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2 Preface

The standard model (SM) of particle physics is a theory that describes the funda-

mental matter particles and the interactions among them. It is an extremely successful

theory, in the sense that it predicts the outcome of many experiments with high pre-

cision. With the recent discovery of a new boson [1, 2] that might be identi�ed with

the Brout-Englert-Higgs boson (or H-boson for short) of the SM [3,4], all the predicted

particles of the SM have been experimentally con�rmed. The scalar �eld is responsible

for giving mass to gauge �elds by a mechanism which was proposed by Brout and En-

glert [5] as well as Higgs [6] in 1964. The importance of this theoretical prediction and

the experimental con�rmation is emphasized by the award of the 2013 Nobel Prize in

physics.

Besides strengthening the SM, the discovery of the H boson has reinforced a need for

new physics, since the scalar particle in the SM is unstable against quantum corrections

and requires either unnatural �ne-tuning or physics beyond the standard model (BSM).

As well as theoretical motivations, there exist experimental observations that demand

BSM physics. For example, matter as we know it constitutes less than 5% of the energy

density in the universe and about 25% is so-called dark matter. This dark matter can

not be explained within the particle content of the SM. Further experimental evidence

for new physics comes e.g. from the observations of neutrino oscillations, which imply

that neutrinos are massive, while in the SM neutrinos are massless.

There exists a variety of extensions of the SM, each of which addresses one or

more of the questions for new physics. In this work, we focus on supersymmetric

(SUSY) theories, which assume a symmetry between bosons and fermions. Each SM

particle receives a partner, with spin di�ering by 1/2. SUSY theories o�er an attractive

solution to the above mentioned naturalness problem, and might also provide a potential

dark matter candidate. In a perfect SUSY world, the SUSY particles would have the

same masses as the corresponding SM particles. However, this has not been observed

experimentally, so SUSY must be broken. As a result, the SUSY particles have to be

heavier than the SM particles. Although we do not know the values of the masses, to

solve the naturalness problem, one expects at least some of these particles to lie in the

TeV range, which is in the reach of current and future particle colliders.

The lightest SUSY particle (LSP) can be a potential dark matter candidate, since

a symmetry protects it from decaying into SM particles. In order to constitute dark

matter, it is assumed that the LSP is electrically neutral and interacts only weakly with

ordinary matter. Therefore, in collider experiments, the LSP will escape the detection

and give rise to a missing energy (/E) signal.

A typical and widely studied LSP candidate is the lightest neutralino. On the other

hand, another interesting LSP candidate is the gravitino, and such scenarios have not yet

been fully explored. The gravitino is the spin 3/2 superpartner of the graviton, arising

in SUSY theories once gravity is included. Since its mass is related to the energy scale

at which SUSY is broken, the gravitino can be very light up to very heavy, depending

on the details of the theory. The gravitino interactions are highly suppressed, such that

processes involving gravitinos are often negligible in collider experiments. However, if

the gravitino is very light, its interactions are enhanced and may become strong enough
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to give rise to an observable signal. In this work, we investigate potential signatures of

very light gravitinos at current and future colliders.

We proceed in our phenomenological studies on gravitino production at colliders

as follows. Starting from the mathematical description of a theory in the form of a

Lagrangian, we compute the cross section for a given scattering process. The cross

section expresses the probability for the process to happen, and may vary with the

collision energy, the masses of the involved particles or other parameters. We also

investigate distributions, which give e.g. the probability to �nd a certain particle in a

given angular region, or with a speci�c momentum. Having understood how a signature

changes for di�erent model parameters and phase space points, the signal events are

simulated as they would show up in a detector. The outcome can be compared to

the data delivered by experiment. Our goal is to extract information about the valid

parameter space of the theory, and to guide experimental searches on where to look for

new physics.

Simulation tools are indispensable to facilitate the aforementioned procedure of com-

paring a theory to experimental data. One of the emphases of this thesis is the devel-

opment and validation of tools related to gravitino production at colliders through the

phenomenological studies.

We investigate light gravitino production at two di�erent types of particle colliders,

that is lepton colliders and hadron colliders. We start by analysing potential signatures

at electron-positron (e+e−) colliders, especially at the International Linear Collider

(ILC), foreseen to be built in Japan in the near future. We focus on the mono-photon+/E

signal. We discuss the characteristics and parameter dependence of signatures arising

from two di�erent types of production processes, and compare the expected rates and

distributions for selected parameter choices to SM background. We also investigate the

mono-electron+/E signal arising from gravitino production in e−γ collisions, which are

an option at an e+e− collider.

Having understood the features of signatures arising from gravitino production at

lepton colliders, we turn to hadron colliders. We focus on the Large Hadron Collider

(LHC), a collider of 27 km circumference situated at the CERN laboratory (European

Organization for Nuclear Research) in Switzerland. The LHC started its run in 2010

and collides two proton beams with high center-of-mass energies of 7 and 8 TeV. After

the discovery of the H boson by the two main experiments ATLAS and CMS, the

purpose lies more in the search for new physics. We study the jets+/E and mono-

photon+/E signals one can expect from light gravitinos at the LHC. We choose di�erent

benchmark scenarios that exemplify the di�erent possible �nal state signatures, and

analyse the resulting distributions. Further on, we interpret an existing dataset in

terms of our theory.

We �nd that current and future colliders may be able to explore the parameter

space chosen around our benchmark points. If an excess over the SM background is

observed in the future data of the LHC or ILC, we show how to extract information on

the parameters of our theory by simple �nal state observables. On the other hand, if no

deviation from the SM expectations is found, our studies can be used to set bounds on
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the parameters, such as e.g. the gravitino mass, which can be translated into the SUSY

breaking scale. By interpreting a data set delivered by the 2012 LHC run in terms of

our theory, we put a lower bound on the gravitino mass which extends existing bounds

from similar searches.

The thesis is divided into two parts. In the �rst part, we review the theoretical

background needed for studying gravitino production at colliders. In the second part,

we present the collider phenomenology of very light gravitinos.

The �rst part starts with an abstract of the SM in Chapter 1. In Chapter 2, the

basics of SUSY are introduced. The gravitino enters the theory when the global SUSY

theory is promoted to a local theory, as shown in Chapter 3. We explain and illustrate

the fact that we can calculate scattering processes involving light gravitinos by using

the goldstino formalism thanks to the gravitino-goldstino equivalence theorem.

In the second part, after a brief recapitulation of relevant particle colliders in the

beginning of Chapter 4, we explain the chain of collider simulation tools needed for

our phenomenological studies. Possible production mechanisms of light gravitinos are

described in Chapter 5, and current experimental bounds on the gravitino mass are

given. In Chapter 6, we simulate gravitino production at electron-positron colliders and

we present the mono-photon+/E signal arising from processes involving gravitinos. An-

other possible signature is a single electron+/E in electron-photon collisions, discussed

in Chapter 7. We then turn to signals from gravitinos at the LHC. We discuss a jets+/E

signature in Chapter 8. Finally, we interpret the mono-photon+/E signature of the 2012

LHC data in terms of a theory with very light gravitinos in Chapter 9. We conclude

with a summary of the �ndings of the phenomenological studies.



Preface 5

The work presented in this thesis is based on the following publications:

• K. Mawatari, B. Oexl and Y. Takaesu

Associated production of light gravitinos in e+e− and e−γ collisions

Eur. Phys. J. C71 (2011) 1783, [arXiv:1106.5592]

• P. de Aquino, F. Maltoni, K. Mawatari and B. Oexl

Light gravitino production in association with gluinos at the LHC

JHEP 1210 (2012) 008, [arXiv:1206.7098]

• N. D. Christensen, P. de Aquino, N. Deutschmann, C. Duhr, B. Fuks, C. Garcia-

Cely, O. Mattelaer, K. Mawatari, B. Oexl and Y. Takaesu

Simulating spin-3/2 particles at colliders

Eur. Phys. J. C73 (2013) 2580, [arXiv:1308.1668]

• K. Mawatari and B. Oexl

Monophoton signals in light gravitino production at e+e− colliders

Eur. Phys. J. C74 (2014) 2909, [arXiv:1402.3223]

Chapter 9 is based on on-going work:

• F. Maltoni, A. Martini, K. Mawatari and B. Oexl

Monojet and monophoton signals in light gravitino production at the LHC





Part I

Theory

7





CHAPTER 1

The standard model (SM) of particle physics

9



10 The standard model of particle physics

The standard model (SM) of particle physics is a theory that describes the funda-

mental matter particles and the interactions among them. After brie�y summarizing

the particle content of the SM in Section 1.1, we give the example of quantum electrody-

namics (QED) to illustrate how the principle of gauge invariance leads to interactions,

and how the spontaneous breaking of the symmetry generates a mass term for gauge

bosons, see Section 1.2. Subsequently, we present the full Lagrangian of the SM in

Section 1.3. In the last part of this chapter, we present an application of the goldstone-

boson equivalence theorem. This theorem allows in a certain energy regime to calculate

scattering processes involving longitudinally polarized W -bosons by using their corre-

sponding goldstone bosons.

1.1 The SM particle content

The SM particle content is summarized in Fig. 1.1. It can be categorised into fermions

(spin-1/2), which comprise the matter particles, and bosons (spin-1 and spin-0), which

incorporate the mediators of the fundamental forces and the Brout-Englert-Higgs scalar

H. The fermions are divided into sub-groups called leptons and quarks according to

their interactions. The electron e− is charged electrically. Together with the electrically

neutral electron-neutrino νe it constitutes the �rst generation of leptons. There are

two more generations, the muon µ and its associated muon-neutrino νµ and the tau τ

and the tau-neutrino ντ . Quarks are matter particles that carry both electric and color

charges. There are six quarks, grouped again into three generations: the up and down

quarks (u, d), the charm and strange quarks (c, s) and the top and bottom quarks (t, b).

Quarks are usually not observed as free particles but bound into hadrons. The matter

particles interact with each other via three fundamental forces which are mediated by

so-called gauge bosons.1 The electromagnetic force is mediated by the massless photon

γ, the weak force is communicated by the massive Z and W± bosons and the strong

force is mediated by massless gluons G. The H boson is the only scalar particle in

the SM. It was recently discovered at the Large Hadron Collider (LHC) [1�4], and is

responsible for generating mass terms for the matter particles and gauge bosons.

1.2 Symmetry and symmetry breaking

Symmetries play an important role in the construction of a model. They are used to

generate dynamics and restrict the form of possible terms in the Lagrangian; requiring

the Lagrangian to be invariant under local gauge symmetries determines the form of

the interactions, and forbids mass terms for gauge bosons. However, gauge bosons are

allowed to be massive after the spontaneous breaking of a symmetry. In this section,

we introduce these concepts by means of the abelian U(1)em gauge group.

1The fourth fundamental force, gravity, is not included in the SM.
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Figure 1.1: The particle content of the SM is given with the mass [7] and electric charge
of the particles.

The free Lagrangian of a (massless) electron �eld ψe is

Le = ψ̄ei/∂ψe, (1.1)

where ψ̄e = ψ†eγ0, /∂ = ∂µγ
µ and γµ with µ = 0, · · · , 3 are the Dirac matrices. It

is invariant under a global phase transformation ψe(x) → eiαQψe(x), where α is the

constant transformation parameter, and Q = −1 is the electron charge.

However, (1.1) is not invariant under local phase transformations

ψe(x)→ eiα(x)Qψe(x), (1.2)

which allow an independent transformation at every point x in space-time. By replacing

the derivative ∂µ by the covariant derivative

Dµ = ∂µ + igeQAµ, (1.3)

the invariance of (1.1) can be restored if the gauge boson Aµ transforms as Aµ(x) →
Aµ(x) − 1

ge
∂µα(x). Here, ge =

√
4παEW and Aµ is the electric �eld whose excitations

can be identi�ed with photons.

To allow the gauge �eld to be a dynamical variable, we add its kinetic term to the

Lagrangian (1.1). The Lagrangian of QED is then given by

Le = ψ̄ei /Dψe −
1

4
FµνF

µν , (1.4)

where Fµν = ∂µAν − ∂νAµ is the electromagnetic �eld strength tensor. We have seen

how the imposition of a local U(1)em symmetry implies the existence of a vector particle

and determines the form of the interaction between the electron and that gauge boson.



12 The standard model of particle physics

>
φ

>

V(φ)

>
φ

>

V(φ)

Figure 1.2: The schematic diagram of the potential V (φ) = −µ2φ∗φ + λ(φ∗φ)2 for
µ2 < 0 (left) and µ2 > 0 (right).

While the electron mass term would be allowed by the local phase transformation,

the mass term for the gauge boson would not. Of course this is not a problem for the

photon, but we know we will need a mass term for the W and Z bosons to describe the

weak interactions. Sticking to the example of QED, we describe how a mass term can

be generated for gauge bosons by coupling them to a scalar �eld, which will develop a

vacuum expectation value (VEV) and break the U(1)em symmetry spontaneously. This

is the famous Brout-Englert-Higgs mechanism [5,6].

Consider a complex scalar �eld φ with the Lagrangian given by

Lφ = |Dµφ|2 − V (φ), (1.5)

with the potential

V (φ) = −µ2φ∗φ+ λ(φ∗φ)2, (1.6)

and φ transforms under the local U(1)em transformation as

φ(x)→ eiα(x)Qφ(x). (1.7)

For µ2 < 0, the potential has its minimum at |φ0| = 0; see also the left plot in Fig. 1.2.

The minimal energy state is preserved by the U(1)em transformation. However, for

µ2 > 0, a minimal energy state occurs at

|φ0| =
√
µ2

2λ
≡ v√

2
, (1.8)

which is not anymore invariant under (1.7); we say that the U(1)em symmetry is spon-

taneously broken.

To investigate the e�ect of the broken symmetry in the Lagrangian given (1.5), we

decompose φ into its two real components φ1,2(x) and choose the VEV in the direction

of φ1,

φ(x) =
1√
2

(v + φ1(x) + iφ2(x)) . (1.9)
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From the �rst term of (1.5), we obtain

|Dµφ|2 =
1

2
(∂µφ1)(∂µφ1) +

1

2
(∂µφ2)(∂µφ2) +

1

2
(geQv)2AµA

µ + geQvAµ∂
µφ2

+ terms cubic and quartic in the �elds. (1.10)

We see that a mass term for the gauge boson appeared, with mass mA = |gevQ|.
The potential term turns into

V (φ) = µ2φ2
1 + terms cubic and quartic in the �elds. (1.11)

We have a mass term for φ1, while the �eld φ2 remains massless; it is a goldstone boson,

and its appearance is a general feature of the spontaneous breaking of a continuous

symmetry [8,9]. It is not an independent physical particle, as can be seen when rewriting

(1.9) as,

φ(x) =
1√
2
ei
ξ(x)
v (v + h(x)), (1.12)

where h(x) and ξ(x) are real �elds and for small �eld values we can expand φ around v

and identify h = φ1 and ξ = φ2. By �xing the gauge parameter in (1.7) to α(x) = − ξ(x)
v

we can remove the goldstone boson ξ(x) from the theory. We say, the goldstone boson

`has been eaten' by the gauge boson, providing the massive boson with a physical lon-

gitudinal polarization. Although in this so-called unitary gauge the goldstone bosons

have disappeared from the theory, their properties will still show up in physical observ-

ables. This will be explained in detail in section 1.4 by means of the longitudinal WW

scattering of the SM. Before, in the next section, we present the particle content and

the Lagrangian of the SM.

1.3 The SM Lagrangian

As we saw in the previous section, the guiding principle to derive the interactions among

the particles is the invariance of the Lagrangian under local gauge transformations. The

full SM is based on the SU(3)c×SU(2)L×U(1)Y gauge group, where SU(2)L×U(1)Y
is spontaneously broken to U(1)em, resulting in massive W - and Z-bosons, yet keeping

the photon massless.

As before, we start with the Lagrangian for the electron and the other fermions.

The electron ψe is composed of a left- and right-handed Weyl-spinor, ψeL = PLψe and

ψeR = PRψe. It was found experimentally that only the left handed piece couples to

the W± bosons [10, 11], hence ψeL and ψeR are assigned to di�erent representations of

the gauge group. The left-handed electron �eld forms together with the (left-handed)

neutrino a doublet of SU(2)L, while the right-handed electron is a singlet. Similar

relations hold for the quarks; see also Table 1.1, where the particles of the SM are

summarized together with their quantum numbers under SU(3)c × SU(2)L × U(1)Y .
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�eld SU(3)c SU(2)L U(1)Y

EL =

(
ψνe
ψeL

)
1 2 −1

2

ψeR 1 1 −1

QL =

(
ψuL
ψdL

)
3 2 1

6

ψuR 3 1 2
3

ψdR 3 1 −1
3

Φ =

(
φ+

φ0

)
1 2 1

2

GA 8 1 0
W a 1 3 0
B 1 1 0

Table 1.1: The SM �elds with their quantum numbers under SU(3)c×SU(2)L×U(1)Y .

The gauge invariant Lagrangian of the fermion �elds is given by

Lf =ĒLi /DEL + ψ̄eRi /DψeR

+ Q̄Li /DQL + ψ̄uRi /DψuR + ψ̄dRi /DψdR , (1.13)

where generation and color indices are suppressed for convenience. The covariant deriva-

tive is de�ned as

Dµ = ∂µ + igst
AGAµ + igT aW a

µ + ig′Y Bµ, (1.14)

where gs, g and g′ are the SU(3)c, SU(2)L and U(1)Y gauge coupling constants; tA,

T a and Y are the generators of the corresponding gauge group in the representation to

which the particle belongs, and GAµ , W
a
µ , and Bµ are the gauge �elds. The hypercharge

Y is de�ned by Y = Q− T 3.

The kinetic terms of the gauge �elds read

LV = −1

4
GAµνG

A,µν − 1

4
W a
µνW

a,µν − 1

4
BµνB

µν , (1.15)

with the �eld strength tensors

GAµν = ∂µG
A
ν − ∂νGAµ − gsfABCGBµGCν ,

W a
µν = ∂µW

a
ν − ∂νW a

µ − gεabcW b
µW

c
ν ,

Bµν = ∂µBν − ∂νBµ, (1.16)

where fABC and εabc are the structure constants of SU(3)c and SU(2)L. The last term

of GAµν andW
a
µν gives rise to self-interactions of gauge bosons, and is necessary for gauge

invariance under non-abelian gauge groups.

To generate mass terms for the weak gauge-bosons, we introduce a complex scalar
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�eld which transforms under SU(2)L × U(1)Y as

Φ(x)→ eiα
a(x)Taeiβ(x)Y Φ(x), (1.17)

where T a = σa

2 and Y = 1
2 . The Lagrangian is given by

LH = (DµΦ)†(DµΦ)− V (Φ), (1.18)

with the potential

V (Φ) = −µ2Φ†Φ + λ(Φ†Φ)2. (1.19)

As discussed in the previous section, for µ2 > 0, Φ develops a VEV that breaks SU(2)L×
U(1)Y to U(1)em,

|Φ0| =
√
µ2

2λ
=

v√
2
. (1.20)

With a possible parametrization

Φ =
1√
2

(
φ1 + iφ2

φ3 + iφ4

)
, (1.21)

we choose the VEV in the direction of φ3, 〈φ3〉 = v, 〈φi〉 = 0 for i = 1, 2, 4. In unitary

gauge, Φ is given by

Φ(x) =
1√
2

(
0

v +H(x)

)
. (1.22)

The three degrees of freedom of the goldstone bosons φ1,2,4 are absorbed by the massive

gauge �elds and provide their longitudinal polarization modes. The physical scalar H

is the Brout-Englert-Higgs �eld. Inserting (1.22) in the �rst term of (1.18) generates

mass terms for the W±, Z as well as interaction terms between the H boson and the

gauge bosons W±, Z. The mass eigenstates of the gauge bosons are given by

W±µ =
1√
2

(W 1
µ ∓ iW 2

µ),

(
Zµ
Aµ

)
=

(
cos θw − sin θw
sin θw cos θw

)(
W 3
µ

Bµ

)
, (1.23)

where the Weinberg angle θw is de�ned through

cos θw =
g√

g2 + g′2
, (1.24)

and the masses are given as

mW =
1

2
g v,

mZ =
1

2

√
g2 + g′2 v. (1.25)
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From the potential (1.19), we obtain a mass term for the H boson with

mH =
√

2µ =
√

2λv. (1.26)

The Yukawa interactions of the SM fermions and the complex scalar �eld are given

by

LY = −
3∑

i,j=1

(
λeijĒLiΦψeR j + λuijQ̄LiΦ̃ψuR j + λdijQ̄LiΦψdR j

)
+ h.c., (1.27)

with Φ̃ = iσ2Φ∗ and i, j are the generation indices. Inserting (1.22) leads to mass terms

for the fermions as well as interactions between the fermions and the H boson. The

mass matrices for the leptons and quarks are

me
ij =

v√
2
λeij , m

u
ij =

v√
2
λuij , m

d
ij =

v√
2
λdij . (1.28)

1.4 The goldstone boson equivalence

Since we will work with goldstone particles throughout this work, we would like to

demonstrate their role in scattering processes of the SM. Although we removed them

from our theory by choosing a particular gauge (i.e. the unitary gauge), their properties

might still show up in physical observables, according to the goldstone boson equivalence

theorem [12, 13]. It states that in the high-energy limit, scattering processes involving

longitudinally polarized gauge bosons can be calculated by replacing the gauge bosons

by their corresponding goldstone bosons.

As explicit example, we discuss the scattering of W -bosons [12,13]

W+(p1) +W−(p2)→W+(p3) +W−(p4), (1.29)

where pi denote the four momenta. In the high-energy limit,
√
s � mW , where

√
s is

the center-of-mass (CM) energy of the collision, the cross section is dominated by the

longitudinally polarized gauge bosons, since their wavefunctions are εµL ∝
√
s

mW
, while

the transverse polarizations scale as s0. The goldstone boson equivalence theorem tells

us that in the high-energy limit the cross section for the scattering of longitudinally

W -bosons is approximately the cross section for goldstone boson scattering

σ(W+
LW

−
L →W+

LW
−
L ) ≈ σ(φ+φ− → φ+φ−). (1.30)

Here, φ± are the goldstone bosons that would be absorbed by the W±.

A nice feature of this example is that it shows how gauge symmetries together with

the H boson are responsible for preserving the unitarity of the SM. We present this in

the �rst part of the following discussion. Subsequently, we show the equivalence of the

amplitude calculated with the longitudinally polarized W bosons and the amplitude
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Figure 1.3: The Feynman diagrams contributing to W+
LW

−
L → W+

LW
−
L , generated by

MadGraph 5 [14]. w±, a, z,h denote a longitudinally polarized W± boson, a photon,
a Z boson, and a H boson.

calculated with the corresponding goldstone bosons.

The total cross section is given by

σ(W+
LW

−
L →W+

LW
−
L ) =

1

32πs

∫
dcos θ |M|2, (1.31)

where cos θ is the angle between the outgoing particles and the collision axis, and M
is the sum of amplitudes of the sub-channel contributions: the four-point vertex, the

s- and t-channel photon and Z boson exchanges, and the s- and t-channel H-boson

exchanges; see also Fig. 1.3,

M(W+
LW

−
L →W+

LW
−
L ) =Mgauge +MH , (1.32)

where

Mgauge =Mfour +Ms
γ+Z +Mt

γ+Z , (1.33)

MH =Ms
H +Mt

H . (1.34)

From the Lagrangian given in (1.15) and (1.18), we can derive the Feynman rules

presented in Fig. 1.4.
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propagator massive spin-1 particle in unitary gauge with mass m and four-
momentum pµ

p
−i

p2 −m2

�
gµν − pµpν

m2

�
(1.45)

photon in unitary gauge
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−i

p2
gµν (1.46)

p
i

p2 −m2
h

(1.47)
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H
i2m2

W

v
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W− ν

W+ µ

γ, Z λ
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p−

q

− ic
�
gµν(p− − p+)λ + gνλ(q − p−)µ + gλµ(−q + p+)ν

�

c = ge for the γ
c = g cos θw for the Z

W− ν

W+ µ W+ α

W− β

ig2(2gµαgνβ − gµβgνα − gαβgµν)

φ−

φ+

h

p+

p−

−i2vλ

φ−

φ+ φ+

φ−

−i4λ

c = (1)

{ (2)

|M̂±,±∓| (3)

|M̂±,±±| (4)

mẽ√
s

(5)

mχ̃√
s

(6)

γγ (7)

γ̃ (8)

L = ψ̄i /Dψ (9)

−igγµ (10)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (11)

pp→ jνν̄ (12)

qq̄ → G̃G̃ (13)

γγ → G̃G̃ (14)
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momentum pµ

p
−i

p2 −m2

�
gµν − pµpν

m2

�
(1.45)
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−i
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Figure 1.4: The Feynman rules for the process W+W− →W+W−.

The explicit expressions for the amplitudes are given by

iMfour = ig2 (2ε1 · ε4 ε2 · ε3 − ε1 · ε3 ε2 · ε4 − ε1 · ε2 ε3 · ε4) ,

iMs
γ+Z = ig2

(sin2 θw
s

+
cos2 θw
s−m2

Z

)(
ε1 · ε2(p2 − p1)µ + 2p1 · ε2εµ1 − 2p2 · ε1εµ2

)

×
(
ε3 · ε4(p4 − p3)µ − 2p4 · ε3ε4,µ + 2p3 · ε4ε3,µ

)
,

iMt
γ+Z = ig2

(
sin2 θw
t

+
cos2 θw
t−m2

Z

)(
− ε1 · ε3(p1 + p3)µ + 2p1 · ε3εµ1 + 2p3 · ε1εµ3

)

×
(
ε2 · ε4(p2 + p4)µ − 2p4 · ε2ε4,µ − 2p2 · ε4ε2,µ

)
,

iMs
H =

−i4m4
W

v2

1

s−m2
H

(
ε1 · ε2 ε3 · ε4

)
,

iMt
H =

−i4m4
W

v2

1

t−m2
H

(
ε1 · ε3 ε2 · ε4

)
, (1.35)

where εµi = εµL(pi) and t = (p1 − p3)2, u = (p1 − p4)2 and we used the relation ge =

g sin θw. Since εµL ∝
√
s

mW
, we expect at least some of the amplitudes to grow with

the energy as s2. Naively, this leads to a cross section that rises with s3, so that the

probability for this process to happen would grow continuously with increasing energy

and eventually hit the unitarity bound, indicating the break-down of the theory at some

energy scale.2 However, the explicit calculation shows that, due to the gauge symmetry,

the leading energy dependence cancels among the amplitudes of the gauge sector. The

remaining contributions from the gauge bosons grow with s, but those are cancelled

2For a review about partial wave unitarity, see Appendix A.4.
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Mfour Ms
γ+Z Mt

γ+Z

O(s2) g2s2

16m4
W

[ −3 + 6cθ + c2
θ −4cθ +3− 2cθ − c2

θ ]

O(s) g2s
8m2

W
[ 4− 12cθ −2

m2
Z

m2
W
c2
wcθ +(16cθ − m2

Z

m2
W
c2
w(3 + cθ)) ]

Table 1.2: The leading and next-to-leading energy dependence from the gauge sector of
the helicity amplitudes for the process W+

LW
−
L →W+

LW
−
L .

against the contributions from the H boson, rendering the cross section well behaved

in the high energy limit.

We now present the explicit expressions for the cancellations of the leading and

next-to-leading energy dependent terms. The amplitudes in (1.35) are calculated in the

limit
√
s � mW , with the four-momenta de�ned in the CM-frame of the incoming W

bosons,

pµ1 =

√
s

2
(1, 0, 0, βi) ,

pµ2 =

√
s

2
(1, 0, 0,−βi) ,

pµ3 =

√
s

2
(1, βfsθ, 0, βfcθ) ,

pµ4 =

√
s

2
(1,−βfsθ, 0,−βfcθ) , (1.36)

with βi = βf =

√
1− 4m2

W
s , sθ = sin θ, cθ = cos θ and the corresponding longitudinal

polarization vectors3

εµL(p1) =

√
s

2mW
(βi, 0, 0, 1) ,

εµL(p2) =

√
s

2mW
(βi, 0, 0,−1) ,

εµL(p3) =

√
s

2mW
(βf , sθ, 0, cθ) ,

εµL(p4) =

√
s

2mW
(βf ,−sθ, 0,−cθ) . (1.37)

The terms ofMgauge that grow with energy are listed in Table 1.2, where the relations

(1.25) and the abbreviations cw = cos θw and sw = sin θw are used. We observe that

the s2 dependent terms cancel between the four-point vertex and the s- and t-channel

exchange of photon and Z.

In the second row of Table 1.2, the next-to-leading energy dependent terms from

3The two transverse and the one longitudinal polarization vectors for a massive gauge boson with
momentum pµ are de�ned by εµpµ = 0. Throughout this work, we follow the HELAS convention [15];
see Appendix A.2.
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the gauge bosons are displayed. Using the relation

cw =
mW

mZ
, (1.38)

they sum up to

iMgauge = i
g2s

8m2
W

(1 + cos θ) +O(s0). (1.39)

The contributions from the H boson exchange diagrams (1.34) read

iMH = − ig2

4m2
W

[s2(1− 2m2
W
s )2

s−m2
H

+
t2(1 +

2m2
W cos θ
t )2

t−m2
H

]
. (1.40)

Since we are interested in the limit
√
s � mW , we neglect the terms proportional to

m2
W
s in the numerator and (1.40) can be written as

iMH = − ig2s

8m2
W

(
1 + cos θ

)
− ig2m2

H

4m2
W

( s

s−m2
H

+
t

t−m2
H

)
+O

(m2
W

s

)
. (1.41)

The �rst term cancels against the energy dependent term from the gauge bosons (1.39),

and (1.32) gives

iM(W+
LW

−
L →W+

LW
−
L ) = − ig

2m2
H

4m2
W

( s

s−m2
H

+
t

t−m2
H

)
+O

(m2
W

s
,
mW

mH

)
, (1.42)

which is well behaved in the high energy limit. We note that for a light H boson, the

contributions from the gauge sector, i.e. the term ∼ O(s0) in (1.39), can be comparable

to the contributions from the H boson in (1.42).

We now show how (1.42) can be reproduced by calculating the scattering amplitudes

using the goldstone bosons. To derive the couplings of the goldstone bosons

φ± =
1√
2

(φ1 ± iφ2), (1.43)

we keep the would-be goldstone bosons in the scalar doublet given in (1.21) as

Φ =

(
φ+

1√
2
(v +H + iφ3)

)
. (1.44)

Inserted in the Lagrangian de�ned in (1.18) we obtain the Feynman rules displayed in

Fig. 1.5. The involved diagrams are the scalar four-point vertex and the s- and t-channel

H-boson exchange, see also Fig. 1.6,

M(φ+φ− → φ+φ−) =Mfour +Ms
H +Mt

H , (1.45)
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propagator massive spin-1 particle in unitary gauge with mass m and four-
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Figure 1.5: The Feynman rules from the Higgs sector for the process φ+φ− → φ+φ−.
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Figure 1.6: The Feynman diagrams for φ+φ− → φ+φ−.

where the explicit expressions of the amplitudes are

iMfour = −4iλ,

iMs
H = −i 4λ2v2

s−m2
H

,

iMt
H = −i 4λ2v2

t−m2
H

. (1.46)

Using the relation λ =
m2
H

2v2
and v = 2mW

g , this gives

iM(φ+φ− → φ+φ−) = − ig
2m2

H

4m2
W

( s

s−m2
H

+
t

t−m2
H

)
, (1.47)

which reproduces the leading terms in (1.42).
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Although the SM describes a lot of experimental data very successfully, we expect

that there is physics beyond the SM, and the SM to be only the low-energy e�ective

theory of a more fundamental theory. Open questions that drive the search for new

physics are for example:

• How is the H boson stabilized against quantum corrections?

• What explains the �avor structure of quarks and leptons?

• How can we explain neutrino masses?

• Is there a way to incorporate the gravity in the theory?

• Do the gauge couplings unify?

• What is dark matter? What is dark energy?

An attractive theory that addresses some of these open questions is supersymmetry

(SUSY). In Section 2.1, we explain the �rst item of the above list in more detail, and

show how SUSY cures the instability of the H boson mass against quantum corrections.

In Section 2.2, we introduce some basics of SUSY. First, we show the relation be-

tween a Lagrangian in four-component notation as used in the previous section and the

two-component notation which is usually used in SUSY theories. Next, we give a simple

example of a SUSY Lagrangian, followed by introducing the so called �superspace� and

�super�elds� which will be very helpful in the construction of a Lagrangian invariant

under SUSY transformations.

Then, we use the superspace formalism to write down the SUSY QED Lagrangian

in Section 2.3 as a simple example of a fully SUSY invariant theory.

Subsequently, we give a brief description of the minimal supersymmetric model

(MSSM) in Section 2.4.

2.1 The �ne-tuning problem

In the following, we concentrate on one theoretical motivation that suggests an extension

of the SM, the so-called �ne-tuning or naturalness problem.

From the helicity amplitudes of the WW -scattering in the previous section, one can

derive an upper bound on the expected H boson mass from partial wave unitarity [16],

which is mH . 1 TeV.1 However, when we compute the quantum corrections to the H

boson mass, we �nd that they depend quadratically on a parameter Λ, which can be

interpreted as the scale at which new physics enters. That means, if Λ = MPl ≈ 1019

GeV, the scale where quantum gravitational e�ects become important, the H boson

would naturally prefer to be very heavy. To obtain a light H boson in renormalized

perturbation theory, one must precisely adjust the counterterms against the radiative

corrections. This is the so-called �ne-tuning problem. We note that this adjustment

1The general argument of partial wave unitarity is reviewed in Appendix A.4.
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p p

p − k

k

Figure 2.1: The correction to the fermion mass from the scalar H boson.

p p

p + k

k

Figure 2.2: The correction to the scalar H boson mass from a fermion.

can be done and hence is not a problem in itself, but it is not natural. To clarify what

this means, we compute the radiative corrections to the mass of a fermion that couples

to the H boson, and compare them to the radiative corrections to the H boson mass

from a fermion, see e.g. [17,18].

Assume a dirac fermion ψf of mass mf that couples (after electroweak symmetry

breaking) to the H boson as

Lf = − λf√
2
ψ̄fψfH, (2.1)

where the mass and the coupling are related by λf =
√

2mf
v .

We compute the fermion self-energy from the H loop; see also Fig. 2.1,

−iΣf (p) =
(−iλf√

2

)2
∫

d4k

(2π)4

i(/k +mf )

[k2 −m2
f + iε]

i

[(p− k)2 −m2
H + iε]

. (2.2)

When evaluating the integral and using a cut-o� Λ to regularize it, we �nd a logarithmic

dependence on the cut-o� scale,

δmf = Σf (p = mf ) ∼ −mf ln
Λ

mf
+ · · · , (2.3)

where the dots stand for terms that are independent of Λ or vanish when Λ→∞. The

quantity Σf (p = mf ) is interpreted as a correction to the fermion mass. We �nd that,

when the fermion mass approaches zero, also its correction δmf goes to zero, a behavior

that is said to be natural. This is because a fermionic mass term mf ψ̄fψf or also a

term like (2.1) breaks chiral symmetry. Hence, by setting the fermion mass to zero, and

equivalently λf → 0, we increase the symmetry of the Lagrangian. We say the fermion

masses are protected by the chiral symmetry.

We now compute the one-loop quantum corrections from a fermion to the mass of
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Figure 2.3: The corrections to the H boson mass from scalar particles; there is a
contribution from the four-point interaction (left) and a contribution from the three-
point interactions (right).

the H boson; see Fig. 2.2,

−iΣH(p2) = (−1)
(−iλf√

2

)2
∫

d4k

(2π)4

(i)2Tr[(/p+ /k +mf )(/k +mf )]

[(p+ k)2 −m2
f + iε][k2 −m2

f + iε]
. (2.4)

The minus sign arises due to fermi statistics from entangling the fermionic �elds before

contracting them. The explicit calculation using again the cut-o� Λ to regulate the

integral gives the correction δm2
H to the H boson mass as δm2

H = ΣH(p2 = mH)

δm2
H = −

λ2
f

8π2

[
Λ2 − 6m2

f ln
Λ

mf
+ 2mf

]
+O

( 1

Λ2

)
, (2.5)

where for simplicity we assume the fermion to be very heavy so that we can neglect

the external H boson momentum squared.2 The correction δm2
H is proportional to Λ2

and does not vanish when the H boson mass goes to zero. There is no symmetry that

protects the H boson mass, as in the case of the fermion mass.

The situation is quite di�erent if we assume N additional complex scalar particles

Si, (i = 1, . . . , N) with masses mS that couple to the H boson as

LS =
λS
2
H2S†i Si + vλSHS

†
i Si. (2.6)

They will also contribute corrections to the H boson mass from the diagrams displayed

in Fig. 2.3; the four-point interaction,

−iΣH,four = iNλS

∫
d4k

(2π)4

i

k2 −m2
S + iε

, (2.7)

gives a correction δm2
H,four = ΣH,four(p

2 = m2
H),

δm2
H,four = −N λS

16π2

[
Λ2 − 2mS ln

Λ

mS

]
+O

( 1

Λ2

)
. (2.8)

In a similar way, the three-point interaction gives a correction δm2
H,three = ΣH,three(p

2 =

2The qualitative result will not change; the full result can be found e.g. in [17].
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m2
H), with

−iΣH,three = N(ivλS)2

∫
d4k

(2π)4

i

[(p+ k)2 −m2
S + iε]

i

[k2 −m2
S + iε]

, (2.9)

so that

δm2
H,three = −N (vλS)2

16π2

[
2 ln

Λ

mS
− 1
]

+O
( 1

Λ2

)
, (2.10)

where we neglected again the external H boson momentum squared.

Summing up all the corrections to the H boson mass from (2.5) and for N scalar

particles (2.8) and (2.10), we �nd that the quadratically divergent part cancels if

N = 2, (2.11)

and

λ2
f = −λS . (2.12)

We are left with a correction to the H boson mass that depends only logarithmically

on Λ,

δm2
H,tot =

λ2
f

4π2

[
(m2

f −m2
S) ln

Λ

mS
− 3m2

f ln
mf

mS

]
+O

( 1

Λ2

)
, (2.13)

hence the naturalness problem is solved.

In the next section, we will see that SUSY assigns two scalar particles to every

dirac fermion as in (2.11), and relates the couplings between the scalar and fermionic

interactions as in (2.12). In an exact SUSY theory, the masses of fermion and scalar

boson are the same, mf = mS , so that the quantum corrections in (2.13) to the H

boson mass vanishes. In that case, the H boson mass is protected by SUSY similar to

the way the fermion mass is protected by chiral symmetry.3

Besides o�ering a solution to the �ne-tuning problem, SUSY addresses also others of

the questions given in the beginning of this chapter. We will see in Section 2.4 that the

lightest SUSY particle is protected from decaying into SM particles, and hence provides

in many SUSY models a dark matter candidate [19�21].

In the minimal supersymmetric extension of the SM (MSSM), it is possible to obtain

gauge coupling uni�cation [22]. Calculating the evolution of the SM coupling constants

with the SM particle content only, one �nds that the couplings come relatively close

to each other at high energies, but they do not actually meet. In the MSSM, the

renormalization group equations describing the energy dependence of the couplings

receive extra contributions from the SUSY particles, and uni�cation can be obtained.

3We note that the corrections from massive gauge boson loops, as well as the H boson self-
interactions also introduce quadratic divergences. In SUSY, these are cancelled by the corresponding
fermionic partners of the particles.
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2.2 Basics of SUSY

2.2.1 Introduction to two-component notation

To perform our phenomenological studies, we will be working most of the time with

the well known four-component notation, that was used in the previous sections. How-

ever, to construct a SUSY Lagrangian, it is convenient to introduce a two-component

notation. Here, we present a short description on how the two notations are related.

In four-component notation, the free Lagrangian of a massless Dirac fermion ψD is

given as in (1.1) by

L = ψ̄Diγ
µ∂µψD, (2.14)

where the 4× 4 gamma matrices are given as

γµ =

(
0 σµ

σ̄µ 0

)
. (2.15)

σ0 and the Pauli matrices are shown in the Appendix A.1.4 The four-component Dirac

spinor ψD is composed of a left- and a right-handed two-component Weyl spinor

ψD =

(
ξα
χ̄α̇

)
, (2.16)

where we explicitly write the spinor indices α = 1, 2 for left-handed pieces and α̇ = 1, 2

for right-handed pieces. The hermitian conjugate of a left-handed Weyl spinor is a

right-handed Weyl spinor and vice-versa,

(λα)† = λ̄α̇, (λ̄α̇)† = λα. (2.17)

We �nd

ψ̄D = ψ†Dγ
0 = (χα ξ̄α̇). (2.18)

The dot product of two Weyl spinors is de�ned as

χ · ξ = χαξα = εαβχβξα,

χ̄ · ξ̄ = χ̄α̇ξ̄
α̇ = εα̇β̇χ̄α̇ξ̄β̇. (2.19)

We follow the FeynRules convention, where the antisymmetric tensor is de�ned by

ε12 = ε1̇2̇ = −ε21 = −ε2̇1̇ = 1 and ε11 = ε1̇1̇ = ε22 = ε2̇2̇ = 0. Note that χ · ξ = ξ ·χ and

χ̄ · ξ̄ = ξ̄ · χ̄. A useful summary of identities involving the epsilon tensor and σ matrices

can be found in Appendix A of [23].

4The spinor indices are σµ = σµαα̇, σ̄
µ = σ̄µ α̇α.
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In two-component notation, the Lagrangian de�ned in (2.14) reads

iψ̄D/γψD = i(χασµαα̇∂µχ̄
α̇ + ξ̄α̇σ̄

µ α̇α∂µξα)

= i(χ̄α̇σ̄
µ α̇α∂µχα + ξ̄α̇σ̄

µ α̇α∂µξα) + total derivative, (2.20)

where to obtain the last line we used the relation λ̄σ̄µλ′ = −λ′σµλ̄ and integration by

parts, (∂µa)b = ∂µ(ab)− a∂µb.
We note that for a Majorana fermion ψM the left- and right handed component are

related to each other,

ψM =

(
ξα
ξ̄α̇

)
. (2.21)

2.2.2 A simple example of a SUSY Lagrangian

A supersymmetric transformation converts a boson into a fermion, and a fermion into

a boson. To get an idea about a SUSY theory, we consider the Lagrangian describing a

massless complex scalar �eld and a left-handed Weyl fermion,

L = ∂µφ∂
µφ∗ + iψ̄α̇σ̄

µ α̇α∂µψα, (2.22)

where we explicitly write out the spinor indices. This is the so called massless Wess-

Zumino model [24]. Let us show that the Lagrangian in (2.22) is invariant under the

following SUSY transformations. The scalar transforms under a SUSY transformation

as

δφ =
√

2εαψα,

δφ∗ =
√

2ψ̄α̇ε̄
α̇ (2.23)

where ε is an in�nitesimal, anti-commuting spinorial parameter with mass dimension

[ε] = −1/2. For the moment, we consider only global SUSY theories, that is ε is indepen-

dent of the space-time, ∂µε = 0. The fermion transforms under SUSY transformations

as

δψα = −i
√

2σµαα̇ε̄
α̇∂µφ,

δψ̄α̇ = i
√

2εασµαα̇∂µφ
∗ (2.24)

Applying these SUSY transformations to the �elds in the Lagrangian (2.22), L trans-

forms into L → L+ δL, and leads to a change in the action S

δS =

∫
d4x δL

=

∫
d4x

[
∂µ(δφ)∂µφ∗ + ∂µφ∂

µ(δφ∗) + i(δψ̄)α̇σ̄
µα̇α∂µψα + iψ̄α̇σ̄

µα̇α∂µ(δψα)
]
,

(2.25)
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where we kept only terms linear in ε, ε̄. Inserting the explicit expressions of (2.23) and

(2.24), and using partial integration for the �rst three terms to shift derivatives from

the fermion to the scalar, gives

δS =
√

2

∫
d4x

[
− εαψα∂µ∂µφ∗ − ψ̄α̇ε̄α̇∂µ∂µφ

+ εασµαα̇σ̄
ν α̇βψβ∂µ∂νφ

∗ + ψ̄α̇σ̄
µ α̇ασν

αβ̇
ε̄β̇∂µ∂νφ

∗ + ∂µΛµ
]
, (2.26)

where

Λµ =
√

2
(
εαψα∂

µφ∗ + ψ̄α̇ε̄
α̇∂µφ− εασναα̇σ̄µ α̇βψβ∂νφ∗

)
. (2.27)

The last term can be dropped, since it is a total derivative. By using the relation

σµαα̇σ̄
ν α̇β + σναα̇σ̄

µ α̇β = 2ηµνδβα, we obtain

δS =
√

2

∫
d4x

[
− εαψα∂µ∂µφ∗ − ψ̄α̇ε̄α̇∂µ∂µφ

+ εαψα∂µ∂
µφ∗ + ψ̄α̇ε̄

α̇∂µ∂
µφ
]

= 0. (2.28)

We saw that the SUSY transformations do not change the Lagrangian up to total

derivative, and hence leave the action invariant.

However, the particle content ψ, φ is not enough for a SUSY invariant theory, as we

can see when counting the degrees of freedom. On-shell, when the equation of motions

are ful�lled, the fermionic and bosonic degrees of freedom are balanced, that is we have

two for the Weyl fermion and two for the complex scalar. On the other hand, o�-shell,

the fermion has four degrees of freedom, while we still have only two for the scalar.

To get the number of degrees of freedom right, we introduce a so-called auxiliary �eld

F which has mass dimension two and is complex, so it has two degrees of freedom

(o�-shell). Its Lagrangian reads

Laux = F ∗F, (2.29)

and the equation of motion gives F = 0 and the degrees of freedom of F are eliminated

on-shell.5 We will see later that this kind of auxiliary �eld plays an important role in

the spontaneous breaking of SUSY.

In order to get an invariant action including the new term (2.29), we have to de�ne

5Another reason for introducing the auxiliary �eld is to make the SUSY algebra close o�-shell.
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how F transforms under SUSY transformations, and modify (2.24) as

δF = −i
√

2∂µψ
ασµαα̇ε̄

α̇,

δF ∗ = i
√

2εασµαα̇∂µψ̄
α̇,

δψα = −i
√

2σµαα̇ε̄
α̇∂µφ−

√
2εαF,

δψ̄α̇ = i
√

2εασµαα̇∂µφ
∗ −
√

2ε̄α̇F
∗. (2.30)

We now introduce the so-called supercurrent Jµα and the supercharges Qα, Q̄α̇. From

Noether's theorem we know that for every continuous symmetry transformation, there

is a conserved current, which for SUSY transformations is the supercurrent. For a

Lagrangian that transforms into a total derivative, δL = ∂µΛµ, it is de�ned as

εαJµα + ε̄α̇J
†µ α̇ =

∑

X

∂L
∂(∂µX)

δX − Λµ, (2.31)

where X stands for all the �elds involved. We note that one can always rede�ne the

conserved current by replacing Λµ by Λµ + λµ, where ∂µλ
µ = 0.

For the example given above, the explicit expressions for the supercurrents are given

by

Jµα =
√

2σναα̇σ̄
µ α̇βψβ∂νφ

∗,

J†µα̇ =
√

2ψ̄β̇σ̄
µ β̇βσνβα̇∂νφ. (2.32)

Using the equation of motions for the �elds, one can show that they are independently

conserved,

∂µJ
µ
α = 0, ∂µJ

†µ
α̇ = 0. (2.33)

The supercurrent can be used to construct an invariant action. We will comment on

this in Section 3.2.3.

The integration over the time component gives the generators Q, Q̄ of SUSY trans-

formations de�ned as

Qα =

∫
d3~x J0

α, Q̄α̇ =

∫
d3~x J† 0

α̇ . (2.34)

One can show that they ful�ll the SUSY algebra,

{Qα, Q̄α̇} = 2σµαα̇Pµ, {Qα, Qβ} = 0, {Q̄α̇, Q̄β̇} = 0, (2.35)

where Pµ generates translations in space-time. The commutation relation with Pµ is
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Figure 2.4: A schematic representation of the superspace.

given by

[Pµ, Qα] = 0, [Pµ, Q̄α̇] = 0. (2.36)

When we have only one type of supercharge Qα, Q̄α̇, we call the theory N = 1 SUSY;

only those are phenomenologically viable in four dimensional space-time.

2.2.3 Superspace and super�elds

To construct a SUSY Lagrangian in a manifestly SUSY invariant way, it is convenient to

introduce the so-called superspace and objects called super�elds. The superspace is an

extension of the ordinary space-time; for N = 1 SUSY theories, we adjoin two constant

complex anti-commuting spinors θα, θ̄
α̇ (Grassmann variables) with mass dimension

[θ] = −1/2 to the space-time coordinate xµ; see Fig. 2.4.

A super�eld S is a function of these coordinates. Fields that are mapped into each

other under SUSY transformations, such as ψ, φ and F of the previous section, are

arranged into a super�eld. We can expand the super�eld in a Taylor series with respect

to the Grassmann variables θ, θ̄, where the coe�cients are functions of xµ. Due to the

anticommuting property of Grassmann variables,

{θα, θβ} = {θ̄α̇, θ̄β̇} = {θα, θ̄α̇} = 0, (2.37)

every term involving more than two θ's (or more than two θ̄'s) vanishes.

A general (scalar) super�eld can be written as

S(x, θ, θ̄) = z(x) + θ · ξ(x) + θ̄ · ζ̄(x) + θ · θf(x) + θ̄ · θ̄g(x) + θσµθ̄vµ(x)

+ θ̄ · θ̄θ · ω(x) + θ · θθ̄ · ρ̄(x) + θ · θθ̄ · θ̄d(x). (2.38)

Here, z, f, g, d are complex scalar �elds, vµ is a complex vector �eld and ξα, ζ̄
α̇, ωα, ρ̄

α̇

are complex Weyl fermions.

A super�eld transforms under a general in�nitesimal SUSY transformation as

S → S + δεS with δεS = i(ε · Q̂+ ˆ̄Q · ε̄)S, (2.39)

where Q̂α,
ˆ̄Qα̇ are the generators of SUSY transformations (di�erential operators) acting
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on super�elds. Their explicit form can be derived as [23],

Q̂α = −i
( ∂

∂θα
+ iσµαα̇θ̄

α̇∂µ

)
, ˆ̄Qα̇ = i

( ∂

∂θ̄α̇
+ iθασµαα̇∂µ

)
. (2.40)

To describe the SM particle content and their SUSY partners we need two di�erent

types of super�elds, left-handed chiral (or just chiral) super�elds Φ and vector (or real)

super�elds V .

A left-handed chiral super�eld Φ serves to describe a complex scalar �eld φ and the

corresponding two-component fermionic �eld ψα. It is de�ned by

D̄α̇Φ(x, θ, θ̄) = 0, (2.41)

where D̄α̇ is the superderivative, see e.g [25],

D̄α̇ =
∂

∂θ̄α̇
− iθασµαα̇∂µ. (2.42)

A right-handed or anti-chiral super�eld Φ† is de�ned by requiring

DαΦ† = 0, (2.43)

where

Dα =
∂

∂θα
− iσµαα̇θ̄α̇∂µ. (2.44)

A solution to the constraint (2.41) is

Φ(x, θ, θ̄) = φ(x)− iθσ̄µθ̄∂µφ(x)− 1

4
θ · θθ̄ · θ̄∂µ∂µφ

+
√

2θψ +
i√
2
θ · θ∂µψσµθ̄ − θ · θF. (2.45)

Besides φ and ψα, we have a complex auxiliary �eld F . By introducing a variable

yµ = xµ − iθσ̄µθ̄, (2.46)

the expression simpli�es to

Φ(y, θ) = φ(y) +
√

2θ · ψ(y)− θ · θF (y). (2.47)

We note that a chiral super�eld has mass dimension [Φ] = 1.

The vector super�eld V serves to describe a massless gauge boson Aµ and a corre-

sponding two-component fermion �eld λα. It is de�ned by the reality condition

V = V †. (2.48)

Here and in the following, we restrict ourselves to the abelian case; the extension to the
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non-abelian case is straightforward and the explicit expressions can be found in [25].

From (2.48), we �nd that a general vector super�eld contains besides Aµ and λα several

auxiliary �elds. All of these auxiliary �elds except one �eld D can be removed by

choosing a speci�c gauge, the so-called Wess-Zumino gauge.6 In Wess-Zumino gauge,

V takes the form

V (x, θ, θ̄) = θσµθ̄Aµ(x) + iθ · θθ̄ · λ̄(x)− iθ̄ · θ̄θ · λ(x) +
1

2
θ · θθ̄ · θ̄D(x), (2.49)

and the SUSY transformations of the �elds λ,Aµ and D are

δλα = −i(σµνε)αFµν + iεαD,

δλα̇ = i(ε̄σ̄µν)α̇Fµν − iε̄α̇D
δAµ = −iλσµε̄+ iεσµλ̄

δD = ∂µ[λσµε̄+ εσµλ̄], (2.50)

where Fµν = ∂µAν − ∂νAµ is the �eld strength tensor of the vector �eld Aµ and σµν =
1
4 [σµσ̄ν − σν σ̄µ], σ̄µν = 1

4 [σ̄µσν − σ̄νσµ]. The mass dimension of a vector super�eld is

[V ] = 0.

Besides the chiral super�eld Φ and the vector super�eld V , we are going to use the

super�eld strength tensors Wα and W̄α̇ in the construction of a SUSY invariant theory.

They are chiral super�elds carrying a spinor index, and de�ned via

Wα = −1

4
D̄ · D̄DαV,

W̄α̇ = −1

4
D ·DD̄α̇V, (2.51)

where we restrict the discussion again to the abelian case; for the non-abelian case,

see [25]. Dα, D̄α̇ are the superderivatives given in (2.42),(2.44). The explicit form is

Wα(y) = −iλα(y)− i

2
(σµσ̄νθ)αFµν(y) + θαD(y)− θ · θ(σµ∂µλ̄(y))α. (2.52)

Wα has mass dimension [Wα] = 3/2.

Using the super�eld formalism, we can easily construct an action that is invariant

under SUSY transformations. We need a Lagrangian that transforms at most into a

total derivative. From the form of a chiral super�eld and a vector super�eld given in

(2.47) and (2.49), and the transformation properties of (2.30) and (2.50), we see that

possible terms for the Lagrangian are the θ · θ-component of a chiral super�eld, which

is the so called F -term, and the θ · θθ̄ · θ̄-component of a real (vector) super�eld, which

is called D-term.7 To project out the corresponding coe�cient of a super�eld, we take

6A gauge transformation of a vector super�eld is given by V → V + i(Λ† − Λ), where Λ is a chiral
super�eld gauge transformation parameter.

7The D-term of a general super�eld is a SUSY invariant, but to get a real action we need a real
super�eld.
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the integral over the corresponding Grassmann variables,

∫
d2θ 1 =

∫
d2θ θ = 0,

∫
d2θ θ · θ = 1,

∫
d2θ̄ 1 =

∫
d2θ̄ θ̄ = 0,

∫
d2θ̄ θ̄ · θ̄ = 1. (2.53)

So, possible SUSY invariant actions from the F -term of a chiral super�eld Φ and the

D-term of a real super�eld V are given by

SF =

∫
d4x
(
d2θ Φ + d2θ̄ Φ†

)
, (2.54)

SD =

∫
d4x d2θd2θ̄ V. (2.55)

Usually, a Lagrangian is not formed out of a single super�eld. The product of chiral

super�elds (and no anti-chiral super�elds) is again a chiral super�eld and called the

superpotential, while a quantity like Φ†Φ forms a real super�eld and contributes to the

Kähler potential.

In the next section, we give an example of a SUSY Lagrangian in the superspace

formalism.

2.3 The SUSY Lagrangian in superspace formalism

As example, we discuss an R-parity conserving N = 1 global SUSY model with the

U(1)em gauge group.

Before constructing our model, let us make a comment on how Dirac fermions are

implemented into chiral super�elds. A Dirac fermion contains a left- and a right-handed

two-component Weyl fermion, which can transform di�erently under gauge transforma-

tions. Each of the Weyl fermions receives its own scalar superpartner; for example,

a left- handed electron eL is accompanied by a left-handed selectron ẽL, and a right-

handed electron eR by a right-handed selectron ẽR. To describe the two pieces of a

Dirac fermion by chiral super�elds, we need two super�elds: eL goes together with ẽL
into one, ΦL = (ẽL, eL, FL), where we included also the corresponding auxiliary �eld

FL. We could put the right-handed electron in a right-handed chiral super�eld; what

is usually done is however something di�erent. As explained in (2.17), the hermitian

conjugate of a right-handed Weyl-fermion is a left-handed Weyl fermion and vice versa.

We arrange the complex conjugate of a right-handed Weyl fermion together with the

conjugate of its scalar partner into a left-handed chiral super�eld, ΦR = (ẽ∗R, e
c
R, FR).

Our SUSY QED model comprises one vector super�eld V = (Aµ, λ,DV ), describing

a photon Aµ and a photino λ, and two chiral super�elds ΦL = (ẽL, eL, FL) and ΦR =

(ẽ∗R, e
c
R, FR), containing the left- and right-handed electrons eL/R and selectrons ẽL/R.

The kinetic terms of the selectrons ẽL/R and the left- and right-handed electrons

eL/R as well as their gauge interactions are given by the short expression8

8In Wess-Zumino gauge, we �nd V 2 = 1
2
θ · θθ̄ · θ̄AµAµ, and V 3 = 0.
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Lvis chiral =
∑

i=L,R

∫
d4θ Φ†ie

2geQiV Φi, (2.56)

where ge =
√

4πα and Qi is the electric charge of Φi, i.e. QR/L = ±1. The covariant

derivative is de�ned as

Dµ = ∂µ + igeQAµ. (2.57)

For completeness, we show the Lagrangian of (2.56) in terms of the component �elds

by using the two-component notation,

Lvis chiral =
∑

i=L,R

[
FiF

∗
i + geQiDẽiẽ

∗
i

+ ∂µẽi∂
µẽ∗i + ieiσ

µ∂µēi

+ igeA
µẽ∗i
←→
∂ ẽi + geQiAµeiσ

µēi

+ g2
e ẽiẽ

∗
iA

µAµ − iQige
√

2
(
ẽiλ̄ · ēi − ẽ∗i eL · λ

)]
, (2.58)

where A
←→
∂ µB = A∂µB − (∂µA)B. For the four-component notation, see Section 3.2.2.

Besides the kinetic terms and the gauge interactions, we also get the terms

LauxF = F ∗LFL + F ∗RFR. (2.59)

They can be eliminated by deriving the equations of motion, which for this simple QED

model read

FL = 0, FR = 0. (2.60)

The kinetic term of the photon Aµ and the photino λ is given by

Lvis vector =
1

4

∫
d2θ WαWα + h.c., (2.61)

whereWα denotes the SUSY U(1)em �eld strength tensor de�ned in (2.51) with D being

the superderivative de�ned in (2.44).

We note that from the Lagrangian (2.56) and (2.61), we obtain terms containing

the auxiliary �eld D,

LauxD =
1

2
D2 − geẽ∗LẽLD + geẽ

∗
RẽRD. (2.62)

Solving the equation of motion for the D �eld gives

D = ge(ẽ
∗
LẽL − ẽ∗RẽR). (2.63)
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The two terms (2.56) and (2.61) completely de�ne the kinetic terms and the in-

teractions of our simple SUSY QED model. SUSY implies that the SM particles and

their SUSY partners have the same properties, including their masses. Since this is not

observed experimentally, we know that SUSY must be broken. After shortly introduc-

ing the general minimal extension of the SM in the next section, we discuss the idea

of spontaneous SUSY breaking, and show how mass terms can be generated for the

superparticles.

2.4 The minimal supersymmetric SM (MSSM)

In a similar way that we constructed the Lagrangian for the SUSY QED model, one can

construct the full Lagrangian of the minimal supersymmetric standard model (MSSM).

The MSSM is the minimal SUSY extension of the SM, in which each of the known

fundamental particles receives a SUSY partner. The spin of the SM particle and the

corresponding SUSY partner di�er by 1/2, but all the other properties such as quantum

numbers and mass (in unbroken SUSY) are the same.

The naming scheme is as follows. The fermions, that is the leptons and quarks,

receive bosonic superpartners named sleptons and squarks. These are grouped together

into chiral supermutliplet. The gauge bosons receive fermionic partners called gaugi-

nos, and they are grouped together into vector supermultiplets. The H bosons receive

fermionic partners called higgsinos, and are arranged together into chiral super�elds.

We note that in the MSSM, unlike in the SM, we need two H boson doublets. One

reason is the cancellation of gauge anomalies. In the SM, the fermions have precisely

the right quantum numbers to cancel anomalous terms.9 Now if we add one Higgs mul-

tiplet, the contribution from the higgsino to the gauge anomaly would be uncancelled.

A simple solution is to add a second Higgs doublet, so that the contributions from the

two higgsinos will cancel each other.

The �eld content of the chiral and vector supermultiplets of the MSSM is sum-

marized in Table 2.1 and Table 2.2, respectively, according to their transformation

properties under SU(3)c×SU(2)L×U(1)Y ; we omit the corresponding auxiliary �elds.

We note that the electrically neutral gauginos B̃ and W̃ 3 mix together with the

neutral higgsinos H̃0
u and H̃0

d to form the four mass eigenstates called neutralinos χ̃0
i ,




χ̃0
1

χ̃0
2

χ̃0
3

χ̃0
4


 = U




−iB̃
−iW̃ 3

H̃0
d

H̃0
u


 , (2.64)

where U is a 4 × 4 mixing matrix. For a photino-like neutralino χ̃0
1 as in the previous

section, U11 = cos θW and U12 = sin θW , U13 = U14 = 0. Similarly, the charged winos

W̃ 1,2 mix with the charged higgsinos H̃+
u , H̃

−
d to form the charginos χ̃±1,2. We note that

9See e.g. Chapter 20.2 in [26].
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super�eld spin 0 spin 1/2 SU(3)c SU(2)L U(1)Y

LL

(
ν̃L
ẽL

) (
νL
eL

)
1 2 −1

2

ER ẽ∗R ecR 1 1 1

QL

(
ũL
d̃L

) (
uL
dL

)
3 2 −1

2

UR ũ∗R ucR 3 1 2
3

DR d̃∗R dcR 3 1 −1
3

HU Hu =

(
H+
u

H0
u

)
H̃u =

(
H̃+
u

H̃0
u

)
1 2 1

2

HD Hd =

(
H0
d

H−d

)
H̃d =

(
H̃0
d

H̃−d

)
1 2 −1

2

Table 2.1: The �eld content of the chiral supermultiplets of the MSSM, together with
their quantum numbers under SU(3)c × SU(2)L × U(1)Y . The fermionic �elds are
two-component Weyl fermions.

super�eld spin 1/2 spin 1 SU(3)c SU(2)L U(1)Y
VG g̃A gA 8 1 0

VW W̃ a W a 1 3 0

VB B̃ B 1 1 0

Table 2.2: The �eld content of the vector supermultiplets of the MSSM, together with
their quantum numbers under SU(3)c × SU(2)L × U(1)Y .

we follow the Les Houches accord [27] for the gaugino de�nitions.

With the (super)�eld content of the MSSM, more renormalizable and gauge invariant

SUSY terms than in the previously SUSY QED model can be constructed. They are

encoded in a function of chiral super�elds Φi (and no anti-chiral super�elds) that is

called the superpotential W ,

W =
1

2
mijΦiΦj +

1

6
yijkΦiΦjΦk, (2.65)

where mij , yijk are parameters of mass dimension 1 and 0, respectively; for the explicit

form of the superpotential of the MSSM, see Section 6 in [28]. From this function, one

obtains e.g. Yukawa interactions, the usual fermionic mass terms of the SM and triple

and quartic scalar vertices. Note that the equations of motion of the auxiliary �elds Fi
read, after including the superpotential,

Fi = W ∗i , (2.66)

where W ∗i = δW ∗
δφ∗i

.

SUSY, renormalizability and gauge invariance in the MSSM do still allow terms that

violate lepton L or baryon number B conservation.10 In order to forbid these terms in

10In the SM, lepton and baryon number L and B, are automatically conserved by the allowed gauge
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the MSSM one introduces matter parity, which is de�ned for each super�eld as

PM = (−1)3(B−L). (2.67)

With this de�nition, the super�elds containing leptons and quarks carry matter parity

PM = −1 and the super�elds of the Higgses and gauge bosons PM = +1. A La-

grangian term written in super�elds is allowed if the product of all matter parities of

the super�elds gives PM = +1.

In terms of component �elds, one introduces a quantum number called R-parity,

which is de�ned as

PR = (−1)3(B−L)+2s, (2.68)

where s is the spin of the corresponding particle. All SM particles as well as the Higgs

bosons have R-parity PR = +1, while their SUSY partners have PR = −1. A possible

term in the Lagrangian is allowed if the product of the R-parities of all component �elds

is PR = +1.

Imposing R-parity on a SUSY theory has three important consequences. First, it

forbids the decay of the lightest SUSY particle (LSP), which hence provides in many

SUSY models naturally a dark matter candidate. Second, every decaying SUSY particle

decays into an odd number of SUSY particles. Third, in collider experiments, R-parity

conservation implies that SUSY particles can only be produced in pairs.

As mentioned at the end of previous section, we know that SUSY must be broken.

In the MSSM, a mass splitting between the SM particles and their SUSY partners is

obtained by introducing explicit SUSY breaking terms such as scalar mass terms to

the Lagrangian. The form of these terms is restricted, since we do not want to re-

introduce quadratic divergences to the scalar masses at quantum level. The allowed

SUSY breaking terms are called soft terms.

invariant and renormalizable terms.
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We know that SUSY is broken because we do not observe SUSY particles with the

same masses as the SM particles. How the breaking can be achieved in a phenomeno-

logically viable way is shortly discussed in Section 3.1. We �rst show under which

conditions SUSY is broken spontaneously in Section 3.1.1. Similar to the appearance

of massless goldstone bosons in spontaneously broken gauge theories discussed in the

�rst chapter, the spontaneous breaking of SUSY leads to a massless goldstone fermion,

called the goldstino, introduced in Section 3.1.2. SUSY breaking must occur in a hidden

sector, and then be transmitted to the visible sector comprising the SM particles and

their superpartners by some mediation mechanism. We shortly introduce two popular

mediation mechanisms in Section 3.1.3.

In Section 3.2.1, we parametrize our ignorance of how SUSY breaking is transmit-

ted to the visible sector by e�ective operators that couple the �elds of the goldstino

supermultiplet from the hidden sector to the �elds in the visible sector. The resulting

e�ective goldstino interaction Lagrangian in terms of component �elds is presented in

Section 3.2.2. Subsequently, we present an alternative to derive single goldstino inter-

actions in terms of the supercurrent in Section 3.2.3

In Section 3.3, we discuss the consequences of local supersymmetry. In Section 3.3.1,

we see that requiring a SUSY Lagrangian to be invariant under local SUSY transfor-

mations naturally leads to a theory including gravity, so called supergravity. Besides

the super�elds introduced in the previous sections, we must include the supermultiplet

of graviton and gravitino. In Section 3.3.2, we show how the goldstino is absorbed by

the gravitino in the super-Higgs mechanism, and we derive an explicit expression for

the gravitino mass. We �nd that the gravitino mass is directly related to the SUSY

breaking scale.

In analogy to the goldstone boson equivalence theorem, it exists the gravitino-

goldstino equivalence theorem, which will be presented in Section 3.4. This equivalence

allows to calculate scattering processes involving light gravitinos with the much simpler

formalism of goldstinos, and will be used throughout the next chapters. We then discuss

as example the scattering of two photons into two gravitinos. First, in Section 3.4.1,

we perform the calculations using the full spin-3/2 formalism. Similar to the example

of WW scattering presented in the �rst Chapter, we �nd that the high-energy behav-

ior of the scattering amplitude is protected by symmetries. In Section 3.4.2, we then

re-study the γγ → G̃G̃ process by using the e�ective goldstino interaction Lagrangian

constructed in Section 3.2.1. As expected from the goldstino-gravitino equivalence the-

orem, we �nd a similar result as in the spin 3/2 gravitino formalism.

3.1 SUSY breaking

There are two possible scenarios on how SUSY can be broken. Either SUSY is bro-

ken explicitly, that means, one adds terms to the SUSY Lagrangian that violate SUSY

explicitly. Or SUSY is broken spontaneously, that means the Lagrangian is still su-

persymmetric, but the vacuum state of the theory is not, similar to the spontaneous

breaking of the local gauge symmetry in the SM discussed in Section 1.2. Since we put
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a lot of e�ort in constructing a theory which is SUSY invariant, the second option is

more appealing.

In the following, we are going to consider a theory in which SUSY is spontaneously

broken. The e�ect of the breaking of SUSY are additional mass terms for the super-

partners of the SM particles, as well as possible additional interactions; this will be

demonstrated below.

3.1.1 Conditions for spontaneous SUSY breaking

First, we want to �nd an order parameter for spontaneous SUSY breaking. As we saw in

Section 1.2, a symmetry is broken spontaneously if the vacuum state |0〉 is not invariant
under the symmetry transformation. It follows that SUSY is broken spontaneously if

Qα|0〉 6= 0, Q̄α̇|0〉 6= 0, (3.1)

where Qα, Q̄α are the SUSY charges de�ned in 2.34. The energy of the theory is given

by the Hamiltonian H = P0, which can be written due to the SUSY algebra (2.35) as

H =
1

4

(
Q1Q̄1 + Q̄1Q1 +Q2Q̄2 + Q̄2Q2

)
. (3.2)

If SUSY is broken, we �nd that the vacuum state has positive energy, 〈0|H|0〉 > 0.

Assuming that the vacuum energy comes only from the scalar potential, which is given

by the scalar �eld content of the theory (without derivative terms), this gives

〈0|V |0〉 > 0. (3.3)

For a general global SUSY theory

V = F ∗i Fi +
1

2
D2, (3.4)

where the auxiliary �elds Fi, D are understood to be replaced by their corresponding

equations of motion. We �nd that SUSY is spontaneously broken if the auxiliary �eld

Fi of a chiral super�eld, or the auxiliary �eld D of a real super�eld obtains a VEV.

3.1.2 The hidden sector and the goldstino

However, we can not break SUSY spontaneously (only) with the auxiliary �elds appear-

ing in the super�elds describing SM particles; for details, see [28]. There is a so-called

supertrace theorem, which states that the sum over the particle and SUSY particle tree
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level masses, weighted by their spin, must vanish,

∑

S

m2
S − 2

∑

F

m2
F + 3

∑

V

m2
V = 0. (3.5)

If SUSY is broken by some �eld in the visible sector, the masses of the SUSY particles

should be split around the masses of the SM particles, which is of course experimentally

ruled out. Therefore, one usually assumes that the SUSY breaking happens in a so-

called hidden sector, and is then transferred to the visible sector by some mediation

mechanism.

We do not know what particle content is in this hidden sector, and we do not know

how SUSY is broken in the hidden sector. In the following, we assume one chiral

super�eld X in the hidden sector, whose auxiliary �eld FX obtains a VEV and hence

breaks supersymmetry. The corresponding Weyl fermion is the goldstino G̃, and the

associated complex scalar is the sgoldstino φ.1 The super�eld X has matter parity

PM = 1, and the R-parity of its components is PR = −1 for the goldstino, while the

sgoldstino has PR = +1.

The goldstino is the massless goldstone particle that always appears in the sponta-

neous breaking of a continuous symmetry, in complete analogy to the goldstone bosons

for the case of the spontaneous breakdown of a U(1) symmetry discussed in Section 1.2,

or the goldstone bosons appearing from breaking SU(2)L×U(1)Y in the SM. Since now

the generator of the broken symmetry is fermionic, also the goldstino is a fermion.

The Lagrangian of the goldstino super�eld X = (φ, G̃, FX) is given by

LX =

∫
d4θ X†X −

(
F

∫
d2θ X + h.c.

)

− cX
4

∫
d4θ (X†X)2. (3.6)

The �rst term gives the kinetic term of the (s)goldstino, while the second term is a

source of SUSY breaking and F ≡ 〈FX〉 is the VEV of FX .
2 The last term is non-

renormalizable and provides interactions between the goldstino multiplet. This term

also gives the sgoldstino mass term when replacing the auxiliary �elds FX by the VEV,

and hence we assign cX = m2
φ/F

2.

3.1.3 Mediation of SUSY breaking

Now SUSY is broken in the hidden sector, and must be somehow transmitted to the

visible sector, that means, the particles in the visible sector share some interactions

with the particles of the hidden sector. There are several di�erent models about how

this can happen; we will see that they result in di�erent SUSY breaking scales.

1If there are several �elds obtaining a VEV, the goldstino has components in all corresponding
fermionic �eld components, see e.g. Eq. 4.1.12 in [23].

2Note that we follow the FeynRules convention for chiral super�elds Φ(y, θ) = φ(y)+
√

2 θ ·ψ(y)−
θ · θ F (y) [29], which �xes the sign of the Lagrangian so as to give a positive contribution to the scalar
potential.
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For example, in gravity mediation scenarios, it is assumed that the mediation of

SUSY breaking from the hidden sector to the visible sector occurs only through gravi-

tational interactions, hence the couplings are inversely proportional to the Planck mass

MPl. The masses of the SUSY particles in the visible sector can be derived to be, see

e.g. [28]

m ∼ F

MPl
. (3.7)

One can guess this form also from dimensional analysis since we want the soft masses

to vanish in the limit where F → 0 or MPl →∞.

In the discussion of the �ne-tuning problem in Section 2.1, we found that the quan-

tum corrections to the H-boson mass are after SUSY breaking proportional to the

soft masses. In order to not re-introduce the �ne-tuning problem in (2.13), we expect

m ∼ O(1 TeV), which corresponds to a SUSY breaking scale of
√
F ∼ O(1010 TeV).

Another popular mediation mechanism is through the gauge interactions; for a re-

view see [30].3 One assumes that there are some heavy particles called messengers which

are charged under the SM gauge group. These messengers have interactions with the

�elds of the hidden sector and the �elds of the visible sector. From the interaction of

the messenger �elds with the goldstino super�eld X (in the hidden sector), which is

assumed to get a VEV along its scalar and auxiliary components, 〈X〉 = Mmess + θ2F ,

the messenger fermions receive masses proportional to the messenger scaleMmess, while

the messenger scalars receive masses that are split around this scale by the SUSY break-

ing scale F , M2
mess ± F . The �elds of the visible sector do not interact directly with

goldstino multiplet, but the gauge �elds and gauginos do interact with the messenger

�elds, so that gauginos receive masses at one-loop level, and the scalars of the visible

sector receive masses at two-loop level; after integrating out the messenger particles,

the soft masses are roughly given by

m ∼ g2

16π2

F

Mmess
, (3.8)

where g stands for the gauge coupling. The messenger scale is Mmess ≥
√
F , which

gives, in order to have soft masses of O(1 TeV), a possible low SUSY breaking scale of√
F ∼ O(10 TeV).

3.2 Goldstino interactions

In the following, we do not specify a mediation mechanism. Instead, we parametrize

the e�ect of mediating SUSY to the visible sector by higher dimensional operators that

couple the �elds in the visible sector to the goldstino multiplet in the hidden sector.

As a result, we obtain interactions among the (s)goldstinos and the �elds in the visible

sector as well as the soft mass terms for the SUSY particles.

3Gravity mediation will still be present but is negligible.
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3.2.1 The goldstino Lagrangian in the super�eld formalism

For our SUSY QED model, the e�ective Lagrangian of the super�elds from the visible

sector and the goldstino super�eld X is given by

Lint =−
∑

i=L,R

cΦi

∫
d4θ X†XΦ†iΦi

−
(cV

4

∫
d2θ XWαWα + h.c.

)
, (3.9)

where we identify cΦi = m2
ẽi
/F 2 and cV = 2mλ/F . The �rst term leads, for example,

to the vertex involving a goldstino, a selectron and a electron, with coupling m2
ẽi
/F .

We also obtain a four-fermion vertex involving two electrons and two goldstinos. From

the second term, we get, for example, the interaction between goldstino, photon and

photino, and the interaction between the sgoldstino and two photons. We note that

our Lagrangian is model independent. However, studies of non-linear SUSY revealed

that additional model dependent terms for four-point e�ective interactions involving

two goldstinos and two matter fermions are allowed [31�33]. One possible source for

such terms is D-type SUSY breaking [34], which does not occur in our model. The

relevant interactions for the rest of this work between visible sector �elds and the �elds

of the goldstino supermultiplet are summarized in four component notation in the next

section.

3.2.2 The goldstino Lagrangian in terms of the component �elds

In the equations (2.56), (2.61), (3.6) and (3.9), we gave the Lagrangian of our model in

terms of the super�elds. In this Section, for completeness, we present the corresponding

interaction Lagrangian in terms of the component �elds. The relevant terms of the

e�ective interaction Lagrangian among gravitinos (i.e. goldstinos) ψG̃ and �elds in the

visible sector, that is right- and left-handed selectron φẽ± , electron ψe, photino-like

neutralino ψχ̃, and photon Aµ are given in the four-component notation by

LG̃ = ∓
im2

ẽ±

F
(ψ̄G̃P±ψeφ

∗
ẽ± − ψ̄eP∓ψG̃φẽ±)

− mχ̃

4
√

2F
ψ̄G̃[γµ, γν ]ψχ̃Fµν

−
m2
ẽ±

F 2
ψ̄eP∓ψG̃ ψ̄G̃P±ψe, (3.10)

where P± = 1
2(1 ± γ5) is the chiral projection operator and Fµν = ∂µAν − ∂νAµ the

photon �eld strength tensor. The interactions among sgoldstino φ = 1√
2
(φS + iφP ) and
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gravitino or photon are given by

LS,P = −
m2
φ

2
√

2F
ψ̄G̃(φS + iγ5φP )ψG̃

+
mχ̃

2
√

2F
(φSF

µνFµν − φPFµνF̃µν), (3.11)

where F̃µν = 1
2εµναβF

αβ is the dual tensor with ε0123 = +1. All other relevant terms in

the visible sector are

Lvis = geψ̄eγµψeA
µ + ige(φ

∗
ẽ±
←→
∂µφẽ±)Aµ

∓
√

2ge(ψ̄χ̃P±ψeφ∗ẽ± + ψ̄eP∓ψχ̃φẽ±), (3.12)

where ge =
√

4πα is the QED coupling constant.

We note that we will �nd a relation between the SUSY breaking scale F and the

gravitino mass m3/2 in Section 3.3.2,

F =
√

3MPlm3/2, (3.13)

where MPl is the reduced Planck mass, MPl = MPl/
√

8π = 2.43× 1018 GeV.

We also note that we follow the convention of the SUSY Les Houches accord [27]

for the covariant derivative and the gaugino and gravitino �eld de�nitions. To translate

our Lagrangian into the FeynRules convention, one has to change the coupling as

ge → −ge, and rede�ne the �elds as ψχ̃ → −ψχ̃ and ψG̃ → −ψG̃.

In a similar way that we constructed the goldstino interaction Lagrangian for the

SUSY QED model, we can construct the Lagrangian for the full MSSM, in order to

investigate the e�ect of a neutralino which is mixed di�erently than a photino, or when

we want to study the jets plus missing energy signal at the LHC. In the following, we

give the relevant interaction terms.

For a generally mixed neutralino, the couplings among goldstino, neutralino and

photon/Z-boson, G̃-χ̃0
i -V (= γ/Z) and among neutralino, electron and selectron χ̃0

1-e-

ẽ±, change as

Lχ̃0
i G̃V

= −
CV χ̃imχ̃0

i

4
√

2F
ψ̄G̃[γµ, γν ]ψχ̃0

i
(∂µVν − ∂νVµ)

Lχ̃0
i eẽ

= ±
√

2 eC ẽχ̃i±
[
ψ̄χ̃0

i
P±ψe φ

∗
ẽ± + ψ̄eP∓ψχ̃0

i
φẽ±
]
. (3.14)

The couplings related to the neutralino mixing de�ned by Xi = Uijχ̃
0
j in the X =
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(B̃, W̃ 3, H̃0
d , H̃

0
u) basis, where Uij is taken to be real, are

Cγχ̃i = U1i cos θW + U2i sin θW ,

CZχ̃i = −U1i sin θW + U2i cos θW ,

C ẽχ̃i± = T ẽ±
U2i

sin θW
+ Y ẽ

±
U1i

cos θW
, (3.15)

with the SU(2) charge T ẽ± and the U(1) charge Y ẽ
± for ẽ+/−(= ẽR/L).4

The e�ective interaction Lagrangian among goldstino, quark and squark, ψ-f -φ, and

among goldstino, gluino and gluon(s), ψ-λ-A(-A), is

Lint =±
im2

φi
L/R

F

[
ψ̄PL/Rf

i(φiL/R)∗ − f̄ iPR/Lψ φiL/R
]

− mλ

4
√

2F
ψ̄[γµ, γν ]λaF aµν , (3.16)

where φL/R denotes the left-/right-handed squark, PL/R = 1
2(1∓ γ5) is the chiral pro-

jection operator, and F aµν = ∂µA
a
ν − ∂νAaµ − gsfabcAbµAcν is the �eld-strength tensor of

the SU(3)C gauge group (a = 1, · · · , 8).

3.2.3 Goldstino interactions from the supercurrent

Without using the super�eld formalism and introducing an explicit supermultiplet that

breaks SUSY, there is a di�erent way of constructing the goldstino interaction La-

grangian by means of the supercurrent introduced in Section 2.2.2. A similar expres-

sion for the supercurrent as derived in this example can of course be obtained from the

Lagrangian in (2.56) and (2.61), or for the Lagrangian of the MSSM. We assume SUSY

to be broken by a VEV of the auxiliary �eld of the goldstino multiplet, and want to

derive the interactions of the corresponding goldstone fermion. The supercurrent of the

theory combining the visible sector �elds and �elds of the goldstino multiplet can be

written as

Jµα = i
√

2F (σµ ¯̃G)α +
√

2(σν σ̄µG̃)α∂νφ
† + jµα, (3.17)

where G̃ denotes the goldstino and φ the sgoldstino, and jµα stands for all contributions

from the visible sector. We are still allowed to add a quantity λµ that ful�lls the relation

∂µλ
µ = 0. Supercurrent conservation holds also when SUSY is spontaneously broken.

Treating ∂µJ
µ = 0 as the equation of motion for the goldstino �eld, one can write down

the e�ective goldstino Lagrangian [35,36], see also [23],

L =
i

2

(
G̃σµ∂µ

¯̃G− ∂µσµ ¯̃G
)

+
1

2F
G̃σν σ̄µ∂µ(G̃∂νφ

†) +
1

2F
¯̃Gσ̄νσµ∂µ( ¯̃G∂νφ)

+
1

2
√

2F

(
G̃ · ∂µjµ + ¯̃G · ∂µj̄µ

)
. (3.18)

4Massless Z bosons are assumed.
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After using the equations of motion, the resulting Lagrangian can be shown to repro-

duce the interactions involving a single goldstino in the Lagrangian derived with the

superspace formalism [37]; it also reproduces the coupling of two goldstinos to the sgold-

stino (the terms in the �rst line). However, this approach does not lead to interaction

vertices of two gravitinos coupling to the visible sector particles, as for example in the

four-fermion vertex derived from the �rst term in (3.9). These terms can be derived

from non-linear realizations of SUSY, see e.g. [32]. We also note that by construction,

the Lagrangian (3.18) does not contain the couplings of sgoldstinos to visible sector

particles.

To summarize, the goldstino interaction Lagrangian derived from the supercurrent

is well suited to study processes involving single goldstino interactions, such as e.g.

goldstino production in association with another SUSY particle, or when the goldstino

appears at the end of a decay chain, and processes in which the sgoldstino does not show

up. However, to study processes that include vertices involving two goldstinos, such as

e.g. direct goldstino pair production, the Lagrangian given in (3.18) is not su�cient,

and one must include other terms. The Lagrangian given in (3.16), which is derived

with the superspace formalism, does contain all relevant vertices for studies involving

goldstinos and sgoldstinos in a consistent way.

3.3 Local SUSY and the gravitino

So far, everything stated holds for global SUSY, that is, the SUSY transformation

parameter does not depend on space-time, ∂µε = 0. We will now see what happens when

allowing ε to vary for di�erent points in space-time, ε = ε(x). We saw in Section 1.2

that in order for a Lagrangian to be invariant under the local U(1) symmetry, we have

to introduce a gauge �eld Aµ. This gauge �eld couples to the rest of the �elds in

the Lagrangian, and transforms under the local symmetry in a way that restores the

invariance of the Lagrangian. When global SUSY is promoted to the local one, a very

similar thing happens. The SUSY Lagrangian is no longer invariant under the local

transformations. In order to cancel the non-invariant terms of the Lagrangian, one has

to introduce a new �gauge� �eld Ψµ. The excitations of this �eld are called gravitinos.

However, the Lagrangian containing the gravitino interactions is not yet invariant; one

has also to include the interactions with a second �eld hµν , whose excitations are called

gravitons. After including the two �elds Ψµ and hµν , the Lagrangian is invariant under

local SUSY transformations. Together, the gravitino and the graviton form the basic

supermultiplet of supergravity. We will now show this by a simple example; for details,

see e.g. [38].
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3.3.1 Introducing the gravitino

Let us consider the variation of the Lagrangian of the massless Wess-Zumino model

describing a complex scalar φ and a Weyl fermion ψ,

LWZ = ∂µφ
∗∂µφ+

i

2

(
ψσµ∂µψ̄ − ∂µψσµψ̄

)
, (3.19)

where we neglect the auxiliary �elds. The SUSY variations are assumed to be, see (2.24),

δφ =
√

2ε(x)ψ,

δφ∗ =
√

2ε̄(x)ψ̄,

δψα = i
√

2
(
ε̄(x)σ̄µ

)α
∂µφ,

δψ̄α̇ = −i
√

2
(
σ̄µε(x)

)α̇
∂µφ

∗, (3.20)

Variation of the Lagrangian (3.19) gives

δLWZ =
1√
2
∂µε(x)σν σ̄µψ∂νφ

∗ +
1√
2
ψ̄σ̄µσν∂µε̄(x)∂νφ+ total derivative, (3.21)

hence it is not locally supersymmetric. The variations are proportional to the super-

currents, see (2.32),

Jµα =
√

2σναα̇σ̄
µ α̇βψβ∂νφ

∗,

J†µα̇ =
√

2ψ̄β̇σ̄
µ β̇βσνβα̇∂νφ. (3.22)

The �rst two terms in (3.21) are cancelled by adding a new piece to the Lagrangian,

L3/2 = −1

2
κ(ΨµJ

†µ + JµΨ̄µ), (3.23)

where Ψµα is a spinorial vector �eld that transforms under local SUSY as

δΨµ =
1

κ
∂µε, δΨ̄µ =

1

κ
∂µε̄. (3.24)

Since Ψµ has mass dimension [Ψµ] = 3/2, the Lagrangian (3.23) is non-renormalizable

and comes with a dimensionful coupling constant which is inversely proportional to the

reduced Planck mass, κ = 1
MPl

. Ψµ has a vector component and a spinor component

and hence has spin 3/2; as mentioned before, its excitations are the gravitinos.

From the variation of (3.23), we �nd terms that cancel the �rst two terms in (3.21).

In addition, we will �nd other terms that do not transform as a total derivative; for

simplicity, we show in the following only the result for the variation of the fermionic

component of (3.23),

δL3/2 = − κ√
2

(
Ψµσ

ν σ̄µδψ∂νφ
∗ + δψ̄σ̄µσνΨ̄µ∂νφ

)

= −iκ
(
ε(x)σµΨ̄ν −Ψνσµε̄(x)

)
Tµν , (3.25)
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where Tµν is the energy momentum tensor of the scalar �eld,

Tµν = −ηµν∂ρφ∂ρφ∗ + ∂µφ∂νφ∗ + ∂νφ∂µφ∗. (3.26)

In a similar way, the variation of (3.23) of the scalar �elds δφ gives a a term that couples

the gravitino to the energy momentum tensor of the fermions. To cancel (3.25), we have

to consider the interactions of the scalar �eld with the spin-two graviton �eld hµν . We

add to our Lagrangian the term5

Lh = −κhµνTµν . (3.27)

This term cancels (3.25) if hµν transforms under local SUSY transformations as

δhµν = − i
2

(
ε(x)σµΨ̄ν −Ψνσµε̄(x) + (µ↔ ν)

)
. (3.28)

The interactions introduced above are part of the Lagrangian of linearized supergravity

(linearized because we consider only interactions with one graviton �eld hµν .)

In general, that is for theories more complex than the simple Wess-Zumino model

considered here, single gravitino interactions can be constructed by coupling the grav-

itino to the supercurrent Jµ of the theory as in (3.23), in a similar way to deriving the

goldstino couplings presented in Section 3.2.3. We do not present the full Lagrangian

here because of its lengthy and complicated expression; a full set of interactions can

be found e.g in [39], and the relevant interaction terms for this work are given in Sec-

tion 3.4.1.

For completeness, let us give the kinetic terms of graviton and gravitino,

1√−gL = − 1

2κ2
R− 1

2
εµνρσΨ̄µγ

5γν∂ρΨσ, (3.29)

where R is the Ricci scalar and g = det gµν .

In the next section, we show how the gravitino becomes massive when the local

SUSY is broken spontaneously.

3.3.2 The super-Higgs mechanism

When local SUSY is preserved, both the gravitino Ψµ and the graviton hµν are massless.

When the local SUSY is broken spontaneously, the gravitino becomes massive.

For illustration, let us refer again to the spontaneous breaking of a local symmetry

discussed in Section 1.2. Before breaking the local U(1) symmetry spontaneously, we

5This term can obtained by generalising the Lagrangian (3.19) of �at space-time to a Lagrangian
in curved space-time; the graviton is de�ned as a small perturbation of the metric gµν from the �at
space-time. We get the interactions of the graviton �eld by expanding gµν(x) = ηµν + 2κhµν(x) +
O(κ2), gµν(x) = ηµν + 2κh̄µν(x) + O(κ2), and h̄µν(x) = −ηµρηνσhρσ. The �rst term of (3.19) turns
for curved space-time into Lc =

√−ggµν∂µφ∂νφ∗, where g = det gµν and we already used the fact
that the covariant derivative acting on scalars reduces to the partial derivative, ∇µφ = δµφ. Using the
metric expansion given above and

√−g = 1 + κηµνhµν +O(κ2), one can show that Lc can be written
as Lc = ∂µφ∂

µφ∗ − κhµνTµν , where we omit higher orders in κ.
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have a massless gauge boson Aµ. After breaking, we have a massive gauge boson

and a massless goldstone boson ξ in our theory. The goldstone boson mixes with the

gauge �eld Aµ, see (1.10). By choosing unitary gauge and shifting the gauge �eld by

Aµ → Aµ − 1
ge
∂µξ, the goldstone boson is removed from the theory and provides the

physical longitudinal polarisation state for the massive gauge boson.

In unbroken local supergravity, we start with a massless gravitino, which has physical

polarization states ±3
2 . After breaking the local SUSY, one obtains a massive gravitino

as well as a massless goldstino G̃. The goldstino was already introduced in Section 3.1.

By a rede�nition of the gravitino �eld, the goldstino is removed from the theory, and

we are left with a massive gravitino possessing spin±3/2 and spin±1/2 polarization

states. In the following, we present a simpli�ed version of this so-called super-Higgs

mechanism [40�42]; for a more detailed discussion, see [39,43].

A general global SUSY theory is described by the superpotential W , the Kähler

potential K and the gauge kinetic function fab. The superpotential for a renormalizable

theory was already introduced in (2.65), and may contain higher order terms for a

non-renormalizable theory such as the one we are discussing. The Kähler potential

is a function of real super�elds, and the gauge kinetic function is a function of chiral

super�elds; for details, see equation 4.10.1 and 7.6.2 in [28].

In supergravity theories, the superpotential and the Kähler potential are combined

into one function called the Kähler function G,

G =
K

M
2
Pl

+ log

(
W

M
3
Pl

)
+ log

(
W ∗

M
3
Pl

)
, (3.30)

where the super�elds in W,K are replaced by their scalar components. From now on,

to simplify the expressions, we will not write the factors of MPl anymore. We will put

them back in the end by dimensional analysis.

The scalar potential of supergravity reads (compare to (3.4) for global SUSY) [42,44]

V = eG
(
Gi(G−1)jiGj − 3

)
, (3.31)

where Gi = ∂G
∂φi

, Gi = ∂G
∂φ∗i

, Gji = ∂2G
∂φ∗i ∂φj

; here and in the following, we restrict the

discussion to F -terms and neglect possible contributions from D-terms.6 We assume

canonically normalized terms so that Gji = δji .

As in global SUSY, the local SUSY is broken when one or more of the auxiliary

�elds Fi obtains a VEV, 〈Fi〉 6= 0. The equations of motion for the auxiliary �elds Fi
read (compare to (2.66) for a general global SUSY theory)

Fi = eG/2(G−1)ijGj , (3.32)

where we neglect contributions from fermions. Since eG/2 is di�erent from 0, the relevant

6The expressions containing D-terms can be found e.g. in [43].
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quantity for SUSY breaking is

〈Gi〉 6= 0, (3.33)

and the SUSY breaking scale is

〈Fi〉 = eG0/2(G−1
0 )jiG0j (3.34)

where G0 = 〈G〉 and Gi0j = δij as mentioned before.

The relevant terms of the Lagrangian describing gravitino and goldstino �elds after

SUSY breaking are given by

1√−gL = ieG/2Ψ̄µγ
µνΨν +

1√
2
eG/2GiΨ̄µγ

µψi, (3.35)

where γµν = i
4 [γµ, γν ] and the goldstino is de�ned as G̃ = Giψ

i. The second term mixes

the gravitino and the goldstino. It can be removed by rede�ning the gravitino �eld,

Ψ′µ = Ψµ −
i

3
√

2
γµG̃−

√
2

3
e−G/2∂µG̃. (3.36)

The gravitino �absorbs� the goldstino and gains helicity ±1/2 states.

We now show how the gravitino mass is related to the SUSY breaking scale. The

gravitino mass can be read o� the �rst term in (3.35); re-introducing the factor MPl, it

is given by

m3/2 = eG0/2MPl, (3.37)

To �nd a simple expression for the gravitino mass in terms of the SUSY breaking scale,

we assume that only one auxiliary �eld obtains a VEV, and that the potential (3.31)

vanishes at the minimum, V0 = 0; this implies G0j =
√

3. From (3.37) and (3.34), we

�nd the relation [41,42]

m3/2 =
F√

3MPl

. (3.38)

3.4 The gravitino-goldstino equivalence

Similar to the goldstone boson equivalence theorem discussed in Section 1.4, there is

a gravitino-goldstino equivalence theorem [35, 45]. It represents an enormous simpli-

�cation for calculations of scattering amplitudes involving gravitinos. The goldstino-

gravitino equivalence theorem states that �S-matrix elements for longitudinally polar-

ized gravitinos [...] are asymptotically equal up to corrections of the order
m3/2√

s
to cor-

responding S-matrix elements where each longitudinally polarized gravitino is replaced

by the corresponding goldstino� [45]. To obtain the goldstino interaction Lagrangian
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Fig. 2. Squared matrix elements of gravitino (solid) and gold-
stino (dashed) productions associated with a squark, qg → q̃G̃
(a), and with a gluino for the gg initial state, gg → g̃G̃ (b),

at
√

ŝ = 2 TeV and cos θ̂ = 0.5 as a function of the gravitino
mass, where the squark and gluino masses are fixed at 1 TeV.
The ratios of the squared matrix elements are also shown.

which involves the ψ-f -φ and ψ-λ-Aµ vertices, can be also
tested, as well as the above processes with an extra parton
and crossed processes.

Before turning to sample results, we also note that, in
addition to the goldstino-gravitino equivalence test, the
code was checked carefully by comparing with the ana-
lytical squared matrix elements of eqs. (3), (5) and (7)
in ref. [11] for the above three partonic processes. The
hadronic total cross sections at the SUSY benchmark points
SPS7 and SPS8 in figs. 8 and 11 in ref. [11] can also be
reproduced with the help of ME [5,6]. The test by using
the gauge invariance of the amplitudes is also mentioned
in App. A.4.

3 Sample results

In this section, we present some sample numerical results,
using the new HELAS subroutines, which are presented in
Appendix A, and the modified MG, which is described in
Appendix B.

In gauge-mediated SUSY breaking scenarios, the grav-
itino is often the lightest supersymmetric particle (LSP),
and its phenomenology depends on what the next-to-lightest
supersymmetric particle (NLSP) is. While the lightest neu-
tralino and the lighter stau are often the NLSP in minimal
models of gauge mediation, gluinos can also be the NLSP,
e.g., in split SUSY models and general gauge mediation
models; see review papers [1,12] and references therein.

If gluinos are the NLSP and light enough, those pro-
ductions can be explored in the early LHC data as well as
in the Tevatron, and several studies have been performed
for hadroproductions of a gravitino with a gluino (or a
squark) [13,14,11], which lead to characteristic signals
of monojet plus missing energy when a produced gluino
(squark) promptly decays into a gluon (quark) and a LSP
gravitino. We consider such scenarios for sample results of
our code.

Figure 3 presents total cross sections of each subpro-
cess of associated gravitino productions with a gluino,

pp̄/pp → g̃G̃, (9)

at the Tevatron-1.96TeV/LHC-7TeV for the gravitino mass
m3/2 = 10−13 GeV as a function of the gluino mass. The
masses of the left-handed and right-handed squarks, which
appear in the t- and u-channel propagators, are fixed at
1.5 TeV (dashed lines) and 2mg̃ (dotted lines) for the qq̄
subprocesses. The cross sections of associated productions
with a squark,

pp̄/pp → q̃G̃ and ¯̃qG̃, (10)

as a function of the squark mass are also shown in Fig. 4
for reference, where the productions of the left-handed
and right-handed squarks are summed and their masses
are taken to be same. The gluino mass is fixed at 1.5
TeV (dashed lines) and 2mq̃ (dotted lines). The CTEQ6L1
parton distribution functions [15] are employed, and the
renormalization and factorization scales are fixed at the
average mass of the final state particles, µR = µF =
(mg̃,q̃ +m3/2)/2 ∼ mg̃,q̃/2. The cross section in the partial
width Γq̃(g̃)→q(g)G̃ > mq̃(g̃)/2 region is shown with a thin

dotted line in Fig 3(4), which will be discussed later.
The major features of the production cross sections are

following:

– The cross sections of all the subprocesses scale with
m−2

3/2, that is, lighter gravitinos enhance the monojet

signals, which can be interpreted as the direct lower
bound for the gravitino mass.2 Note that, on the other

2 The current lower bound from the Tevatron with the inte-
grated luminosity of 87 pb−1 is about 10−14 GeV [16], where
all the SUSY particles except gravitino are assumed to be too
heavy to be produced on-shell [17].

Figure 3.1: Squared matrix elements of gravitino (solid) and goldstino (dashed) pro-
ductions associated with a gluino for the gg initial state, gg → g̃G̃ , at

√
s = 2 TeV and

cos θ = 0.5 as a function of the gravitino mass. The squark and gluino masses are �xed
at 1 TeV. The ratios of the squared matrix elements are also shown. The �gure is taken
from [48].

from the gravitino interaction Lagrangian, we make the replacement

Ψµ ∼
√

2

3

1

m3/2
∂µψ (3.39)

in the Lagrangian describing the interactions of the gravitino. Here, ψ denotes the

goldstino �eld. As result, we obtain the corresponding e�ective goldstino interaction

Lagrangian in derivative form, see e.g. [46, 47]. Using the equations of motions to

replace the derivatives with the corresponding masses, we obtain the e�ective goldstino

interaction Lagrangian in non-derivative form [37, 46, 47]. This Lagrangian turns out

to be exactly the same as the one we derived in global SUSY in Section 3.1. The only

di�erence is that the goldstino now is e�ectively the gravitino with a mass m3/2. When

our parameter choices ful�ll the requirement for the goldstino-gravitino equivalence

theorem, m3/2 �
√
s, we can perform calculations involving gravitinos by using the

much easier formalism of the spin 1/2 goldstino.

To quantify the parameter region in which the goldstino Lagrangian is a valid ap-

proximation to the gravitino Lagrangian, we refer to Fig. 3.1, which was extracted

from [48]. It compares the squared matrix elements of gravitino (solid) and goldstino

(dashed) productions associated with a gluino at a center of mass energy of 2 TeV for

di�erent gravitino masses. We see that for small gravitino masses,
√
ŝ � m3/2, the

amplitudes for goldstino and gravitino agree well with each other.

Throughout this work, we will always consider gravitino masses and center-of-mass
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energies that ful�ll
√
s � m3/2, hence we can safely work within the goldstino equiva-

lence limit.

To give an example, we calculate the process γγ → G̃G̃ in both formalisms. First,

we use the spin-3/2 gravitino interaction Lagrangian. Due to the complexity of the

calculations, we restrict ourselves to one speci�c helicity amplitude which dominates

the cross section at high energies. Second, we calculate the same process using the

e�ective goldstino Lagrangian derived in Section 3.2.1. As expected from the goldstino-

gravitino equivalence theorem, we �nd agreement up to corrections of O
(
m3/2/

√
s
)
.

3.4.1 γγ → G̃G̃ using the spin 3/2 formalism

In the following, we study the scattering process of two photons into two gravitinos,

γγ → G̃G̃. The process has been studied in the context of tree unitarity violation by

Bhattacharya and Roy [49].7 We want to show two features of this process, in analogy to

the scattering of longitudinalW bosons in Section 1.4. In the processWLWL →WLWL,

we found that the leading energy dependence of the helicity amplitudes is cancelled

among the helicity amplitudes of the gauge bosons, while the next-to-leading energy

dependence was cancelled between gauge bosons and the H boson. Subsequently, we

reproduced the resulting amplitude by using the goldstone boson equivalence theorem.

In the process γγ → G̃G̃, we show that the leading energy dependence of the scattering

amplitude cancels between amplitudes involving the gravitino and the graviton. We then

comment on the cancellation of the next-to-leading energy dependent term but we do not

show any calculations because of the complexity of the calculations. Subsequently, in

the next section, we demonstrate that we can reproduce the (remaining) leading energy

dependence by performing the calculations with goldstinos, thanks to the gravitino-

goldstino equivalence theorem. After this section, we will use the simpli�cation of this

equivalence throughout the rest of this work.

The relevant interaction Lagrangian is given by

L = − 1

2MPl

Ψµγ
νργµλFνρ −

1

MPl

(Tµνγ + Tµν
G̃

)hµν , (3.40)

where Ψµ is the spin-3
2 gravitino �eld, λ the photino �eld, Fµν the �eld strength tensor

for a photon Aµ and γµν = i
4 [γµ, γν ]. The second term describes the interactions of a

spin-2 graviton hµν with photons [51] and gravitinos through their energy-momentum

tensor, Tµνγ and Tµν
G̃

for the photon and gravitino, respectively. Those two last quantities

7Initially, we re-studied this process to validate the implementation of general spin 3
2
particles into

the FeynRules and Aloha packages, see [50].
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Figure 3.2: The relevant diagrams contributing to the fastest energy growth in the
γγ → G̃G̃ process. They consist of an s-channel graviton exchange diagram (a) and
t, u-channel photino exchange diagrams (b).

are given by

Tµνγ =
1

4
ηµνF ρσFρσ − Fµρ F νρ

− 1

ξ
ηµν
{
Aρ ∂

ρ∂σAσ +
1

2
(∂ρAρ)(∂

σAσ)
}

+
1

ξ
(Aµ∂ν∂ρAρ +Aν∂µ∂ρAρ) ,

Tµν
G̃

=
1

8
ελρσµΨλγ

5γν
←→
∂σΨρ + (µ↔ ν)

− i

8
ελρσµ∂τ (Ψλγ

5{γσ, γντ}Ψρ) + (µ↔ ν)

− im3/2Ψλ(ηµνγλρ − ηρνγλµ − ηρµγλν)Ψρ ,

(3.41)

where the dependence on the gauge �xing parameter ξ in the photon energy-momentum

tensor has been kept explicit although we adopt Feynman gauge, i.e., ξ = 1, in the rest of

this section.8 The gravitino energy momentum tensor is derived from the free gravitino

Lagrangian,

L =
1

2
εµνρσΨµγ

5γν∂ρΨσ + im3/2Ψ̄µγ
µνΨν , (3.42)

where we already �xed a free parameter in order to obtain this form of the Lagrangian.9

Moreover, the operator
←→
∂σ stands for

Ψλ · · ·
←→
∂ σΨρ = Ψλ · · · ∂σΨρ −

(
∂σΨλ

)
· · ·Ψρ . (3.43)

We compute explicitly the helicity amplitudesMλ1λ2,λ3λ4 associated with the pro-

cess

γ(p1, λ1) + γ(p2, λ2)→ G̃(p3, λ3) + G̃(p4, λ4). (3.44)

There are three diagrams which contribute to the fastest energy growth in this

8This gauge is chosen in order to be in agreement with the HELAS [15] convention, which uses
Feynman gauge for massless gauge boson propagators (and unitary gauge for massive).

9For other possible forms of the Lagrangian, see e.g. [52].
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process, an s-channel graviton exchange diagram and t, u-channel photino exchange

diagrams, as shown in Figure 3.2.

The helicity amplitudes can be expressed as a sum of s-, t- and u-channel contribu-

tions,

Mλ1λ2,λ3λ4 =Ms +Mt +Mu, (3.45)

with the helicity dependence of the right-hand side of the equation being suppressed for

clarity. We derive, starting from the Feynman rules extracted from the Lagrangian of

Eq. (3.40),

iMs = − 1

M
2
Pl

1

s
εµ(p1)εν(p2) Γµν,αβγ Bαβ,γδ ūρ(p3)Γγδ,ρσ

G̃
vσ(p4),

iMt =
i

16M
2
Pl

1

tγ̃
εµ(p1)εν(p2)

× ūρ(p3)[/p1
, γµ]γρ(/p3

− /p1
+mγ̃)γσ[γν , /p2

]vσ(p4),

iMu =
i

16M
2
Pl

1

uγ̃
εµ(p1)εν(p2)

× ūρ(p3)[/p2
, γν ]γρ(/p1

− /p4
+mγ̃)γσ[γµ, /p1

]vσ(p4),

(3.46)

where the Mandelstam variables are de�ned by s = (p1 + p2)2, tγ̃ = (p1 − p3)2 −m2
γ̃

and uγ̃ = (p1 − p4)2 −m2
γ̃ , mγ̃ being the photino mass. The Lorentz structure of each

amplitude has been embedded into the functions

Bαβ,γδ =
1

2
(ηαγηβδ + ηαδηβγ − ηαβηγδ),

Γµν,αβγ = (p1 · p2)Cαβ,µν +Dαβ,µν + Eαβ,µν ,

Γγδ,ρσ
G̃

=
1

4
ερσλγγ5γδ(p3 − p4)λ + (γ ↔ δ)

+
i

8
ερσλγγ5{γλ, σδτ}(p3 + p4)τ + (γ ↔ δ)

− im3/2(ηργηδσ + ησγηδρ − ηγδηρσ),

(3.47)

with

Cαβ,µν = ηαµηβν + ηανηβµ − ηαβηµν ,
Dαβ,µν = pν1p

µ
2η

αβ

+ (pα1 p
β
2η

µν−pν1pβ2ηαµ−pβ1pµ2ηαν+(α↔ β)),

Eαβ,µν = ηαβ(pµ1p
ν
1 + pµ2p

ν
2 + pµ1p

ν
2)

− (pµ1p
β
1η

να + pν2p
β
2η

µα + (α↔ β)).

(3.48)

The explicit expression for the gravitino wavefunction can be found in the Appendix A.2.

We now select a particular helicity combination and choose to investigate the prop-

erties of the M1,−1, 1
2
,− 1

2
amplitude, as it gives rise to the leading energy growth with

the partonic center-of-mass (CM) energy
√
s. Expanding the s-, t- and u-channel con-
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tributions to the considered amplitudes in terms of the gravitino mass, one gets

Ms = − s

12M
2
Pl

(1 + cθ)sθ

[ s

m2
3/2

+ 4
]

+O(m2
3/2/s),

Mt =
s

6M
2
Plxt

s3
θ +O(m2

3/2/s),

Mu =
s

24M
2
Plxu

(1 + cθ)
2sθ

[ s

m2
3/2

+ 1 +
1

xu
(1 + cθ)

]
+O(m2

3/2/s),

(3.49)

where sθ and cθ stand for the sine and cosine of the scattering angle θ de�ned as the

angle between the ~p1 and ~p3 directions in the partonic center-of-mass frame. We also

introduce the reduced variables xt,u =
m2
γ̃

s + 1
2(1∓ cθ).

In the limit of large center-of-mass energies, or equivalently when mγ̃/
√
s → 0, we

can expand the terms ∝ 1
xt,u

, and we �nd that the s2 energy growth behavior of the s-

and u-channel diagrams cancels,

M1,−1, 1
2
,− 1

2
→ − s

6M
2
Pl

sθ

[ m2
γ̃

m2
3/2

− 3

2
(1+cθ)

]
+O(m2

3/2/s), (3.50)

in complete analogy to the cancellation of the highest energy dependence in the WW

scattering discussed in Section 1.4. We note that a linear s-dependence still remains [49].

The gravitino mass enters in the �rst term in the nominator. For a very light gravitino,

the �rst term will dominate over the last term; we will �nd that it is exactly this

�rst term which is reproduced by performing the calculations in the gravitino-goldstino

equivalence limit in the next section.

Figure 3.3 illustrates the energy dependence of the projected partial wave ampli-

tude,10

J2
1,−1, 1

2
,− 1

2

=
1

32π

∫ 1

−1
d cos θ d2

21(θ)M1,−1, 1
2
,− 1

2
, (3.51)

for di�erent photino masses. In this expression, we introduce the J = 2 Wigner d-

function d2
21(θ) = −1+cos θ

2 sin θ. The analytic result of Eq. (3.50) (dashed line) is

derived in the
√
s � m3/2,mγ̃ limit [49] and agrees with our numerical predictions

calculated by MadGraph 5 in the high-energy region where this approximation is

valid. In contrast, in the low-energy regime, the sub-leading term to Eq. (3.50) in the

m2
γ̃/s expansion becomes relevant, and one observes the deviation of the approximate

analytical result from our numerical predictions.

Finally, partial wave unitarity requires

∣∣J2
1,−1, 1

2
,− 1

2

∣∣ < 1

2
, (3.52)

which is shown by a gray line on the �gure.

To complete our analogy with the example of WW scattering, we comment on

the cancellation of the next-to-leading energy dependence. The next-to-fastest en-

10For the derivation, see Appendix A.4.
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Figure 3.3: Energy dependence of the projected partial wave amplitude
∣∣J2

1−1, 1
2
− 1

2

∣∣

de�ned in Eq. (3.51) for the γγ → G̃G̃ process and for di�erent choices of the photino
mass. The solid lines are calculated by MadGraph 5 and use the full amplitude. For
themγ̃ = 1000 GeV case, we also show the analytical results in the

√
s� m3/2,mγ̃ limit

of Ref. [49] (dashed) as well as the s2 dependence resulting from the t- and u-channel
diagram contributions only (dotted).

ergy growth appears in s-channel sgoldstino exchange diagrams, see Fig. 3.4. One can

show [49] that the leading energy dependence for each single amplitude is ∝ s3/2, and

again a cancellation happens between the photino exchange diagrams and the sgoldstino

diagrams; for details, see [49].

In the next section, we discuss the full process γγ → G̃G̃ again in detail using the

gravitino-goldstino equivalence.

3.4.2 γγ → G̃G̃ using the goldstino formalism

In this section, we restudy the process γγ → G̃G̃ using the gravitino-goldstino equiva-

lence theorem. We show analytically that we reproduce the leading energy dependent

term in (3.50), and verify numerically that the goldstino equivalence reproduces the

results of the previous section for the whole parameter space presented in Figure 3.3.

Since the expressions for the helicity amplitudes are much simpler for the spin-1/2 gold-

stino, we present them in detail and discuss their parameter dependence at the end of

this section.

We use the e�ective goldstino interaction Lagrangian derived in Section 3.2.1 for a

SUSY QED model with a photino-like neutralino, and which is presented in terms of

the component �elds in Section 3.2.2.
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Figure 3.4: Feynman diagrams for gravitino pair production in γγ collisions, generated
by MadGraph 5 [14]. gld, sg, pg, and n1 denote a gravitino, a scalar sgoldstino, a
pseudoscalar sgoldstino, and a neutralino, respectively.

We present the helicity amplitudes explicitly for the process

γ (p1, λ1) + γ (p2, λ2)→ G̃
(
p3,

λ3

2

)
+ G̃

(
p4,

λ4

2

)
, (3.53)

where the four momenta (pi) and helicities (λi = ±1) are de�ned in the center-of-mass

(CM) frame of the γγ collision. As seen in Fig. 3.4, the helicity amplitudes are given

by the sum of the s-channel scalar (S) and pseudoscalar (P ) sgoldstino amplitudes and

the t, u-channel photino exchange amplitudes:

Mλ1λ2,λ3λ4 = εµ(p1, λ1)εν(p2, λ2)

×
(
MS,µν

λ3λ4
+MP,µν

λ3λ4
+Mt,µν

λ3λ4
+Mu,µν

λ3λ4

)
, (3.54)

where the photon wavefunctions are factorized. Using the straightforward Feynman

rules for Majorana fermions [53], the above amplitudes are written, based on the e�ective
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λ1λ2 λ3λ4 M̂S M̂P M̂t M̂u

±± ±± ∓
[

m2
φ

s−m2
φ
− m2

φ

s−m2
φ

]

±± ∓∓ ±
[

m2
φ

s−m2
φ

+
m2
φ

s−m2
φ

− m2
γ̃

t−m2
γ̃
(1− cos θ) − m2

γ̃

u−m2
γ̃
(1 + cos θ)

]

±∓ ±∓ mγ̃
√
s

(u−m2
γ̃)

1
2(1 + cos θ) sin θ

±∓ ∓± − mγ̃
√
s

(t−m2
γ̃)

1
2(1− cos θ) sin θ

Table 3.1: The reduced helicity amplitudes M̂λ1λ2,λ3λ4 de�ned in (3.59) for γλ1γλ2 →
G̃λ3G̃λ4 .

Lagrangian in Section 3.2.2, as

iMS,µν
λ3λ4

= −
imγ̃m

2
φ

F 2

1

s−m2
φ

(p1 · p2 g
µν − pµ2pν1) ū(p3, λ3)v(p4, λ4), (3.55)

iMP,µν
λ3λ4

= −
imγ̃m

2
φ

F 2

1

s−m2
φ

εµναβ p2αp1β ū(p3, λ3)iγ5v(p4, λ4), (3.56)

iMt,µν
λ3λ4

= −
im2

γ̃

8F 2

1

t−m2
γ̃

ū(p3, λ3)[γµ, /p1
](/p1
− /p3

−mγ̃)[/p2
, γν ]v(p4, λ4), (3.57)

iMu,µν
λ3λ4

=
im2

γ̃

8F 2

1

u−m2
γ̃

ū(p3, λ3)[γµ, /p2
](/p1
− /p4

+mγ̃)[/p1
, γν ]v(p4, λ4), (3.58)

where a common sgoldstino mass is taken as mS,P = mφ and F =
√

3MPlm3/2 is the

SUSY breaking scale. The reduced helicity amplitudes M̂ are de�ned as

Mλ1λ2,λ3λ4 =
mγ̃s

3/2

2(
√

3MPlm3/2)2
M̂λ1λ2,λ3λ4 , (3.59)

and presented in Table 3.1. The analytic expression for the total cross section can be

found in [54], and our numerical results agree well with it.

It turns out that only the u-channel γ̃-exchange amplitude contributes to the helicity

amplitude responsible for the leading energy growth discussed in the previous section,

Mgold

1,−1, 1
2
,− 1

2

=
m2
γ̃s

2

4(
√

3MPlm3/2)2

1

(u−m2
γ̃)

(1 + cos θ) sin θ, (3.60)

where u = − s
2(1 + cos θ). To show agreement with (3.50), we take the limit

√
s� mγ̃ ,

Mgold

1,−1, 1
2
,− 1

2

→ − s

6M
2
Pl

sin θ
m2
γ̃

m2
3/2

. (3.61)

As expected, we reproduce only the term proportional to 1
m2

3/2

. Since the second term

in (3.50) is suppressed by 1/M
2
Pl, the error is negligible for very light gravitino masses.

Of course, the goldstino equivalence is independent of the limit
√
s� mγ̃ . In the limit
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Figure 3.5: Total cross sections of γγ → G̃G̃ as a function of the collision energy for
m3/2 = 2 × 10−13 GeV. The sgoldstino masses are taken to be 1 TeV (dashed) and
100 TeV (solid), while the photino mass is �xed at 0.5 TeV (blue) and 2 TeV (red).
We also show the cross section in the low energy limit (black solid) as well as the
contributions without the sgoldstino interactions (dotted).

mγ̃ �
√
s, the terms ∼ 1/m2

3/2 of the analytic result of (3.49) agree with the analytic

result for M1,−1, 1
2
,− 1

2
in (3.59), as can be seen by expanding both amplitudes around√

s/mγ̃ ≈ 0. We have veri�ed numerically that we obtain results similar to those of

Figure 3.3 for the whole parameter space.

Finally, we want to present the dependence of the cross section of γγ → G̃G̃ on

the center-of-mass energy and parameters of the theory; we especially focus on the role

of the sgoldstino. Figure 3.5 shows the total cross sections as a function of the CM

energy
√
s for mγ̃ = 0.5 TeV (blue) and mγ̃ = 2 TeV (red) with m3/2 = 2× 10−13 GeV.

First, let us consider the heavy sgoldstino case, mφ = 100 TeV. In the low-energy limit,√
s� mφ,γ̃ , the total cross section is given by [54]

σ =
s3

640π(
√

3MPlm3/2)4
, (3.62)

shown by a black-solid line in Fig 3.5. Due to a cancellation between the sgoldstino

and photino amplitudes for λ1 = λ2 = −λ3 = −λ4 as can be seen in Table 3.1, the

dominant contribution is given by the amplitudes for λ1 = −λ2, which are proportional

to s2 in the low-energy limit. To emphasize the importance of the interference, the

contribution without the sgoldstino amplitudes is also shown by a dotted line in Fig. 3.5.

On the other hand, in the case where the photino mass is smaller than the CM energy,

mγ̃ �
√
s � mφ, the cross section is dominated by the sgoldstino contributions and

deviates from the one in the low-energy limit.
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We now turn to the case where the sgoldstinos are relatively light, mφ = 1 TeV. In

our SUSY QED model, the partial decay width of the sgoldstinos are given by [55]

Γ(S, P → G̃G̃) =
m5
φ

32π(
√

3MPlm3/2)2
, (3.63)

Γ(S, P → γγ) =
m2
γ̃m

3
φ

32π(
√

3MPlm3/2)2
. (3.64)

For mφ = 1 TeV and m3/2 = 2 × 10−13 GeV (i.e.
√
F ≈ 918 GeV), the width for a

gravitino pair is 14.0 GeV and for a photon pair is 3.5 (55.9) GeV for mγ̃ = 0.5 (2) TeV.

For themγ̃ = 2 TeV case, the �nite width e�ect can be seen as a deviation from the cross

section (3.62) in the low-energy region in Fig. 3.5. For
√
s ≈ mφ, one can clearly see the

resonant peak. In the high-energy limit,
√
s � mφ,γ̃ , the cross section approaches the

value obtained by neglecting the sgoldstino amplitudes, since the λ1 = −λ2 amplitudes

become dominant; see Table 3.1.

Finally, we note that collider signatures of sgoldstinos have been studied in [55�66],

and our model can be also applied for such sgoldstino phenomenology.
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Collider phenomenology plays a crucial role in building a bridge between theoretical

predictions and experimental observations. Our intention is to predict observable col-

lider signatures of theoretical models describing the gravitino interactions, to interpret

experimental data in terms of the model parameter space, and to guide experimental

searches on where to look for signatures arising from light gravitinos.

We start this chapter by reviewing the relevant lepton and hadron colliders for this

work. After introducing two main parameters describing the �performance� of a collider

in Section 4.1.1, we discuss the bene�ts of lepton collisions in Section 4.1.2. We review

the option of performing electron-photon collisions at e+e− colliders, and introduce the

photon luminosity function. We brie�y outline the Large Electron Positron collider

(LEP) that had operated at the CERN laboratory from 1989 until 2000 and present

the planned International Linear Collider (ILC). Subsequently, in Section 4.1.3 some

important di�erences of hadronic collisions with respect to leptonic collisions are pointed

out before commenting on the proton-antiproton collider Tevatron, which had been

running at the Fermi National Accelerator Laboratory in the United States from 1983

until 2012 as well as the Large Hadron Collider (LHC), which is the collider of our era.

It is located at CERN and started operating in 2010. The relevant kinematical variables

used in our collider studies are introduced in Section 4.1.4.

We would like to predict collider signatures expected from our theory. Starting

from a Lagrangian, there is a full chain of simulation tools, that allows us to make

predictions of the expected cross sections as well as kinematical distributions. We

review the chain of simulation tools for collider phenomenology used throughout this

work in Section 4.2.1. In hadronic collisions with a high center-of-mass energy, one has

multiple parton �nal states, which are well described by a parton shower, introduced

in Section 4.2.2. The result from the parton shower must be consistently combined

with the result from the matrix element, in a procedure called �matrix element/parton

shower merging�, presented in Section 4.2.3.

4.1 Lepton and hadron colliders

4.1.1 Collider parameters

One of the parameters to characterize high-energy particle collisions is the center-of-

mass (CM) energy
√
s, which is de�ned by

s = (p1 + p2)2, (4.1)

where p1,2 denote the four-momenta of the two colliding particles. Another important

parameter is the instantaneous luminosity L, which is a function of beam parameters,

given by, see e.g. [7],

L = f
n1n2

4πσxσy
, (4.2)
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where n1,2 is the number of particles in a bunch, f is the frequency of the collisions and

σx,y characterizes the beam size in the horizontal and vertical direction perpendicular

to the beam pipe. The expected number of events N and the total cross section σ are

related by1

N = L × σ(s), (4.3)

where L is the integrated luminosity, L =
∫
d tL.

4.1.2 Electron-positron colliders

Since electrons interact only through the electroweak force, one expects less backgrounds

than in hadron collisions and no uncertainties related to the strong force, so that electron

colliders are appropriate to perform precision measurements. Yet, because electron-

positron colliders usually have a lower CM energy than proton colliders, they are less

suited for discoveries.

At lepton colliders, the precise CM energy
√
s is known, and one can tune the

√
s,

which allows e.g. the scanning of threshold production.

Using polarized lepton beams can be helpful to increase or decrease the cross sec-

tion for processes that have di�erent couplings to left- and right handed particles. We

will exploit this fact to reduce the SM background in our search for a new physics signal.

The largest e+e− collider ever built was the Large Electron Positron collider (LEP) [67]

at the European Organization for Nuclear research (CERN) near Geneva. LEP was a

circular collider with a circumference of about 27 km, and it had been running from

1989 until 2000 with CM energies between
√
s = 91 and 209 GeV, and with a lumi-

nosity between L ≈ 1030 and 1032 cm−2s−1. The four LEP experiments were ALEPH,

DELPHI, L3 and OPAL. Amongst others, LEP provided precision measurements of the

W and Z masses and widths [68,69], and measured the running of the strong coupling

αs [70].

The International Linear Collider (ILC) [71] is a linear e+e− collider, foreseen to

be built in Japan in the near future. It has a length of about 31 km, see Fig. 4.1 and

is designed to start with a CM energy of
√
s = 250 GeV, which can be increased to√

s = 500 GeV and, after an upgrade, up to
√
s = 1 TeV. The designed luminosity is

L ≈ 1034 cm−2s−1. The main purpose of the ILC is to perform precision measurements

in order to probe the identity of the H boson, and continue the search for new physics.

At the ILC, there exists an option to perform e−γ or γγ collisions. A high-energy

photon beam is provided by the backward Compton scattering of laser photons on a

high-energy electron beam [73, 74]; see Fig. 4.2. The probability to �nd a photon

with a speci�c energy fraction x = Eγ/Ee of the incident electron beam is given by the

1In practice, we have to take into account also the detector acceptance and the e�ciency of event
selection in the derivation of expected number of events.
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Chapter 3
The International Linear Collider
Accelerator

3.1 The ILC Technical Design
3.1.1 Overview

The International Linear Collider (ILC) is a high-luminosity linear electron-positron collider based on
1.3 GHz superconducting radio-frequency (SCRF) accelerating technology. Its centre-of-mass-energy
range is 200–500 GeV (extendable to 1 TeV). A schematic view of the accelerator complex, indicating
the location of the major sub-systems, is shown in Fig. 3.1:
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Figure 3.1. Schematic layout of the ILC, indicating all the major subsystems (not to scale).

• a polarised electron source based on a photocathode DC gun;

• a polarised positron source in which positrons are obtained from electron-positron pairs by
converting high-energy photons produced by passing the high-energy main electron beam
through an undulator;

• 5 GeV electron and positron damping rings (DR) with a circumference of 3.2 km, housed in a
common tunnel;

• beam transport from the damping rings to the main linacs, followed by a two-stage bunch-
compressor system prior to injection into the main linac;

• two 11 km main linacs, utilising 1.3 GHz SCRF cavities operating at an average gradient of
31.5 MV/m, with a pulse length of 1.6 ms;

9

Figure 4.1: The schematic layout of the ILC, taken from [72].

1.1 Introduction VI-7

0

.

electron
bunch

C

a)

(e)

!c

b)

. "e

e e

!

"(e)

laser

IP

b

Figure 1.1.1: Scheme of γγ, γe collider.

the parameter x ≈ 7, which is larger than 4.8. But nonlinear effects at the conversion
region effectively increase the threshold for e+e− production, so that e+e− production
is significantly reduced.

The luminosity distribution in γγ collisions has a high energy peak and a low
energy part (Section 1.4). The peak has a width at half maximum of about 15%. The
photons in the peak can have a high degree of circular polarisation. This peak region
is the most useful for experimentation. When comparing event rates in γγ and e+e−

collisions we will use the value of the γγ luminosity in this peak region z > 0.8zm where
z = Wγγ/2E0 (Wγγ is the γγ invariant mass) and zm = ωm/E0.

The energy spectrum of high energy photons becomes most peaked if the initial
electrons are longitudinally polarised and the laser photons are circularly polarised
(Section 1.3.1). This gives almost a factor of 3–4 increase of the luminosity in the high
energy peak. The average degree of the circular polarisation of the photons within
the high-energy peak amounts to 90–95%. The sign of the polarisation can easily be
changed by changing the signs of electron and laser polarisations.

A linear polarisation lγ of the high energy photons can be obtained by using lin-
early as well as circular polarised laser light [3]. The degree of the linear polarisation
at maximum energy depends on x, it is 0.334, 0.6, 0.8 for x = 4.8, 2, 1 respectively
(Section 1.3). Polarisation asymmetries are proportional to l2γ, therefore low x values
are preferable. The study of Higgs bosons with linearly polarised photons constitutes
a very important part of the physics program at photon colliders.

The luminosities expected at the TESLA Photon Collider are presented in Ta-
ble 1.1.1, for comparison the e+e− luminosity is also included (a more detailed table is
given is Section 1.4.5.2).

Figure 4.2: A schematic representation of producing a photon by backward compton
scattering; �gure taken from [72].

photon luminosity function [72,73]

fγ(x, y) =
1

N(y)

[ 1

1− x + 1− x− 4r(1− r)

+ PePl ry(1− 2r)(2− x)
]
, (4.4)

where y is a parameter controlled by the laser energy,2 r = x/(1 − x)y, and Pe (Pl)

is the incident electron beam (laser photon) polarization. The integral
∫
fγ(x, y) dx is

normalized to unity by

N(y) =
(

1− 4

y
− 8

y2

)
ln(1 + y) +

1

2
+

8

y
− 1

2(1 + y)2

+ PePl

[(
1 +

2

y

)
ln(1 + y)− 5

2
+

1

1 + y
− 1

2(1 + y)2

]
. (4.5)

2y = 4EeEl/m
2
e in the zero angle limit of the Compton scattering.
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Figure 4.3: The distribution functions of Compton back-scattered photons in (4.4) for
di�erent electron beam polarizations.

Figure 4.3 shows the luminosity function for di�erent electron beam polarizations, with

y = 4.8 and Pl = −1.0 as an optimal parameter choice [72]. The maximal energy

fraction is �xed by xmax = y/(1 + y), e.g. xmax ∼ 0.83 for y = 4.8. The distribution

with highly polarized electron and laser beams (PePl ∼ −1) has a strong peak at the

high-energy endpoint. We make use of this formulae in Chapter 4.

4.1.3 Hadron colliders

A main di�erence in hadron collisions compared to lepton collisions lies in the composite

nature of the hadrons. The hard scattering does not occur among two hadrons, but

among their constituent quarks or gluons. We now present the �master formula� for

proton - proton (p-p) collisions, which relates the partonic cross section to the pp cross

section. Assume two protons to collide and produce a �nal state X. The two partons

i, j involved in the hard scattering process carry a momentum fraction x1, x2 of the

incident proton momenta. Thanks to the QCD factorization theorem, the cross section

of a hard proton-proton collision can approximately be written as, see e.g. [75]

σpp→X =
∑

i,j

∫
dx1dx2 f1,i(x1, µF )f2,j(x2, µF )σi,j→X(x1, x2, µF ), (4.6)

where the sum runs over all possible partons that can produce the �nal state. The factor-

ization scale µF is indicating the separation between perturbative and non-perturbative

dynamics, and usually set by the typical energy scale of the process. The partonic cross

section σi,j→X can be calculated perturbatively, while the parton distribution func-

tions (PDFs) f1,i, f2,j parametrize the non-perturbative aspects of the collision. They

give the probability for a parton to have momentum fraction x, and they are process-

independent and measured in experiment. As example, we present the CTEQ6M PDFs



72 Introduction to collider phenomenology

3.1 The New Standard PDF Sets

The standard set of parton distributions in the MS scheme, referred to as CTEQ6M, provides an

excellent global fit to the data sets listed in Sec. 2.1. An overall view of these PDF’s is shown in

Fig. 1, at two scales Q = 2 and 100 GeV. The overall χ2 for the CTEQ6M fit is 1954 for 1811

data points. The parameters for this fit and the individual χ2 values for the data sets are given in

Appendix A. In the next two subsections, we discuss the comparison of this fit to the data sets, and

then describe the new features of the parton distributions themselves. Quantitative comparison of

data and fit is studied in more depth in Appendix B

Fig. 1 : Overview of the CTEQ6M parton distribution functions at Q = 2 and 100 GeV.

3.1.1 Comparison with Data

The fact that correlated systematic errors are now fully included in the fitting procedure allows a

more detailed study of the quality of fits than was possible in the past. We can take the correlated

systematic errors into account explicitly when comparing data and theory, by using the procedure

discussed in Sec. B.2 of Appendix B. In particular, based on the formula for the extended χ2

function expressed in the simple form Eq. (11), we obtain a precise graphical representation of the

quality of the fit by superimposing the theory curves on the shifted data points {D̂i} containing

the fitted systematic errors. The remaining errors are purely uncorrelated, hence are properly

represented by error bars. We use this method to present the results of our fits whenever possible.

Figure 2 shows the comparison of the CTEQ6M fit to the latest data of the H1 experiment

[14]. The extensive data set is divided into two plots: (a) for x < 0.01, and (b) for x > 0.01. In

order to keep the various x bins separated, the values of F2 on the plot have been offset vertically

for the kth bin according to the formula: ordinate = F2(x,Q2) + 0.15 k. The excellent fit seen

in the figure is supported by a χ2 value of 228 for 230 data points. Similarly, Fig. 3 shows the

comparison to the latest data from ZEUS [15]. One again sees very good overall agreement.

8

Figure 4.4: The CTEQ6M PDFs for two energy scales, Q = 2 and 100 GeV, extracted
from [76].

for two di�erent energy scales µF = Q = 2 and 10 GeV in Fig. 4.4.

Due to less synchrotron radiation, hadrons can be accelerated to high energies more

easily than leptons. Therefore, hadron colliders are well-suited to perform discoveries.

Unfortunately, we have to deal with high QCD backgrounds in hadron collisions due to

the compositness of the protons and because partons are strongly interacting particles.

In strong interactions, the radiative corrections can be considerable, and higher order

corrections must be taken into account in order to obtain precise theoretical predictions

for cross sections as well as kinematic distributions.

The Tevatron [77] was a circular proton-antiproton collider with a circumference

of about 6 km at the Fermi National Accelerator Laboratory (Fermilab) in Batavia

in the United States. It had been running from 1988 until 1996 with a CM energy

of
√
s = 1.8 TeV and a maximal luminosity of L ≈ 1031 cm−2s−1, and after an up-

grade, from 2001 until 2011 with CM energy
√
s = 1.96 TeV and a maximal luminosity

L ≈ 1032 cm−2s−1. The two general purpose detectors were CDF and D0. At Tevatron,

the top quark was discovered in 1995 [78,79]. Due to low statistics, the discovery of the

H boson could not be established; in the combined results of CDF and D0 an excess of

about 3σ was observed over the expected background [80].

The Large Hadron Collider (LHC) [81] is a proton-proton collider hosted at CERN

in the former LEP tunnel.3 The LHC started its run in 2010 with a CM energy
√
s = 7

TeV and a maximal luminosity of L = 3.7 × 1033 cm−2s−1. In 2012, it ran with CM

energy
√
s = 8 TeV and a maximal luminosity of L = 7.7 × 1033 cm−2s−1 [82]. The

LHC is currently shut down and being upgraded to a CM energy of
√
s = 13 TeV and

will start again in 2015.

3A part of the run-time, it collides lead nuclei.
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Figure 4.5: A schematic presentation of the LHC beam pipe and the main experiments;
the picture belongs to CERN [85].

There are four main experiments at the LHC, the two general purpose experiments

ATLAS [83] and CMS [84], and two specialized experiments LHCb and ALICE designed

to study physics related to b quarks and to study quark-gluon plasma, respectively. The

LHC beams and the location of the experiments are schematically presented in Fig. 4.5.

The most important result of the LHC was the discovery of a new boson [1, 2] with a

mass around m = 126 GeV, which behaves so far very much like the SM H boson [3,4].

4.1.4 Kinematical variables

We brie�y introduce the kinematical variables that will be used throughout the next

chapters. The transverse momentum is de�ned as

pT =
√
p2
x + p2

y = |~p| sin θ, (4.7)

where θ is the angle between the beam axis and the particle in the �nal state. The

rapidity y is given by

y =
1

2
ln
E + pz
E − pz

, (4.8)

which becomes for massless particles or in the limit E � m equal to the pseudorapidity

eta,

η =
1

2
ln

1 + cos θ

1− cos θ
= − ln tan

θ

2
. (4.9)
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The missing energy is the absolute value of the vectorial sum over the transverse mo-

menta of all invisible particles,

/ET =
∣∣∣
∑

~pT,miss

∣∣∣. (4.10)

Since the sum over �nal state (transverse) momenta is zero, the sum over the pT of all

invisible �nal state particles is de�ned as the sum over the pT over all visible �nal state

particles with a negative sign,

∑
~pT,miss = −

∑
~pT,vis. (4.11)

Another quantity that we use is HT , which is the scalar sum over all visible transverse

momenta,

HT =
∑
|~pT,vis|. (4.12)

4.2 Simulations of collision events

The goal of this work is to perform phenomenological studies of a beyond SM (BSM)

physics theory, in particular a SUSY theory including the gravitino. We would like to

understand a possible collider signature of a given process in terms of the parameters

of the theory and investigate the possibility to distinguish our signal from the SM

background.

4.2.1 Simulation tools for collider phenomenology

To compare an expected signal of our BSM theory with data, it takes several steps:

1. Write down the Lagrangian describing a theory and derive the Feynman rules.

2. Draw the Feynman diagrams for a given process.

Write down the corresponding amplitudes.

Calculate the cross section and generate events at parton level.

3. If strongly interacting particles are involved, to obtain the event at hadron level

simulate parton shower and hadronization e�ects.

4. Simulate the detector response to have the reconstructed event.

5. Analyse the event by looking at distributions, applying cuts etc.

We have a complete chain of tools facilitating this procedure, schematically presented in

Fig. 4.6 and which is summarized in the following. For details, we refer to the manuals

of the speci�c programs.

We start by providing the Lagrangian as well as a model �le containing the particle

content and parameters to the FeynRules package [29,86]. FeynRules is a Mathe-

matica based program that automatically extracts the Feynman rules associated with
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Figure 4.6: Schematic representation of the procedure followed in a phenomenological
study. The simulation tools we employ are also shown on the left, and the output/input
�les are displayed in blue. For details, see text.
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the Lagrangian, and stores them together with the other model information in a Uni-

versal FeynRules Output (UFO) [87] model �le. The UFO model is passed to

MadGraph 5 [14,88�92] or other matrix-element generators such as CalcHep [93�96],

Sherpa [97,98] orWhizard [99,100]. We restrict the description toMadGraph since

this is the event generator we use. All of the following programs are interfaced to

MadGraph and can be run within the MadGraph environment.

InsideMadGraph, we specify our process of interest in terms of the initial and �nal

state particles. MadGraph generates the Feynman diagrams and the corresponding

helicity amplitudes for this process and provides the code needed to evaluate the matrix

elements at a speci�c phase space point. This code is used by the Monte Carlo event

generator MadEvent [89] to calculate the cross section and to produce unweighted

events, that means, events as distributed in nature.4 The information of the events,

that is the masses and momenta as well as the spin, color connection and �avor of

the �nal state particles is stored in an �event �le� in the Les Houches format [102].

Another option in MadGraph is to output a standalone version of the matrix element

evaluation. In the standalone version, we can evaluate the helicity amplitudes on a

speci�c phase-space point. This option is especially useful for the validation of a model.

When we generate hard scattering events, we must correctly take into account

extra initial and �nal state radiations for a QCD process. Those radiations have

soft and collinear singularities and are well described by a parton shower such as

Pythia [103, 104], Sherpa [97, 98], or Herwig [105, 106], which simulate successive

splittings between the (hard) scale of the scattering until the hadronization scale, which

is the scale that separates the perturbative from the non-perturbative regime. For a

brief description of a parton shower, see the next section. In the �nal state, we do not

observe partons but hadrons. The transition from partons to hadrons is described by

non-perturbative models such as the string model [107,108] implemented in Pythia or

the cluster model [109]. We use Pythia for hadronization of the �nal state partons.

After hadronization, we perform a simulation of the detector response of the �nal

state particles by using Delphes [110,111].5 Inside Delphes, the hadrons are clustered

into jets; Delphes uses FastJet [113] for the jet clustering.6

The �nal event �le can then be further analyzed with MadAnalysis [115,116], for

example to apply selection cuts and to investigate kinematical distributions.

4.2.2 Parton shower

In a hard QCD scattering process with a high energy scale, the probability for extra

emissions is high, leading to a �nal state with many partons. However, the computa-

4The evaluation of the matrix elements is carried out by successive calls to the Helicity Ampli-
tude Subroutines (HELAS) library [15]. In MadGraph 5, this library is automatically written by
ALOHA (Automatic Libraries of Helicity amplitudes) [101] after having speci�ed our process of in-
terest. ALOHA produces a helicity wavefunction for each external leg in a Feynman diagram, and
subsequently combines the wavefunctions into vertices, and the vertices into Feynman diagrams. By
calling the HELAS subroutine, the value of the matrix element (amplitude squared) is returned.

5Another detector simulation tool implemented into MadGraph is PGS [112].
6For a very nice review about di�erent jet clustering algorithms, see [114].
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tional e�ort for a matrix element with numerous �nal states is very expensive, which

makes the matrix element less suited to describe a high-multiplicity �nal state. Further

on, the matrix element diverges for soft (low-energetic) and collinear (parallel) emissions

of extra partons, as we will see now. These multiple soft and collinear emissions are

described with a parton shower.

Assume a hard scattering process with n �nal state particles, and the �nal state

parton a to split into two partons b and c.7 In the collinear limit, when the angle

between the �nal state partons goes to zero, θ → 0, the matrix element factorizes

as [117]

|Mn+1|2dΦn+1 ' |Mn|2dΦndp(t), (4.13)

where the di�erential probability for emission between the energy scale t and t + dt is

given by

dp(t) =
αs
2π

dt

t
dzPa→bc(z). (4.14)

Here, t is usually the virtuality of the splitting parton, t = (pb + pc)
2 ∼ z(1 − z)E2θ2;

it tends to zero in the collinear limit. z is the energy fraction of parton b from parton

a, and Pa→bc(z) is the Altarelli-Parisi splitting function [118] describing the radiation

of an extra parton or splitting into two partons in the collinear limit.

When integrating over the full phase space, dp(t) will diverge. However, the prob-

ability for an extra emission should be �nite. This can be understood as follows. If

the extra emission is below a certain scale, we can not resolve the two �nal state par-

tons (after splitting or radiation) from one single �nal state parton. It is in this phase

space region where the probability diverges, such that the probability for having no

resolvable emission tends to in�nity. However, we have to take into account also con-

tributions from virtual corrections to our process, which are also divergent. The KLN

theorem [119, 120] states that the divergent piece from the unresolvable emission of

�nal state collinear splittings and soft emissions cancels against the divergence from

the virtual correction. Together, the sum of the unresolvable emission and the virtual

correction are �nite.

The so-called Sudakov form factor sums the virtual corrections and real emissions

to all orders. It gives the probability that a particle evolves between two scales Q2 and

t without any resolvable emission,

∆(Q2, t) = exp

[
−
∫ Q2

t
dp(t′)

]
, (4.15)

where dp(t) is given by (4.14). This Sudakov form factor is used by a parton shower

to generate successive branchings of �nal state partons. The parton shower program

determines the scale t1 of the �rst branching by throwing a random number 0 < r < 1,

7We restrict the discussion to �nal state radiation; a similar procedure is applied for extra emissions
from initial state particles.
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Parton shower

Matrix 
elements

...
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...

Figure 4.7: Extra emissions generated by matrix element and by parton shower. The
arrows indicate possible double counting.

and solving the equation r = ∆(Q2, t1) for t1. If t1 is bigger than the hadronization

scale Q2
0 , a branching is generated, and a new random number is thrown; if t1 < Q2

0,

the parton shower stops.

4.2.3 Parton shower/matrix element merging

We found that the matrix element (ME) is well suited to describe hard and well-

separated emissions, while the parton shower (PS) is used to describe soft and collinear

emissions. To get a correct description of a �nal state involving multiple jets one must

combine the ME approach and the PS. This is done in a consistent way in a procedure

called parton shower/matrix element merging. Consistent means that we must avoid

the double counting of certain events, schematically presented in Fig. 4.7. Starting

e.g. from the process qq̄ → Z, we generate additional 1, 2, .. emissions with the ME.

We then pass the event �le to the PS generator, which generates additional emissions.

The arrows indicate possible double counting. The double counting can be avoided

by restricting the ME and the PS to di�erent regions in phase space, characterizing

the hardness of the extra emission. Further on, we must ensure smooth transitions for

observables when changing from one approach to the other. This can be checked by

means of the stability of the total cross section and distributions.

Several multi-jet merging algorithms have been proposed: the CKKW-based method

[121, 122], the MLM scheme [123, 124], the pseudo-shower algorithm [125], and the

shower-kT scheme [126].

In our analysis we make use of the shower-kT scheme, which is based on event

rejection, as implemented in MadGraph for �xed-order ME generation and interfaced

to Pythia6.4 for PS and hadronization. In this scheme, ME multi-parton events are

generated with a minimum separation, Qcut and pTmin , between �nal-state partons (ij)

and between �nal- and initial-state partons (iB) characterized by the kT jet measure:

d2
ij = min(p2

Ti , p
2
Tj ) ∆R2

ij > Q2
cut, d2

iB = p2
Ti > p2

Tmin
, (4.16)
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with ∆R2
ij = 2[cosh(ηi − ηj) − cos(φi − φj)], where pTi , ηi and φi are the transverse

momentum, pseudorapidity and azimuth of particle i [127]. The renormalization scale

for αs for each QCD emission vertex is set to the kT value, while the factorization

scale for the parton densities and the renormalization scale for the hard 2→2 process

is given by the transverse mass of the particles produced in the central process. The

ME-level events are then passed to Pythia and showered using the pT -ordered shower,

and Pythia reports the scale QPS
hardest of the hardest emission in the shower. For lower

parton-multiplicity samples an event is rejected if QPS
hardest > Qcut, while for the highest

multiplicity sample an event is rejected if QPS
hardest > QME

softest, the scale of the softest ME

parton in the event. See more details in [126].
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This chapter gives an overview of light gravitino production at colliders. Section 5.1

shows that there are three di�erent production mechanisms for gravitinos at colliders,

and two of them are sensitive to the gravitino mass. We �nd that direct gravitino

production at colliders becomes relevant for very light gravitinos. We comment on

previous studies of gravitino production mechanism and brie�y summarize the studies

we will present in the next chapters.

Experimental bounds on the gravitino mass are summarized in Section 5.2. While

we pay special attention to the results from searches for gravitinos at colliders, we also

brie�y review bounds on light gravitino dark matter from cosmology, and comment on

bounds from stellar evolution.

In Section 5.3, we introduce two possible theoretical models that suggest a gravitino

light enough for direct production to become relevant at colliders.

Finally, we shortly describe tools specialised to simulate gravitino production at

colliders in Section 5.4.

5.1 Production mechanisms for light gravitinos

In the following, we consider R-parity conserving scenarios, and assume that the grav-

itino is the lightest SUSY particle (LSP); it is stable and escapes detectors. There are

three production mechanisms at colliders for light gravitinos:

1. Pair production: A pair of gravitinos can be produced directly, such as e+e− →
G̃G̃ and pp → G̃G̃. The cross section for gravitino pair production is extremely

sensitive to the gravitino mass since it scales inversely proportional to the gravitino

mass to the fourth,

σpair ∝
1

m4
3/2

. (5.1)

The derivation and explicit formulae for speci�c processes will be presented in the

next chapters.

2. Associated production: A gravitino can be directly produced in association with

another SUSY particle, e.g. e+e− → χ̃0
1G̃, eγ → ẽG̃ and pp→ g̃G̃, q̃G̃. The cross

section is inversely proportional to the square of the gravitino mass

σassociated ∝
1

m2
3/2

, (5.2)

which is less sensitive to the gravitino mass than gravitino pair production. Again,

we will derive and present the explicit formulae in the next chapters.

3. Indirect production: A gravitino can appear at the end of a decay chain, i.e.

through decays of the next-to-lightest SUSY particle (NLSP). In this case, the

production rate of gravitinos is independent of the gravitino mass.1

1For a very light gravitino, t/u-channel exchanged gravitinos can enhance usual SUSY particle pair
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Figure 5.1: Examples of three possible mechanisms for LSP gravitino production at
the LHC, for a gluino NLSP which promptly decays into a gravitino and a gluon; pair
production (left), associated production with a gluino (middle) and indirect production
(right).

The signature arising from processes with LSP gravitinos is missing energy (/E) plus

X, where the /E is carried away by two gravitinos and X depends on the production

mechanism. For illustration, in Fig. 5.1 we show three production mechanisms and

resulting signatures at pp colliders for a gluino NLSP, which is assumed to promptly

decay into a gluon and a gravitino.

Since the gravitinos escape detection, gravitino pair production becomes observable

with some extra radiations, e.g. a photon and a gluon or quark, leading to a mono-

photon+/E and mono-jet+/E signal, respectively.

Associated production gives rise to a signal through the decay of the associated

SUSY particle. For instance, e+e− → χ̃0
1G̃ → G̃G̃γ, eγ → ẽG̃ → G̃G̃e and pp →

g̃(q̃)G̃ → G̃G̃g(q) give rise to a mono-photon+/E, mono-electron+/E or mono-jet+/E

signal, respectively.

Indirect production with the subsequent decay gives rise to the signal again through

the decay of the SUSY particle, e.g. pp→ g̃g̃ → G̃G̃gg results in a di-jet+/E signal.

To summarize, there are two production mechanisms for very light gravitinos at

colliders that are sensitive to the gravitino mass, pair production and associated pro-

duction, where the former is observable at colliders with additional radiations. Both

processes become signi�cant at colliders when the mass of the gravitino is very light as

m3/2 ∼ O(10−14 − 10−12 GeV), (5.3)

since the interactions are always suppressed by the Planck scale.

We note that the cross sections of the two production mechanisms that are sensi-

tive to the gravitino mass behave di�erently with respect to the mass of other SUSY

particles. We will �nd that the cross section for the gravitino pair production increases

with increasing mass of the t-channel exchanged SUSY particle until some limit. On the

other hand, the cross section for associated gravitino production with a SUSY particle

decreases with increasing mass of the associated particle, due to the phase space closure.

production, e.g. gluino pair production; see more details in Section 8.1.2.
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Before turning to the experimental bounds on the gravitino mass, we brie�y sum-

marize the previous theoretical studies on gravitino production relevant for the rest of

this work, and comment on the contributions to light gravitino phenomenology which

have been performed throughout this work.

The G̃G̃(+γ) and G̃G̃(+jet) production has been investigated only in models where

all SUSY particles except for the gravitino are assumed to be very heavy [128�130].

Several studies on the associated gravitino productions have been performed so far.

For instance, χ̃0
1-G̃ productions at e+e− colliders [131�135] and hadron colliders [134],

ẽ-G̃ productions in eγ collisions [136], and g̃-G̃ [137�141] and q̃-G̃ [140,141] productions

at hadron colliders.

The impact of light gravitinos on the signature expected in g̃g̃ production has been

studied in [137�140]. We note that for QCD processes with a large CM energy, the prob-

ability for extra QCD emission becomes large. For a realistic study of e.g. pp → g̃G̃

associated production, the extra radiation has to be taken into account. This has not

been done in the above studies. Further on, if the extra emission happens to be hard,

the g̃G̃ production process might give the same �nal state as the g̃g̃ production process.

In this work, we revisit the mono-photon+/E signal arising from gravitino production

at e+e− colliders. We simultaneously study the two contributing sub-processes, G̃G̃

production and χ̃0
1G̃ associated production. We explicitly give the helicity amplitudes

for both two-to-two production processes and present cross sections with di�erent mass

spectra and di�erent energies especially for a future linear collider. We examine selection

e�ciencies by kinematical cuts and beam polarizations for the signal and SM background

processes, and investigate the energy and angular distributions of the photon. We show

how to extract information on SUSY particle masses.

We also consider gravitino production in association with a selectron which sub-

sequently decays into an electron and a gravitino in e−γ collisions. We present the

explicit helicity amplitudes for the production process, and discuss the mono-electron

plus missing-energy signal, including the Compton back-scattered photon energy spec-

trum for incident photons. While the heavy-mass limit for all SUSY particles except

gravitino and selectron are assumed in Ref. [136], we take into account the t-channel

intermediate neutralinos and show a possibility to determine their mass in the signal

distributions.

For the LHC, we study the jets+/E signature for the case where the gluino is assumed

to be the NLSP. We consider both the associated gravitino production with a gluino and

gluino pair production. By merging matrix elements with parton showers, we generate

inclusive signal and background samples and show how information on the gluino and

gravitino mass can be obtained by simple �nal state observables.

Finally, we investigate the mono-photon+/E signal at the LHC arising from gravitino

pair production. We re-interpret an existing search, and derive a lower bound on the

gravitino mass.
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5.2 Experimental bounds on the gravitino mass

We present a short review about the experimental bounds on the gravitino mass. Special

attention is paid to the bounds from collider searches. The current interpretations of

mono-photon+/E or mono-jet+/E signatures in terms of gravitino production rely either

on gravitino-pair production, or on associated gravitino production. In the last part of

this section, we brie�y review the bounds from cosmology on light gravitino dark matter

and the bounds obtained from stellar evolution. We note that the gravitino mass bound

is commonly translated to a bound on the SUSY breaking scale by the relation derived

in Section 3.3.2, F =
√

3MPlm3/2.

5.2.1 Bounds from direct gravitino pair production

Both the mono-photon+/E and mono-jet+/E signals have been interpreted in terms of

direct gravitino pair production, where all other SUSY particles are assumed to be very

heavy [130].

In the search for mono-photon+/E, the four collaborations at the LEP, OPAL,

ALEPH, L3 and DELPHI, independently put lower bounds on the gravitino mass [142�

145], and those are summarized in [146] as

m3/2 ≥ 1.37× 10−14 GeV. (5.4)

The CDF collaboration at the Tevatron put a similar bound of [147]

m3/2 ≥ 1.17× 10−14 GeV. (5.5)

For the jet+/E channel, CDF gives the lower bound of [148]

m3/2 ≥ 1.1× 10−14 GeV. (5.6)

We emphasize that allowing the other SUSY masses to be light would modify the

bound on the gravitino mass in these searches.

5.2.2 Bounds from associated gravitino production

The mono-photon+/E and mono-jet+/E signal have also been interpreted in terms of χ̃0
1-

G̃ associated production and g̃-G̃ or q̃-G̃ associated production, respectively. The LEP

experiment provides the bound on the gravitino mass as a function of the neutralino

and selectron masses [145], see Fig. 5.2. We �nd e.g.

m3/2 ≥ 10−14 GeV (5.7)

for mχ̃0
1

= 140 GeV and mẽ = 150 GeV. As described above, for a heavy neutralino,

the cross section of this production process decreases, which explains why the bounds

on the gravitino mass become weaker and �nally vanish around 200 GeV, which is the

maximum CM energy of the LEP.
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Figure 9: a) Upper limit at 95% C.L. on the cross-section at
√

s =208 GeV of the process
e+e− → G̃χ̃0

1 → G̃G̃γ as a function of the χ̃0
1 mass. The predicted cross-sections under

the assumption that the neutralino is a Bino or as described by the LNZ-model are also
shown for mG̃ = 1 × 10−5 eV/c2. b), c) Exclusion plots in the m

χ̃0
1
-mG̃ mass plane.

Figure 5.2: The exclusion plot in themχ̃0
1
−mG̃ plane, obtained from the interpretation of

the mono-photon plus missing energy signal in terms of neutralino-gravitino associated
production by the Delphi collaboration. The plot is extracted from [145].

The mono-jet+/E signal at the LHC is interpreted by ATLAS in terms of g̃G̃ and q̃G̃

associated production, using data from the 2012 run at a CM energy
√
s = 8 TeV which

corresponds to an integrated luminosity of L = 10.5 fb−1 [149]. They translated the

agreement between the observed number of events and the expected number of events

from the SM into a 95 % con�dence level (CL) upper limit on the visible cross section

which is de�ned by production cross section times acceptance times e�ciency, (σ×A×ε).
A new physics contribution with a cross section above σ ×A× ε = 0.05 pb is excluded

at 95 % CL for the selection cuts speci�ed in [149]. Figure 5.3 shows the interpretation

of this upper bound on the cross section in terms of gravitino production in association

with a gluino or squark, as a function of the gluino/squark masses. Degenerate squark

and gluino masses are assumed. The blue lines are the theoretical predictions for the

cross section of gravitino associated production for di�erent gravitino masses. A lower

bound of

m3/2 ≥ 2× 10−13 GeV (5.8)

is found for gluino or a squark masses around 500 GeV. This result provides the cur-

rently strongest bounds on the gravitino mass from collider searches, and corresponds

to a lower bound on the SUSY breaking scale of about
√
F ≈ 918 GeV. In the high

gluino/squark mass region, the limits on the gravitino mass become very weak due to

phase space closure.
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with modified parton shower parameters and translate into a 5% to 10% uncertainty on the signal yields
in the SR3 region, depending on the squark and gluino masses. Systematic uncertainties due to PDFs
result in uncertainties on the signal yields that vary between 5% and 60% for squark and gluino masses
increasing from 50 GeV and 2.6 TeV. Finally, variations of the renormalization and factorization scales
by factors of two and one-half introduce a 15% to 35% uncertainty on the signal yields with increasing
squark and gluino masses.
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Figure 10: Cross section times acceptance times efficiency for the gravitino+squark/gluino production
as a function of the squark/gluino mass in the case of degenerate squark and gluinos. Different values for
the gravitino mass are considered and the predictions are compared with model-independent limits.

Figure 10 presents, for the case of degenerate squark and gluinos, the σ × A × ε as a function of
the squark/gluino mass for different gravitino masses. For comparison, the model-independent 95% CL
limits are shown. Expected and observed 95% CL limits on the gravitino-squark/gluino mass plane are
presented in Figure 11, and are computed using the same procedure as in the case of the ADD andWIMPs
models. Gravitino masses below 1·10−4 eV (4·10−5 eV) are excluded at 95%CL for squark/gluino masses
of 500 GeV (1.7 TeV). These results significantly improve previous results at LEP and the Tevatron and
constitute the best bounds on the gravitino mass to date. For very high squark/gluino masses the NWA
employed is violated since the partial width for the gluino and squark to decay into a gravitino and a
parton becomes more than 25% of its mass and other decay channels should be considered. Finally, limits
on the gravitino mass are also computed in the case of non-degenerate squarks and gluinos. Scenarios
with mg̃ = 4 ·mq̃, mg̃ = 2 ·mq̃, mg̃ = 1/2 ·mq̃, and mg̃ = 1/4 ·mq̃ are explored in Figure 12, where 95% CL
limits on the gravitino mass are presented as a function of the squark mass. In this case, 95% CL lower
bounds on the gravitino mass in the range between 3 · 10−4 eV and 3 · 10−5 eV are set depending on the
squark and gluino masses.

7 Summary and conclusions

In summary, we report results on the search for new phenomena in events with an energetic jet and large
missing transverse momentum in proton-proton collisions at

√
s = 8 TeV at the LHC, based on ATLAS

data corresponding to an integrated luminosity of 10.5 fb−1. The measurements are in agreement with the
SM predictions for the background. The results are translated into model-independent 95% confidence
level upper limits on σ×A× ε. The results are also presented in terms of new limits on the production of

18

Figure 5.3: The interpretation of the mono-jet plus missing energy signal in terms of
gravitino production in association with a squark or gluino by ATLAS [149]. It is shown
the 95 % CL upper limit on the visible cross section as a function of the squark/gluino
mass, which are assumed to be degenerate. The blue lines are the theoretical predictions
for cross section for di�erent gravitino masses.

5.2.3 Bounds from cosmology and stellar evolution

If gravitinos are dark matter, their primordial origin depends on the mass [21]; if the

gravitino is lighter than about 1 keV, its interactions are strong enough to allow it to be

in thermal equilibrium with the plasma after the reheating period. After the freeze-out,

it will be relativistic and hence constitute hot dark matter.

Since relativistic particles �damp� the formation of small scale structures in the

universe, see e.g. [150], hot dark matter can only constitute a fraction of the observed

total dark matter in the universe. Feng et al. give an upper bound on the gravitino

mass of [151]

m3/2 < 15− 30× 10−9 GeV, (5.9)

consistent with the observed small scale structure and assuming another particle to

constitute cold dark matter.

A very light gravitino behaves e�ectively like a massless neutrino at the time of

big bang nucleosynthesis (BBN), and might a�ect the primordial abundance of helium-

4 [152].2 The number of neutrino-like particles Neff is constrained to be Neff <

3.3 [152,153]. Therefore, the gravitino is required not to signi�cantly contribute to the

2At the time of the BBN, the universe is radiation dominated. The expansion rate H depends on
the amount of photons, electron-positron pairs and neutrinos. If the number of neutrino-like particles
increases, H increases, so the universe expands faster. An increase in H has the e�ect that the
interconversion of neutrons and protons freezes out earlier, leading to a higher abundance of neutrons,
which �nally gives a higher abundance of primordial 4He.
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number of neutrino-like particles, and one can estimate a lower bound on the gravitino

mass. Moroi et al. derive [154]

m3/2 ≥ 10−13 GeV
( ml̃

100 GeV

)
, (5.10)

where ml̃ denotes the slepton mass and the bound is valid only if the freeze-out temper-

ature is much bigger than the slepton mass [155]. Assuming a freeze-out temperature

much lower than the soft masses, Ghergetta sets the weaker bound [155]

m3/2 ≥ 10−15 GeV, (5.11)

for the photino mass of mγ̃ ≈ O(100 GeV) and Neff < 3.6.

Finally, we comment on the bounds on the gravitino mass from stellar evolution.

Gravitinos can be produced in a supernova core. If the gravitino escapes the supernova,

it carries energy away and hence contributes to the cooling of the supernova [156,157].

From the observed neutrino luminosity of the supernova SN1987A, Dicus et al. put the

lower bound [157]3

m3/2 ≥ 0.6− 6× 10−15 GeV. (5.12)

Finally, from the energy loss of a red giant star also a bound can be derived [160],

m3/2 ≥ 6× 10−16 GeV. (5.13)

5.3 Theoretical models suggesting a very light gravitino

Direct gravitino production becomes relevant at colliders if the gravitino is very light,

see (5.3), m3/2 ∼ O(10−14−10−12 GeV). As derived in Section 3.3.2, the gravitino mass

is directly proportional to the SUSY breaking scale, m3/2 = F/(
√

3MPl), so that the

lower bounds on the gravitino mass translate into lower bounds on the SUSY breaking

scale.

In Section 3.1, we saw that di�erent SUSY mediation mechanisms correspond to very

di�erent SUSY breaking scales. A very light gravitino as in (5.3) is suggested by the

context of no-scale supergravity [161�163] and some extra-dimensional models [164,165],

while typical gauge-mediated SUSY breaking (GMSB) scenarios expect a mass of 1 eV-

10 keV [30].

In no-scale supergravity, the idea is that the function Gi(G−1)jiGj showing up in

the classical potential given in (3.31) is Gi(G−1)jiGj = 3 for all �eld values, such that

the classical potential is identical to 0 (not only at the vacuum). In their model, Ellis

et al. [162] choose a speci�c gauge kinetic function that leads to a relation between the

3We note that these bounds are extremely strengthened if the sgoldstino is assumed to be as light
as the gravitino [158]. However, such a light sgoldstino is theoretically not well motivated since it does
not obey a naturalness criterion [159].
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gravitino and the gaugino mass. The gaugino mass mg̃ is determined dynamically by

radiative corrections. For a speci�c choice for the Kähler potential G, they �nd

m3/2 = O
(

mp
g̃

Mp−1
Pl

)
, (5.14)

where mg̃ is of the order of the electroweak scale, and 1 < p < 2. For p ≈ 2, this allows

for a gravitino as light as in (5.3).

The extra dimensional models that can predict such a light gravitino are Randall-

Sundrum-type. The �ve-dimensional space-time is bounded by two four-dimensional

branes, the UV (or Planck) brane and the IR (or TeV) brane. The extra dimension is of

length L = πR and �warped�. The warp factor e−πkR is 0 at the UV brane and maximal

at the IR brane (k is the space-time curvature). In their model [164], Ghergetta and

Pomarol choose kR ∼ 12. As a result, if the e�ective scale is MPl at the UV brane, it

can be of the order of TeV at the IR brane. SUSY is broken at the IR brane, so the

e�ective scale of SUSY breaking is also O(TeV). It is assumed that the fermions and

their superpartners live on the UV brane, and gauge as well as gravity �elds in the bulk.

The SUSY breaking is then mediated via gauge interactions; gauginos receive tree-level

masses, while the scalars get massive only at loop level,

m2 ∼ g2

16π2
(TeV)2. (5.15)

The gravitino couples with gravitational strength to the IR brane, hence its mass is

derived to be of order

m3/2 = O
(
TeV2

MPl

)
. (5.16)

This may lead to a gravitino as light as in (5.3).

5.4 Simulation tools for gravitino phenomenology

For the last few years simulation tools in the FeynRules andMadGraph frameworks

for processes involving gravitinos/goldstinos have been intensively developed [48, 50,

166], making phenomenological studies easier. The main part of the thesis is based on

the further development, the validation and the phenomenological applications of these

tools.

We can study gravitino interactions using the spin 3/2 formalism, as presented in the

study of the γγ → G̃G̃ production process in Section 3.4.1. To this end, we implemented

the interactions of gravitino and graviton (3.40) into FeynRules and constructed a

model �le which allows us to study the strongest energy dependent amplitude. We note

that this study was used to validate the implementation of general spin-3/2 particles in

FeynRules and Aloha [50].

As discussed in Section 3.4, when the CM energy is much bigger than the gravitino
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mass,
√
s � m3/2, gravitino interactions can be studied using the e�ective goldstino

interaction Lagrangian, thanks to the gravitino-goldstino equivalence theorem. This is

always the case for studies of light gravitino production at colliders, and we use this

approach throughout the rest of this work. We note that we call the goldstino the

gravitino in the following.

Most of the recent studies on gravitino production at colliders [47, 167�171] rely

on the e�ective gravitino Lagrangian derived by supercurrent conservation, see Sec-

tion 3.2.3, and hence contain only interactions with a single gravitino. This approach

only allows to study production processes where one gravitino is directly produced, such

as associated production with another SUSY particle, or when the gravitino appears at

the end of a decay chain.

To study interaction processes where a pair of gravitinos is directly produced, we

need to take into account e�ective vertices involving two gravitinos as well as sgoldstinos.

The recent development of FeynRules [25] makes it easier to construct a consistent

model by using the super�eld formalism. We implemented a SUSY Lagrangian in

the super�eld formalism [172], including all the relevant interactions for light gravitino

production at colliders. We note that the G̃G̃ production process contains a four-fermion

interaction involving two Majorana particles. The current MadGraph 5 (v2.0.2) does

not support four-fermion vertices involving more than one Majorana particle, and hence

does not accept our UFO model �le generated by FeynRules. Therefore, �rst, we

modi�ed MadGraph 5 to allow us to import the model. Second, after generating the

process, the corresponding four-point contact amplitudes should be modi�ed by hand

to have correct fermion �ows.
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Mono-photon signals in gravitino production in e+e− collisions
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We revisit gravitino production leading to the monophoton plus missing energy

signature at future e+e− colliders,

e+e− → γG̃G̃→ γ + /E. (6.1)

We consider a SUSY model where the gravitino is the LSP, and the neutralino the NLSP

which promptly decays into a photon and a gravitino. In such scenarios there are two

possible processes providing the signal: gravitino pair production (G̃G̃) and neutralino-

gravitino associated production (χ̃G̃). The former leads to the monophoton �nal state

via an additional photon radiation, while the latter via the subsequent neutralino decay

into a photon and an LSP gravitino. Their relative importance varies with the gravitino

and neutralino masses, with neutralino mixing and with kinematical cuts.

In Section 6.1, we investigate the e+e− → G̃G̃ production process in detail. We

explicitly give the helicity amplitudes for the two-to-two production processes, and

present the cross sections with di�erent collision energies and mass spectra.

Subsequently, we repeat the study for the e+e− → χ̃0
1G̃ production process in Sec-

tion 6.2. We give the helicity amplitudes and show how the total cross section varies

for di�erent neutralino mixings and SUSY masses. We derive the expression for the

decay width of the neutralino, and discuss the angular dependence of the di�erential

cross section as a function of the selectron mass.

In Section 6.3, we discuss the relative importance of the both processes for di�erent

parameter choices, and �x the parameters for the following study. We shortly comment

on the validation of our model.

In Section 6.4, we present the signal and background distributions. After specifying

the �nal selection cuts, we show how polarized beams may enhance the signal over

background ratio. We show that the signal cross section and the photon spectra provide

information on the masses of the SUSY particles as well as the SUSY breaking scale.

6.1 Gravitino pair production

Gravitino pair production gives rise to the monophoton plus missing energy signature

when an additional photon is emitted [128,129],

e+e− → G̃G̃+ γ. (6.2)

In this section, we investigate in detail the two-to-two production process.

6.1.1 Helicity amplitudes

We present the helicity amplitudes explicitly for the two-to-two process

e−
(
p1,

λ1

2

)
+ e+

(
p2,

λ2

2

)
→ G̃

(
p3,

λ3

2

)
+ G̃

(
p4,

λ4

2

)
, (6.3)
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Figure 6.1: Samples of Feynman diagrams for gravitino pair production in e+e− colli-
sions, generated by (modi�ed) MadGraph 5 [14]. gld, el, and er denote a gravitino,
a left-handed selectron, and a right-handed selectron, respectively.

where the four momenta (pi) and helicities (λi = ±1) are de�ned in the center-of-mass

(CM) frame of the e+e− collision.

In the massless limit of e±, one can �nd that all amplitudes are zero when both

the electron and the positron have the same helicity, and hence we �x λ2 = −λ1.

The same helicity relation holds for the massless gravitinos in the �nal state, leading

to λ4 = −λ3. Since we will assume gravitinos with mass m3/2 ∼ O(10−13 GeV), we

neglect the gravitino mass in the phase space but keep it in the couplings. In addition,

for the λ1 = +1 (λ1 = −1), only right-handed (left-handed) selectrons can contribute

to the total amplitudes. Therefore, the helicity amplitudes for the above process can be

expressed as the sum of the four-point contact amplitude and the t, u-channel selectron

exchange amplitudes (see also Fig. 6.1):

Mλ1,λ3 =Mc
λ1,λ3 +Mt

λ1,λ3 +Mu
λ1,λ3 . (6.4)

Using the straightforward Feynman rules for Majorana fermions given in [53], the above

amplitudes are written, based on the e�ective gravitino Lagrangian in Section 3.2.2, as

iMc
λ1,λ3 = −

im2
ẽλ1

F 2

(
M̂t

λ1,λ3 − M̂u
λ1,λ3

)
, (6.5)

iMt
λ1,λ3 = −

im4
ẽλ1

F 2(t−m2
ẽλ1

)
M̂t

λ1,λ3 , (6.6)

iMu
λ1,λ3 =

im4
ẽλ1

F 2(u−m2
ẽλ1

)
M̂u

λ1,λ3 , (6.7)

where mẽ± denotes the right/left-handed selectron mass for notational convenience and

F =
√

3MPlm3/2 is the SUSY breaking scale, see (3.38). The reduced helicity ampli-

tudes are

M̂t
λ1,λ3 = ū(p3, λ3)Pλ1u(p1, λ1) v̄(p2,−λ1)P−λ1v(p4,−λ3),

M̂u
λ1,λ3 = ū(p4,−λ3)Pλ1u(p1, λ1) v̄(p2,−λ1)P−λ1v(p3, λ3), (6.8)

where P± = 1
2(1± γ5) is the chiral projection operator.
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λ1λ3 Mc Mt Mu

±∓ −
sm2

ẽλ1

2(
√

3MPlm3/2)2
(1− cos θ)

[
1 +

m2
ẽλ1

t−m2
ẽλ1

]

±± −
sm2

ẽλ1

2(
√

3MPlm3/2)2
(1 + cos θ)

[
1 +

m2
ẽλ1

u−m2
ẽλ1

]

Table 6.1: The helicity amplitudesMλ1,λ3 de�ned in (6.4) for e−λ1e
+
−λ1 → G̃λ3G̃−λ3 .

With the four momenta de�ned as

pµ1 =

√
s

2
(1, 0, 0, 1),

pµ2 =

√
s

2
(1, 0, 0,−1),

pµ3 =

√
s

2
(1, sin θ, 0, cos θ),

pµ4 =

√
s

2
(1,− sin θ, 0,− cos θ), (6.9)

we present the helicity amplitudes in Table 6.1.

6.1.2 Total cross section

From the helicity amplitudes presented in the previous section, we derive the total cross

section

σ =
1

192π(
√

3MPlm3/2)4

∑

λ=±

m4
ẽλ

s2

[
s3 − 3m2

ẽλ
s2 + 9m4

ẽλ
s

+ 3m6
ẽλ

(
1−

m2
ẽλ

s+m2
ẽλ

+ 4 log
m2
ẽλ

s+m2
ẽλ

)]
. (6.10)

Figure 6.2 shows the total cross sections as a function of the CM energy
√
s for three

di�erent selectron masses mẽ± = 0.5, 1 and 2 TeV. The gravitino mass is �xed at

m3/2 = 2× 10−13 GeV, which corresponds to the SUSY breaking scale
√
F ≈ 918 GeV.

We stress that the cross section is extremely sensitive to the gravitino mass since it

scales inversely proportional to the gravitino mass to the fourth,

σ(G̃G̃) ∝ 1/m4
3/2. (6.11)

We also note that the cross section tends to be larger for the heavier selectrons since

the couplings are proportional to m2
ẽ.

In the low-energy limit,
√
s� mẽ± , as one can easily see from the explicit amplitudes

in Table 6.1, a strong cancellation happens between Mc and Mt,u, leading to a cross
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Figure 6.2: Total cross sections of e+e− → G̃G̃ as a function of the collision energy
for di�erent selectron masses mẽ± = 0.5, 1, 2 TeV with m3/2 = 2 × 10−13 GeV. The
cross section in the low energy limit is presented by a black solid line. The contribution
without the four-point interaction for mẽ± = 1 TeV is also shown as a reference.

section scaling as [32,129]

σ =
s3

160π(
√

3MPlm3/2)4
, (6.12)

presented by a black line in Fig. 6.2. The contribution without the four-point amplitude

is also shown as a reference, where one can see the e�ect of the huge cancellation. It

should be noted here that the low-energy limit, which is always assumed in the previous

studies [128, 129, 173, 174], may not be a good approximation for future colliders since

the selectron masses should be less or of the order of the SUSY breaking scale and

might be within the reach of the CM energies. Therefore, one should consider the full

expression of the cross section. Figure 6.2 indeed shows that, as
√
s is increasing, the

e�ect of the selectron mass becomes signi�cant. When the CM energy is bigger than the

selectron mass,
√
s > mẽ, the contribution fromMc becomes more important than that

fromMt,u. We note that the current gravitino mass bound by the G̃G̃(+γ) production

presented in Section 5.2.1 could weaken if the selectrons are light enough.

Finally, we brie�y discuss the unitarity bound. The projected partial wave amplitude

is given by

J Jλ1,λ3 =
1

32π

∫ 1

−1
d cos θ dJλ1λ3(θ)Mλ1,λ3 (6.13)

with the Wigner d-function. Unitarity requires the lowest non-vanishing partial wave
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to be |J J=1
λ1,λ3
| < 1/2, leading to the upper bound of the cross section, which is shown by

a gray line in Fig. 6.2. One can see that the lighter selectrons remedy the bad unitarity

behavior. It should also be noted that, since we consider the e�ective model which is

valid up to mSUSY /F , a higher energy requires a higher SUSY breaking scale (i.e. a

heavier gravitino) or lighter SUSY particles for reliable predictions.

6.2 Neutralino-gravitino associated production

Gravitino production in association with a neutralino and the subsequent neutralino

decay,

e+e− → χ̃G̃→ γG̃G̃, (6.14)

leads to the γ + /E signal already at the leading order [131�135, 167]. Throughout this

section, we allow the neutralino to be a mixture of bino and wino and investigate the

e�ect on the total cross section. The e�ective goldstino interaction Lagrangian including

the e�ect of neutralino mixing di�erent from a photino is given in (3.14).

6.2.1 Helicity amplitudes

We present the helicity amplitudes explicitly for the production process

e−
(
p1,

λ1

2

)
+ e+

(
p2,

λ2

2

)
→ χ̃0

1

(
p3,

λ3

2

)
+ G̃

(
p4,

λ4

2

)
, (6.15)

where again the four-momentum (pi) and helicity (λi = ±1) of each particle are de�ned

in the center-of-mass (CM) frame of the e+e− collisions.

Similar to the case of G̃G̃ production, in the massless limit of e±, one can �nd that

all the amplitudes are zero when both the electron and the positron have the same

helicity, or λ1 = λ2. In addition, for the λ1 = +1 (λ1 = −1) case, only the right-handed

(left-handed) selectron can contribute to the total amplitudes. Therefore, the helicity

amplitudes for the above process can be expressed as the sum of s-, t-, and u-channel

amplitudes:

Mλ,λ3λ4 =Ms
λ,λ3λ4 +Mt

λ,λ3λ4 +Mu
λ,λ3λ4 (6.16)

with λ ≡ λ1 = −λ2, where each amplitude with λ = +1 (λ = −1) corresponds to the

Feynman graph 3+4, 2 (1), and 6 (5), respectively, in Fig. 6.3.

We present the amplitudes based on the e�ective goldstino interaction Lagrangian,
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Figure 6.3: Feynman diagrams for the χ̃0
1-G̃ production in e+e− collisions, generated

by MadGraph [48]. N1, gld, el, and er denote a lightest neutralino, a gravitino, a
left-handed selectron, and a right-handed selectron, respectively.

given in (3.14), in the usual four-spinor basis:

iMs
λ,λ3λ4 =

eCsλmχ̃0
1

2
√

6MPlm3/2

1

s
v̄(p2,−λ)γµu(p1, λ)

× ū(p3, λ3)[/p3
+ /p4

, γµ]v(p4, λ4), (6.17a)

iMt
λ,λ3λ4 =

−
√

2 eC ẽχ̃1

λ m2
ẽλ√

3MPlm3/2

1

t−m2
ẽλ

× ū(p3, λ3)u(p1, λ) v̄(p2,−λ)v(p4, λ4), (6.17b)

iMu
λ,λ3λ4 =

−
√

2 eC ẽχ̃1

λ m2
ẽλ√

3MPlm3/2

1

u−m2
ẽλ

× ū(p4, λ4)u(p1, λ) v̄(p2,−λ)v(p3, λ3), (6.17c)

where mẽ± denotes the right-/left-handed selectron mass for notational convenience,
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and

Csλ = Cγχ̃1 − s

s−m2
Z + imZΓZ

gλC
Zχ̃1 (6.18)

with Z-boson couplings to right- and left-handed charged leptons,

g+ =
sin θW
cos θW

and g− =
−1 + 2 sin2 θW
2 sin θW cos θW

, (6.19)

respectively.1 The couplings Cγχ̃i , CZχ̃i , C ẽχ̃i related to the neutralino mixing de�ned

by Xi = Uijχ̃
0
j in the X = (B̃, W̃ 3, H̃0

d , H̃
0
u) basis, where Uij is taken to be real, are

Cγχ̃i = U1i cos θW + U2i sin θW ,

CZχ̃i = −U1i sin θW + U2i cos θW ,

C ẽχ̃i± = T ẽ±
U2i

sin θW
+ Y ẽ

±
U1i

cos θW
, (6.20)

with the SU(2) charge T ẽ± and the U(1) charge Y ẽ
± for ẽ+/−(= ẽR/L), that is T ẽ− = Y ẽ

− =

−1/2 and T ẽ+ = 0, Y ẽ
+ = −1. Here, for simplicity, we assume the lightest neutralino as

a pure gaugino, which makes the G̃-H̃0
d,u-Z couplings irrelevant to our study. It should

be noted that Csλ and C ẽχ̃1

λ are related with each other as

Csλ ∼ −C ẽχ̃1

λ +O
(m2

Z

s

)
(6.21)

for
√
s� mZ ; this is always the case in the following discussions.

To present the explicit helicity amplitudes, let us now de�ne the kinematical vari-

ables of the process (6.15) in the e+e− laboratory frame as

pµ1 =
√
s

2 (1, 0, 0, 1),

pµ2 =
√
s

2 (1, 0, 0,−1),

pµ3 =
√
s

2

(
1 +

m2
χ̃

s , β sin θ, 0, β cos θ
)
,

pµ4 =
√
s

2

(
1− m2

χ̃

s ,−β sin θ, 0,−β cos θ), (6.22)

with β = 1 −m2
χ̃0
1
/s. Throughout our study we neglect the gravitino mass, except in

the gravitino couplings.

For notational convenience we de�ne the reduced helicity amplitudes, M̂, as

iMλ,λ3λ4 =
−e√

6MPlm3/2

√
β sM̂λ,λ3λ4 , (6.23)

and these are presented in Table 6.2. The following features of the amplitudes are worth

noting:

1Strictly speaking, the Z-exchange amplitude in (6.17a) is valid only for
√
s � mZ since massless

gauge bosons are assumed in the e�ective Lagrangian (3.14).
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λ λ3λ4 M̂s M̂t M̂u

± ±∓ (1 + cos θ)
[ m2

χ̃

s C
s
± −

m2
ẽ±

u−m2
ẽ±
C ẽχ̃1
±

]

± ∓± −(1− cos θ)
[ m2

χ̃

s C
s
± −

m2
ẽ±

t−m2
ẽ±
C ẽχ̃1
±

]

± ±± ±mχ̃√
s

sin θ
[

Cs± −
m2
ẽ±

t−m2
ẽ±
C ẽχ̃1
±

]

± ∓∓ ∓mχ̃√
s

sin θ
[

Cs± −
m2
ẽ±

u−m2
ẽ±
C ẽχ̃1
±

]

Table 6.2: The reduced helicity amplitudes M̂λ,λ3λ4 for e−λ e
+
−λ → χ̃0

1λ3
G̃λ4 .

1. As mentioned before, for the λ = +1 (λ = −1) case only ẽ+ (ẽ−) can be exchanged
in the t- and u-channel amplitudes, and all the amplitudes are zero for λ1 = λ2.

2. The overall angular dependence is dictated by J = 1 d functions as

Mλ,λ3λ4 ∝ d1
λ,(λ3−λ4)/2(θ). (6.24)

3. Ms and Mt,u interfere subtractively with each other; especially for the λ3 = λ4

case they almost cancel in the wide range of the parameter space, and hence the

amplitudes with λ3 = −λ4 are dominant for the most of the cases except for

the mχ̃0
1
∼ mẽ± region. We note that in the very high-energy region the ampli-

tudes with λ3 = λ4 become important sinceMs becomes dominant, making those

amplitudes be proportional to
√
s while the amplitudes with λ3 = −λ4 are inde-

pendent of
√
s; in that region the cross section does not depend on the selectron

masses but on the produced neutralino mass.

4. For the λ3 = −λ4 case, in the threshold region, where t, u = −sβ(1∓cos θ)/2→ 0,

an additional β can be extracted from the reduced amplitudes due to Cs± ∼ −C ẽχ̃1
±

in (6.21). Together with β1/2 in (6.23), the amplitudes are proportional to β3/2.

Therefore, including the phase space factor β, the threshold excitation of the total

cross section is given by [131,133,134]2

σ ∝ β4. (6.25)

5. Mt and Mu depend on the selectron mass and become larger as the selectron

mass increases, whileMs is independent of mẽ.

We note that our helicity-summed amplitude squared agrees with Eq. (28) in [134]

for the photino case, and also with Eq. (3) of [141] for the gluino associated process

2Note that β is de�ned as (1−m2
χ̃0
1
/s)1/2 in Refs. [133,134].
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qq̄ → g̃G̃ after substitutions for the masses and the couplings as

mχ̃0
1
→ mg̃, mẽR/L → mq̃R/L ,

e→ −gsT a, Csλ → 1, C ẽχ̃1

λ → −1. (6.26)

6.2.2 Total cross section

Let us now present the total cross sections and the kinematical distributions for the

production process (6.15). The initial-helicity (λ) dependent cross section is given by

dσλ =
1

2s

1

2

∑

λ3,4

|Mλ,λ3λ4 |2dΦ2 (6.27)

with the two-body phase space factor dΦ2 =
∫
d cos θ

2
dϕ
2π

1
8πβ. σunpol = (σ+ + σ−)/2 is

the usual spin-summed and averaged cross section.

We point out that unlike the gravitino pair production (6.11), the total cross section

is inversely proportional to the square of the gravitino mass

σ(χ̃G̃) ∝ 1/m2
3/2, (6.28)

and hence the sensitivity to the gravitino mass is weaker than in the G̃G̃ production.

Figure 6.4 shows total cross sections of the gravitino productions associated with

a bino-, wino and photino-like neutralino in e+e− collisions as a function of the CM

energy
√
s, where the neutralino and selectron masses are �xed as mχ̃0

1
= 300 GeV and

mẽ+ = mẽ− = 800 GeV. We take the gravitino mass m3/2 = 10−13 GeV in this plot. In

the �gure the threshold region for the unpolarized bino-like neutralino cross section is

enlarged, and one can see that the production cross section is strongly suppressed as

shown in (6.25), in contrast to the threshold excitation for the standard fermion (∝ β)
and the scalar (∝ β3) pair productions [175]. This is one of the particular signatures

for the associated gravitino productions.

For the case of the bino-like neutralino, or |U11| ∼ 1 and |U21| ∼ 0 in (6.20), the cross

section with right-handed electrons (σ+) dominates the one with left-handed (σ−). For
the heavy selectron case the t- and u-channel contributions are dominant, and therefore

the ratio of the λ-dependent cross sections is roughly given in terms of the χ̃0
1-e-ẽ±

couplings as

σ±
2σunpol

∼ |C ẽχ̃1
± |2

|C ẽχ̃1
+ |2 + |C ẽχ̃1

− |2
. (6.29)

The bino case gives σ+/2σunpol ∼ 0.8, which one can observe in Fig. 6.4. For the case

of the wino-like neutralino, or |U11| ∼ 0 and |U21| ∼ 1, the right-handed cross section

vanishes, i.e. σunpol = σ−/2. For a photino-like neutralino, or |U11| ∼ cos θW and

|U21| ∼ sin θW , the left- and right-handed cross sections are the same, such that σunpol =

σ+ = σ−. One can conclude that the χ̃0
1-G̃ production process with polarized electron
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Figure 6.4: Total cross sections of associated gravitino productions with a photino/bino-
/wino-like neutralino in e+e− collisions, e+e− → χ̃0

1G̃, for m3/2 = 10−13 GeV as a
function of the collision energy. The neutralino and selectron masses are �xed at 300
GeV and 800 GeV, respectively. The initial-helicity dependent cross sections σλ are
shown by a dashed line for λ = +1 and a dotted line for λ = −1. The threshold region
is enlarged and the hypothetical dependence σ ∝ β and β3 with the same coe�cient is
also shown.

beam can explore the neutralino mixing. The detailed study for various neutralino

mixing has been done in Refs. [133, 134], while we assume a photino-like neutralino in

the following analyses for simplicity.

In Fig. 6.5, the neutralino-mass dependence of the cross sections is shown for
√
s =

500 GeV and 1 TeV. Due to the threshold behavior in (6.25), the cross sections are

strongly suppressed as the neutralino mass is approaching the collider energy.3 It should

be emphasized here that the cross section is quite sensitive to the mass of the t, u-channel

intermediate selectrons, even if the collider energy cannot reach them [133, 134]. The

heavier selectron exchange increases the cross section since the t, u-channel amplitudes

are proportional to the selectron mass squared as one can see in Table 6.2. We also

note that, however, the goldstino couplings become too strong at some point for heavy

selectrons to perform the reliable perturbative calculations.

6.2.3 Angular distribution of the neutralino

Before taking the neutralino decay into account, we discuss the angular distribution of

the produced neutralino. As we will see, the χ̃0
1 → γG̃ decay is isotropic, and hence the

photon distribution is given by purely kinematical e�ects of the decaying neutralino.

3For the case of mẽ± = 500 GeV at
√
s = 1 TeV, the cross section is not so strongly suppressed as

β4. This is because in this parameter region the contributions from the amplitudes with λ3 = λ4 are
signi�cant and these amplitudes do not provide an additional suppression factor β.



102 Mono-photon signals in gravitino production in e+e− collisions

0 200 400 600 800 1000
m~χ [GeV]

0

100

200

300

400

500

600

σ(
e+ e− →

 χ~ G~ ) 
[f

b]

m~e
 = 500 GeV

m~e
 = 1 TeV

m~e
 = 2 TeV

√s = 1 TeV 

500 GeV 

m
3/2

 = 2 10
−13

GeV
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√
s = 500 GeV and 1 TeV for

m3/2 = 2 × 10−13 GeV as a function of the neutralino mass. The selectron masses are
�xed at 500 (solid), 1000 (dashed) and 2000 (dotted) GeV, respectively.

We show the helicity amplitudes for the neutralino decay into a photon and a grav-

itino,

χ̃0
1

(
p1,

λ1

2

)
→ γ(p2, λ2) + G̃

(
p3,

λ3

2

)
. (6.30)

The partial decay rate in the neutralino rest frame is given by

Γ =
1

2mχ̃0
1

1

2

∫ ∑

λ1,2,3

|Mλ1,λ2λ3 |2dΦ2, (6.31)

and the helicity amplitudes are calculated as

M+,++ = −M−,−− =
−Cγχ̃1m3

χ̃0
1√

3MPlm3/2

cos
θ∗

2
,

M+,−− =M−,++ =
−Cγχ̃1m3

χ̃0
1√

3MPlm3/2

sin
θ∗

2
, (6.32)

with Cγχ̃1 in (6.20) and the decay angle θ∗ de�ned from the quantization axis of the

neutralino spin. The angular dependence is dictated by J = 1/2 d functions as

Mλ1,λ2λ3 ∝ d
1/2
λ1/2, λ2−λ3/2(θ∗). (6.33)

Summing over the initial or �nal helicities for the amplitudes squared gives the isotropic
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decay distribution in the rest frame, and one can �nd the well-known decay rate,

Γ(χ̃0
1 → γG̃) =

|Cγχ̃1 |2m5
χ̃0
1

48πM
2
Plm

2
3/2

. (6.34)

For a photino like neutralino for mχ̃ = 750 GeV and m3/2 = 2 × 10−13 GeV, the

width is 6.6 GeV. With the neutralino being the NLSP, the branching ratio is unity,

B(χ̃→ γG̃) = 1.

In Fig. 6.6, the normalized cos θ distributions of the neutralino in e+e− → χ̃0
1G̃ at√

s = 500 GeV (left) and 1 TeV (right) are shown for mχ̃0
1

= 300 GeV. One can �nd that

not only the total cross section as shown in Fig. 6.5 but also the angular distribution is

quite sensitive to the mass of the t, u-channel intermediate selectrons [134]. When the

selectron mass is close to the neutralino mass, the cross section is suppressed around

| cos θ| = 1 since a cancellation occurs betweenMs andMt,u for the λ3 = −λ4 case due

to (t−m2
ẽ) = −s for cos θ = −1 and (u−m2

ẽ) = −s for cos θ = 1; see also Table 6.2. For

the heavy selectron case, on the other hand, the neutralino tends to be produced to the

forward and backward regions since the selectron exchange diagrams are dominant and

give the (1 + cos θ)2 or (1− cos θ)2 angular dependence. We note that the contributions

from the λ3 = λ4 case, which could give sin2 θ dependence, are negligible for heavy

selectron masses as mentioned before.

6.3 Physics parameters and validation

To examine a viable SUSY parameter space for the γ+ /E signal at future e+e− colliders,

we present in Fig. 6.7 the total cross sections of e+e− → γG̃G̃ at
√
s = 1 TeV as a
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Figure 6.7: Total cross sections of e+e− → γG̃G̃ as a function of the gravitino mass (left)
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√
s = 1 TeV. The contributions

of the gravitino pair production and the neutralino-gravitino associated production are
separately shown by red and blue lines, respectively. The cross section of e+e− → G̃G̃ is
also shown by a red dotted line as a reference. On the left plot the contributions of the
G̃G̃ production are shown with di�erent photon energy cuts Eγ > 1, 30 and 100 GeV,
while the Eγ cut is �xed at 30 GeV on the right.

function of the gravitino mass (left) and the neutralino mass (right), where we �x the

left- and right-handed selectron masses at 2 TeV. The representative Feynman diagrams

for the process are depicted in Fig. 6.8. The contributions of the G̃G̃ and χ̃G̃ productions

are separately shown by red and blue lines, respectively.

As discussed in (6.11) and (6.28) and shown in the left plot in Fig. 6.7, the cross

sections of the both subprocesses strongly depend on the gravitino mass.

The monophoton signal from the gravitino pair (G̃G̃ + γ) is suppressed by the

QED coupling α with respect to the two-to-two process and strongly depends on the

kinematical cuts due to the soft and collinear singularity of the initial state radiation.

The cut dependence on the photon energy is presented in the left plot in Fig. 6.7. On

the other hand, since the energy of the photons coming from the neutralino decay is

restricted as

m2
χ̃

2
√
s
< Eγ <

√
s

2
, (6.35)

the signal of χ̃G̃ is not a�ected by the lower cuts on the photon energy unless the

neutralino is light.

In the following, we impose the minimal cuts for the detection of photons as

Eγ > 0.03
√
s, |ηγ | < 2, (6.36)

and �x the gravitino mass at 2 × 10−13 GeV, which lies above the current exclusion

limit by the jet+/E search at the LHC for the gravitino production in association with

a gluino or a squark with masses around 500 GeV [149], see also Section 5.2.1.
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Figure 6.8: Representative Feynman diagrams for e+e− → G̃G̃γ, generated by (modi-
�ed) MadGraph 5 [14]. n1 and sg denote a neutralino and a sgoldstino, respectively.

The right plot of Fig. 6.7 shows the neutralino mass dependence of the full signal

cross section with the minimal cuts (6.36). While the G̃G̃ contribution is independent

of the neutralino mass, the contribution from the χ̃G̃ production is strongly suppressed

when the neutralino mass approaches the CM energy due to the phase space closure.

Therefore, the dominant subprocess can be di�erent for di�erent neutralino masses, giv-

ing rise to distinctive photon spectra. It should be noted that the interference between

the two subprocesses is very small unless the neutralino width is too large. We veri�ed

this numerically by computing the two subprocess separately and checking that the sum

of those reproduces the full e+e− → γG̃G̃ cross section, as in the �gure. We suppress

a possible contribution from the sgoldstinos by taking their masses to be too heavy to

be produced on-shell.4 We note that, if those are lighter than the e+e− collision en-

ergy, the sgoldstino production in association with a photon and the subsequent decay

contributes to the γG̃G̃ �nal state. In Section 3.4.2, we brie�y discussed the e�ect of

sgoldstinos in the γγ → G̃G̃ process.

In the following, we focus on three di�erent neutralino masses which exemplify

di�erent distributions. First, we �x the neutralino mass at 750 GeV so that σ(χ̃G̃) ∼
σ(G̃G̃ + γ). We subsequently take a lighter (heavier) neutralino at 650 (850) GeV so

that the χ̃G̃ (G̃G̃) production is dominant.

Before moving to the simulation, let us comment on our model implementation and

the validation. We have implemented the SUSY QED Lagrangian given in Section 3.2.2

by using the superspace module into FeynRules 2 [29], which provides the Feynman

rules in terms of the physical component �elds and the UFO model �le [87, 101] for

matrix-element generators such as MadGraph 5 [14]. As mentioned in Section 5.4 the

current MadGraph 5 (v2.0.2) [14] does not support four-fermion vertices involving

4We note that sgoldstinos with masses much smaller than the selectron mass do not obey a natu-
ralness criterion [159].
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more than one Majorana particle, so we have to modify MadGraph 5 and the helicity

amplitudes as described in Section 5.4. We note that this model implementation allows

us to generate di�erent contributing processes, i.e. G̃G̃ and χ̃G̃, within one event

simulation (for a photino-like neutralino). To perform the simulations with a neutralino

that is di�erently mixed than a photino, we implemented also the e�ective goldstino

interaction Lagrangian given in (3.14).

We have explicitly checked our numerical results of the total cross sections by com-

paring with the analytic results for the two-to-two processes in Sections 6.1.2 and 6.2.2.

For the G̃G̃ process, we compared our numerical results for the di�erential cross section

of the two-to-three process in the low-energy limit,
√
s � mẽ,χ̃,S,P , with the analytic

expression given in [129].

Moreover, our analytic amplitudes are checked numerically for each helicity combi-

nation by using the model implementations as described above.

6.4 Mono-photon plus missing energy signals

We now perform the simulation of monophoton events with missing energy for a future

e+e− collider. An irreducible SM background comes from e+e− → γνν̄. To remove

contributions from e+e− → γZ → γνν̄, we impose the Z-peak cut

Eγ <
s−m2

Z

2
√
s
− 5ΓZ , (6.37)

in addition to the minimal cuts (6.36). The background from the t-channelW -exchange

process, which is the most signi�cant one, can be e�ciently reduced by using a positively

polarized e− beam and a negatively polarized e+ beam.

In Table 6.3, the signal cross sections of each subprocess, χ̃G̃ and G̃G̃, as well as the

SM background at
√
s = 1 TeV are presented without and with polarized e± beams.

The dependence of the total cross section on the beam polarization is,

σ(Pe− , Pe+) = 2
∑

λ

(1 + Pe−λ

2

)(1− Pe+λ
2

)
σλ, (6.38)

where the beam polarizations Pe± (|Pe± | ≤ 1) are de�ned as the fraction of polarized

electrons and positrons, respectively. Since for a photino-like neutralino the cross section

is independent of the polarization, we can easily calculate the e�ect of polarized beams.

In the following, we use the beam polarization Pe± as5

(Pe− , Pe+) = (0.9,−0.6), (6.39)

leading to signal cross sections that are enhanced by a factor of 1.54. Further on, we

apply the kinematical cuts of (6.36) and (6.37). For the SUSY signal, we take the

three benchmark neutralino masses with the gravitino and selectron masses �xed at

5|Pe− | > 0.8 and |Pe+ | > 0.5 are designed at the International Linear Collider (ILC) [176].
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(mẽ = 1 TeV) (mẽ = 2 TeV) [fb]

(Pe− , Pe+) mχ̃ [GeV] χ̃G̃ G̃G̃ χ̃G̃ G̃G̃ SM bkg

650 19.7 49.2
(0, 0) 750 6.0 10.4 15.8 21.1 1452

850 1.0 2.5

650 30.4 75.8
(0.9,−0.6) 750 9.2 16.1 24.3 32.7 64.9

850 1.5 3.4

Table 6.3: Cross sections in fb unit of each subprocess for the signal e+e− → γG̃G̃
and of the SM background e+e− → γνν̄ at

√
s = 1 TeV, without and with beam

polarizations. The kinematical cuts of (6.36) and (6.37) are applied. For the signal
three (two) di�erent neutralino (selectron) masses are taken with the gravitino mass
�xed at 2× 10−13 GeV.

2 × 10−13 GeV and 2 TeV. We observe that the signal cross sections are enhanced by

the polarized e± beams, while the SM background is signi�cantly reduced.

Figure 6.9 presents the photon energy Eγ (left) and rapidity ηγ (right) distributions

for the three signal benchmarks and for the SM background. The signal energy spectra

show two distinct features. First, there is a peak in the low-energy region which arises

from the G̃G̃ production process since the initial state radiation is dominant as in the SM

background. We also note that the low-energy spectra are independent of the neutralino

mass. Second, there is a �at contribution in the high-energy region coming from χ̃G̃

production, re�ecting the isotropic neutralino decay.6 The contribution becomes smaller

for the heavier neutralino (see also Table 6.3), and the lower edge allows us to extract

the neutralino mass from (6.35).

The rapidity distributions are distinctive between the signal and the SM background.

The photon coming from G̃G̃ production gives a �at ηγ distribution while the photon

coming from the neutralino decay results in the central region. In contrast, the photons

of the SM background are emitted in the forward region.

To conclude, we discuss the selectron mass dependence. We do this independently

for the low-energy peak, which arises purely from G̃G̃ production, and for the �at

contribution arising from χ̃G̃ associated production in the higher energy region.

As discussed in Sect. 6.1, the total rate of the e+e− → G̃G̃ process depends on

the selectron masses. In addition, the photon spectrum becomes harder for lighter

selectrons; see Fig. 6.10, where we show the normalized photon energy distributions for

mẽ± = 0.5, 2, 10 TeV and for the
√
s/mẽ = 0 limit [129]. The distribution for mẽ± =

10 TeV is in good agreement with the one in the high-mass limit. We note that in this

limit the e+e− → γG̃G̃ di�erential cross section can be described by the e+e− → G̃G̃

cross section times the standard photon splitting function in a good approximation [129].

Finally, we discuss the selectron mass dependence of the �at contribution arising from

χ̃G̃ production. Again, as discussed in Section 6.2.1, the cross section depends on

6We point out that the photonic energy distributions of Fig. 9 in Ref. [134] should be �at and not
depend on the selectron mass.
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Figure 6.9: Photon energy (left) and rapidity (right) distributions for e+e− → γG̃G̃ at√
s = 1 TeV for di�erent neutralino masses with m3/2 = 2 × 10−13 GeV and mẽ± =

2 TeV. The kinematical cuts in (6.36) and (6.37) as well as the beam polarizations
in (6.39) are applied. The SM background is also shown.

the selectron mass. In Fig. 6.11, we present the normalized angular dependence of the

photon for the signal and the SM background in the laboratory frame, at
√
s = 500 GeV

(left) and 1 TeV (right), where the selectron mass of 400, 800 and 1200 GeV with

the 300 GeV neutralino mass are considered. The original angular distributions of

the neutralino in Fig. 6.6 are �attened for the case of a 500 GeV collider since the

neutralino decays isotropically in its rest frame and the boost e�ect is small. On the

other hand, the angular distributions still survive for the case of a 1 TeV collider.

This indicates a possibility to examine the mass of the t, u-channel selectrons when the

decaying neutralino has a large momentum. We note that a kinematical cut on the

forward and backward regions would also help to reduce the background.

6.5 Summary

In this chapter, we revisited gravitino pair production and neutralino-gravitino associ-

ated production, and studied the γ + /E signal for future e+e− colliders.

We explicitely presented the helicity amplitudes for the both production processes,

which gave us a deep understanding of the SUSY mass dependence of the production

cross sections and the angular distributions.

We discussed the parameter dependence of the signal cross sections in detail, and

showed that the relative importance between the two signal processes varies with the

gravitino and neutralino masses and neutralino mixing, as well as with kinematical cuts.
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Figure 6.10: Normalized photon energy distributions for e+e− → γG̃G̃ at
√
s = 1 TeV

for mẽ± = 0.5, 2, 10 TeV and for the high-mass limit, where the kinematical cuts (6.36)
are applied. The ratios to the case in the high-mass limit are also shown.

We performed the event simulation for the SUSY signal as well as the SM back-

ground, taking into account the signal selection cut and the beam polarizations, and

showed that the photon spectra from the two subprocesses are very distinctive. This is

because the photon coming from the G̃G̃ production is mostly initial state radiation,

while the the χ̃G̃ associated production process leads to an energetic photon from the

neutralino decay. We expect that future e+e− colliders could explore the parameter

space around our benchmark points and hence provide information on the masses of the

relevant SUSY particles as well as the SUSY breaking scale.
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Figure 6.11: Normalized angular distributions of the photon in the laboratory frame
for e+e− → χ̃0

1G̃→ γG̃G̃ at
√
s = 500 GeV (left) and 1 TeV (right), where mẽ± = 400

(solid), 800 (dashed) and 1200 (dotted) GeV with mχ̃0
1

= 300 GeV are considered.

The kinematical cuts in (6.36) and (6.37) and the beam polarizations (Pe− , Pe+) =
(0.9,−0.6) are taken into account. The normalized angular distributions of the SM
background are also shown by dot-dashed lines.
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We consider gravitino productions in association with a selectron which subsequently

decays into an electron and a gravitino at an eγ collider, which is an option at a future

linear collider [176],

e−γ → ẽ−G̃→ e−G̃G̃,

in an R-parity conserving scenario where the gravitino is the LSP and the selectron the

NLSP.

We start by discussing the selectron-gravitino production process in detail in Sec-

tion 7.1. We present the explicit helicity amplitudes. Subsequently, we investigate the

dependence of the total cross section on the selectron mass, and discuss the angular

dependence of the produced selectron for various neutralino masses and CM energies.

In Section 7.2, we present the selection cuts and discuss the mono-electron plus

missing-energy signal.

7.1 Selectron-gravitino associated production

In this section, we repeat a study as for the neutralino-gravitino associated production

for a scenario of a selectron NLSP with a gravitino LSP. We consider associated gravitino

productions with a selectron, especially a right-handed selectron, in e−γ collisions with

the prompt selectron decay into an electron and a gravitino,

e−γ → ẽ−RG̃→ e−G̃G̃, (7.1)

leading to a mono-electron plus missing-energy signal.

While the heavy-mass limit for all SUSY particles except gravitino and selectron are

assumed in Ref. [136], we take into account the t-channel intermediate neutralinos and

show a possibility to determine their mass in the signal distributions.

7.1.1 Helicity amplitudes

We present the helicity amplitudes explicitly for the production process:

e−
(
p1,

λ1

2

)
+ γ(p2, λ2)→ ẽ−R(p3) + G̃

(
p4,

λ4

2

)
. (7.2)

The helicity amplitudes for the process are expressed as sums of s-, t-, and u-channel

amplitudes

Mλ1λ2,λ4 =Ms +
4∑

i=1

Mti +Mu, (7.3)

corresponding to the Feynman graph 6, (2+3+4+5), and 1, respectively, in Fig. 7.1.

Based on the e�ective goldstino interaction Lagrangian given in Section 3.2.2, they are
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Figure 7.1: Feynman diagrams for the ẽ−R-G̃ production in e−γ collisions, generated by
MadGraph [48].

given in the four-spinor basis by

iMs
λ1λ2,λ4 =

−em2
ẽλ1√

3MPlm3/2

1

s
εµ(p2, λ2)

× ū(p4, λ4)(/p1
+ /p2

)γµu(p1, λ1), (7.4a)

iMti
λ1λ2,λ4

=
emχ̃0

i
Cγχ̃iC ẽχ̃iλ1

2
√

3MPlm3/2

1

t−m2
χ̃0
i

εµ(p2, λ2)

× ū(p4, λ4)[/p2
, γµ](/p1

− /p3
+mχ̃0

i
)u(p1, λ1), (7.4b)

iMu
λ1λ2,λ4 =

−em2
ẽλ1√

3MPlm3/2

1

u−m2
ẽλ1

εµ(p2, λ2)

× ū(p4, λ4)u(p1, λ1) (p3 + p1 − p4)µ, (7.4c)

with the couplings Cγχ̃i and C ẽχ̃i± de�ned in (6.20). Only the λ1 = +1 case contributes

to the ẽR (or ẽ+ in our notation) production in the �nal state, which is relevant in our
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λ1λ2 λ4 M̂s M̂t M̂u

++ − 2 sin θ
2

[ m2
ẽ
s −∑iC

γχ̃iC ẽχ̃i+

m2
χ̃i

t−m2
χ̃i

+
m2
ẽ

u−m2
ẽ
β 1+cos θ

2

]

+− + (1− cos θ) cos θ2
[

−∑iC
γχ̃iC ẽχ̃i+

√
smχ̃i

t−m2
χ̃i

β
]

+− − −(1 + cos θ) sin θ
2

[ m2
ẽ

u−m2
ẽ
β

]

Table 7.1: The reduced helicity amplitudes M̂λ1λ2,λ4 for e−λ1γλ2 → ẽ−RG̃λ4 .

following analyses. On the other hand, the λ1 = −1 case gives nonzero amplitudes only

for the ẽL production.

We de�ne the reduced helicity amplitudes, M̂, as

iMλ1λ2,λ4 =
−e√

6MPlm3/2

√
β sM̂λ1λ2,λ4 , (7.5)

and these are shown in Table 7.1. Similar to (6.22), the four-momenta and helicities

of the external particles are de�ned in the eγ CM frame with β = 1 − m2
ẽR
/s. The

following features of the amplitudes are worth noting:

1. The amplitudeM++,+ is zero since the coupling structures do not allow this he-

licity combination for a massless gravitino.

2. The overall angular dependence is dictated by J = 1/2 or J = 1 d functions as

Mλ1λ2,λ4 ∝ d
|λ1/2−λ2|
λ1/2−λ2,−λ4/2(θ). (7.6)

3. The amplitude Mt depends on the mass of the propagating neutralinos; as the

neutralino mass increases,Mt
++,− becomes larger, whileMt

+−,+ becomes smaller.

On the other hand, theMs andMu do not depend on their mass but on the se-

lectron mass.

4. The right-handed selectron can couple only to the bino component of neutralinos

χ̃0
i , i.e. U1i in the χ̃0

i -e-ẽR coupling in (6.20). Therefore, e.g. for the bino-like

lightest neutralino case, only the χ̃0
1-exchange amplitude is nonzero among the

four neutralino amplitudes.

5. In the threshold region, similar to the e+e− → χ̃0
1G̃ process discussed in Sec-

tion 6.2.1, the amplitudes are proportional to β3/2, which gives rise to a strong

suppression on the production cross section.

6. In the high-energy limit, the amplitudeM+−,+ becomes dominant, and hence the

cross section depends on the neutralino mass but not on the produced selectron

mass.
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We note that our helicity amplitudes in Table 7.1 agree with Eqs. (4) and (5)

in [136],1 where the heavy neutralino mass limit is assumed. The helicity-summed

amplitude squared also agrees with Eq. (7) of [141] for the squark associated process

qg → q̃G̃ after substitutions for the masses and the couplings as in (6.26) and the ex-

change of t ↔ u. Moreover, we checked our amplitudes for each helicity combination

numerically by the gravitino/goldstino code in MG/MEv4 [48, 166].

In practice, a high-energy photon beam is provided by the backward Compton scat-

tering of laser photons on a high-energy electron beam [73,74], as an option of a future

linear collider [176], as discussed in Section 4.1.2.2

7.1.2 Total cross section

The full cross section at an eγ collider is calculated by convoluting the eγ cross section

(σeγ) with the photon distribution function of Eq. (4.4) as

σ(see) =

∫ xmax

xmin

fγ(x, y)σeγ(s) dx (7.7)

with xmin = m2
ẽ/see and s = xsee, where

√
see is the original e−e− CM energy. The

spin-summed and averaged eγ cross section is obtained by σeγ = (σeγ+ +σeγ− )/2 with the

photon-helicity (λ2) dependent cross section

dσeγλ2 =
1

2s

1

2

∑

λ1,4

|Mλ1λ2,λ4 |2dΦ2. (7.8)

Figure 7.2 shows total cross sections of the associated gravitino productions with a

right-handed selectron in e−γ collisions as a function of the selectron mass, where the

CM energy,
√
see, of the e

−e− system is �xed at 500 GeV and 1 TeV. The parameters for

the photon luminosity function in (4.4) are taken to be y = 4.8 and PePl = −0.9. For

simplicity, we assume a bino-like lightest neutralino so that only the χ̃0
1-exchange am-

plitude is taken into account for the t-channel amplitude; see comment 4 in Sect. 7.1.1.

We note that σ ∝ 1/m2
3/2 and we take m3/2 = 10−13 GeV in our study. When the

selectron mass is close to the collider energy, the cross sections are strongly suppressed

due to σeγ ∝ β4 as mentioned in comment 5 in Sect. 7.1.1, similar to the e+e− → χ̃0
1G̃

process in Fig. 6.5. In addition, the production cross section is nonzero only when

mẽR <
√
xmaxsee. It should be stressed here that the cross section is quite sensitive to

the mass of the t-channel intermediate neutralinos, even if the collider energy cannot

reach their mass.

1Except the sign in the parentheses of the �rst term in Eq. (4) in [136].
2Although the scattered photons are polarized when Pe 6= 0 or Pl 6= 0 [72, 74], we average the two

opposite polarized modes, (Pe > 0, Pl < 0) and (Pe < 0, Pl > 0), so that we consider fγ(x, y) as the
unpolarized distribution function in the following analyses.
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Figure 7.2: Total cross sections of associated gravitino productions with a right-handed
selectron in e−γ collisions, e−γ → ẽ−RG̃, at

√
see = 500 GeV and 1 TeV for m3/2 = 10−13

GeV as a function of the selectron mass. The neutralino mass is �xed at 400 (solid),
800 (dashed) and 1200 (dotted) GeV, respectively.

7.1.3 Angular distribution of the selectron

Before we consider the selectron decay, let us look in detail at the angular distribution of

the produced selectron in the eγ system since the scalar decay ẽR → eG̃ is isotropic and

hence the electron distribution is given by purely kinematical e�ects of the decaying

selectron and the boost from the e−γ CM frame to the e−e− laboratory frame. In

Fig. 7.3, the cos θ distributions of the selectron in e−γ → ẽ−RG̃ form3/2 = 10−13 GeV and

mẽR = 300 GeV are shown, where the scattering angle θ is de�ned from the momentum

direction of the incident electron in the eγ CM frame. We �x the eγ CM energy as
√
s =√

xmaxsee, where the photon luminosity sharply peaks for PePl ∼ −1 (see Fig. 4.3), i.e.

455 GeV for a 500 GeV collider (left) and 910 GeV for a 1 TeV collider (right). One

can �nd that not only the total cross section as shown in Fig. 7.2 but also the angular

distribution is quite sensitive to the mass of the t-channel intermediate neutralinos.

As the neutralino mass is increasing, the cross section with λ2 = +1 becomes larger

and the peak is shifted to the backward since the t-channel amplitude becomes more

important and its intrinsic sin θ
2 angular dependence is revealed as 1/(t − m2

χ̃) goes

to 1/m2
χ̃. On the other hand, the cross section with λ2 = −1 becomes smaller. As

easily seen in Table 7.1, the productions to the forward region (cos θ = 1) are forbidden

for all helicity combinations because of the angular momentum conservation, while the

productions to the backward region (cos θ = −1) are allowed only for the λ2 = +1 case.
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Figure 7.3: Angular distributions of the selectron in e−γ → ẽ−RG̃ at
√
s = 455 (left)

and 910 (right) GeV in the eγ CM frame, with m3/2 = 10−13 GeV and mẽR = 300
GeV. The neutralino mass is taken to be 400 (top), 800 (middle) and 1200 (bottom)
GeV, respectively. The photon-helicity dependent cross sections dσeγλ2 are also shown by
dashed lines (λ2 = +1) and dotted lines (λ2 = −1).

The decay of the selectron into an electron and a gravitino is isotropic. The partial

decay rate of the selectron into an electron and a gravitino is given by

Γ(ẽR → eG̃) =
m5
ẽR

48πM
2
Plm

2
3/2

, (7.9)

and Γ(ẽR → eG̃) = 0.27 GeV with mẽR = 300 GeV and m3/2 = 10−13 GeV.

7.2 Mono-electron plus missing energy signals

Let us now turn to the simulations for the signal of single-electron plus missing energy

in the e−e− laboratory frame. An irreducible SM background for the event of mono-

electron plus missing energy comes from e−γ → e−νν̄. In addition to the minimal cuts
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σ [fb] Pe− = 0 0.9√
see = 500 GeV mχ̃ = 400 GeV 5 9

800 GeV 9 16
1200 GeV 10 18

SM background 2594 284√
see = 1 TeV mχ̃ = 400 GeV 58 110

800 GeV 152 289
1200 GeV 220 416

SM background 2796 290

Table 7.2: Cross sections in fb unit for the signal, e−γ → ẽ−RG̃ → e−G̃G̃, and the
SM background, e−γ → e−νν̄, at

√
see = 500 GeV and 1 TeV without and with the

electron beam polarization Pe− = 0.9. We take m3/2 = 10−13 GeV, mẽR = 300 GeV,

and B(ẽR → eG̃) = 1. The minimal cuts in (7.10) and the Z-peak cut in (7.11) are
taken into account.

for the detection of electrons

Ee > 0.03
√
s, |ηe| < 2, (7.10)

we impose the Z-peak cut

Mmiss > 100 GeV, (7.11)

which can remove the contributions from e−γ → e−Z → e−νν̄. The main background

contribution coming from the W -exchange can be reduced by using a polarized electron

beam.

In Table 7.2, the selection e�ciencies for the signal and background processes with-

out and with the electron beam polarization are presented, where the above two kine-

matical cuts, (7.10) and (7.11), are taken into account and it is assumed that the branch-

ing ratio of the selectron decay to an electron and a gravitino is unity, B(ẽR → eG̃) = 1.

The cross sections both for the signal and background are calculated by MG/MEv4 [90]

with gravitino interactions [48,166], where we also implemented the photon luminosity

function of (4.4). By using a positively polarized electron beam of Pe− = 0.9, the signal

is enhanced by a factor of 1.9 because the cross section with λ1 = −1 is zero, while the

background can be reduced by a factor of 10. It must be noted again that the signal

cross section is inversely proportional to the gravitino mass squared.

Figure 7.4 presents normalized energy distributions of the electron for the signal

and the SM background, corresponding to 20,000 events each, at
√
see = 500 GeV (left)

and 1 TeV (right), where the lightest neutralino mass of 400, 800 and 1200 GeV with

the 300 GeV selectron mass are considered. The kinematical cuts in (7.10) and (7.11)

and the electron beam polarization Pe− = 0.9 are taken into account. We notice again

that the electron distribution is given by two boost e�ects, along the momentum of the

decaying selectron and along the beam axis. The momentum of the incident electron

is chosen to the +z direction, and hence the produced electrons in the eγ CM frame
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Figure 7.4: Normalized energy distributions of the electron for e−γ → ẽ−RG̃ → e−G̃G̃
at
√
see = 500 GeV (left) and 1 TeV (right), where mχ̃ = 400 (solid), 800 (dashed) and

1200 (dotted) GeV with mẽR = 300 GeV are considered. The kinematical cuts in (7.10)
and (7.11) and the electron beam polarization Pe− = 0.9 are taken into account. Those
of the SM background are also shown by dot-dashed lines.

are boosted to the forward direction. Although the signal distributions no longer have

either a �at shape or a sharp edge due to the boost along the beam direction, the energy

is restricted as

m2
ẽR

2
√
see

< Ee <

√
see
2

, (7.12)

where the lower edge can determine the selectron mass. The energetic electrons tend

to be suppressed since the original selectron productions in the forward region are not

allowed. Moreover, the z-axis boost e�ect makes the distributions slightly di�erent for

the di�erent neutralino mass, which can be dictated by the peak shift in Fig. 7.3. Since

the background is located mostly in the low-energy region, an appropriate cut on the

energy can help to enhance the signal over the background.

Finally, the angular distributions of the electron are shown in Fig. 7.5, where the

angle θe is measured from the direction of the electron beam, or the +z direction, in

the e−e− laboratory frame. The electrons tend to be produced more in the forward

region (cos θe > 0) due to the system boost. For the
√
see = 500 GeV case the original

mχ̃ dependence in the angular distributions of the selectron shown in Fig. 7.3 is no

longer observed, while the dependence can be seen at
√
see = 1 TeV. This indicates that

we would be able to determine the mass of the t-channel neutralinos when the collider

energy is relatively higher than the selectron mass. We note that the background can

be reduced further by a kinematical cut on the backward region.
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Figure 7.5: Normalized angular distributions of the electron in the e−e− laboratory
frame for e−γ → ẽ−RG̃→ e−G̃G̃. The detail is the same as Fig. 7.4.

Before closing this section, we point out that selectron-neutralino associated produc-

tions in neutralino LSP scenarios lead to the same signal, e+ /E, and have been studied

intensively [177�180]. Since the LSP mass is quite di�erent between the two models,

O(10−13 GeV) for the G̃ LSP and O(100 GeV) for the χ̃0
1 LSP, the distributions of the

�nal electron are distinctive and could provide a hint of SUSY breaking mechanism.

7.3 Summary

We considered gravitino productions associated with a selectron which subsequently

decays into an electron and a gravitino at an eγ collider, e−γ → ẽ−G̃→ e−G̃G̃.

We presented the explicit helicity amplitudes for the production process, and dis-

cussed the mono-electron plus missing-energy signal, including the energy spectrum of

the backward-Compton scattered photons for incident photons.

Similar to the e+e− → χ̃0
1G̃ process, we found that the production cross section

and the kinematical distributions of the electron in the �nal state are quite sensitive to

the mass of the t-channel intermediate neutralinos as well as the mass of the decaying

selectron.

In the next chapters, we discuss possible signatures arising from gravitino production

at the LHC.
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We study the jets plus missing energy signature at the LHC,

pp→ jets + /ET , (8.1)

in an R-parity conserving scenario where the gravitino is the LSP and very light. We

consider gluinos to be the NLSP and to promptly decay into a gluon and a gravitino. All

other SUSY particles are assumed to be too heavy to be produced on-shell. The missing

energy will be carried by two gravitinos due to the R-parity conservation, and two

processes, gluino-gravitino associated production and gluino pair production contribute

to the signal, to be described in detail in Section 8.1. We note that contributions from

direct gravitino pair production are neglected in this study.

To be able to identify new physics in such a multi-jet signature at the LHC, a reliable

and precise simulation of the signal as well as of the QCD background is crucial. This

can be provided by merging matrix elements (ME) with parton showers (PS). Thanks

to the availability of new simulation tools is now possible to apply the ME+PS merging

procedure to avoid double counting for such a signal which contains two di�erent types of

subprocesses. In section 8.2, we brie�y describe the ME/PS merging technique employed

in this work and the validation of our signal and background event generation.

In Section 8.3 we examine basic selection cuts to curb the SM background, and

discuss how distributions of the jets and missing transverse energy can be used to

determine the SUSY particle masses.

8.1 Light gravitino production at the LHC

Two main production mechanisms, gluino-gravitino associated production (pp → g̃G̃),

and gluino pair production (pp→ g̃g̃) , whose importance varies with the gravitino and

gluino masses, can contribute to the �nal state

pp→ partons + G̃G̃, (8.2)

which gives the jets+/ET signature. Before considering the two processes in detail, we

remark that gravitino pair production (pp→ G̃G̃), where the scalar superpartners of the

goldstinos (the so-called sgoldstinos) s-channel exchange diagrams and the t, u-channel

gluino as well as squark exchange diagrams are involved, might give rise to the jets+/ET
signal when extra QCD radiation is signi�cant, see Sections 3.4.2 and 6.1. However,

these signal events can be expected only in the low pT region. Therefore, we expect

them to be negligible in our signal region and we do not include them in this work.

8.1.1 Gluino-gravitino associated production

Gravitino production associated with a gluino and the subsequent gluino decay,

pp→ g̃G̃→ gG̃G̃, (8.3)
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Figure 8.1: Total cross sections of the gluino-gravitino associated production for the
gravitino mass m3/2 = 3× 10−13 GeV, pp→ g̃G̃ (red), and the gluino pair production,
pp → g̃g̃ (black), at the LHC with

√
s = 14 TeV as a function of the gluino mass.

The dashed and dotted lines represent the contributions of the gg and qq̄ initial states,
respectively. The squark masses are �xed at 3 TeV.

arises from the gg and qq̄ initial states, and leads to a mono-jet plus missing energy

signal at the leading order (LO). The partonic cross section can be computed by using

the e�ective goldstino interaction Lagrangian, given in Section 3.2.2, and the analytic

expression can be found, e.g., in [141]. The analytic helicity amplitudes for qq̄ → g̃G̃

are equivalent to those presented in Section 6.2.1 for the e+e− → χ̃0
1G̃ process after

substitutions for the masses and the couplings as shown in Eq. (6.26).

The cross section for the process is inversely proportional to the square of the Planck

scale times the gravitino mass

σ(pp→ g̃G̃) ∝ 1/(MPlm3/2)2, (8.4)

and therefore it becomes signi�cant at colliders only when the gravitino is very light,

m3/2 ∼ O(10−12 GeV) or less. As expected, gravitino production associated with other

SUSY particles also follows the scaling of eq. (8.4).

Fig. 8.1 presents the total cross section of the gluino-gravitino associated production

(8.3) for m3/2 = 3 × 10−13 GeV at the LHC with
√
s = 14 TeV as a function of the

gluino mass. The CTEQ6L1 parton distribution functions [76] are employed, and the

renormalization and factorization scales are �xed at the average mass of the �nal state

particles, i.e. µR = µF = (mg̃ + m3/2)/2 ∼ mg̃/2. As the cross section scales as

m−2
3/2, we �x the gravitino mass here so that the production cross section becomes

comparable to the gluino pair production process (shown by black lines). We also

show contributions of each subprocess, the gg and qq̄ initial state, with a dashed and

dotted line, respectively. The gg subprocess depends only on the gluino mass once the
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Figure 8.2: Total cross sections for gluino pair-production at the LHC, running at a
center-of-mass energy of 14 TeV, presented as a function of the gravitino mass (left)
and of the gluino mass (right). Squark masses are �xed to 3 TeV.

gravitino mass is �xed, while the qq̄ initiated cross section also depends on the t- and

u-channel-exchanged squark masses. Here, the masses of the left-handed and right-

handed squarks are �xed at 3 TeV. It should be noted that those contributions are not

decoupled in the large squark mass, and the heavier squark exchange increases the cross

section since the gravitino-quark-squark couplings are proportional to the squark mass

squared. Therefore, as one can see in Fig. 8.1, the cross section of the qq̄ channel can

be larger than that of the gg channel even at the LHC.

8.1.2 Gluino pair production

In the scenario where the gravitino is the LSP and the gluino the NLSP, gluino pair

production gives rise to a di-jet plus missing energy signature at the lowest order:

pp→ g̃g̃ → ggG̃G̃. (8.5)

The LO cross section is shown in Fig. 8.1 as a function of the gluino mass.Unlike the

g̃G̃ associated production, the g̃g̃ production needs the partonic energy to be at least

twice the gluino mass, and hence the cross section falls rapidly with the increase of the

gluino mass. For light gluinos the contribution from the gg initial state is dominant,

while for heavy gluinos the production via the qq̄ initial state becomes considerable.

We comment on the gravitino mass dependence of the g̃g̃ production process. In

addition to the SUSY QCD interaction diagrams, there is the t- and u-channel gravitino

exchange contribution when the �nal state arises from gluon scattering [50,137�140].

In Figure 8.2, we present the di�erent contributions to the total cross section for

gluino pair-production pp → g̃g̃ at the LHC, running at a center-of-mass energy of

14 TeV. In the left panel of the �gure, we �x the squark masses to 3 TeV and investigate

the dependence of the cross section on the gravitino mass, for several choices of the

gluino mass. The solid lines refer to the contribution from gluon scattering while the

dashed lines are related to the quark-antiquark one. The gravitino diagrams contribute
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signi�cantly only when the gravitino is very light with respect to the gluino mass. In

other words, when m3/2 . 1, 2 and 3 ·10−13 GeV for a gluino of 600, 800 and 1000 GeV,

respectively.

In the right panel of Figure 8.2, we analyze the dependence of the total cross section

on the gluino mass for squark masses of 3 TeV and various values of the gravitino mass.

This illustrates the scaling of the cross section in 1/m4
3/2 in the parameter space regions

where gravitino diagrams dominate the cross section.

For our study, we are going to �x our parameters according to a benchmark point

where the t- and u-channel gravitino exchange contribution is negligible, and hence

consider the g̃g̃ production to be independent of the gravitino mass.

As one can see in Fig. 8.1, because of the m−2
3/2 scaling behavior of σ(pp→ g̃G̃), the

di�erent gravitino and gluino masses alter the n-jet topology in the �nal state. In other

words, the kinematic distributions and the number of jets in the �nal state might be able

to give us some information on the gluino mass and/or the gravitino mass. However,

as discussed in Section 4.2.3, the detailed analysis of the multi-jet events requires the

ME+PS merging prescription. In the next section, therefore, we will promote the

previous LO studies [137�141] to a full-�edged simulation via a state-of-the-art event

generator.

Before turning to the ME+PS merging procedure, we brie�y mention the decay

width of the NLSP gluino. The partial width of a gluino decay into a gluon and a

gravitino is given by

Γ(g̃ → gG̃) =
m5
g̃

48πM
2
Plm

2
3/2

, (8.6)

where MPl is the reduced Planck mass and the gravitino mass in the phase space is

neglected. For instance, for mg̃ = 800 GeV and m3/2 = 3 × 10−13 GeV, the width is

4.1 GeV. In our simpli�ed SUSY mass spectrum the branching ratio is unity, B(g̃ →
gG̃) = 1, while one in the usual SPS7 and SPS8 GMSB benchmarks is discussed in [141].

We remind the reader that the g̃ → gG̃ decay is isotropic, and hence the gluon jet

distribution is given by purely kinematical e�ects of the decaying gluino.

8.2 Merging matrix elements with parton showers

In this section, we discuss the procedure used in this work to merge matrix elements

(ME) and parton showers (PS) for the process (8.2) as well as for the SM background,

and show the validation of our simulations.

At the LO, g̃G̃ and g̃g̃ production are expected to lead to missing energy in asso-

ciation with mono-jet and di-jet, respectively. However, for production processes with

large partonic center-of-mass energy such as for heavy gluino production, initial and

�nal state QCD radiation becomes important, resulting in multi-jet �nal states, and

might modify or alter the LO predictions for the relevant observables.1 In the present

1The probability for no emission is given by the Sudakov form factor, see (4.15). After integration,
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Figure 8.3: Schematic diagrams for pp → partons + G̃G̃. In the �rst row the leading
gluino-gravitino (red) and gluino-pair (black) diagrams are sorted. The diagrams are
ordered with the number of additional QCD partons in rows, while with the total parton
multiplicity in columns.

study, therefore, we consider the processes beyond the LO ones, schematically presented

in Fig. 8.3.

The signal may contain not only hard jets from the decay of the gluinos as well

as well-separated QCD radiation, but also soft and/or collinear jets, which, if not

properly treated, lead to large logarithms, see Section 4.2.2. In event simulations,

the hard partons are described well by a �xed-order ME approach, while the soft and

collinear partons can be correctly described by a PS approach. To combine the two

approaches avoiding double counting, one needs an appropriate merging procedure, see

Section 4.2.3. In the last decade several techniques to consistently merge multi-parton

�nal states have been developed [124]. They are now implemented in various event

generators, and tested against experimental data (see [181] for a review). Moreover, the

importance of the ME+PS merging for new physics has been pointed out in di�erent

contexts [126,182�186].

In our analysis we make use of the shower-kT scheme, which is based on event

rejection, and discussed in detail in Section 4.2.3.

8.2.1 Physics parameters and observables

Throughout this chapter, we consider a gluino with mass mg̃ = 800 GeV, which lies

above the exclusion limit for certain simpli�ed SUSY models or general gauge mediation

models with the 7-TeV LHC data [187, 188]2, and conduct analyses for the LHC at

the exponent contains logarithms ∼ exp(−αs/(2π) log(Q2/t)). Starting from a hard scale Q, the
probability for no emission up to the hadronization scale t = Q2

0 ≈ 1 GeV2 is very small.
2Both Atlas and CMS set a more stringent bound on the gluino mass using 20 fb−1 of the 2012

data set at
√
s = 8 TeV [189, 190]. We note, hoewver, that their interpretation relies on simpli�ed

models that give rise to four jets at leading order.
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√
s = 14 TeV.

All the left- and right-handed squarks are �xed at 3 TeV. The corresponding LO

gluino-pair production cross section σ(g̃g̃) is about 1 pb at the 14-TeV LHC; see Fig. 8.1.

As discussed in detail in Section 8.1.1, the gluino-gravitino associated production cross

section σ(g̃G̃) strongly depends on the gravitino mass. In the following we focus on

three di�erent gravitino masses which exemplify the di�erent �nal states. First, we �x

the gravitino mass at 3 × 10−13 GeV so that σ(g̃G̃) ∼ σ(g̃g̃). We subsequently take a

lighter and a heavier gravitino as

A (m3/2 = 1× 10−13 GeV) : σA(g̃G̃) ∼ 9× σ(g̃g̃), (8.7a)

B (m3/2 = 3× 10−13 GeV) : σB(g̃G̃) ∼ σ(g̃g̃), (8.7b)

C (m3/2 = 9× 10−13 GeV) : σC(g̃G̃) ∼ 1

9
× σ(g̃g̃). (8.7c)

Hence, g̃G̃ associated production is dominant for case A, while g̃g̃ production is the

main channel of the gravitino production for case B. The two production processes are

comparable in case B.

We have �xed the above benchmarks based on the LO predictions for the cross

sections. It is well known, however, that higher order QCD corrections can enhance

the expected rates. For instance, the next-to-leading order (NLO) cross section for

the gluino pair is 1.96 times larger than the LO cross section for mg̃ = 800 GeV with

mq̃ = 3 TeV at the 14-TeV LHC [191], while NLO corrections to pp → g̃G̃ have not

yet appeared in the literature. We note that our analyses can be easily redone with

a di�erent overall normalization and yet the main features will not change. In any

case our approach is complementary to a �xed-order NLO calculation which reliably

predicts cross sections and observables involving at most one jet, while ME+PS merged

computations provide a reliable prediction for multi-jet based observables and more

exclusive quantities that can be directly used in experimental simulations.

Within the present study, the relevant observables are related either to jets or missing

energy. Here, we will focus on the following variables:

• transverse momentum of the leading and second jets, pT = |~pT |;

• missing transverse energy, /ET ;

• sum of all the jet pT 's, HT ≡
∑

j p
j
T ;

• jet multiplicity.

8.2.2 Technical setup for simulations

To simulate the signal process (8.2), we have implemented the e�ective gravitino in-

teraction Lagrangian (3.16) into FeynRules [25, 86], which provides the UFO model

�le [87, 101] for ME generators. We use MadGraph5 (MG5) [14] to generate the ME

multi-parton events both for the gravitino signal and the SM background, and employ

Pythia6.4 [103] for PS and hadronization. The shower-kT scheme is applied for the
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Figure 8.4: Shower kT merging results for inclusive signal samples of pp→ jets+/ET at√
s = 14 TeV, where the gravitino mass is taken to be mA,B,C

3/2 = 1, 3, 9×10−13 GeV and
the gluino mass is �xed at 800 GeV. The contributions of the gluino-gravitino associated
production and the gluino-pair production are also separately shown by dotted and solid
lines, respectively.

ME+PS merging as described in Section 4.2.3. We have checked that all the ME-level

results as well as the merged results agreed with those byMG/MEv4 with the gravitino

code [166] and also the goldstino code [48].

In the following analyses, we generate signal events with parton multiplicity from

one to three, pp → G̃G̃ + 1, 2, 3 partons, and merging separation parameters Qcut =

100 GeV and pTmin = 50 GeV. The choice of the merging parameters will be discussed

in Section 8.2.3. Note that the employment of the ME+PS merging scheme allows us

to treat di�erent contributing processes (e.g. the g̃G̃ and g̃g̃ production processes in

our case) within one event simulation and without double counting.

We also consider the irreducible Z+jets SM background, pp → Z(→ νν̄) + 1, 2, 3

partons, with merging separation parameters Qcut = pTmin = 30 GeV. Simulation of

the other main background, e.g. W+jets and top pair, which requires more dedicated

analysis, is beyond the scope of the present study, and we refer to, e.g., [184] for details

and to [187,192] for the experimental analysis.

For the jet clustering, we employ FastJet [113]. Jets are de�ned by the anti-kT
algorithm [193] with a distance parameter of 0.5, and are required to satisfy |ηj | < 4.5

and pTj > 50 GeV. We order the clustered jets by their transverse momentum.

8.2.3 Validation

Although the above merging parameters have been chosen in accordance with the guide-

lines in [126], we have explicitly checked the stability of the cross section with respect

to the variation of the arbitrary scale Qcut.

The smoothness of distributions across the transition between ME and PS regimes

was also examined for various Qcut values and kinematical distributions. Solid lines in

Fig. 8.4 show the inclusive signal samples of pp → jets+/ET in the HT (left) and /ET
(right) distributions. One can see the smooth distributions for all the three benchmark
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Figure 8.5: The same as the lower plot in Fig. 8.4 with the irreducible Z(→ νν̄)+jets
background (dashed), where the /ET > 200 GeV cut is imposed.

points A, B, and C in (8.7) for m3/2 = 1, 3, and 9× 10−13 GeV, respectively.

In addition, as a nontrivial validation check, we have generated the gravitino produc-

tion subprocesses separately: pp → g̃(→ gG̃)G̃ + 0, 1 partons and pp → g̃(→ gG̃)g̃(→
gG̃) + 0, 1 partons, employing the same merging procedure that we used before on the

full signal sample, and veri�ed that the sum of those samples reproduces the full inclu-

sive results. In Fig. 8.4, we present contributions of each subprocess, the g̃G̃ production

(dotted) and the g̃g̃ production (dashed). The sum of the two samples agrees with the

full samples (solid). We note that the cross section for the g̃G̃ production follow the

m−2
3/2 scaling, while the g̃g̃ production is independent of the gravitino mass.

For case B, as requested in (8.7b), the full signal cross section consists of two equally

relevant contributions coming from the g̃G̃ and g̃g̃ production processes. In contrast, the

signal of the lighter gravitino (case A) is dominated by the g̃G̃ associated production

process, and the signal for the heavier gravitino (case C) consists mainly of the g̃g̃

production process.

The HT distributions for the g̃G̃ production have a peak around half of the gluino

mass since there is a gluon coming from the gluino decay, whose energy is mg̃/2 in the

gluino rest frame. On the other hand, the g̃g̃ production exhibits a peak around mg̃

due to the two gluino decays.

The missing transverse energy /ET is de�ned as the absolute value of the vectorial

sum of the transverse momenta of the two gravitinos. The gluino-gravitino associated

production leads to higher /ET events than the gluino-pair production, which is explained

in detail in the next section.

Finally, we show the /ET distribution for the irreducible Z(→ νν̄)+jets background

in Fig. 8.5, where /ET = pTZ . Since the background overwhelms the signal and dominates
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Figure 8.6: Scatter plots of the pp→ jets + /ET signal at
√
s = 14 TeV in the (p1st jet

T , /ET )

plane for mA,B,C
3/2 = 1, 3, 9 × 10−13 GeV from left to right, where the gluino mass is

800 GeV.

in the low /ET region, we impose the minimal missing transverse energy cut

/ET > 200 GeV (8.8)

in the following analyses.

8.3 Jets plus missing energy signals

We now investigate the kinematical distributions further, focusing on the correlation

between the pT of the leading jet and the missing transverse energy, in order to di�er-

entiate our three benchmark signals as well as to identify basic selection cuts to curb

the irreducible background.

Fig. 8.6 presents scatter plots in the (p1st jet
T , /ET ) plane for the three cases de�ned in

eqs. (8.7), where the minimal /ET > 200 GeV cut is applied. For case A, where gluino-

gravitino associated production is dominant, we �nd a strong correlation between the

two observables as /ET ∼ p1st jet
T , especially for the high pT region, and this can be

explained as follows. One of two gravitinos in the �nal state is produced in association

with a gluino, and hence ~pTG̃ = −~pTg̃ at LO. The produced gluino decays into a gluon

and a (almost) massless gravitino, and those are boosted along the gluino momentum

direction and can share the momentum like ~pTg ∼ ~pTG̃ ∼ ~pTg̃/2. This leads to a balance
between the pT of the gluon jet and the missing transverse energy, which is the vectorial

sum of the two gravitino momenta. QCD radiation will alter this naive expectation and

most of the events which scatter apart from the /ET = p1st jet
T line come from samples

with extra partons. For case C, in contrast, where gluino-pair production is the main

subprocess and both gluino decays are a source of the leading jet, there is no such a

strong correlation between p1st jet
T and /ET . In the high pT region, i.e. for the highly-

boosted gluino-pair production, a similar argument could be applied yet a cancellation

between the back-to-back gravitinos occurs, hence events with large /ET are suppressed.

This can be already observed in Fig. 8.4. Case B lies in between cases A and C, where

both production subprocesses contribute.
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Figure 8.7: The same as the middle plot in Fig. 8.6 with the Z+jets background (black
dots).

σ (pb) A B C bkg
/ET > 200 GeV 7.50 1.53 0.90 19.4

+ p1st jet
T > 500 GeV or /ET > 500 GeV 3.81 0.85 0.55 0.81

Table 8.1: Cross sections for the signals and the background at the 14-TeV LHC, with
the minimal /ET cut (8.8) and with the additional selection cuts (8.9).

In Fig. 8.7 the SM Z+jets background is added on the scatter plot for case B with

black dots. Also here, we �nd (a weaker) /ET ∼ p1st jet
T correlation resulting from the

Z + j sample. The background events are concentrated in the low pT and /ET region,

typically less than 500 GeV, while the gravitino signal events are mainly scattered to

the higher energy region up to about 800 GeV, i.e. the gluino mass, as well as to the

/ET ∼ p1st jet
T region for cases A and B. Therefore, besides the minimal /ET cut in (8.8),

we impose the selection cuts

p1st jet
T > 500 GeV or /ET > 500 GeV, (8.9)

shown by thick grey lines in Fig. 8.7.

We present cross sections for the gravitino signals and the Z+jets background in

Table 8.1, where the minimal /ET cut (8.8) and the additional selection cuts (8.9) are

taken into account. After the selection cuts, the background is reduced quite e�ectively,

while about half of the signal events pass those cuts.

Distributions of the relevant observables given in Section 8.2.1 are collected in

Fig. 8.8 for the gravitino signals as well as the Z+jets background. Compared to

Fig. 8.4, events in the low HT and /ET regions are removed by the kinematical cuts

(8.8) and (8.9). In the missing energy distribution, as discussed above, the lighter

gravitino results in higher /ET events.

The shapes of the pT of the leading jet are similar for the three cases since the hard

jets mainly come from the gluino decays, but the pT distribution of the lighter gravitino
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Figure 8.8: Distributions of the jets+/ET events at the 14-TeV LHC for the gravitino
signal with mA,B,C

3/2 = 1, 3, 9× 10−13 GeV and mg̃ = 800 GeV as well as for the Z+jets

background. Besides the minimal missing transverse energy cut /ET > 200 GeV, the
selection cuts, p1st jet

T > 500 GeV or /ET > 500 GeV, are imposed.

case is slightly harder than that of the heavier gravitino due to the higher boost e�ect

from the g̃G̃ associated production. We also note that the signal events for all the three

cases dominate the background in the p1st jet
T < 500 GeV region. The distributions of

the pT of the second jet are more distinctive, especially in the low pT region. Two gluino

decays in the gluino-pair production lead to two hard gluon jets. On the other hand, the

second jet resulting from the g̃G̃ production as well as the Z+jets background comes

from QCD radiation, and tends to be soft.

Finally, we present jet multiplicities for an integrated luminosity of L = 10 fb−1 in

Fig. 8.9. The jet multiplicity depends on the requirement of the minimal pT of jets,

and we take the di�erent pTj cuts of 50 GeV (left) and 150 GeV (right). Case A as

well as the SM background have a peak at a lower multiplicity than cases B and C, as

expected. When we count only jets whose pT is larger than 150 GeV, i.e. only very hard

jets, distributions of the jet multiplicity recover the LO expectations: the g̃G̃ associated

production tends to produce mono-jet events, while the g̃g̃ production is likely to give

di-jet events.

As seen in Fig. 8.8 and 8.9, the distributions are signi�cantly di�erent among the

three benchmarks as well as between the signal and the background. In other words,

they are sensitive to the gravitino mass when it is light enough so that the g̃G̃ associated
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Figure 8.9: Jet multiplicities for an integrated luminosity of 10 fb−1, with pTj > 50 GeV
(left) and pTj > 150 GeV (right). The detail is the same as Fig. 8.8.

production process can contribute to the signal. We note that, although we �xed the

gluino mass at 800 GeV in the present study, a di�erent gluino mass also alters the

distributions, which could allow us to explore both the gravitino and gluino masses at

the LHC.

8.4 Summary

We have studied a jets plus missing energy signature at the LHC in a scenario where the

gravitino is the LSP and the gluino is the NLSP which promptly decays into a gluon and

a gravitino. We considered a very light gravitino of m3/2 ∼ O(10−13 GeV), where two

production subprocesses can yield jets+/ET : gluino-gravitino associated production and

gluino-pair production. By using the shower-kT ME+PS merging scheme implemented

inMadGraph, we have simulated the inclusive signal samples as well as the SM Z+jets

irreducible background.

Special attention has been devoted to the ME+PS merging procedure to avoid dou-

ble counting for such a signal which contains two di�erent types of subprocesses. In

addition to checking the Qcut independence of the cross sections and the smoothness of

the distributions, we have generated the merged g̃G̃ and g̃g̃ signal samples separately

and con�rmed that the sum of them reproduced the full inclusive results.

To show how distributions of the jets+/ET signature can provide information on

the gravitino and gluino masses, we have investigated three benchmark scenarios which

exemplify the di�erent �nal states. Due to the fact that the distributions are quite

di�erent between the g̃G̃ and g̃g̃ production processes and due to the m−2
3/2 scaling of

the g̃G̃ production cross section, the kinematical distributions and the jet multiplicity

exhibit distinctive features among the three cases as well as between the signal and

the background. The LHC may be able to explore the parameter space around our

benchmark points and hence to provide information on the gluino mass as well as the

gravitino mass, yielding information on the SUSY breaking scale.
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Both the ATLAS and CMS collaborations analysed the mono-photon+/ET signal in

the data from the 7-TeV LHC run [194,195]. From the agreement between the observed

number of events and the predictions of the SM background they set upper limits on

the expected cross section from new physics processes. We interpret the results in terms

of light gravitino production in order to derive a bound on the gravitino mass, which

translates into a bound on the SUSY breaking scale.

Similar to the study of the mono-photon+/ET signal presented in Chapter 6 for e+e−

colliders, there are two production mechanisms for a gravitino LSP that can provide the

γ+ /ET signal at the LHC: gravitino-pair production with an extra photon emission and

gravitino production in association with a neutralino, with the subsequent neutralino

decay into a photon and a gravitino. In this study, for simplicity, we consider the heavy

neutralino limit, such that only gravitino pair production contributes, and we assume

degenerate squark masses. We note that only the qq̄ initial state gives rise to the γ+ /E

signal at the LHC. Based on the existing γ + /ET 7-TeV LHC analysis [194], where

non-SUSY BSM models were studied, we set a bound on the gravitino mass.

For the SUSY signal simulation, we extended the SUSY QED model presented in

Section 3.2.1 to the quark sector, implement it into FeynRules2 [29] and pass it by

means of the UFO library [87,101] toMadGraph5_aMC@NLO [92] for event genera-

tion. We employ Pythia6.4 [103] for parton shower and hadronization, Delphes3 [111]

for fast detector simulation with the ATLAS setup, and MadAnalysis5 [115] for the

event sample analysis. We note again that special implementations are needed to treat

the Majorana four-point interactions in MadGraph5; see more details in 5.4.

For the event selection, we follow the γ+ /ET analysis by ATLAS at
√
s = 7 TeV [194].

A photon is required with pT > 150 GeV and |η| < 2.37 (except 1.37 < |η| < 1.52 due

to the transition region between the barrel and end-cap calorimeters). The missing

transverse energy /ET > 150 GeV is also required. Possible jets produced by ISR are

de�ned by the anti-kT algorithm [113] with the distance parameter of 0.4 and in the

region |η| < 4.5. While events with one jet are kept for the signal with ISR, events

with more than one jet with pT > 30 GeV are rejected. The photon, the missing energy

vector and jets are required to be well separated as ∆φ(γ, /ET ) > 0.4, ∆R(γ, j) > 0.4,

and ∆φ(/ET , j) > 0.4, where ∆R =
√

(∆η)2 + (∆φ)2.

Figure 9.1 shows the pT distributions of the photon for pp→ γG̃G̃ at
√
s = 7 TeV,

where all the above selection cuts are applied except the pγT and /ET cuts. The gravitino

mass is �xed at 10−13 GeV, while the masses of squarks are taken at 1, 2, and 20 TeV. As

discussed in the mono-photon signal at e+e− colliders in Section 6.1.2, the cross section

for the gravitino pair production becomes larger as the t-channel squark masses increase.

The SUSY signal is harder than the SM background. This is partly due to the 2 → 3

kinematics of the signal, whereas the background essentially has the 2→ 2 kinematics,

and partly because of the non-renomalizable nature of the operators involved in the

process. We note again that the signal rate strongly depends on the gravitino mass as

1/m4
3/2 and also on the kinematical cuts.

The ATLAS γ + /ET study with 4.6 fb−1 of collisions at
√
s = 7 TeV reported
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Figure 9.1: Transverse momentum distributions of the photon for pp→ γG̃G̃ at
√
s =

7 TeV with m3/2 = 10−13 GeV for three squark masses. All selection cuts described in
the text are applied except the pγT and /ET cuts. The Z(→ νν̄) + γ background is also
shown as a reference.

model-independent 90% and 95% con�dence level (CL) upper limits on the visible cross

section, de�ned as the production cross section times kinematical acceptance times

detection e�ciency (σ × A × ε). The values are 5.6 fb and 6.8 fb, respectively [194].

Figure 9.2 presents the visible cross sections for pp → γG̃G̃ at
√
s = 7 and 13 TeV as

a function of the gravitino mass for three di�erent squark masses. The horizontal lines

show the ATLAS 90% and 95% CL limits. The signal A× ε in our simulation is about

25% at
√
s = 7 TeV for all three cases, which is compatible with the one in the ATLAS

analysis for other BSM models.1 A×ε slightly increases to 28% for
√
s = 13 TeV, where

the same selection criteria are applied.

Gravitino masses below about 1× 10−13 GeV are excluded at 95% CL for the heavy

SUSY mass limit, which is translated to the lower bound on the SUSY breaking scale

of about 650 GeV. For light squark masses the limits are lower, for example, m3/2 ∼
6 × 10−14 GeV, i.e.

√
F ∼ 500 GeV for 1-TeV squarks. These results signi�cantly

improve previous ones at LEP and the Tevatron, and are comparable with the recent

ATLAS 8-TeV monojet analysis [149].2 The coming LHC Run-II with
√
s = 13 TeV is

expected to explore heavier gravitinos up to O(10−12 GeV), i.e. a few TeV of the SUSY

breaking scale.

We note that we assumed the heavy neutralino limit in this section. However, if the

neutralino is light enough and promptly decays, production of the on-shell neutralino

1Similar to the ATLAS study, we generated events at the parton level with a minimum photon pT
of 80 GeV.

2In the ATLAS study, only associated gravitino production with a gluino or a squark was considered.
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(dashed) as a function of the gravitino mass for di�erent squark masses, 1 (green), 2
(red), and 20 (blue) TeV. The gravitino mass is also translated to the SUSY breaking
scale by F =

√
3MPlm3/2. The predictions are compared with model-independent 90%

and 95% con�dence level (CL) upper limits by the ATLAS-7TeV analysis [194].

can give rise to characteristic harder photons. This leads to a di�erent production rate

as well as A× ε, and hence the limits can be modi�ed.

We also note that, in the heavy squark limit and for very light gravitinos, the valid-

ity of the theory is questionable. In order to allow a perturbative expansion, the squark

masses should not be much bigger than the SUSY breaking scale. In addition, for the

e�ective approach to be valid, the energy scale of the process should be less than the

scale Λ ∼ F/mSUSY. Also theoretical considerations about the mediation of SUSY

breaking suggest the SUSY particle masses to be less or similar to the SUSY breaking

scale. Lighter SUSY masses or heavier gravitinos remedy these issues.

To summarize, we interpreted the upper limit on the visible cross section of the

mono-photon plus missing energy signal arising from a new physics process reported by

ATLAS in terms of light gravitino production. We assumed the heavy neutralino limit,

such that only gravitino pair production contributes to the signal. We found that for

the heavy SUSY mass limit, gravitino masses below about 1× 10−13 GeV are excluded

at 95% CL. For light squark masses the limits are lower. The coming LHC Run-II with√
s = 13 TeV is expected to explore heavier gravitinos up to O(10−12 GeV).
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The SM predicts the outcome of many experiments with a high precision. Yet, there

exist both theoretical motivations and experimental observations calling for new physics.

With the LHC, we have a powerful machine at hand to search for BSM physics, and

future colliders are planned. In order to interpret the data delivered by experiments,

phenomenological studies are needed.

In this work, we performed phenomenological studies for a SUSY theory with a

gravitino LSP. The gravitino is a spin 3/2 particle that arises in SUSY theories when

the SUSY transformation parameter is space-time dependent, similar to the way gauge

�elds appear by gauging the symmetries of the SM. It becomes massive after the spon-

taneous breaking of SUSY by absorbing the goldstino via the super-Higgs mechanism.

As a result, the mass of the gravitino is directly related to the SUSY breaking scale F .

Moreover, the spin 1/2 components of the gravitino inherit the interaction strength of

the goldstino, which scales with 1/F . Therefore, for low scale SUSY breaking scenar-

ios, gravitino interactions might become strong enough to lead to observable signatures

in collider experiments. Thanks to the gravitino-goldstino equivalence theorem, the

gravitino interactions in scattering processes at colliders can be well described by the

goldstino interactions, which represents an enormous calculational simpli�cation. To

illustrate the equivalence of the full spin 3/2 gravitino formalism and the spin 1/2

goldstino formalism, we discussed the leading energy dependence of gravitino pair pro-

duction in photon-photon collisions in the two approaches. We note that this study

was a part of the validation of the implementation of general spin 3/2 particles into the

collider simulation tools FeynRules and Aloha.

There are three possible ways gravitinos can show up in scattering processes in R-

parity conserving scenarios, which we considered throughout this work. First, a pair

of gravitinos can be produced directly. Since the gravitinos escape the detection, this

process leads to an observable signature after extra radiation. Second, one gravitino

can be produced in association with another SUSY particle. Third, gravitinos can

show up at the end of a decay chain. The �rst two processes are sensitive to the

gravitino mass and scale with 1/m4
3/2 and 1/m2

3/2, respectively. They give rise to an

observable signal in collider experiments only for very light gravitinos with a mass of

m3/2 ∼ O(10−14−10−12 GeV) since the interactions are suppressed by the Planck scale.

To study gravitino pair production, we need a consistent model containing inter-

action vertices involving two gravitinos as well as sgoldstinos, the scalar superpartners

of goldstinos. By using the superspace formalism, we constructed a SUSY model that

allows us to study the whole parameter space for all contributing processes, and imple-

mented the model in the FeynRules and MadGraph 5 frameworks. We note that

special implementations inMadGraph 5 are needed to treat the Majorana four-fermion

interaction arising in gravitino pair production.

We studied the signatures of the gravitino LSP for future e+e− colliders as well as

for the LHC in a mass range where all the three production processes may lead to a

signal that can be detected. The signal is X plus missing energy (/E), where X depends

on the production mechanism and the missing energy is carried away by two graviti-

nos. In the following, we summarize our studies for the di�erent �nal state signatures
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expected at e+e− colliders and the LHC.

1. Mono-photon+/E signal in e+e− collisions: We analysed the mono-photon+/E

signal for future e+e− colliders arising from direct gravitino production in a scenario

where the gravitino is the LSP, and the neutralino is the NLSP. Two processes con-

tribute: gravitino pair production (G̃G̃) and neutralino-gravitino associated production

(χ̃0
1G̃). They give rise to the signal via an additional photon radiation and via the

neutralino decay, respectively.

We explicitly presented the helicity amplitudes for both production processes, which

give us a deep understanding for the SUSY-mass dependence of the production cross

sections and the angular distributions. We discussed the parameter dependence of the

two signal cross sections in detail, and showed that the relative importance of the two

processes varies with the gravitino and neutralino masses as well as with kinematical

cuts.

We performed the event simulation for the SUSY signal as well as the SM back-

ground, taking into account signal selection cuts and beam polarizations, and showed

that the photon spectra from the two subprocesses are very distinctive. This is because

the photon coming from the G̃G̃ production is mostly initial state radiation, while the

χ̃0
1G̃ associated production process leads to an energetic photon from the neutralino

decay. We showed that the energy and angular distributions of the photon in the �nal

state can explore the mass of the neutralino as well as the mass of the t-channel ex-

change selectrons.

2. Mono-electron+/ET signal in e−γ collisions: We also considered gravitino LSP

production associated with a selectron NLSP which subsequently decays into an electron

and a gravitino in eγ collisions, e−γ → ẽ−G̃→ e−G̃G̃, leading to a mono-electron+/ET
signal. We repeated a similar analysis as for the neutralino-gravitino production process.

We presented the explicit helicity amplitudes for the production process, and discussed

the mono-electron+/ET signal, including the energy spectrum of the backward-Compton

scattered photons for incident photons. We found that the production cross section and

the kinematical distributions of the electron in the �nal state are quite sensitive to the

mass of the t-channel intermediate neutralinos as well as the mass of the decaying se-

lectron.

3. Jets+/ET signal in pp collisions: After having gained a detailed understanding

of the parameter dependencies of gravitino production in e+e− and e−γ collisions, we

investigated gravitino production at the LHC. We have studied a jets+/ET signature in

a scenario where the gravitino is the LSP and the gluino is the NLSP which promptly

decays into a gluon and a gravitino. We considered two production processes that

yield the jets+/ET signal: gluino-gravitino associated production (g̃G̃) and gluino-pair

production (g̃g̃). At leading order, the �rst process gives rise to a mono-jet+/ET signal,

while the latter gives a di-jet+/ET signal. We took into account the e�ects of possible

extra emissions. By using the shower-kT matrix-element and parton shower (ME+PS)
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merging scheme implemented in MadGraph, we have simulated the inclusive signal

samples as well as the SM (Z → νν̄)+jets irreducible background.

Special attention has been devoted to the ME+PS merging procedure to avoid dou-

ble counting for such a signal which contains two di�erent types of subprocesses. In

addition to checking independence of the cross sections on the matching parameter Qcut

and the smoothness of the distributions, we have generated the merged g̃G̃ and g̃g̃ signal

samples separately and con�rmed that the sum of them reproduced the full inclusive

results.

To show how distributions of the jets+/ET signature can provide information on

the gravitino and gluino masses, we have investigated three benchmark scenarios which

illustrate the di�erent �nal states. Due to the fact that the distributions are quite di�er-

ent between the g̃G̃ and g̃g̃ production processes and due to the m−2
3/2 scaling behaviour

of the g̃G̃ production cross section, the kinematical distributions and the jet multiplicity

exhibit distinctive features among the three cases as well as between the signal and the

background.

4. Mono-photon+/ET signal in pp collisions: Finally, we applied our studies to an

existing search for new physics at the LHC. Based on the mono-photon+/E analysis of

the data delivered by the 7 TeV run of the LHC, we set a lower bound on the gravitino

LSP mass. We considered the heavy neutralino limit such that only G̃G̃ production con-

tributes, and investigated the e�ect of di�erent squark masses. We exclude gravitino

masses below about 1 × 10−13 GeV at 95% CL for the heavy SUSY mass limit. This

bound translates into a lower bound on the SUSY breaking scale of about 650 GeV.

For light squark masses the limits are lower, for example, m3/2 ∼ 6 × 10−14 GeV, i.e.√
F ∼ 500 GeV for 1-TeV squarks.

To conclude, we expect that the LHC as well as future e+e− colliders can explore

light gravitino production for a gravitino with mass m3/2 ∼ O(10−14−10−9 GeV). The

properties of the signatures strongly depend not only on m3/2 but also on the other

SUSY particle masses. By interpreting the mono-photon+/E search from the 7 TeV

LHC run in terms of our theory, we put a stronger bound on the gravitino mass, i.e.

the SUSY breaking scale, than found in similar searches performed by the LEP and

Tevatron collaborations. We also predicted the prospects of the upgraded 13 TeV LHC

as well as the future ILC to explore the parameter space of theories with light gravitinos.

Finally, we emphasize that through these studies, we contributed to the development

and validation of the collider simulation tools relevant to connect theories with gravitinos

to experimental data. With these tools as well as with the information provided by our

studies, we look forward to future phenomenological studies by theorists as well as data

analysis in terms of gravitino production by experimentalists.
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A.1 Conventions

The metric is given by

gµν = diag(1,−1,−1,−1), (A.1)

and the fully antisymmetric tensor of rank four is de�ned by ε0123 = 1. The four-vectors

built upon the Pauli matrices are given by

σµ =
(
1, σi

)
and σ̄µ =

(
1,−σi

)
, (A.2)

where the Pauli matrices σi with i = 1, 2, 3 read

σ1 =

(
0 1

1 0

)
, σ2 =

(
0 −i
i 0

)
, σ3 =

(
1 0

0 −1

)
. (A.3)

This allows to write the generators of the Lorentz algebra in the (two-component) left-

handed and right-handed spinorial representations as

σµν =
i

4

(
σµσ̄ν − σν σ̄µ

)
and σ̄µν =

i

4

(
σ̄µσν − σ̄νσµ

)
, (A.4)

respectively.

Moving to four-component spinors, Dirac matrices are de�ned in the Weyl represen-

tation by

γµ =

(
0 σµ

σ̄µ 0

)
, (A.5)

and span the Cli�ord algebra {
γµ, γν

}
= 2gµν . (A.6)

Additionally, the �fth Dirac matrix γ5 is given by

γ5 = iγ0γ1γ2γ3 =

(
−1 0

0 1

)
. (A.7)

The γ-matrices allow to build the generators of the Lorentz algebra in the four-component

spinorial representation,

γµν =
i

4

(
γµγν − γνγµ

)
. (A.8)

A.2 Wavefunctions

We present the wavefunctions for spin-1
2 , 1,

3
2 and 2 �elds for a vector

pµ = (E, |~p| sin θ cosφ, |~p| sin θ sinφ, |~p| cos θ). (A.9)

We follow the Helas conventions [15].
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Spin-1
2 �elds

The spin-1
2 wavefunctions for a particle with helicity ±1/2 are given by

u+1/2(p) =




√
E − |~p|

(
cos θ2

sin θ
2e
iφ

)

√
E + |~p|

(
cos θ2

sin θ
2e
iφ

)



,

u−1/2(p) =




√
E + |~p|

(
− sin θ

2e
−iφ

cos θ2

)

√
E − |~p|

(
− sin θ

2e
−iφ

cos θ2

)



,

(A.10)

and for an antiparticle by

v+1/2(p) =




−
√
E + |~p|

(
− sin θ

2e
−iφ

cos θ2

)

√
E − |~p|

(
− sin θ

2e
−iφ

cos θ2

)



,

v−1/2(p) =




√
E − |~p|

(
cos θ2

sin θ
2e
iφ

)

−
√
E + |~p|

(
cos θ2

sin θ
2e
iφ

)



.

(A.11)

Spin-1 �elds

The polarization vectors associated with a spin-1 particle with mass M are given by

εµ+(p) =
1√
2




0

− cos θ cosφ+ i sinφ

− cos θ sinφ− i cosφ

sin θ


 ,

εµ0 (p) =
1

M




|~p|
E sin θ cosφ

E sin θ sinφ

E cos θ


 ,

εµ−(p) =
1√
2




0

cos θ cosφ+ i sinφ

cos θ sinφ− i cosφ

− sin θ


 ,

(A.12)
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whereas those associated with a spin-1 antiparticle read

ε̄µ+(p) = εµ∗+ (p),

ε̄µ0 (p) = εµ∗0 (p),

ε̄µ−(p) = εµ∗− (p).

(A.13)

Spin-3
2 �elds

The gravitino wavefunctions are given by the product of a spin-1
2 and a spin-1 polar-

ization vector; for a derivation, see [50]. For each helicity, they are given for a particle

by

uµ3/2,3/2(p) = εµ+(p)u+1/2(p),

uµ3/2,1/2(p) =

√
2

3
εµ0 (p)u+1/2(p) +

1√
3
eiφεµ+(p)u−1/2(p), (A.14)

uµ3/2,−1/2(p) =

√
2

3
eiφεµ0 (p)u−1/2(p) +

1√
3
εµ−(p)u+1/2(p),

uµ3/2,−3/2(p) = eiφεµ−(p)u−1/2(p),

and the corresponding antiparticle

vµ3/2,3/2(p) = εµ∗+ (p)v+1/2(p)

vµ3/2,1/2(p) =

√
2

3
εµ∗0 (p)v+1/2(p) +

1√
3
e−iφεµ∗+ (p)v−1/2(p), (A.15)

vµ3/2,−1/2(p) =

√
2

3
e−iφεµ∗0 (p)v−1/2(p) +

1√
3
εµ∗− (p)v+1/2(p)

vµ3/2,−3/2(p) = e−iφεµ∗− (p)v−1/2(p).

Spin-2 �elds

Just as in the case of the spin-3
2 �elds, the spin-2 wavefunctions can be formed as the

direct product of two spin-1 polarization vectors. They are given by

εµν2,2(p) =εµ+(p)εν+(p),

εµν2,1(p) =
1√
2

(
εµ0 (p)εν+(p) + εµ+(p)εν0(p)

)
,

εµν2,0(p) =
1√
6

(
εµ−(p)εν+(p) + 2εµ0 (p)εν0(p) + εµ+(p)εν−(p)

)
(A.16)

εµν2,−1(p) =
1√
2

(
εµ−(p)εν0(p) + εµ0 (p)εν−(p)

)
,

εµν2,−2(p) = εµ−(p)εν−(p).
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The antiparticle polarization vectors are given by

ε̄µν2,σ(p) = εµν∗2,σ (p). (A.17)

A.3 Propagators

On-shell, a propagator is fully determined by the spin of the particle. In particular, the

numerator of the propagator is given by the sum over the polarization vectors in the

following way

lim
p2→M2

(p2 −M2 + iε)∆j(p) =
∑

σ

uj,σ(p)u∗j,σ(p), (A.18)

where ∆j(p) is the full propagator for a spin-j particle. O�-shell, the propagator can

be di�erent as long as the di�erence vanishes when evaluated on-shell. This di�erence

is due to the presence of lower spin components in the propagator which are removed

on-shell by the classical equations of motion for the �eld. These extra components are

determined by the associated terms in the quadratic part of the Lagrangian, which is

model-dependent; for details, see [50]. In this section, we show that the on-shell relation

above holds in the spin-1
2 , spin-1, spin-

3
2 and spin-2 cases.

Spin-1
2 �elds

Using the polarization vectors given in Section A.2, we �nd

1/2∑

σ=−1/2

uσ(p)ūσ(p) = (A.19)




M 0 E − |~p| cos θ −e−iφ|~p| sin θ
0 M −eiφ|~p| sin θ E + |~p| cos θ

E + |~p| cos θ e−iφ|~p| sin θ M 0

eiφ|~p| sin θ E − |~p| cos θ 0 M


 .

This is to be compared with the spin-1
2 propagator, which is exactly the same both on-

shell and o�-shell since there is no possible spin lower by an integer that can contribute,

/p+M =

1/2∑

σ=−1/2

uσ(p)ūσ(p). (A.20)

So, the spin-1
2 propagator is �xed entirely by its spin.

We have also checked that antiparticle polarization vectors satisfy a similar relation,

/p−M =

1/2∑

σ=−1/2

vσ(p)v̄σ(p). (A.21)



148 Appendix

Spin-1 �elds

Again, using the particle polarization vectors given in Section A.2, we �nd

1∑

σ=−1

εµσε
ν∗
σ =

1

M2




|~p|2 · · ·
E|~p| sin θ cosφ · · ·
E|~p| sin θ sinφ · · ·
E|~p| cos θ · · ·


 . (A.22)

The propagator numerator is given by

Πµν
1 = −gµν +

pµpν

M2
=

1

M2




E2 −M2 · · ·
E|~p| sin θ cosφ · · ·
E|~p| sin θ sinφ · · ·
E|~p| cos θ · · ·


 . (A.23)

In these last two equations, we have omitted the matrix elements of the second, third

and fourth column for brevity. We have however checked that they all agree with each

other on-shell, so that

lim
p2→M2

(
−gµν +

pµpν

M2

)
=

1∑

σ=−1

εµσε
ν∗
σ . (A.24)

Similar results can be obtained starting from antiparticle polarization vectors.

In the o�-shell case, we �nd that the propagator numerator di�ers from the sum

over the polarization vectors due to the presence of spin-0 components controlled by

the quadratic part of the Lagrangian, see [50].

Spin-3
2 �elds

In this case, there are four sets of indices so that we omit to display the entire results

for brevity. However, we have checked every element and �nd that

lim
p2→M2

Πµν
RS =

3/2∑

i=−3/2

uµ3/2,iū
ν
3/2,i , (A.25)

where the numerator of the propagator reads

Πµν
RS =

[
− gµν +

pµpν

M2

][
/p+M

]
− 1

3

[
γµ +

pµ

M

][
/p−M

][
γν +

pν

M

]

= −
[
/p+M

][
gµν − 2

3

pµpν

M2
− 1

3
γµγν − 1

3M

(
pνγµ − pµγν

)]
.

(A.26)

This is the propagator used by MadGraph 5. We have also checked that the related

antiparticle relation

lim
p2→M2

Πµν
RSanti =

3/2∑

i=−3/2

vµ3/2,iv̄
ν
3/2,i , (A.27)
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holds, where

Πµν
RSanti =

[
− gµν +

pµpν

M2

][
/p−M

]
− 1

3

[
γµ − pµ

M

][
/p+M

][
γν − pν

M

]

= −
[
/p−M

][
gµν − 2

3

pµpν

M2
− 1

3
γµγν +

1

3M

(
pνγµ − pµγν

)]
.

(A.28)

Many terms are di�erent in the o�-shell case due to the presence of spin-1
2 components.

These are model-dependent, as is the exact form of the propagator. For example,

another spin-3
2 propagator that has been used in the literature [166] has its numerator

given by

Π̃µν =
(
/p+M

)[(
−gµν +

pµpν

M2

)
+

1

3

(
gµα − pµpα

M2

)(
gνβ − pνpβ

M2

)
γαγβ

]
. (A.29)

The di�erence between the numerators of the propagators of Eq. (A.26) and Eq. (A.29)

is

Πµν
RS−Π̃µν =

(p2−M2)

3M2

[
pµpν

M2
(/p+M)−(pµγν−pνγµ)

]
, (A.30)

which vanishes on-shell.

Spin-2 �elds

For spin-2, one form of the propagator numerator is given by

Πµναβ
2 =

1

2
Πµα

1 Πνβ
1 +

1

2
Πµβ

1 Πνα
1 −

1

3
Πµν

1 Παβ
1 , (A.31)

which is the propagator used by MadGraph 5. Other forms di�er in their o�-shell

e�ects. The resulting tensor is much too long for every term to be included. We have

however checked every term and �nd exact agreement with the sum of the polarization

vectors as in

lim
p2→M2

Πµναβ
2 =

2∑

σ=−2

εµν2,σε
αβ∗
2,σ . (A.32)

A.4 Partial wave unitarity

We want to derive the requirement of partial wave unitarity for a process i → f . In

the following, we assume a two particle inital and �nal state characterized by the initial

state helicities λi = λa, λb and �nal state helicities λf = λc, λd. The helicity amplitude

Mλaλbλcλd(s, θ) can be expanded in partial waves,

Mλaλbλcλd(s, θ) = 16π
∑

J

(2J + 1))MJ
λaλbλcλd

(s)dJλa−λb,λc−λd(θ), (A.33)

where dJλa−λb,λc−λd(θ) are the Wigner d-functions. If the angular momentum of the

initial state is described by |Jm〉, where J is the total angular momentum and m is

the angular momentum along the initial direction, and the �nal state is described by
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〈J,m′, θ|, where m′ is the projection of the angular momentum on the �nal direction,

then the wavefunction overlap is given by dJm,m′ = 〈J,m′, θ|J,m〉. For a 2→ 2 scattering

process in the center of mass frame, one can derive m to be the di�erence in the

initial state helicities, m = λa − λb and m′ the di�erence in the �nal state helicities

m′ = λc− λd (for details, see e.g. [50] and for the explicit expression of the d-functions,

see the PDG [7]).

We rewrite the last expression using the orthogonality relation of the Wigner d-

function
∫
d cos θdJa,b(θ)d

J ′
a,b(θ) = δJJ ′

2

2J + 1
, (A.34)

so that

MJ
λaλbλcλd

(s) =
1

32π

∫
d cos θMλaλbλcλd(s, θ)d

J
λa−λb,λc−λd(θ). (A.35)

Now we make use of the optical theorem, which states that the imaginary part of

the amplitude for elastic scattering in forward direction is related to the sum over all

possible accessible �nal states n at the scattering CM energy
√
s,

ImMii(A→ A) = sβ
∑

n

σtot(A→ n) =
1

64π2

∑

n

∫
dΩ|M(A→ n)|2, (A.36)

where β is a kinematical factor showing up for massive particles and dΩ = d cos θdϕ.

By use of (A.33) and (A.34), we can derive from (A.36)

ImMJ
ii =

∑

n

|MJ
in|2. (A.37)

It follows

ImMJ
ii = |MJ

ii|2 +
∑

n6=i
|MJ

in|2 ≥ |MJ
ii|2, (A.38)

that |MJ
ii| ≤ 1. For a �nal state f 6= i, we �nd

|MJ
if |2 ≤

∑

n6=i
|MJ

in|2 = Im|MJ
ii| − |MJ

ii|2 ≤ |MJ
ii| − |MJ

ii|2 = |MJ
ii|(1− |MJ

ii|),

(A.39)

leading to |MJ
if | ≤ 1/2 for f 6= i.
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Het Standaard Model (SM) van de deeltjesfysica is een theorie die de fundamentele

materiedeeltjes en hun onderlinge interacties beschrijft. Met de recente ontdekking van

een nieuw boson dat geïdenti�ceerd kan worden met het Brout-Englert-Higgs boson van

het SM, zijn alle deeltjes voorspeld door het SM ook experimenteel waargenomen.

Enerzijds vormt het nieuwe boson de sluitsteen van het SM, maar anderzijds ver-

sterkt het net de nood aan nieuwe fysica. In het SM is het boson namelijk onstabiel

onder kwantumcorrecties. Binnenin het SM model kan dit enkel opgevangen worden

door een onnatuurlijk precieze afstemming van de parameters, dit motiveert ons om op

zoek te gaan naar uitbreidingen van het SM. Naast deze theoretische motivatie wijzen

ook experimentele observaties in die richting. De materie zoals wij ze kennen vormt bij-

voorbeeld minder dan 5% van de totale energiedichtheid in het universum. Bovendien

bestaat ongeveer 25% van de totale energiedichtheid uit zogeheten donkere materie.

Deze donkere materie zit niet vervat in de deeltjesinhoud van het SM.

Er bestaan veel verschillende uitbreidingen van het SM. In dit werk concentreren

we ons op supersymmetrische (SUSY) theoriën, meer bepaald SUSY theoriën waarin

het gravitino het lichtste SUSY deeltje (verder geschreven als LSP) is. Het gravitino

is een deeltje met spin 3/2 en wordt ingevoerd wanneer de parameter die de SUSY

transformaties parametriseert, ruimte-tijdsafhankelijk wordt. Dit is gelijkaardig aan de

manier waarop ijkvelden ingevoerd worden bij het ijken van de symmetriën van het SM.

Wanneer SUSY spontaan gebroken wordt absorbeert het gravitino het goldstino via het

super-Higgs mechanisme en wordt zo massief. De massa van het gravitino is bijgevolg

direct gerelateerd aan de schaal F van SUSY breking. De spin 1/2 componenten van

het gravitino nemen bovendien de sterkte van de interactie over van het goldstino zodat

ze schalen met 1/F . In scenario's waar SUSY op een lage energieschaal gebroken wordt,

kunnen de interacties met het gravitino bijgevolg sterk genoeg worden om waargenomen

te worden in botsingsexperimenten.

In dit werk bestudeerden we verschillende productiemechanismen voor lichte gravi-

tino's en hun signaturen in toekomstige e+e− versnellers en de Large Hadron Collider

(LHC):

1. Mono-foton+/E signaal in e+e− botsingen: We bestudeerden het mono-foton+/E

signaal in toekomstige e+e− versnellers ten gevolge van de directe productie van grav-

itino's in een scenario waar het gravitino en het neutralino respectievelijk het lichtste

(LSP) en het op één na lichtste SUSY deeltje zijn (geschreven als NLSP). Er zijn twee

belangrijke productieprocessen: gravitino paarproductie en neutralino-gravitino geasso-

cieerde productie. Beiden geven aanleiding tot een mono-foton+/E signaal, het eerste

door het uitstralen van een extra foton en het tweede door het verval van het neu-

tralino. We onderzochten hoe de werkzame doorsnede en de hoekverdeling van beide

processen afhangen van de parameters en toonden aan hoe de massa van het grav-

itino, het neutralino en het selektron afgeleid kunnen worden uit de energiedistributie

en hoekverdeling van het foton in de eindtoestand.

2. Mono-elektron+/ET signaal in e−γ botsingen: We onderzochten ook de productie
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van een gravitino LSP samen met een selektron NLSP in e−γ botsingen waarbij het se-

lectron onmiddellijk vervalt naar een elektron en een gravitino ( e−γ → ẽ−G̃→ e−G̃G̃).
Dit proces geeft aanleiding tot een mono-elektron+/ET signaal. Uit een analyse gelijk-

aardig aan de analyse van het neutralino-gravitino productieproces, leidden we af dat de

werkzame doorsnede voor de productie en de kinematische distributies van het elektron

in de eindtoestand zowel afhankelijk zijn van de massa van het neutralino uitgewisseld

via het t-kanaal als van de massa van het vervallende selektron.

3. Jets+/ET signaal in pp botsingen: We bestudeerden een jets+/ET signaal in een

scenario met gravitino LSP en gluino NLSP waarbij het gluino steeds onmiddellijk

vervalt naar een gluon en een gravitino. We bekeken twee productieprocessen die aan-

leiding geven tot een jets+/ET signaal: gluino-gravitino geassocieerde productie (g̃G̃) en

paarproductie van gluino's (g̃g̃). Tot op eerste orde resulteren deze processen respectie-

velijk in een mono-jet+/ET en een di-jet+/ET signaal. We hielden echter ook rekening

met eventuele extra jets. We simuleerden zowel het inclusieve signaal als de irreducibele

achtergrond van het SM (Z → νν̄)+jets met behulp van het schema voor het samen-

voegen van shower-kT matrix-element en parton shower (ME+PS) dat voorzien is in

MadGraph.

De verdelingen van het jets+/ET signaal kunnen informatie geven over de massa's

van het gravitino en het gluino. Om dit te onderzoeken, kozen we drie referentiepunten

die elk een andere eindtoestand illustreren. De referentiepunten onderscheiden zich van

elkaar omdat de distributies van de g̃G̃ en g̃g̃ productieprocessen redelijk sterk ver-

schillen en omdat de werkzame doorsnede voor g̃G̃ productie schaalt volgens m−2
3/2. Aan

de hand van de kinematische verdelingen en het aantal jets kan bijgevolg onderscheid

gemaakt worden tussen de drie referentiescenario's enerzijds en het signaal en de achter-

grond anderzijds.

4. Mono-foton+/ET signaal in pp botsingen: Ten slotte pasten we onze studie toe op

een bestaande zoektocht voor nieuwe fysica in de LHC. Gebaseerd op de mono-foton+/E

analyse van de 7 TeV data, zetten we een ondergrens op de massa van het gravitino

LSP. In de limiet waar de neutralino massa heel hoog is, is enkel de paarproductie van

gravitino's van belang. In dit geval onderzochten we de invloed van de massa's van de

squarks. In de limiet waar de massa's van de SUSY deeltjes hoog zijn, sluiten we een

gravitino massa onder 1× 10−13 GeV uit tot op 95% CL. Deze grens komt overeen met

een ondergrens voor de schaal van SUSY breking rond 650 GeV. De limieten worden

lager voor lichtere squarks.

We verwachten dat de productie van lichte gravitino's met massa m3/2 ∼ O(10−14−
10−9 GeV) onderzocht kan worden in de LHC en in een toekomstige e+e− versneller.

De eigenschappen van de signaturen hangen niet alleen sterk af van m3/2 maar ook van

de massa's van de andere SUSY deeltjes. We interpreteerden de zoektocht naar mono-

foton+/E in de LHC run bij 7 TeV in het licht van onze theorie en zetten een limiet

op de massa van het gravitino, en equivalent hiermee op de schaal van SUSY breking.
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Deze limiet is sterker dan eerdere limieten in gelijkaardige onderzoeken van de LEP en

Tevatron collaboraties.

We benadrukken tot slot dat we gedurende deze studies ook bijgedragen hebben tot

de ontwikkeling en validatie van de simulatie software relevant voor het maken van de

link tussen theoriën met gravitino's en versnellerexperimenten. Met deze software en

de informatie verkregen in onze studies, kijken we uit naar verdere fenomenologische

studies van theoreten en toekomstige experimentele analyses met betrekking tot de

productie van gravitino's.


