUSY:                                
gravitino = spin 3/2 superpartner of 
graviton

• mf = ms
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•gravitino absorbs goldstino

Supersymmetry

becomes massive by 
super-Higgs-mechanism

Massive gravitinos
• SU(2)xU(1) gauge symmetry

!  spontaneously broken

     (spin)
----- +1

----- 0 (Goldstone boson)
          
----- -1      Higgs mechanism
                        W, Z bosons

!  discovered in 1983

!  established the EW theory

• Local supersymmetry

!  spontaneously broken
     (spin)
----- +3/2

----- +1/2
               (Goldstino)
----- -1/2 
       super-Higgs mechanism
----- -3/2    Massive gravitinos
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m3/2 ∼ M2
SUSY

MPl



Gravitino-Goldstino equivalence

Goldstino-equivalence theorem:
replace gravitino by goldstino in high energy limit

ψµ ∼
�

2

3

1

m3/2
∂µψ

gravitino
(spin 3/2)

goldstino
(spin 1/2)



couplings

proportional to the mass splitting 
inside the supermultiplet

inversely proportional to the SUSY- 
breaking scale through the gravitino 
mass

Goldstino interactions
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Abstract. Fortran subroutines to calculate helicity amplitudes with goldstinos, which appear as the longi-
tudinal modes of massive gravitinos in high energy processes, are added to the HELAS (HELicity Amplitude
Subroutines) library. They are coded in such a way that arbitrary amplitudes with external goldstinos
can be generated automatically by MadGraph, after slight modifications. All the codes have been tested
carefully by making use of the goldstino equivalence theorem and the gauge invariance of the helicity
amplitudes. Hadronic total cross sections for associated gravitino productions with a gluino and a squark
are also presented.

1 Introduction

Goldstinos are Goldstone fermions, massless spin-1/2 par-
ticles, associated with spontaneous supersymmetry (SUSY)
breaking, and appear as the helicity±1/2 states of massive
gravitinos via the super-Higgs mechanism in local super-
symmetric extensions to the Standard Model (SM). While
the interactions of the helicity ±3/2 components of the
gravitino are suppressed by the Planck scale, those of the
helicity ±1/2 components are suppressed by the SUSY
breaking scale and can be important even for collider phe-
nomenology in low-scale SUSY breaking scenarios, e.g.,
gauge-mediated SUSY breaking [1].

In the recent paper [2] K. Hagiwara and the authors
introduced new HELAS subroutines [3] to calculate helic-
ity amplitudes with massive spin-3/2 gravitinos. They are
coded in such a way that arbitrary amplitudes with exter-
nal gravitinos can be generated automatically by MadGraph
[4].

In this paper, taking into account high energy pro-
cesses with the center-of-mass (CM) energy

√
s " m3/2,

we present new HELAS subroutines for goldstino interac-
tions based on the effective Lagrangian below, and imple-
ment them into MadGraph/MadEvent(MG/ME)v4 [4,5,6], as
an alternative to the code for gravitinos [2].1 As we will see
later, in the high energy limit, the new code for goldstinos
agrees with the code for gravitinos due to the goldstino
equivalence theorem. The new code could be useful es-
pecially for collider phenomenology, where the goldstino
limit is good approximation for most of the cases.

a e-mail: kentarou.mawatari@vub.ac.be
b e-mail: takaesu@post.kek.jp
1 The Fortran code for simulations of the goldsti-

nos/gravitinos is available at the KEK HELAS/MadGraph/
MadEvent Home Page, http://madgraph.kek.jp/KEK/.

The effective interaction Lagrangian for a goldstino in
non-derivative form is [7,8,9]

Lint =
i(m2

φi −m2
fi)

√
3MPl m3/2

[

ψ̄PLf
i(φi

L)
∗ − f̄ iPRψ φi

L

]

−
mλ

4
√
6MPlm3/2

ψ̄[γµ, γν ]λ(α)aF (α)a
µν

+
igαmλ√

6MPl m3/2

ψ̄γ5λ
(α)a φi∗T (α)a

ij φj (1)

with the reduced Planck mass MPl ≡ MPl/
√
8π ∼ 2.4 ×

1018 GeV and the gravitino massm3/2. ψ is the Majorana-
spinor goldstino field, f i and φi are spinor and scalar fields
in the same chiral supermultiplet, and PR/L = 1

2 (1±γ5) is

the chiral-projection operator. T (α=3,2,1)a are the SU(3)C
(a = 1, · · · , 8), SU(2)L (a = 1, 2, 3) and U(1)Y generators,
respectively, and gα=3,2,1 are the corresponding gauge cou-
plings. The field-strength tensors for each gauge group are

F (3)a
µν = ∂µA

a
ν − ∂νA

a
µ − g3f

abc
3 Ab

µA
c
ν , (2)

F (2)a
µν = ∂µW

a
ν − ∂νW

a
µ − g2f

abc
2 W b

µW
c
ν , (3)

F (1)a
µν = ∂µBν − ∂νBµ, (4)

and the corresponding gauginos λ(α=3,2,1)a are gluinos
(g̃a), winos (W̃ a) and bino (B̃), respectively.

The equivalence of the non-derivative form in (1) and
the derivative form which is obtained by the replacement
of the gravitino field ψµ ∼

√

2/3 ∂µψ/m3/2 in the grav-
itino interaction Lagrangian (see, e.g. eq. (2) in [2]) has
been proved in [8]. The following features of the interac-
tion Lagrangian (1) are worth noting: (i) The ψ-f -φ-Aµ

vertex is absent, while a new quartic vertex, ψ-λ-φ-φ, ex-

effective Goldstino interaction Lagrangian:• In the high energy limit E>>m3/2, the spin-3/2 gravitino field 
can be replaced by the spin-1/2 goldstino as

• The effective interaction Lagrangian in non-derivative form:

- The                    vertex is absent.

- The couplings are proportional to the mass splitting 
inside the supermultiplet.

- The couplings are inversely proportional to the SUSY-
breaking scale through the gravitino mass

The effective interaction Lagrangian
for a goldstino
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in gauge mediated SUSY-breaking models: 

               small           M2
SUSY is (almost certainly) LSP!G̃

gravitino production at colliders

G̃     for collider physics only interesting if it is the LSP

m3/2 ∼ M2
SUSY

MPl



examples :

e−e+ → χ̃0
1G̃

e−γ → ẽL/RG̃

p p → X G̃

we observe: 
something + 
missing energy

σ ∼ 1

m2
3/2

lower bound from LEP: m3/2 > 1.35 · 10−14GeV

P. Achard et al. [L3 Collaboration], Phys. Lett. B 587, 16 (2004) [arXiv:hep-ex/0402002].

gravitino production at colliders m3/2 ∼ M2
SUSY

MPl

→ γ G̃ G̃

→ e−G̃ G̃

→ j G̃ G̃
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gravitino production at LHC

goal: p p → G̃ G̃ j m3/2
SUSY-breaking 

scale

m3/2 ∼ M2
SUSY

MPl

4 K. Mawatari and Y. Takaesu: HELAS and MadGraph with goldstinos

0 500 1000 1500
gluino mass [GeV]

10-3

10-2

10-1

100

101

102

!
 [p

b]

gg
qq̄ (msquark = 1.5 TeV)
qq̄ (msquark = 2mgluino)

m3/2 = 10-13 GeV

LHC-7TeV

Tevatron-1.96TeV

Fig. 3. Total cross sections of each subprocess of associ-
ated gravitino productions with a gluino, pp̄/pp → g̃G̃, at
the Tevatron-1.96TeV/LHC-7TeV for m3/2 = 10−13 GeV as
a function of the gluino mass. The squark masses are fixed at
1.5 TeV (dashed) and 2mg̃ (dotted) for the qq̄ subprocesses,
where the cross section in the Γq̃→qG̃ > mq̃/2 region is shown
with a thin dotted line.

mass but also on the t- and u-channel-exchanged squark
masses. It should be noted that those contributions
are not decoupled in the large squark mass limit, and
the heavier squark exchange increases the cross section
since the goldstino-quark-squark couplings are propor-
tional to the squark mass squared. Therefore, for heavy
squark cases, the cross section of the qq̄ channel can
be larger than that of the gg channel even for the pp
collider, LHC.

– Similar to the gluino productions through the qq̄ sub-
processes, the squark-gravitino associated productions,
which are only produced through the qg subprocesses,
involve the t-channel gluino exchange diagram as well
as the squark exchange one (see fig. 1(top)), and the
heavy gluino increases the cross section.

Finally, it is worth noting that the partial width of a
gluino (squark) decay into a gluon (massless quark) and
a gravitino is given by

Γg̃(q̃)→g(q)G̃ =
m5

g̃(q̃)

48πM
2
Plm

2
3/2

. (11)

Therefore, as the gravitino mass becomes small and/or
the gluino (squark) mass becomes large, the partial width
rapidly grows. For instance, in the m3/2 = 10−13 GeV
case, Γ = 1.12 × 10−3 GeV for mg̃(q̃) = 100 GeV, while
Γ = 850 GeV for mg̃(q̃) = 1.5 TeV. When the width be-

0 500 1000 1500
squark mass [GeV]

10-3

10-2

10-1

100

101

102

!
 [p

b]

qg+q̄g (mgluino = 1.5 TeV)
qg+q̄g (mgluino = 2msquark)

m3/2 = 10-13 GeV

LHC-7TeV

Tevatron-1.96TeV

Fig. 4. Total cross sections of associated gravitino productions
with a squark, pp̄/pp → q̃G̃, at the Tevatron-1.96TeV/LHC-
7TeV for m3/2 = 10−13 GeV as a function of the squark mass.
The gluino masses are fixed at 1.5 TeV (dashed) and 2mq̃ (dot-
ted), where the cross section in the Γg̃→gG̃ > mg̃/2 region is
shown with a thin dotted line.

comes a significant fraction of the mass, the goldstino cou-
pling becomes strong and the perturbative calculations
are unreliable. Thin dotted lines in Figs. 3 and 4 show
such parameter regions. Moreover, the decay branching
ratios depend on the entire SUSY mass spectrum; see,
e.g., ref. [10]. Therefore, the comprehensive analyses are
necessary for the collider signatures such as monojet plus
missing energy.

4 Summary

In this paper, we have added new HELAS subroutines to
calculate helicity amplitudes with goldstinos, which ap-
pear as the longitudinal modes of massive gravitinos in
high energy processes, into the HELAS library. They are
coded in such a way that arbitrary amplitudes with exter-
nal goldstinos can be generated automatically by MadGraph,
after slight modifications. All the codes have been tested
carefully by making use of the goldstino equivalence the-
orem and the gauge invariance of the helicity amplitudes.
Total cross sections of associated gravitino productions
with a gluino and a squark are also presented for the Teva-
tron and the LHC as sample results.

Acknowledgements We wish to thank Kaoru Hagiwara and
Alberto Mariotti for valuable discussions and comments and
Junichi Kanzaki for putting our code on the web. We also
would like to thank Tilman Plehn and the members of the
ITP, Uni. Heidelberg for their warm hospitality, where part of
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gravitino production at LHC

goal: p p → G̃ G̃ j m3/2
SUSY-breaking 

scale

m3/2 ∼ M2
SUSY

MPl

jet+ missing energy         

qq̄ → g̃G̃ → gG̃G̃ angular dependence of jet 
depends on angular distribution 
of gluino

angular distribution of gluino 
depends on squark-masses...
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θe− e+

G̃

χ̃0
1

(with       NLSP)χ̃0
1

e−e+ → χ̃0
1G̃ → γG̃G̃

θe−

G̃

ẽL/R

γ
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first step: consider processes with electrons 



e−(p1,λ1) + e+(p2,λ2) → χ̃0
1(p3,λ3) + G̃(p4,λ4)

θe− e+

G̃

χ̃0
1

12

p1 =

√
s

2
(1, 0, 0, 1)

p2 =

√
s

2
(1, 0, 0,−1)

p3 =

√
s

2
(1 +

m2
χ̃0
1

s
,β sin θ, 0,β cos θ)

p4 =

√
s

2
β(1,− sin θ, 0,− cos θ)

with β = 1−
m2

χ̃0
1

s
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σ =
β

32πs

� �

λi

���Mλ1λ2,λ3λ4

���
2
d cos θ

dσλ1λ2

d cos θ
=

β

32πs

�

λ3,λ4

���Mλ1λ2,λ3λ4

���
2

total cross section:

differential cross section:

helicity amplitude

Mλ1λ2,λ3λ4 = Ms
λ1λ2,λ3λ4

+Mt
λ1λ2,λ3λ4

+Mu
λ1λ2,λ3λ4
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e−(p1,λ1) + e+(p2,λ2) → χ̃0
1(p3,λ3) + G̃(p4,λ4)
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ẽ−
R

W1 +
m2

χ̃0
1

s W2 }

1

16

Diagrams by MadGraph  e- e+ -> n1 gld  

e    

e    

N1   

gld  

el   

graph    1

1

2

  3

  4

e    

e    

N1   

gld  

er   

graph    2

1

2

  3

  4

e    

e    

N1   

gld  

A    

graph    3

1

2

  3

  4

e    

e    
N1   

gld  

el   

graph    4

1

2   3

  4

e    

e    
N1   

gld  

er   

graph    5

1

2   3

  4

Diagrams by MadGraph  e- e+ -> n1 gld  

e    

e    

N1   

gld  

el   

graph    1

1

2

  3

  4

e    

e    

N1   

gld  

er   

graph    2

1

2

  3

  4

e    

e    

N1   

gld  

A    

graph    3

1

2

  3

  4

e    

e    
N1   

gld  

el   

graph    4

1

2   3

  4

e    

e    
N1   

gld  

er   

graph    5

1

2   3

  4

Diagrams by MadGraph  e- e+ -> n1 gld  

e    

e    

N1   

gld  

el   

graph    1

1

2

  3

  4

e    

e    

N1   

gld  

er   

graph    2

1

2

  3

  4

e    

e    

N1   

gld  

A    

graph    3

1

2

  3

  4

e    

e    
N1   

gld  

el   

graph    4

1

2   3

  4

e    

e    
N1   

gld  

er   

graph    5

1

2   3

  4
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ẽR

s
,β sin θ, 0,β cos θ)

p4 =

√
s

2
β(1,− sin θ, 0,− cos θ)

with β = 1−
m2

ẽR
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Associated productions of a light gravitino at
e+e− and e−γ colliders
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We neglect the coupling to the Z-boson (gZ) in the following.
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e−(p1,λ1) + γ(p2,λ2) → ẽ−R(p3) + G̃(p4,λ4)
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λ1λ2 λ4 iMu iMt iMs

+− + −i
√
2g
F W3

mχ̃

tχ̃
(βs)3/2 cos θ

2 sin
2 θ

2

+− − i
√
2g
F

m2

ẽ−
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We neglect the coupling to the Z-boson (gZ) in the following.
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peak position 
depends on mχ̃0

1
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s-channel 
constant

u-channel 
small

t-channel 
increases 
with mχ̃0

1
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• include NLSP decay

•analysis for LHC

•build             collider ....

OutlineOutlook

p p → G̃ G̃ j

e+e−


