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New physics particles may show up as
mono-photon plus missing energy

massive gravitons

weakly interacting massive particles

neutralino

gravitino

very light: m3/2 = O(10−13 − 10−12 GeV)
No-scale supergravity: Ellis, Enqvist,Nanopoulos, Phys Lett. B147 (1984) 99
Extra dimensions: Gherhetta, Pomarol, Nucl.Phys B586(2000)141(hep-ph/0003129)
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Gravitino production gives mono-photon signal via
two processes

Gravitino production at a linear e+e− collider gives signal

e+e− → γG̃ G̃ → γ /E

via two processes:

gravitino pair production

The setup

30

The gravitino is the LSP.
                                               m3/2 ∼ O(10−13 − 10−12 GeV) (1)

m3/2 = 2× 10−13 GeV (2)

MG̃ ∼ −
E4

(MplmG̃)2
(3)

θ (4)

θ̄ (5)

x (6)

.m3/2 ∼
(MSUSY)2

Mpl
. (7)

m3/2 ∼ 10−13GeV (8)

m3/2 = 1 · 10−13GeV (9)

m3/2 = 3 · 10−13GeV (10)

m3/2 = 9 · 10−13GeV (11)

jets + /ET (12)

W+
L (13)

iMgauge =
g2E4

16m4
W

(−3 + 6 cos θ + cos2 θ − 4 cos θ + 3− 2 cos θ − cos2 θ)

+
g2E2

8m2
W

(4− 12 cos θ − 2 cos θ + 15 cos θ − 3)

+ terms independent of E and O(
m2

W

E2
)

F = O(1)TeV (14)

1

m3/2 = O(10−13)GeV (42)

E � m (43)

E � mW (44)

dσ

d cos θ
(W+

L W−
L →W+

L W−
L ) =

1

32πE2
|M|2 (45)

φ+ (46)

φ− (47)

m3/2 ∼
F

Mpl
(48)

(χ̃→ G̃γ)G̃ (49)

G̃G̃ + γ (50)

G̃G̃ (51)

mφ = 1 TeV (52)

mχ̃ = 500GeV (53)

E � mφ,χ̃ (54)

γγ → G̃G̃ (55)

iMgauge = +
g2E2

8m2
W

(1 + cos θ) + terms independent of E and O(
m2

W

E2
)

iMH = − g2E2

8m2
W

(1 + cos θ) + terms independent of E and O(
m2

E2
)
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mass

Squarks are assumed to be heavy.
q̃ (1)

LQED ⊃ ψ̄i/∂ψ (2)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (3)

δψ(x) ∼ iα(x)ψ(x) (4)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (5)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (6)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (7)

δφ(x) ∼ �χ(x) (8)

δφ(x) ∼ �(x)χ(x) (9)

MPl : Planck scale (10)

F : SUSY breaking scale (11)

hµν (12)

φ↔ ψ (13)

γ̃ (14)
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δm2
H ∼ −λ2

fΛ
2 (3)

/ET (4)

m3/2 ∼
F

MPl
(5)

LQED ⊃ ψ̄i/∂ψ (6)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (7)

δψ(x) ∼ iα(x)ψ(x) (8)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (9)
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The gluino is the next-to-lightest SUSY particle (NLSP).
It promptly decays into a gluon and a gravitino.

iMsum = − g2

8(1 + cos θ)

�
− 4

m2
h

m2
W

(1− cos θ) +
2

cw
(3 + cos θ)

�

+O(
m2

E2
)

m2
h ≈ (100 GeV)2 � ∆m2

h,rad (56)

�µL ∼
E

mW
(57)

σ(G̃g̃) ∼ 1

F 2
∼ 1

m2
3/2

(58)

mG̃ (GeV) (59)

g̃ (60)

√
F = O(103) GeV (61)

∆m2
h,rad = +

ig2
f

8π2
Λ2 + . . . (62)

∆m2
h,rad = − igs

16π2
Λ2 + . . . (63)

g2
f = gs, Ns = 2Nf (64)

Φ→ Φ� = Φ + �Ψ (65)

Ψα → Ψα�
= Ψα − i(σµ�†)α∂µΦ (66)

kT (67)
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Three production mechanisms

The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 
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no:

two processes
contribute to jets + /E T

When the graviti
no is very light,

direct production in association
with

gluinos (squarks) becomes considerable.

At LO, we obtain monojet + /E T
signal.

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet
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hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].
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(3.1)
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, ηi and φi are the transverse
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is set to the kT value, while the factor
ization

scale for

the parton
densities and the renormalizati

on scale for the hard 2→2 process is given
by the

transverse
mass of the particle

s 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 Q
PS
hardest

of the hardest emission
in the shower. For lower parton-multiplicity

samples

an event is rejecte
d if Q

PS
hardest

> Qcut, while for the highest multiplicity
sample an event

is rejecte
d if Q

PS
hardest

> Q
ME
softes

t
, the scale of the softest

ME parton
in the event. See more

details
in [? ].
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Taking into account additional jets from
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nal state radiation,
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state as gluino (squark) pair poduction,

dijet + /E T .

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to

Pythia6.4 [? ] for PS and hadronization
. In this scheme, ME multi-parton

events are

generated
with a minimum separatio

n, Qcut and pTmin
, between final-stat

e partons (ij) and

between final- and initial-st
ate partons (iB) characte

rized by the kT jet measure:

d
2
ij

= min(p
2
Ti

, p
2
Tj

)∆R
2
ij

> Q
2
cut,

d
2
iB

= p
2
Ti

> p
2
Tmin

,

(3.1)

with ∆R
2
ij

= 2[cosh
(ηi − ηj) − cos(φi − φj)],

where pTi
, ηi and φi are the transverse

momentum, pseudorapidity and azimuth of particle
i [? ]. The renormalizati

on scale for

αs for each QCD emission
vertex

is set to the kT value, while the factor
ization

scale for

the parton
densities and the renormalizati

on scale for the hard 2→2 process is given
by the

transverse
mass of the particle

s 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 Q
PS
hardest

of the hardest emission
in the shower. For lower parton-multiplicity samples

an event is rejecte
d if Q

PS
hardest

> Qcut, while for the highest multiplicity
sample an event

is rejecte
d if Q

PS
hardest

> Q
ME
softes

t
, the scale of the softest

ME parton
in the event. See more

details
in [? ].

3.1
Physics param

eters
and observa

bles

Throughout the present study, we consider a gluino with mass mg̃ = 800 GeV, which lies

above the exclusion limit for certain
simplified SUSY models or general gauge mediation

models [? ? ], and conduct analyses for the LHC at
√

s = 14 TeV. All the left- and right-

handed squarks are fixed at 3 TeV. The corres
ponding LO gluino-pair production

cross

– 6 –

Bettina Oexl, Vrije U. Brussel

5

Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Three production mechanisms

The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 
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signal.

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav
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(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.
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the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
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n and interface

d to

Pythia6.4 [? ] for PS and hadronization
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√

s = 14 TeV. All the left- and right-

handed squarks are fixed at 3 TeV. The corres
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Gravitino production gives mono-photon signal via
two processes

Gravitino production at a linear e+e− collider gives signal

e+e− → γG̃ G̃ → γ /E

via two processes:

gravitino pair production

The setup

30
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s for pp→ partons+G̃G̃. In the first row the leading gluino-grav
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(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 
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Figure 2. Schematic diagram
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s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 
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s are ordered with the number of
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Gravitino production gives mono-photon signal via
two processes

Gravitino production at a linear e+e− collider gives signal

e+e− → γG̃ G̃ → γ /E

via two processes:

gravitino pair production

The setup

30

The gravitino is the LSP.
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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pair production
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mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

χ̃0
1 → γG̃ (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

Gravitino production with neutralino NLSP

independent of 
gravitino mass

−igγµ (23)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (24)

pp→ jνν̄ (25)

qq̄ → G̃G̃ (26)

γγ → G̃G̃ (27)

gg → G̃G̃ (28)

gq → G̃G̃q (29)

m3/2 ∼ O(10−13 − 10−9 GeV) (30)

σ ∝ 1

m4
3/2

(31)

σ ∝ 1

m2
3/2

(32)

∼ 1

F
∼ 1

MPl m3/2
(33)

MG̃ ∼ −
E4

(MplmG̃)2
(34)

θ (35)

θ̄ (36)

3

−igγµ (23)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (24)

pp→ jνν̄ (25)

qq̄ → G̃G̃ (26)

γγ → G̃G̃ (27)

gg → G̃G̃ (28)

gq → G̃G̃q (29)

m3/2 ∼ O(10−13 − 10−9 GeV) (30)

σ ∝ 1

m4
3/2

(31)

σ ∝ 1

m2
3/2

(32)

∼ 1

F
∼ 1

MPl m3/2
(33)

MG̃ ∼ −
E4

(MplmG̃)2
(34)

θ (35)

θ̄ (36)

3

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

44

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

gp

p p p

p pSUSY

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

gravitino pair 
production

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

gFor a light graviti
no:

two processes
contribute to jets + /E T

When the graviti
no is very light,

direct production in association
with

gluinos (squarks) becomes considerable.

At LO, we obtain monojet + /E T
signal.

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
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s = 14 TeV. All the left- and right-
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Taking into account additional jets from
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dijet + /E T .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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s are sorted
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To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
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as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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ẽ (8)

10−32 = 0.00000000000000000000000000000001 (9)

1013 eV = 10 TeV (10)

1010 eV = 10 GeV (11)

mq̃ (12)

�c
Γ

< l (13)

1

√
F [GeV] ↔ m3/2 [GeV]

1010 102

105 10−9

103 10−13

m3/2 ∼
1

MPl
F (1)

length ∼ 1

energy
(2)

10−10 m (3)

10−20 m (4)

10−30 m (5)

e+ (6)

e− (7)
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

mono-photon+ di-photon +mono-photon+ 

neutralino gravitino
associated production

neutralino 
pair production

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

χ̃0
1 → γG̃ (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

Gravitino production with neutralino NLSP

independent of 
gravitino mass

−igγµ (23)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (24)

pp→ jνν̄ (25)

qq̄ → G̃G̃ (26)

γγ → G̃G̃ (27)

gg → G̃G̃ (28)

gq → G̃G̃q (29)

m3/2 ∼ O(10−13 − 10−9 GeV) (30)

σ ∝ 1

m4
3/2

(31)

σ ∝ 1

m2
3/2

(32)

∼ 1

F
∼ 1

MPl m3/2
(33)

MG̃ ∼ −
E4

(MplmG̃)2
(34)

θ (35)

θ̄ (36)

3

−igγµ (23)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (24)

pp→ jνν̄ (25)

qq̄ → G̃G̃ (26)

γγ → G̃G̃ (27)

gg → G̃G̃ (28)

gq → G̃G̃q (29)

m3/2 ∼ O(10−13 − 10−9 GeV) (30)

σ ∝ 1

m4
3/2

(31)

σ ∝ 1

m2
3/2

(32)

∼ 1

F
∼ 1

MPl m3/2
(33)

MG̃ ∼ −
E4

(MplmG̃)2
(34)

θ (35)

θ̄ (36)

3

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

44

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

gp

p p p

p pSUSY

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

gravitino pair 
production

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

gFor a light graviti
no:

two processes
contribute to jets + /E T

When the graviti
no is very light,

direct production in association
with

gluinos (squarks) becomes considerable.

At LO, we obtain monojet + /E T
signal.
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s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity
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To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet
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hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Three production mechanisms

The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Three production mechanisms

The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Gravitino production with neutralino NLSP

independent of 
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Gravitino production gives mono-photon signal via
two processes

Gravitino production at a linear e+e− collider gives signal

e+e− → γG̃ G̃ → γ /E

via two processes:

gravitino pair production

The setup

30
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Gravitino production with neutralino NLSP
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

mono-photon+ di-photon +mono-photon+ 

neutralino gravitino
associated production

neutralino 
pair production

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

χ̃0
1 → γG̃ (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

Gravitino production with neutralino NLSP

independent of 
gravitino mass

−igγµ (23)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (24)

pp→ jνν̄ (25)

qq̄ → G̃G̃ (26)

γγ → G̃G̃ (27)

gg → G̃G̃ (28)

gq → G̃G̃q (29)

m3/2 ∼ O(10−13 − 10−9 GeV) (30)

σ ∝ 1

m4
3/2

(31)

σ ∝ 1

m2
3/2

(32)

∼ 1

F
∼ 1

MPl m3/2
(33)

MG̃ ∼ −
E4

(MplmG̃)2
(34)

θ (35)

θ̄ (36)

3

−igγµ (23)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (24)

pp→ jνν̄ (25)

qq̄ → G̃G̃ (26)

γγ → G̃G̃ (27)

gg → G̃G̃ (28)

gq → G̃G̃q (29)

m3/2 ∼ O(10−13 − 10−9 GeV) (30)

σ ∝ 1

m4
3/2

(31)

σ ∝ 1

m2
3/2

(32)

∼ 1

F
∼ 1

MPl m3/2
(33)

MG̃ ∼ −
E4

(MplmG̃)2
(34)

θ (35)

θ̄ (36)

3

√
F [GeV] ↔ m3/2 [GeV]

1010 102

105 10−9

103 10−13

m3/2 ∼
1

MPl
F (1)

length ∼ 1

energy
(2)

10−10 m (3)

10−20 m (4)

10−30 m (5)

e+ (6)

e− (7)
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The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

mono-photon+ di-photon +mono-photon+ 

neutralino gravitino
associated production

neutralino 
pair production

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

χ̃0
1 → γG̃ (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

Gravitino production with neutralino NLSP

independent of 
gravitino mass

−igγµ (23)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (24)

pp→ jνν̄ (25)

qq̄ → G̃G̃ (26)

γγ → G̃G̃ (27)

gg → G̃G̃ (28)

gq → G̃G̃q (29)

m3/2 ∼ O(10−13 − 10−9 GeV) (30)

σ ∝ 1

m4
3/2

(31)

σ ∝ 1

m2
3/2

(32)

∼ 1

F
∼ 1

MPl m3/2
(33)

MG̃ ∼ −
E4

(MplmG̃)2
(34)

θ (35)

θ̄ (36)

3

−igγµ (23)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (24)

pp→ jνν̄ (25)

qq̄ → G̃G̃ (26)

γγ → G̃G̃ (27)

gg → G̃G̃ (28)

gq → G̃G̃q (29)

m3/2 ∼ O(10−13 − 10−9 GeV) (30)

σ ∝ 1

m4
3/2

(31)

σ ∝ 1

m2
3/2

(32)

∼ 1

F
∼ 1

MPl m3/2
(33)

MG̃ ∼ −
E4

(MplmG̃)2
(34)

θ (35)

θ̄ (36)

3

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

44

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

gp

p p p

p pSUSY

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

gravitino pair 
production

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

gFor a light graviti
no:

two processes
contribute to jets + /E T

When the graviti
no is very light,

direct production in association
with

gluinos (squarks) becomes considerable.

At LO, we obtain monojet + /E T
signal.

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to

Pythia6.4 [? ] for PS and hadronization
. In this scheme, ME multi-parton

events are

generated
with a minimum separatio

n, Qcut and pTmin
, between final-stat

e partons (ij) and

between final- and initial-st
ate partons (iB) characte

rized by the kT jet measure:

d
2
ij

= min(p
2
Ti

, p
2
Tj

)∆R
2
ij

> Q
2
cut,

d
2
iB

= p
2
Ti

> p
2
Tmin

,

(3.1)

with ∆R
2
ij

= 2[cosh
(ηi − ηj) − cos(φi − φj)],

where pTi
, ηi and φi are the transverse

momentum, pseudorapidity and azimuth of particle
i [? ]. The renormalizati

on scale for

αs for each QCD emission
vertex

is set to the kT value, while the factor
ization

scale for

the parton
densities and the renormalizati

on scale for the hard 2→2 process is given
by the

transverse
mass of the particle

s 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 Q
PS
hardest

of the hardest emission
in the shower. For lower parton-multiplicity samples

an event is rejecte
d if Q

PS
hardest

> Qcut, while for the highest multiplicity
sample an event

is rejecte
d if Q

PS
hardest

> Q
ME
softes

t
, the scale of the softest

ME parton
in the event. See more

details
in [? ].

3.1
Physics param

eters
and observa

bles

Throughout the present study, we consider a gluino with mass mg̃ = 800 GeV, which lies

above the exclusion limit for certain
simplified SUSY models or general gauge mediation

models [? ? ], and conduct analyses for the LHC at
√

s = 14 TeV. All the left- and right-

handed squarks are fixed at 3 TeV. The corres
ponding LO gluino-pair production

cross

– 6 –

Taking into account additional jets from

initial/fi
nal state radiation,

this process leads to the same final

state as gluino (squark) pair poduction,

dijet + /E T .

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to

Pythia6.4 [? ] for PS and hadronization
. In this scheme, ME multi-parton

events are

generated
with a minimum separatio

n, Qcut and pTmin
, between final-stat

e partons (ij) and

between final- and initial-st
ate partons (iB) characte

rized by the kT jet measure:

d
2
ij

= min(p
2
Ti

, p
2
Tj

)∆R
2
ij

> Q
2
cut,

d
2
iB

= p
2
Ti

> p
2
Tmin

,

(3.1)

with ∆R
2
ij

= 2[cosh
(ηi − ηj) − cos(φi − φj)],

where pTi
, ηi and φi are the transverse

momentum, pseudorapidity and azimuth of particle
i [? ]. The renormalizati

on scale for

αs for each QCD emission
vertex

is set to the kT value, while the factor
ization

scale for

the parton
densities and the renormalizati

on scale for the hard 2→2 process is given
by the

transverse
mass of the particle

s 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 Q
PS
hardest

of the hardest emission
in the shower. For lower parton-multiplicity samples

an event is rejecte
d if Q

PS
hardest

> Qcut, while for the highest multiplicity
sample an event

is rejecte
d if Q

PS
hardest

> Q
ME
softes

t
, the scale of the softest

ME parton
in the event. See more

details
in [? ].

3.1
Physics param

eters
and observa

bles

Throughout the present study, we consider a gluino with mass mg̃ = 800 GeV, which lies

above the exclusion limit for certain
simplified SUSY models or general gauge mediation

models [? ? ], and conduct analyses for the LHC at
√

s = 14 TeV. All the left- and right-

handed squarks are fixed at 3 TeV. The corres
ponding LO gluino-pair production

cross

– 6 –

Bettina Oexl, Vrije U. Brussel

5

Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Three production mechanisms

The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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The gluino is the next-to-lightest SUSY particle (NLSP).
It promptly decays into a gluon and a gravitino.
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in columns.
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.
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the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Gravitino production with neutralino NLSP
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Gravitino production gives mono-photon signal via
two processes

Gravitino production at a linear e+e− collider gives signal
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no is very light,

direct production in association
with

gluinos (squarks) becomes considerable.

At LO, we obtain monojet + /E T
signal.

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav
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s are sorted
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s are ordered with the number of
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multiplicity

in columns.
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.
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merging procedure. Several
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

mono-photon+ di-photon +mono-photon+ 

neutralino gravitino
associated production

neutralino 
pair production

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)
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pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)
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The gravitino is the LSP.
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Three production mechanisms
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav
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(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to

Pythia6.4 [? ] for PS and hadronization
. In this scheme, ME multi-parton
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generated
with a minimum separatio
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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ẽ (8)

10−32 = 0.00000000000000000000000000000001 (9)

1013 eV = 10 TeV (10)

1010 eV = 10 GeV (11)

mq̃ (12)

�c
Γ

< l (13)

1

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

associated 
production

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

SUSY particle  
pair production

gravitino pair 
production

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

Three production mechanisms

The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 

28

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g
SMp

p p p

p pSUSY SUSY

SUSY
SM

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

SM

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

44

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

gp

p p p

p pSUSY

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

gravitino pair 
production

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

gFor a light graviti
no:
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no is very light,

direct production in association
with

gluinos (squarks) becomes considerable.

At LO, we obtain monojet + /E T
signal.

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav
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(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)
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Gravitino production with neutralino NLSP

independent of 
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28

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g
SMp

p p p

p pSUSY SUSY

SUSY
SM

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

SM

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

44

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

gp

p p p

p pSUSY

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

gravitino pair 
production

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

gFor a light graviti
no:

two processes
contribute to jets + /E T

When the graviti
no is very light,

direct production in association
with

gluinos (squarks) becomes considerable.

At LO, we obtain monojet + /E T
signal.

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to

Pythia6.4 [? ] for PS and hadronization
. In this scheme, ME multi-parton

events are

generated
with a minimum separatio

n, Qcut and pTmin
, between final-stat

e partons (ij) and

between final- and initial-st
ate partons (iB) characte

rized by the kT jet measure:

d
2
ij

= min(p
2
Ti

, p
2
Tj

)∆R
2
ij

> Q
2
cut,

d
2
iB

= p
2
Ti

> p
2
Tmin

,

(3.1)

with ∆R
2
ij

= 2[cosh
(ηi − ηj) − cos(φi − φj)],

where pTi
, ηi and φi are the transverse

momentum, pseudorapidity and azimuth of particle
i [? ]. The renormalizati

on scale for

αs for each QCD emission
vertex

is set to the kT value, while the factor
ization

scale for

the parton
densities and the renormalizati

on scale for the hard 2→2 process is given
by the

transverse
mass of the particle

s 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 Q
PS
hardest

of the hardest emission
in the shower. For lower parton-multiplicity

samples

an event is rejecte
d if Q

PS
hardest

> Qcut, while for the highest multiplicity
sample an event

is rejecte
d if Q

PS
hardest

> Q
ME
softes

t
, the scale of the softest

ME parton
in the event. See more

details
in [? ].

3.1
Physics param

eters
and observa

bles

Throughout the present study, we consider a gluino with mass mg̃ = 800 GeV, which lies

above the exclusion limit for certain
simplified SUSY models or general gauge mediation

models [? ? ], and conduct analyses for the LHC at
√

s = 14 TeV. All the left- and right-

handed squarks are fixed at 3 TeV. The corres
ponding LO gluino-pair production

cross

– 6 –

Taking into account additional jets from

initial/fi
nal state radiation,

this process leads to the same final

state as gluino (squark) pair poduction,

dijet + /E T .

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to

Pythia6.4 [? ] for PS and hadronization
. In this scheme, ME multi-parton

events are

generated
with a minimum separatio

n, Qcut and pTmin
, between final-stat

e partons (ij) and

between final- and initial-st
ate partons (iB) characte

rized by the kT jet measure:

d
2
ij

= min(p
2
Ti

, p
2
Tj

)∆R
2
ij

> Q
2
cut,

d
2
iB

= p
2
Ti

> p
2
Tmin

,

(3.1)

with ∆R
2
ij

= 2[cosh
(ηi − ηj) − cos(φi − φj)],

where pTi
, ηi and φi are the transverse

momentum, pseudorapidity and azimuth of particle
i [? ]. The renormalizati

on scale for

αs for each QCD emission
vertex

is set to the kT value, while the factor
ization

scale for

the parton
densities and the renormalizati

on scale for the hard 2→2 process is given
by the

transverse
mass of the particle

s 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 Q
PS
hardest

of the hardest emission
in the shower. For lower parton-multiplicity samples

an event is rejecte
d if Q

PS
hardest

> Qcut, while for the highest multiplicity
sample an event

is rejecte
d if Q

PS
hardest

> Q
ME
softes

t
, the scale of the softest

ME parton
in the event. See more

details
in [? ].

3.1
Physics param

eters
and observa

bles

Throughout the present study, we consider a gluino with mass mg̃ = 800 GeV, which lies

above the exclusion limit for certain
simplified SUSY models or general gauge mediation

models [? ? ], and conduct analyses for the LHC at
√

s = 14 TeV. All the left- and right-

handed squarks are fixed at 3 TeV. The corres
ponding LO gluino-pair production

cross

– 6 –

Bettina Oexl, Vrije U. Brussel

5

Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Gravitino production with neutralino NLSP

independent of 
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ẽ (8)

10−32 = 0.00000000000000000000000000000001 (9)

1013 eV = 10 TeV (10)

1010 eV = 10 GeV (11)

mq̃ (12)

�c
Γ

< l (13)

1

Bettina Oexl, Vrije U. Brussel 8



Current interpretation of monophoton signal in terms of
single process only

Gravitino-pair production:The setup

30

The gravitino is the LSP.
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The gluino is the next-to-lightest SUSY particle (NLSP).
It promptly decays into a gluon and a gravitino.
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The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

mono-photon+ di-photon +mono-photon+ 

neutralino gravitino
associated production

neutralino 
pair production

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

χ̃0
1 → γG̃ (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

Gravitino production with neutralino NLSP

independent of 
gravitino mass

−igγµ (23)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (24)

pp→ jνν̄ (25)

qq̄ → G̃G̃ (26)

γγ → G̃G̃ (27)

gg → G̃G̃ (28)

gq → G̃G̃q (29)

m3/2 ∼ O(10−13 − 10−9 GeV) (30)

σ ∝ 1

m4
3/2

(31)

σ ∝ 1

m2
3/2

(32)

∼ 1

F
∼ 1

MPl m3/2
(33)

MG̃ ∼ −
E4

(MplmG̃)2
(34)

θ (35)

θ̄ (36)

3

−igγµ (23)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (24)

pp→ jνν̄ (25)

qq̄ → G̃G̃ (26)

γγ → G̃G̃ (27)

gg → G̃G̃ (28)

gq → G̃G̃q (29)

m3/2 ∼ O(10−13 − 10−9 GeV) (30)

σ ∝ 1

m4
3/2

(31)

σ ∝ 1

m2
3/2

(32)

∼ 1

F
∼ 1

MPl m3/2
(33)

MG̃ ∼ −
E4

(MplmG̃)2
(34)

θ (35)

θ̄ (36)

3

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

44

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

gp

p p p

p pSUSY

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

gravitino pair 
production

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

gFor a light graviti
no:

two processes
contribute to jets + /E T

When the graviti
no is very light,

direct production in association
with

gluinos (squarks) becomes considerable.

At LO, we obtain monojet + /E T
signal.

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to

Pythia6.4 [? ] for PS and hadronization
. In this scheme, ME multi-parton

events are

generated
with a minimum separatio

n, Qcut and pTmin
, between final-stat

e partons (ij) and

between final- and initial-st
ate partons (iB) characte

rized by the kT jet measure:

d
2
ij

= min(p
2
Ti

, p
2
Tj

)∆R
2
ij

> Q
2
cut,

d
2
iB

= p
2
Ti

> p
2
Tmin

,

(3.1)

with ∆R
2
ij

= 2[cosh
(ηi − ηj) − cos(φi − φj)],

where pTi
, ηi and φi are the transverse

momentum, pseudorapidity and azimuth of particle
i [? ]. The renormalizati

on scale for

αs for each QCD emission
vertex

is set to the kT value, while the factor
ization

scale for

the parton
densities and the renormalizati

on scale for the hard 2→2 process is given
by the

transverse
mass of the particle

s 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 Q
PS
hardest

of the hardest emission
in the shower. For lower parton-multiplicity samples

an event is rejecte
d if Q

PS
hardest

> Qcut, while for the highest multiplicity
sample an event

is rejecte
d if Q

PS
hardest

> Q
ME
softes

t
, the scale of the softest

ME parton
in the event. See more

details
in [? ].

3.1
Physics param

eters
and observa

bles

Throughout the present study, we consider a gluino with mass mg̃ = 800 GeV, which lies

above the exclusion limit for certain
simplified SUSY models or general gauge mediation

models [? ? ], and conduct analyses for the LHC at
√

s = 14 TeV. All the left- and right-

handed squarks are fixed at 3 TeV. The corres
ponding LO gluino-pair production

cross

– 6 –

Taking into account additional jets from

initial/fi
nal state radiation,

this process leads to the same final

state as gluino (squark) pair poduction,

dijet + /E T .

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to

Pythia6.4 [? ] for PS and hadronization
. In this scheme, ME multi-parton

events are

generated
with a minimum separatio

n, Qcut and pTmin
, between final-stat

e partons (ij) and

between final- and initial-st
ate partons (iB) characte

rized by the kT jet measure:

d
2
ij

= min(p
2
Ti

, p
2
Tj

)∆R
2
ij

> Q
2
cut,

d
2
iB

= p
2
Ti

> p
2
Tmin

,

(3.1)

with ∆R
2
ij

= 2[cosh
(ηi − ηj) − cos(φi − φj)],

where pTi
, ηi and φi are the transverse

momentum, pseudorapidity and azimuth of particle
i [? ]. The renormalizati

on scale for

αs for each QCD emission
vertex

is set to the kT value, while the factor
ization

scale for

the parton
densities and the renormalizati

on scale for the hard 2→2 process is given
by the

transverse
mass of the particle

s 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 Q
PS
hardest

of the hardest emission
in the shower. For lower parton-multiplicity samples

an event is rejecte
d if Q

PS
hardest

> Qcut, while for the highest multiplicity
sample an event

is rejecte
d if Q

PS
hardest

> Q
ME
softes

t
, the scale of the softest

ME parton
in the event. See more

details
in [? ].

3.1
Physics param

eters
and observa

bles

Throughout the present study, we consider a gluino with mass mg̃ = 800 GeV, which lies

above the exclusion limit for certain
simplified SUSY models or general gauge mediation

models [? ? ], and conduct analyses for the LHC at
√

s = 14 TeV. All the left- and right-

handed squarks are fixed at 3 TeV. The corres
ponding LO gluino-pair production

cross

– 6 –

Bettina Oexl, Vrije U. Brussel

5

Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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ẽ (8)

10−32 = 0.00000000000000000000000000000001 (9)

1013 eV = 10 TeV (10)

1010 eV = 10 GeV (11)

mq̃ (12)

�c
Γ

< l (13)

1

√
F [GeV] ↔ m3/2 [GeV]

1010 102

105 10−9

103 10−13

m3/2 ∼
1

MPl
F (1)

length ∼ 1

energy
(2)

10−10 m (3)

10−20 m (4)

10−30 m (5)

e+ (6)

e− (7)
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no is very light,

direct production in association
with

gluinos (squarks) becomes considerable.
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Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav
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s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to

Pythia6.4 [? ] for PS and hadronization
. In this scheme, ME multi-parton

events are

generated
with a minimum separatio

n, Qcut and pTmin
, between final-stat

e partons (ij) and

between final- and initial-st
ate partons (iB) characte

rized by the kT jet measure:

d
2
ij

= min(p
2
Ti

, p
2
Tj

)∆R
2
ij

> Q
2
cut,

d
2
iB

= p
2
Ti

> p
2
Tmin

,

(3.1)

with ∆R
2
ij

= 2[cosh
(ηi − ηj) − cos(φi − φj)],

where pTi
, ηi and φi are the transverse

momentum, pseudorapidity and azimuth of particle
i [? ]. The renormalizati

on scale for

αs for each QCD emission
vertex

is set to the kT value, while the factor
ization

scale for

the parton
densities and the renormalizati

on scale for the hard 2→2 process is given
by the

transverse
mass of the particle

s 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 Q
PS
hardest

of the hardest emission
in the shower. For lower parton-multiplicity samples

an event is rejecte
d if Q

PS
hardest

> Qcut, while for the highest multiplicity
sample an event

is rejecte
d if Q

PS
hardest

> Q
ME
softes

t
, the scale of the softest

ME parton
in the event. See more

details
in [? ].

3.1
Physics param

eters
and observa

bles

Throughout the present study, we consider a gluino with mass mg̃ = 800 GeV, which lies

above the exclusion limit for certain
simplified SUSY models or general gauge mediation

models [? ? ], and conduct analyses for the LHC at
√

s = 14 TeV. All the left- and right-

handed squarks are fixed at 3 TeV. The corres
ponding LO gluino-pair production

cross

– 6 –

Taking into account additional jets from

initial/fi
nal state radiation,

this process leads to the same final

state as gluino (squark) pair poduction,

dijet + /E T .

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to

Pythia6.4 [? ] for PS and hadronization
. In this scheme, ME multi-parton

events are

generated
with a minimum separatio

n, Qcut and pTmin
, between final-stat

e partons (ij) and

between final- and initial-st
ate partons (iB) characte

rized by the kT jet measure:

d
2
ij

= min(p
2
Ti

, p
2
Tj

)∆R
2
ij

> Q
2
cut,

d
2
iB

= p
2
Ti

> p
2
Tmin

,

(3.1)

with ∆R
2
ij

= 2[cosh
(ηi − ηj) − cos(φi − φj)],

where pTi
, ηi and φi are the transverse

momentum, pseudorapidity and azimuth of particle
i [? ]. The renormalizati

on scale for

αs for each QCD emission
vertex

is set to the kT value, while the factor
ization

scale for

the parton
densities and the renormalizati

on scale for the hard 2→2 process is given
by the

transverse
mass of the particle

s 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 Q
PS
hardest

of the hardest emission
in the shower. For lower parton-multiplicity samples

an event is rejecte
d if Q

PS
hardest

> Qcut, while for the highest multiplicity
sample an event

is rejecte
d if Q

PS
hardest

> Q
ME
softes

t
, the scale of the softest

ME parton
in the event. See more

details
in [? ].

3.1
Physics param

eters
and observa

bles

Throughout the present study, we consider a gluino with mass mg̃ = 800 GeV, which lies

above the exclusion limit for certain
simplified SUSY models or general gauge mediation

models [? ? ], and conduct analyses for the LHC at
√

s = 14 TeV. All the left- and right-

handed squarks are fixed at 3 TeV. The corres
ponding LO gluino-pair production

cross

– 6 –

Bettina Oexl, Vrije U. Brussel

5

Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

mono-photon+ di-photon +mono-photon+ 

neutralino gravitino
associated production

neutralino 
pair production

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)
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Gravitino production with neutralino NLSP

independent of 
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The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 
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Figure 2. Schematic diagram
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(red) and gluino-pair (black) diagram
s are sorted
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s are ordered with the number of
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multiplicity
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generated
with a minimum separatio

n, Qcut and pTmin
, between final-stat

e partons (ij) and

between final- and initial-st
ate partons (iB) characte

rized by the kT jet measure:

d
2
ij

= min(p
2
Ti

, p
2
Tj

)∆R
2
ij

> Q
2
cut,

d
2
iB

= p
2
Ti

> p
2
Tmin

,

(3.1)

with ∆R
2
ij

= 2[cosh
(ηi − ηj) − cos(φi − φj)],

where pTi
, ηi and φi are the transverse

momentum, pseudorapidity and azimuth of particle
i [? ]. The renormalizati

on scale for

αs for each QCD emission
vertex

is set to the kT value, while the factor
ization

scale for

the parton
densities and the renormalizati

on scale for the hard 2→2 process is given
by the

transverse
mass of the particle

s 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 Q
PS
hardest

of the hardest emission
in the shower. For lower parton-multiplicity samples

an event is rejecte
d if Q

PS
hardest

> Qcut, while for the highest multiplicity
sample an event

is rejecte
d if Q

PS
hardest

> Q
ME
softes

t
, the scale of the softest

ME parton
in the event. See more

details
in [? ].

3.1
Physics param

eters
and observa

bles

Throughout the present study, we consider a gluino with mass mg̃ = 800 GeV, which lies

above the exclusion limit for certain
simplified SUSY models or general gauge mediation

models [? ? ], and conduct analyses for the LHC at
√

s = 14 TeV. All the left- and right-

handed squarks are fixed at 3 TeV. The corres
ponding LO gluino-pair production

cross
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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pair production
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g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)
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Gravitino production with neutralino NLSP

independent of 
gravitino mass
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LEP2 SUSY Working group collaboration,
”Single photon, 183-208 GeV”
http://lepsusy.web.cern.ch/lepsusy/www/photons/
single/single public summer04.html
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Figure 1: xγ of selected single photons for three
√

s-bins. The light shaded area is the
expected distribution from e+e− → νν̄γ and the dark shaded area is the total background
from other sources. Indicated in the plot is also the signal expected from e+e− → G̃G̃γ
under the assumption that mG̃ = 7 · 10−6 eV/c2.
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Figure 1: xγ of selected single photons for three
√

s-bins. The light shaded area is the
expected distribution from e+e− → νν̄γ and the dark shaded area is the total background
from other sources. Indicated in the plot is also the signal expected from e+e− → G̃G̃γ
under the assumption that mG̃ = 7 · 10−6 eV/c2.
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+ terms independent of E and O(
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F = O(1)TeV (20)
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32πE2
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F

Mpl
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2

Assuming that other SUSY particles except gravitino are heavy,
the bound is m3/2 ≥ 1.37× 10−14 GeV.
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Current interpretation of monophoton signal in terms of
single process only

Neutralino-gravitino associated production:

The setup

30

The gravitino is the LSP.
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The gluino is the next-to-lightest SUSY particle (NLSP).
It promptly decays into a gluon and a gravitino.
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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no is very light,

direct production in association
with

gluinos (squarks) becomes considerable.

At LO, we obtain monojet + /E T
signal.
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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independent of 
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ẽ (8)

10−32 = 0.00000000000000000000000000000001 (9)

1013 eV = 10 TeV (10)

1010 eV = 10 GeV (11)

mq̃ (12)

�c
Γ

< l (13)

1

√
F [GeV] ↔ m3/2 [GeV]

1010 102

105 10−9

103 10−13

m3/2 ∼
1

MPl
F (1)

length ∼ 1

energy
(2)

10−10 m (3)

10−20 m (4)

10−30 m (5)

e+ (6)

e− (7)
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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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.

The bounds are obtained independently from gravitino-pair and
neutralino gravitino associated production.
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We obtain information about gravitino
and SUSY particle masses

We revisit the mono-photon +/E signature
at future linear e+e− colliders.

We construct model that allows to simulate both processes
at the same time, for any SUSY parameters.

We show how to extract information about the gravitino and other
SUSY particle masses from simple final state observables.
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Phenomenological studies
Background reduction
Results

Monophoton plus missing energy signal at the LHC
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Taking into account the effects of gravity, one has two extra particles: 
the graviton (spin 2) and the gravitino (spin 3/2).
In local SUSY theories, the gravitino is the spin 3/2 superpartner
of the graviton (spin 2).

The gravitino becomes massive when SUSY is broken
spontaneously.

Its interactions might be strong enough to be tested at colliders.
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Taking into account the effects of gravity, one has two extra particles: 
the graviton (spin 2) and the gravitino (spin 3/2).
In local SUSY theories, the gravitino is the spin 3/2 superpartner
of the graviton (spin 2).

The gravitino becomes massive when SUSY is broken
spontaneously.

Its interactions might be strong enough to be tested at colliders.
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Gravitino interactions can be relevant at colliders

The interactions of the helicity 3/2 states are
suppressed by the Planck scale.

By absorbing the goldstino,
the interactions of the helicity 1/2 states gain
the interaction strength of the goldstino.
They interact with a strength ∼ 1/

√
F .

27

The interactions of the helicity 3/2 states
are suppressed by the Planck scale.

Gravitino interactions can be relevant at colliders

3/2

-3/2

1/2

-1/2
By absorbing the goldstino, 
the interactions of the helicity 1/2 states gain 
the interaction strength of the goldstino.
They interact with a strength              .

For low scale SUSY breaking scenarios, 
the spin 1/2 components are dominant,
and can become relevant at colliders.

δφ(x) ∼ �(x)χ(x) (29)

Ψµ(x) (30)

hµν(x) (31)

Planck scale MPl ≈ 1019 GeV (32)

SUSY breaking scale
√

F (33)

∼ 1/
√

F (34)

φ↔ ψ (35)

γ̃ (36)

|M̂±,±∓| (37)

|M̂±,±±| (38)

mẽ√
s

(39)

mχ̃√
s

(40)

L = ψ̄i /Dψ (41)

−igγµ (42)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (43)

pp→ jνν̄ (44)

3

For low scale SUSY breaking scenarios, the spin 1/2 components
are dominant, and can become relevant at colliders.
The gravitino is well described by the goldstino
(gravitino-goldstino equivalence theorem).
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Outline

The gravitino

A SUSY QED model

The two contributing sub-processes

Gravitino pair production
Gravitino-neutralino associated production

Monophoton plus missing energy signal at the ILC

Background reduction
Results

Monophoton plus missing energy signal at the LHC



The SUSY QED field content

Our model consists of

one vector superfield describing the
photon Aµ and photino λ

V = (Aµ, λ,DV )

two chiral superfields describing left-
and right-handed electrons eL/R and
selectrons ẽL/R

ΦL = (ẽL, eL,FL)
ΦR = (ẽ∗R , e

c
R ,FR)

one chiral superfield describing
the sgoldstino φ and a goldstino G̃ .

X = (φ, G̃ ,FX )

We have a Lagrangian for the visible sector, for the goldstino sector and

interactions between the fields of the visible sector and the (s)goldstino.

Bettina Oexl, Vrije U. Brussel 19



The SUSY QED field content

Our model consists of

one vector superfield describing the
photon Aµ and photino λ

V = (Aµ, λ,DV )

two chiral superfields describing left-
and right-handed electrons eL/R and
selectrons ẽL/R
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the sgoldstino φ and a goldstino G̃ .

X = (φ, G̃ ,FX )

We have a Lagrangian for the visible sector, for the goldstino sector and

interactions between the fields of the visible sector and the (s)goldstino.
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SUSY QED Lagrangian: visible sector

+ goldstino sector

The usual SUSY interactions are described by

Lvis =
∑

i=L,R

∫
d4θ Φ†i e

2geQiV Φi +
1

4

(∫
d2θ W αWα + h.c.

)
.

kinetic terms of (s)electrons
and (SUSY) gauge interactions

kinetic terms
of photon and photino

Wα: SUSY U(1)em

field strength tensor

The kinetic terms and self-interactions of the gravitino result from

LX =

∫
d4θ X †X −

(
F

∫
d2θ X + h.c.

)
− m2

Φ

4F 2

∫
d4θ (X †X )2.

kinetic terms SUSY breaking (s)goldstino
interactions
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SUSY QED Lagrangian: interactions

The interactions between the SUSY fields and the (s)goldstino
arise from

Lint = −
∑

i=L,R

m2
ẽi

F 2

∫
d4θ X †XΦ†i Φi −

(mλ

2F

∫
d2θ XW αWα + h.c.

)
.
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The gravitino is the LSP.
                                               m3/2 ∼ O(10−13 − 10−12 GeV) (1)

m3/2 = 2× 10−13 GeV (2)

MG̃ ∼ −
E4

(MplmG̃)2
(3)

θ (4)

θ̄ (5)

x (6)

.m3/2 ∼
(MSUSY)2

Mpl
. (7)

m3/2 ∼ 10−13GeV (8)

m3/2 = 1 · 10−13GeV (9)

m3/2 = 3 · 10−13GeV (10)

m3/2 = 9 · 10−13GeV (11)

jets + /ET (12)

W+
L (13)

iMgauge =
g2E4

16m4
W

(−3 + 6 cos θ + cos2 θ − 4 cos θ + 3− 2 cos θ − cos2 θ)

+
g2E2

8m2
W

(4− 12 cos θ − 2 cos θ + 15 cos θ − 3)

+ terms independent of E and O(
m2

W

E2
)

F = O(1)TeV (14)

1

m3/2 = O(10−13)GeV (42)

E � m (43)

E � mW (44)

dσ

d cos θ
(W+

L W−
L →W+

L W−
L ) =

1

32πE2
|M|2 (45)

φ+ (46)

φ− (47)

m3/2 ∼
F

Mpl
(48)

(χ̃→ G̃γ)G̃ (49)

G̃G̃ + γ (50)

G̃G̃ (51)

mφ = 1 TeV (52)

mχ̃ = 500GeV (53)

E � mφ,χ̃ (54)

γγ → G̃G̃ (55)

iMgauge = +
g2E2

8m2
W

(1 + cos θ) + terms independent of E and O(
m2

W

E2
)

iMH = − g2E2

8m2
W

(1 + cos θ) + terms independent of E and O(
m2

E2
)

4

mass

Squarks are assumed to be heavy.
q̃ (1)

LQED ⊃ ψ̄i/∂ψ (2)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (3)

δψ(x) ∼ iα(x)ψ(x) (4)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (5)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (6)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (7)

δφ(x) ∼ �χ(x) (8)

δφ(x) ∼ �(x)χ(x) (9)

MPl : Planck scale (10)

F : SUSY breaking scale (11)

hµν (12)

φ↔ ψ (13)

γ̃ (14)

1

• 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. C (2014), [arXiv:1402.3223]

• F. Maltoni, A. Martini, K. Mawatari and B. Oexl
Monojet and monophoton signals in light gravitino production at the LHC
work in progress

mq̃ ∼ O(103 GeV) (1)
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δm2
H ∼ −λ2

fΛ
2 (3)

/ET (4)

m3/2 ∼
F

MPl
(5)

LQED ⊃ ψ̄i/∂ψ (6)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (7)

δψ(x) ∼ iα(x)ψ(x) (8)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (9)

1

The gluino is the next-to-lightest SUSY particle (NLSP).
It promptly decays into a gluon and a gravitino.

iMsum = − g2

8(1 + cos θ)

�
− 4

m2
h

m2
W

(1− cos θ) +
2

cw
(3 + cos θ)

�

+O(
m2

E2
)

m2
h ≈ (100 GeV)2 � ∆m2

h,rad (56)

�µL ∼
E

mW
(57)

σ(G̃g̃) ∼ 1

F 2
∼ 1

m2
3/2

(58)

mG̃ (GeV) (59)

g̃ (60)

√
F = O(103) GeV (61)

∆m2
h,rad = +

ig2
f

8π2
Λ2 + . . . (62)

∆m2
h,rad = − igs

16π2
Λ2 + . . . (63)

g2
f = gs, Ns = 2Nf (64)

Φ→ Φ� = Φ + �Ψ (65)

Ψα → Ψα�
= Ψα − i(σµ�†)α∂µΦ (66)

kT (67)
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Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to

Pythia6.4 [? ] for PS and hadronization
. In this scheme, ME multi-parton
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generated
with a minimum separatio
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, between final-stat
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αs for each QCD emission
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is set to the kT value, while the factor
ization
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the parton
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mass of the particle

s produced in the central process. The ME-level
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then passed
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> Qcut, while for the highest multiplicity
sample an event

is rejecte
d if Q

PS
hardest

> Q
ME
softes

t
, the scale of the softest
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in [? ].
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above the exclusion limit for certain
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models [? ? ], and conduct analyses for the LHC at
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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ẽ (8)

10−32 = 0.00000000000000000000000000000001 (9)

1013 eV = 10 TeV (10)

1010 eV = 10 GeV (11)

mq̃ (12)

�c
Γ

< l (13)

1

√
F [GeV] ↔ m3/2 [GeV]

1010 102

105 10−9

103 10−13

m3/2 ∼
1

MPl
F (1)

length ∼ 1

energy
(2)

10−10 m (3)

10−20 m (4)

10−30 m (5)

e+ (6)

e− (7)
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Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
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hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
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or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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ẽ (8)

10−32 = 0.00000000000000000000000000000001 (9)

1013 eV = 10 TeV (10)

1010 eV = 10 GeV (11)

mq̃ (12)

�c
Γ

< l (13)

1

√
F [GeV] ↔ m3/2 [GeV]

1010 102

105 10−9

103 10−13

m3/2 ∼
1

MPl
F (1)

length ∼ 1

energy
(2)

10−10 m (3)

10−20 m (4)

10−30 m (5)

e+ (6)

e− (7)
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The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 
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signal.
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multiplicity
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To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to

Pythia6.4 [? ] for PS and hadronization
. In this scheme, ME multi-parton

events are

generated
with a minimum separatio

n, Qcut and pTmin
, between final-stat

e partons (ij) and

between final- and initial-st
ate partons (iB) characte

rized by the kT jet measure:

d
2
ij

= min(p
2
Ti

, p
2
Tj

)∆R
2
ij

> Q
2
cut,

d
2
iB

= p
2
Ti

> p
2
Tmin

,

(3.1)

with ∆R
2
ij

= 2[cosh
(ηi − ηj) − cos(φi − φj)],

where pTi
, ηi and φi are the transverse

momentum, pseudorapidity and azimuth of particle
i [? ]. The renormalizati

on scale for

αs for each QCD emission
vertex

is set to the kT value, while the factor
ization

scale for

the parton
densities and the renormalizati

on scale for the hard 2→2 process is given
by the

transverse
mass of the particle

s 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 Q
PS
hardest

of the hardest emission
in the shower. For lower parton-multiplicity

samples

an event is rejecte
d if Q

PS
hardest

> Qcut, while for the highest multiplicity
sample an event

is rejecte
d if Q

PS
hardest

> Q
ME
softes

t
, the scale of the softest

ME parton
in the event. See more

details
in [? ].

3.1
Physics param

eters
and observa

bles

Throughout the present study, we consider a gluino with mass mg̃ = 800 GeV, which lies

above the exclusion limit for certain
simplified SUSY models or general gauge mediation

models [? ? ], and conduct analyses for the LHC at
√

s = 14 TeV. All the left- and right-

handed squarks are fixed at 3 TeV. The corres
ponding LO gluino-pair production

cross

– 6 –

Taking into account additional jets from

initial/fi
nal state radiation,

this process leads to the same final

state as gluino (squark) pair poduction,

dijet + /E T .

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to

Pythia6.4 [? ] for PS and hadronization
. In this scheme, ME multi-parton

events are

generated
with a minimum separatio

n, Qcut and pTmin
, between final-stat

e partons (ij) and

between final- and initial-st
ate partons (iB) characte

rized by the kT jet measure:

d
2
ij

= min(p
2
Ti

, p
2
Tj

)∆R
2
ij

> Q
2
cut,

d
2
iB

= p
2
Ti

> p
2
Tmin

,

(3.1)

with ∆R
2
ij

= 2[cosh
(ηi − ηj) − cos(φi − φj)],

where pTi
, ηi and φi are the transverse

momentum, pseudorapidity and azimuth of particle
i [? ]. The renormalizati

on scale for

αs for each QCD emission
vertex

is set to the kT value, while the factor
ization

scale for

the parton
densities and the renormalizati

on scale for the hard 2→2 process is given
by the

transverse
mass of the particle

s 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 Q
PS
hardest

of the hardest emission
in the shower. For lower parton-multiplicity samples

an event is rejecte
d if Q

PS
hardest

> Qcut, while for the highest multiplicity
sample an event

is rejecte
d if Q

PS
hardest

> Q
ME
softes

t
, the scale of the softest

ME parton
in the event. See more

details
in [? ].

3.1
Physics param

eters
and observa

bles

Throughout the present study, we consider a gluino with mass mg̃ = 800 GeV, which lies

above the exclusion limit for certain
simplified SUSY models or general gauge mediation

models [? ? ], and conduct analyses for the LHC at
√

s = 14 TeV. All the left- and right-

handed squarks are fixed at 3 TeV. The corres
ponding LO gluino-pair production

cross

– 6 –

Bettina Oexl, Vrije U. Brussel

5

Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)
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χ̃0
1 → γG̃ (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)
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∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

Gravitino production with neutralino NLSP

independent of 
gravitino mass

−igγµ (23)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (24)

pp→ jνν̄ (25)

qq̄ → G̃G̃ (26)

γγ → G̃G̃ (27)

gg → G̃G̃ (28)

gq → G̃G̃q (29)

m3/2 ∼ O(10−13 − 10−9 GeV) (30)

σ ∝ 1

m4
3/2

(31)

σ ∝ 1

m2
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(32)

∼ 1

F
∼ 1

MPl m3/2
(33)

MG̃ ∼ −
E4

(MplmG̃)2
(34)

θ (35)

θ̄ (36)

3
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gg → G̃G̃ (28)

gq → G̃G̃q (29)

m3/2 ∼ O(10−13 − 10−9 GeV) (30)

σ ∝ 1

m4
3/2

(31)

σ ∝ 1

m2
3/2

(32)

∼ 1

F
∼ 1

MPl m3/2
(33)

MG̃ ∼ −
E4

(MplmG̃)2
(34)

θ (35)

θ̄ (36)

3

√
F [GeV] ↔ m3/2 [GeV]

1010 102

105 10−9

103 10−13

m3/2 ∼
1

MPl
F (1)

length ∼ 1

energy
(2)

10−10 m (3)

10−20 m (4)

10−30 m (5)

e+ (6)

e− (7)

ẽ (8)

10−32 = 0.00000000000000000000000000000001 (9)

1013 eV = 10 TeV (10)

1010 eV = 10 GeV (11)

mq̃ (12)

�c
Γ

< l (13)

1

√
F [GeV] ↔ m3/2 [GeV]
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105 10−9
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1
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energy
(2)

10−10 m (3)

10−20 m (4)

10−30 m (5)

e+ (6)

e− (7)

ẽ (8)

10−32 = 0.00000000000000000000000000000001 (9)

1013 eV = 10 TeV (10)

1010 eV = 10 GeV (11)

mq̃ (12)

�c
Γ

< l (13)

1

mẽ = O(103 − 104) GeV

The neutralino is the next-to-lightest SUSY particle.
It promptly decays into a photon and a gravitino.
mχ̃0

1
= O(102 − 103) GeV

The gravitino is the lightest SUSY particle.
m3/2 = O(10−13) GeV
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The gravitino is the LSP.
                                               m3/2 ∼ O(10−13 − 10−12 GeV) (1)
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1
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32πE2
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F
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E � mφ,χ̃ (54)

γγ → G̃G̃ (55)
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g2E2

8m2
W

(1 + cos θ) + terms independent of E and O(
m2

W
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)

iMH = − g2E2

8m2
W

(1 + cos θ) + terms independent of E and O(
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)

4

mass

Squarks are assumed to be heavy.
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4
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2 F
ψ̄[γµ, γν ]λaF a

µν (3)
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LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (7)

δφ(x) ∼ �χ(x) (8)

δφ(x) ∼ �(x)χ(x) (9)

MPl : Planck scale (10)

F : SUSY breaking scale (11)

hµν (12)

φ↔ ψ (13)

γ̃ (14)
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mg̃ ∼ O(102 GeV) (2)

δm2
H ∼ −λ2

fΛ
2 (3)

/ET (4)

m3/2 ∼
F

MPl
(5)

LQED ⊃ ψ̄i/∂ψ (6)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (7)

δψ(x) ∼ iα(x)ψ(x) (8)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (9)
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The gluino is the next-to-lightest SUSY particle (NLSP).
It promptly decays into a gluon and a gravitino.

iMsum = − g2

8(1 + cos θ)

�
− 4

m2
h

m2
W

(1− cos θ) +
2

cw
(3 + cos θ)

�

+O(
m2

E2
)

m2
h ≈ (100 GeV)2 � ∆m2

h,rad (56)

�µL ∼
E

mW
(57)

σ(G̃g̃) ∼ 1

F 2
∼ 1
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3/2

(58)

mG̃ (GeV) (59)

g̃ (60)

√
F = O(103) GeV (61)
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h,rad = +

ig2
f

8π2
Λ2 + . . . (62)
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h,rad = − igs

16π2
Λ2 + . . . (63)

g2
f = gs, Ns = 2Nf (64)

Φ→ Φ� = Φ + �Ψ (65)

Ψα → Ψα�
= Ψα − i(σµ�†)α∂µΦ (66)

kT (67)
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The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 

28

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g
SMp

p p p

p pSUSY SUSY

SUSY
SM

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

SM

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

44

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

gp

p p p

p pSUSY

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

gravitino pair 
production

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

gFor a light graviti
no:

two processes
contribute to jets + /E T

When the graviti
no is very light,

direct production in association
with

gluinos (squarks) becomes considerable.

At LO, we obtain monojet + /E T
signal.

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav
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(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate
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hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 
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s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.
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hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)
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s for pp→ partons+G̃G̃. In the first row the leading gluino-grav
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(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.
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hms have been proposed (see also [? ]):
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In our analysis we make use of the shower-kT scheme, which is based on event rejecti
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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gravitino mass

−igγµ (23)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (24)

pp→ jνν̄ (25)

qq̄ → G̃G̃ (26)

γγ → G̃G̃ (27)

gg → G̃G̃ (28)

gq → G̃G̃q (29)

m3/2 ∼ O(10−13 − 10−9 GeV) (30)

σ ∝ 1

m4
3/2

(31)

σ ∝ 1

m2
3/2

(32)

∼ 1

F
∼ 1

MPl m3/2
(33)

MG̃ ∼ −
E4

(MplmG̃)2
(34)

θ (35)

θ̄ (36)

3

−igγµ (23)
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gg → G̃G̃ (28)

gq → G̃G̃q (29)

m3/2 ∼ O(10−13 − 10−9 GeV) (30)

σ ∝ 1

m4
3/2

(31)

σ ∝ 1

m2
3/2

(32)

∼ 1

F
∼ 1

MPl m3/2
(33)

MG̃ ∼ −
E4

(MplmG̃)2
(34)

θ (35)

θ̄ (36)

3

√
F [GeV] ↔ m3/2 [GeV]

1010 102

105 10−9

103 10−13

m3/2 ∼
1

MPl
F (1)

length ∼ 1

energy
(2)

10−10 m (3)

10−20 m (4)

10−30 m (5)

e+ (6)

e− (7)

ẽ (8)

10−32 = 0.00000000000000000000000000000001 (9)

1013 eV = 10 TeV (10)

1010 eV = 10 GeV (11)

mq̃ (12)

�c
Γ

< l (13)

1

√
F [GeV] ↔ m3/2 [GeV]

1010 102

105 10−9

103 10−13

m3/2 ∼
1

MPl
F (1)

length ∼ 1

energy
(2)

10−10 m (3)

10−20 m (4)

10−30 m (5)

e+ (6)

e− (7)

ẽ (8)

10−32 = 0.00000000000000000000000000000001 (9)

1013 eV = 10 TeV (10)

1010 eV = 10 GeV (11)

mq̃ (12)

�c
Γ

< l (13)

1

mẽ = O(103 − 104) GeV

The neutralino is the next-to-lightest SUSY particle.
It promptly decays into a photon and a gravitino.
mχ̃0

1
= O(102 − 103) GeV

The gravitino is the lightest SUSY particle.
m3/2 = O(10−13) GeV
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The gravitino is the LSP.
                                               m3/2 ∼ O(10−13 − 10−12 GeV) (1)
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E4

(MplmG̃)2
(3)

θ (4)

θ̄ (5)

x (6)

.m3/2 ∼
(MSUSY)2

Mpl
. (7)

m3/2 ∼ 10−13GeV (8)

m3/2 = 1 · 10−13GeV (9)
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16m4
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8m2
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W
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)
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1
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)

4

mass

Squarks are assumed to be heavy.
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4
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µχ̄ (7)

δφ(x) ∼ �χ(x) (8)

δφ(x) ∼ �(x)χ(x) (9)

MPl : Planck scale (10)

F : SUSY breaking scale (11)

hµν (12)

φ↔ ψ (13)

γ̃ (14)
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The gluino is the next-to-lightest SUSY particle (NLSP).
It promptly decays into a gluon and a gravitino.

iMsum = − g2

8(1 + cos θ)
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kT (67)
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The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 
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Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
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hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?
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In our analysis we make use of the shower-kT scheme, which is based on event rejecti
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

mono-photon+ di-photon +mono-photon+ 

neutralino gravitino
associated production

neutralino 
pair production

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

χ̃0
1 → γG̃ (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

Gravitino production with neutralino NLSP

independent of 
gravitino mass

−igγµ (23)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (24)

pp→ jνν̄ (25)

qq̄ → G̃G̃ (26)

γγ → G̃G̃ (27)

gg → G̃G̃ (28)

gq → G̃G̃q (29)

m3/2 ∼ O(10−13 − 10−9 GeV) (30)

σ ∝ 1

m4
3/2

(31)

σ ∝ 1

m2
3/2

(32)

∼ 1

F
∼ 1

MPl m3/2
(33)

MG̃ ∼ −
E4

(MplmG̃)2
(34)

θ (35)

θ̄ (36)

3

−igγµ (23)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (24)

pp→ jνν̄ (25)

qq̄ → G̃G̃ (26)

γγ → G̃G̃ (27)

gg → G̃G̃ (28)

gq → G̃G̃q (29)

m3/2 ∼ O(10−13 − 10−9 GeV) (30)

σ ∝ 1

m4
3/2

(31)

σ ∝ 1

m2
3/2

(32)

∼ 1

F
∼ 1

MPl m3/2
(33)

MG̃ ∼ −
E4

(MplmG̃)2
(34)

θ (35)

θ̄ (36)

3

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

44

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

gp

p p p

p pSUSY

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

gravitino pair 
production

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

gFor a light graviti
no:

two processes
contribute to jets + /E T

When the graviti
no is very light,

direct production in association
with

gluinos (squarks) becomes considerable.

At LO, we obtain monojet + /E T
signal.

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to

Pythia6.4 [? ] for PS and hadronization
. In this scheme, ME multi-parton

events are

generated
with a minimum separatio

n, Qcut and pTmin
, between final-stat

e partons (ij) and

between final- and initial-st
ate partons (iB) characte

rized by the kT jet measure:

d
2
ij

= min(p
2
Ti

, p
2
Tj

)∆R
2
ij

> Q
2
cut,

d
2
iB

= p
2
Ti

> p
2
Tmin

,

(3.1)

with ∆R
2
ij

= 2[cosh
(ηi − ηj) − cos(φi − φj)],

where pTi
, ηi and φi are the transverse

momentum, pseudorapidity and azimuth of particle
i [? ]. The renormalizati

on scale for

αs for each QCD emission
vertex

is set to the kT value, while the factor
ization

scale for

the parton
densities and the renormalizati

on scale for the hard 2→2 process is given
by the

transverse
mass of the particle

s 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 Q
PS
hardest

of the hardest emission
in the shower. For lower parton-multiplicity samples

an event is rejecte
d if Q

PS
hardest

> Qcut, while for the highest multiplicity
sample an event

is rejecte
d if Q

PS
hardest

> Q
ME
softes

t
, the scale of the softest

ME parton
in the event. See more

details
in [? ].

3.1
Physics param

eters
and observa

bles

Throughout the present study, we consider a gluino with mass mg̃ = 800 GeV, which lies

above the exclusion limit for certain
simplified SUSY models or general gauge mediation

models [? ? ], and conduct analyses for the LHC at
√

s = 14 TeV. All the left- and right-

handed squarks are fixed at 3 TeV. The corres
ponding LO gluino-pair production

cross

– 6 –

Taking into account additional jets from

initial/fi
nal state radiation,

this process leads to the same final

state as gluino (squark) pair poduction,

dijet + /E T .

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to

Pythia6.4 [? ] for PS and hadronization
. In this scheme, ME multi-parton

events are

generated
with a minimum separatio

n, Qcut and pTmin
, between final-stat

e partons (ij) and

between final- and initial-st
ate partons (iB) characte

rized by the kT jet measure:

d
2
ij

= min(p
2
Ti

, p
2
Tj

)∆R
2
ij

> Q
2
cut,

d
2
iB

= p
2
Ti

> p
2
Tmin

,

(3.1)

with ∆R
2
ij

= 2[cosh
(ηi − ηj) − cos(φi − φj)],

where pTi
, ηi and φi are the transverse

momentum, pseudorapidity and azimuth of particle
i [? ]. The renormalizati

on scale for

αs for each QCD emission
vertex

is set to the kT value, while the factor
ization

scale for

the parton
densities and the renormalizati

on scale for the hard 2→2 process is given
by the

transverse
mass of the particle

s 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 Q
PS
hardest

of the hardest emission
in the shower. For lower parton-multiplicity samples

an event is rejecte
d if Q

PS
hardest

> Qcut, while for the highest multiplicity
sample an event

is rejecte
d if Q

PS
hardest

> Q
ME
softes

t
, the scale of the softest

ME parton
in the event. See more

details
in [? ].

3.1
Physics param

eters
and observa

bles

Throughout the present study, we consider a gluino with mass mg̃ = 800 GeV, which lies

above the exclusion limit for certain
simplified SUSY models or general gauge mediation

models [? ? ], and conduct analyses for the LHC at
√

s = 14 TeV. All the left- and right-

handed squarks are fixed at 3 TeV. The corres
ponding LO gluino-pair production

cross

– 6 –

Bettina Oexl, Vrije U. Brussel

5

Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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σ ∝ 1

m4
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(31)

σ ∝ 1

m2
3/2

(32)

∼ 1
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MPl m3/2
(33)

MG̃ ∼ −
E4

(MplmG̃)2
(34)

θ (35)

θ̄ (36)
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1013 eV = 10 TeV (10)

1010 eV = 10 GeV (11)
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1

mẽ = O(103 − 104) GeV

The neutralino is the next-to-lightest SUSY particle.
It promptly decays into a photon and a gravitino.
mχ̃0

1
= O(102 − 103) GeV

The gravitino is the lightest SUSY particle.
m3/2 = O(10−13) GeV
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The cross section depends on CM energy
and selectron mass

e+e− → G̃ G̃ :
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el-

gld
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192πF 4

∑
λ=±

m4
ẽλ

s2

[
s3 − 3m2

ẽλs
2 + 9m4

ẽλs

+ 3m6
ẽλ

(
1−

m2
ẽλ

s +m2
ẽλ

+ 4 log
m2

ẽλ

s +m2
ẽλ

)]
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m~e = 1 TeV
m~e = 0.5 TeV

m3/2 = 2%10#13GeV

(m~e
 = 1 TeV)

low
 en

erg
y l

im
it unitarity bound

without 4-point int.

In low-energy limit,
√
s � mẽ± , cross section increases with CM energy

as σ = s3

160πF 4 .

Low energy limit may not be adequate for current collider energies.
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ẽλ

s +m2
ẽλ
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The cross section scales with gravitino mass

The setup

30

The gravitino is the LSP.
                                               m3/2 ∼ O(10−13 − 10−12 GeV) (1)

m3/2 = 2× 10−13 GeV (2)

MG̃ ∼ −
E4

(MplmG̃)2
(3)

θ (4)

θ̄ (5)

x (6)

.m3/2 ∼
(MSUSY)2

Mpl
. (7)

m3/2 ∼ 10−13GeV (8)

m3/2 = 1 · 10−13GeV (9)

m3/2 = 3 · 10−13GeV (10)

m3/2 = 9 · 10−13GeV (11)

jets + /ET (12)

W+
L (13)

iMgauge =
g2E4

16m4
W

(−3 + 6 cos θ + cos2 θ − 4 cos θ + 3− 2 cos θ − cos2 θ)

+
g2E2

8m2
W

(4− 12 cos θ − 2 cos θ + 15 cos θ − 3)

+ terms independent of E and O(
m2

W

E2
)

F = O(1)TeV (14)

1

m3/2 = O(10−13)GeV (42)

E � m (43)

E � mW (44)

dσ

d cos θ
(W+

L W−
L →W+

L W−
L ) =

1

32πE2
|M|2 (45)

φ+ (46)

φ− (47)

m3/2 ∼
F

Mpl
(48)

(χ̃→ G̃γ)G̃ (49)

G̃G̃ + γ (50)

G̃G̃ (51)

mφ = 1 TeV (52)

mχ̃ = 500GeV (53)

E � mφ,χ̃ (54)

γγ → G̃G̃ (55)

iMgauge = +
g2E2

8m2
W

(1 + cos θ) + terms independent of E and O(
m2

W

E2
)

iMH = − g2E2

8m2
W

(1 + cos θ) + terms independent of E and O(
m2

E2
)

4

mass

Squarks are assumed to be heavy.
q̃ (1)

LQED ⊃ ψ̄i/∂ψ (2)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (3)

δψ(x) ∼ iα(x)ψ(x) (4)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (5)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (6)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (7)

δφ(x) ∼ �χ(x) (8)

δφ(x) ∼ �(x)χ(x) (9)

MPl : Planck scale (10)

F : SUSY breaking scale (11)

hµν (12)

φ↔ ψ (13)

γ̃ (14)
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mq̃ ∼ O(103 GeV) (1)

mg̃ ∼ O(102 GeV) (2)

δm2
H ∼ −λ2

fΛ
2 (3)

/ET (4)

m3/2 ∼
F

MPl
(5)

LQED ⊃ ψ̄i/∂ψ (6)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (7)

δψ(x) ∼ iα(x)ψ(x) (8)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (9)

1

The gluino is the next-to-lightest SUSY particle (NLSP).
It promptly decays into a gluon and a gravitino.

iMsum = − g2

8(1 + cos θ)

�
− 4

m2
h

m2
W

(1− cos θ) +
2

cw
(3 + cos θ)

�

+O(
m2

E2
)

m2
h ≈ (100 GeV)2 � ∆m2

h,rad (56)

�µL ∼
E

mW
(57)

σ(G̃g̃) ∼ 1

F 2
∼ 1

m2
3/2

(58)

mG̃ (GeV) (59)

g̃ (60)

√
F = O(103) GeV (61)

∆m2
h,rad = +

ig2
f

8π2
Λ2 + . . . (62)

∆m2
h,rad = − igs

16π2
Λ2 + . . . (63)

g2
f = gs, Ns = 2Nf (64)

Φ→ Φ� = Φ + �Ψ (65)

Ψα → Ψα�
= Ψα − i(σµ�†)α∂µΦ (66)

kT (67)
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The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 
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When the graviti
no is very light,

direct production in association
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gluinos (squarks) becomes considerable.
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signal.

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to

Pythia6.4 [? ] for PS and hadronization
. In this scheme, ME multi-parton

events are

generated
with a minimum separatio

n, Qcut and pTmin
, between final-stat

e partons (ij) and

between final- and initial-st
ate partons (iB) characte
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d
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(ηi − ηj) − cos(φi − φj)],

where pTi
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is set to the kT value, while the factor
ization

scale for
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of the hardest emission
in the shower. For lower parton-multiplicity

samples

an event is rejecte
d if Q

PS
hardest

> Qcut, while for the highest multiplicity
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in the event. See more

details
in [? ].
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Throughout the present study, we consider a gluino with mass mg̃ = 800 GeV, which lies

above the exclusion limit for certain
simplified SUSY models or general gauge mediation

models [? ? ], and conduct analyses for the LHC at
√

s = 14 TeV. All the left- and right-

handed squarks are fixed at 3 TeV. The corres
ponding LO gluino-pair production

cross

– 6 –

Taking into account additional jets from

initial/fi
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this process leads to the same final

state as gluino (squark) pair poduction,
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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s are ordered with the number of
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multiplicity

in columns.
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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s are ordered with the number of
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multiplicity

in columns.
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Three production mechanisms

The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 
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no is very light,
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At LO, we obtain monojet + /E T
signal.
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. The diagram
s are ordered with the number of
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multiplicity
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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The cross section scales with gravitino mass

The setup

30
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multiplicity
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
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hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface
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. In this scheme, ME multi-parton

events are

generated
with a minimum separatio

n, Qcut and pTmin
, between final-stat

e partons (ij) and

between final- and initial-st
ate partons (iB) characte

rized by the kT jet measure:

d
2
ij

= min(p
2
Ti

, p
2
Tj

)∆R
2
ij

> Q
2
cut,

d
2
iB

= p
2
Ti

> p
2
Tmin

,

(3.1)

with ∆R
2
ij

= 2[cosh
(ηi − ηj) − cos(φi − φj)],

where pTi
, ηi and φi are the transverse

momentum, pseudorapidity and azimuth of particle
i [? ]. The renormalizati

on scale for

αs for each QCD emission
vertex

is set to the kT value, while the factor
ization

scale for

the parton
densities and the renormalizati

on scale for the hard 2→2 process is given
by the

transverse
mass of the particle

s 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 Q
PS
hardest

of the hardest emission
in the shower. For lower parton-multiplicity samples

an event is rejecte
d if Q

PS
hardest

> Qcut, while for the highest multiplicity
sample an event

is rejecte
d if Q

PS
hardest

> Q
ME
softes

t
, the scale of the softest

ME parton
in the event. See more

details
in [? ].

3.1
Physics param

eters
and observa

bles

Throughout the present study, we consider a gluino with mass mg̃ = 800 GeV, which lies
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models [? ? ], and conduct analyses for the LHC at
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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The cross section scales with gravitino mass

The setup

30
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(red) and gluino-pair (black) diagram
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s are ordered with the number of
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multiplicity

in columns.
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 
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s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.
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hms have been proposed (see also [? ]):
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hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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pTmin = 50 GeV (69)
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pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

χ̃0
1 → γG̃ (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

Gravitino production with neutralino NLSP

independent of 
gravitino mass

−igγµ (23)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (24)

pp→ jνν̄ (25)

qq̄ → G̃G̃ (26)

γγ → G̃G̃ (27)

gg → G̃G̃ (28)

gq → G̃G̃q (29)

m3/2 ∼ O(10−13 − 10−9 GeV) (30)

σ ∝ 1

m4
3/2

(31)

σ ∝ 1

m2
3/2

(32)

∼ 1

F
∼ 1

MPl m3/2
(33)

MG̃ ∼ −
E4

(MplmG̃)2
(34)

θ (35)

θ̄ (36)

3

−igγµ (23)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (24)

pp→ jνν̄ (25)

qq̄ → G̃G̃ (26)

γγ → G̃G̃ (27)

gg → G̃G̃ (28)

gq → G̃G̃q (29)

m3/2 ∼ O(10−13 − 10−9 GeV) (30)

σ ∝ 1

m4
3/2

(31)

σ ∝ 1

m2
3/2

(32)

∼ 1

F
∼ 1

MPl m3/2
(33)

MG̃ ∼ −
E4

(MplmG̃)2
(34)

θ (35)

θ̄ (36)

3

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

44

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

gp

p p p

p pSUSY

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

gravitino pair 
production

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

gFor a light graviti
no:

two processes
contribute to jets + /E T

When the graviti
no is very light,

direct production in association
with

gluinos (squarks) becomes considerable.

At LO, we obtain monojet + /E T
signal.

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet
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hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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The gravitino is the LSP.
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Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav
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s are ordered with the number of
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multiplicity

in columns.
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
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The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 

28

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g
SMp

p p p

p pSUSY SUSY

SUSY
SM

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

SM

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

44

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

gp

p p p

p pSUSY

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

gravitino pair 
production

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

gFor a light graviti
no:

two processes
contribute to jets + /E T

When the graviti
no is very light,

direct production in association
with

gluinos (squarks) becomes considerable.

At LO, we obtain monojet + /E T
signal.

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
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Mono-photon signal can arise through extra radiation 
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multiplicity
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Neutralino gravitino associated production depends
also on neutralino mass

The setup
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additional QCD partons in rows, while with the total parton
multiplicity
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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no is very light,

direct production in association
with

gluinos (squarks) becomes considerable.

At LO, we obtain monojet + /E T
signal.

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.
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on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to

Pythia6.4 [? ] for PS and hadronization
. In this scheme, ME multi-parton

events are

generated
with a minimum separatio

n, Qcut and pTmin
, between final-stat

e partons (ij) and

between final- and initial-st
ate partons (iB) characte

rized by the kT jet measure:

d
2
ij

= min(p
2
Ti

, p
2
Tj

)∆R
2
ij

> Q
2
cut,

d
2
iB

= p
2
Ti

> p
2
Tmin

,

(3.1)

with ∆R
2
ij

= 2[cosh
(ηi − ηj) − cos(φi − φj)],

where pTi
, ηi and φi are the transverse

momentum, pseudorapidity and azimuth of particle
i [? ]. The renormalizati

on scale for

αs for each QCD emission
vertex

is set to the kT value, while the factor
ization

scale for

the parton
densities and the renormalizati

on scale for the hard 2→2 process is given
by the

transverse
mass of the particle

s 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 Q
PS
hardest

of the hardest emission
in the shower. For lower parton-multiplicity samples

an event is rejecte
d if Q

PS
hardest

> Qcut, while for the highest multiplicity
sample an event

is rejecte
d if Q

PS
hardest

> Q
ME
softes

t
, the scale of the softest

ME parton
in the event. See more

details
in [? ].

3.1
Physics param

eters
and observa

bles

Throughout the present study, we consider a gluino with mass mg̃ = 800 GeV, which lies

above the exclusion limit for certain
simplified SUSY models or general gauge mediation

models [? ? ], and conduct analyses for the LHC at
√

s = 14 TeV. All the left- and right-

handed squarks are fixed at 3 TeV. The corres
ponding LO gluino-pair production

cross

– 6 –

Taking into account additional jets from

initial/fi
nal state radiation,

this process leads to the same final

state as gluino (squark) pair poduction,

dijet + /E T .

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to

Pythia6.4 [? ] for PS and hadronization
. In this scheme, ME multi-parton

events are

generated
with a minimum separatio

n, Qcut and pTmin
, between final-stat

e partons (ij) and

between final- and initial-st
ate partons (iB) characte

rized by the kT jet measure:

d
2
ij

= min(p
2
Ti

, p
2
Tj

)∆R
2
ij

> Q
2
cut,

d
2
iB

= p
2
Ti

> p
2
Tmin

,

(3.1)

with ∆R
2
ij

= 2[cosh
(ηi − ηj) − cos(φi − φj)],

where pTi
, ηi and φi are the transverse

momentum, pseudorapidity and azimuth of particle
i [? ]. The renormalizati

on scale for

αs for each QCD emission
vertex

is set to the kT value, while the factor
ization

scale for

the parton
densities and the renormalizati

on scale for the hard 2→2 process is given
by the

transverse
mass of the particle

s 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 Q
PS
hardest

of the hardest emission
in the shower. For lower parton-multiplicity samples

an event is rejecte
d if Q

PS
hardest

> Qcut, while for the highest multiplicity
sample an event

is rejecte
d if Q

PS
hardest

> Q
ME
softes

t
, the scale of the softest

ME parton
in the event. See more

details
in [? ].

3.1
Physics param

eters
and observa

bles

Throughout the present study, we consider a gluino with mass mg̃ = 800 GeV, which lies

above the exclusion limit for certain
simplified SUSY models or general gauge mediation

models [? ? ], and conduct analyses for the LHC at
√

s = 14 TeV. All the left- and right-

handed squarks are fixed at 3 TeV. The corres
ponding LO gluino-pair production

cross

– 6 –

Bettina Oexl, Vrije U. Brussel

5

Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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or neutralino decay,                 .
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Gravitino production with neutralino NLSP

independent of 
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Three production mechanisms

The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 
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no is very light,

direct production in association
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signal.

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
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hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
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s = 14 TeV. All the left- and right-

handed squarks are fixed at 3 TeV. The corres
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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multiplicity

in columns.
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as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to

Pythia6.4 [? ] for PS and hadronization
. In this scheme, ME multi-parton

events are

generated
with a minimum separatio

n, Qcut and pTmin
, between final-stat

e partons (ij) and

between final- and initial-st
ate partons (iB) characte

rized by the kT jet measure:

d
2
ij

= min(p
2
Ti

, p
2
Tj

)∆R
2
ij

> Q
2
cut,

d
2
iB

= p
2
Ti

> p
2
Tmin

,

(3.1)

with ∆R
2
ij

= 2[cosh
(ηi − ηj) − cos(φi − φj)],

where pTi
, ηi and φi are the transverse

momentum, pseudorapidity and azimuth of particle
i [? ]. The renormalizati

on scale for

αs for each QCD emission
vertex

is set to the kT value, while the factor
ization

scale for

the parton
densities and the renormalizati

on scale for the hard 2→2 process is given
by the

transverse
mass of the particle

s 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 Q
PS
hardest

of the hardest emission
in the shower. For lower parton-multiplicity samples

an event is rejecte
d if Q

PS
hardest

> Qcut, while for the highest multiplicity
sample an event

is rejecte
d if Q

PS
hardest

> Q
ME
softes

t
, the scale of the softest

ME parton
in the event. See more

details
in [? ].

3.1
Physics param

eters
and observa

bles

Throughout the present study, we consider a gluino with mass mg̃ = 800 GeV, which lies

above the exclusion limit for certain
simplified SUSY models or general gauge mediation

models [? ? ], and conduct analyses for the LHC at
√

s = 14 TeV. All the left- and right-

handed squarks are fixed at 3 TeV. The corres
ponding LO gluino-pair production

cross

– 6 –

Taking into account additional jets from

initial/fi
nal state radiation,

this process leads to the same final

state as gluino (squark) pair poduction,

dijet + /E T .

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to

Pythia6.4 [? ] for PS and hadronization
. In this scheme, ME multi-parton

events are

generated
with a minimum separatio

n, Qcut and pTmin
, between final-stat

e partons (ij) and

between final- and initial-st
ate partons (iB) characte

rized by the kT jet measure:

d
2
ij

= min(p
2
Ti

, p
2
Tj

)∆R
2
ij

> Q
2
cut,

d
2
iB

= p
2
Ti

> p
2
Tmin

,

(3.1)

with ∆R
2
ij

= 2[cosh
(ηi − ηj) − cos(φi − φj)],

where pTi
, ηi and φi are the transverse

momentum, pseudorapidity and azimuth of particle
i [? ]. The renormalizati

on scale for

αs for each QCD emission
vertex

is set to the kT value, while the factor
ization

scale for

the parton
densities and the renormalizati

on scale for the hard 2→2 process is given
by the

transverse
mass of the particle

s 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 Q
PS
hardest

of the hardest emission
in the shower. For lower parton-multiplicity samples

an event is rejecte
d if Q

PS
hardest

> Qcut, while for the highest multiplicity
sample an event

is rejecte
d if Q

PS
hardest

> Q
ME
softes

t
, the scale of the softest

ME parton
in the event. See more

details
in [? ].

3.1
Physics param

eters
and observa

bles

Throughout the present study, we consider a gluino with mass mg̃ = 800 GeV, which lies

above the exclusion limit for certain
simplified SUSY models or general gauge mediation

models [? ? ], and conduct analyses for the LHC at
√

s = 14 TeV. All the left- and right-

handed squarks are fixed at 3 TeV. The corres
ponding LO gluino-pair production

cross

– 6 –

Bettina Oexl, Vrije U. Brussel

5

Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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The gravitino is the LSP.
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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pp→ partons + G̃G̃ (73)
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pp→ jets + /ET (76)
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in columns.
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Gravitino production with neutralino NLSP

independent of 
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Three production mechanisms

The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 
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signal.

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.
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the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?
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In our analysis we make use of the shower-kT scheme, which is based on event rejecti
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n and interface

d to

Pythia6.4 [? ] for PS and hadronization
. In this scheme, ME multi-parton

events are

generated
with a minimum separatio

n, Qcut and pTmin
, between final-stat

e partons (ij) and

between final- and initial-st
ate partons (iB) characte

rized by the kT jet measure:

d
2
ij

= min(p
2
Ti

, p
2
Tj

)∆R
2
ij

> Q
2
cut,

d
2
iB

= p
2
Ti

> p
2
Tmin

,

(3.1)

with ∆R
2
ij

= 2[cosh
(ηi − ηj) − cos(φi − φj)],

where pTi
, ηi and φi are the transverse

momentum, pseudorapidity and azimuth of particle
i [? ]. The renormalizati

on scale for

αs for each QCD emission
vertex

is set to the kT value, while the factor
ization

scale for

the parton
densities and the renormalizati

on scale for the hard 2→2 process is given
by the

transverse
mass of the particle

s 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 Q
PS
hardest

of the hardest emission
in the shower. For lower parton-multiplicity samples

an event is rejecte
d if Q

PS
hardest

> Qcut, while for the highest multiplicity
sample an event

is rejecte
d if Q

PS
hardest

> Q
ME
softes

t
, the scale of the softest

ME parton
in the event. See more

details
in [? ].

3.1
Physics param

eters
and observa

bles

Throughout the present study, we consider a gluino with mass mg̃ = 800 GeV, which lies
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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ẽ (8)

10−32 = 0.00000000000000000000000000000001 (9)

1013 eV = 10 TeV (10)

1010 eV = 10 GeV (11)

mq̃ (12)

�c
Γ

< l (13)

1

√
F [GeV] ↔ m3/2 [GeV]

1010 102

105 10−9

103 10−13

m3/2 ∼
1

MPl
F (1)

length ∼ 1

energy
(2)

10−10 m (3)

10−20 m (4)

10−30 m (5)

e+ (6)

e− (7)
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Neutralino gravitino production cross section drops due to phase
space closure.
Depending on SUSY parameters, a different sub-process dominates.
We choose parameters such that both processes are comparable.
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The work-flow of our phenomenological study

1

FeynRules

L = ψ̄i /Dψ (1)

−igγµ (2)

iM∼ v̄(p2)γ
ν(/p1

− /p5
)γµu(p1)· (3)

qq̄ → G̃G̃ (4)

γγ → G̃G̃ (5)

gg → G̃G̃ (6)

gq → G̃G̃q (7)

m3/2 ∼ O(10−13 − 10−12 GeV) (8)

m3/2 ≥ 2× 10−13 GeV (9)

MG̃ ∼ −
E4

(MplmG̃)2
(10)

θ (11)

θ̄ (12)

x (13)

1

Feynman rules

UFO model:  vertices.py, parameters.py, ...

 

MadGraph

page 1/1

Diagrams made by MadGraph5_aMC@NLO
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Feynman diagrams

Events at 
the parton level

Helicity amplitudes

L = ψ̄i /Dψ (1)

−igγµ (2)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (3)

pp→ jνν̄ (4)

qq̄ → G̃G̃ (5)

γγ → G̃G̃ (6)

gg → G̃G̃ (7)

gq → G̃G̃q (8)

m3/2 ∼ O(10−13 − 10−12 GeV) (9)

m3/2 ≥ 2× 10−13 GeV (10)

MG̃ ∼ −
E4

(MplmG̃)2
(11)

θ (12)

θ̄ (13)

1

Parton level event file: unweighted_events.lhe

        2   -1    0    0  502    0   0.00000000000E+00   0.00000000000E+00  
       -2   -1    0    0    0  501   0.00000000000E+00   0.00000000000E+00 

       23    2    1    2    0    0   -0.10517156134E+03  -0.10962553294E+02   ...
       14    1    3    3    0    0   -0.12058574507E+03  -0.12149486638E+02  
      -14    1    3    3    0    0    0.15414183729E+02   0.11869333442E+01 
       21    1    1    2  502  501  0.10517156134E+03  0.10962553294E+02 

Process

L = ψ̄i /Dψ (1)

−igγµ (2)

iM∼ v̄(p2)γ
ν(/p1

− /p5
)γµu(p1) · · · (3)

pp→ jνν̄ (4)

qq̄ → G̃G̃ (5)

γγ → G̃G̃ (6)

gg → G̃G̃ (7)

gq → G̃G̃q (8)

m3/2 ∼ O(10−13 − 10−12 GeV) (9)

m3/2 ≥ 2× 10−13 GeV (10)

MG̃ ∼ −
E4

(MplmG̃)2
(11)

θ (12)

θ̄ (13)

1

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (10)

δφ(x) ∼ �χ(x) (11)

δφ(x) ∼ �(x)χ(x) (12)

Planck scale MPl ≈ 1019 GeV (13)

SUSY breaking scale
√

F (14)

∼ 1/MPl (15)

φ↔ ψ (16)

γ̃ (17)

|M̂±,±∓| (18)

|M̂±,±±| (19)

mẽ√
s

(20)

mχ̃√
s

(21)

L = ψ̄i /Dψ (22)

−igγµ (23)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (24)

2Unweighted events

http://feynrules.irmp. 
ucl.ac.be/

https://launchpad.net/
mg5amcnlo
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With FeynRules, we construct consistent model

It contains 4 fermion interactions,

and the sgoldstino.

We can cover the whole parameter space of SUSY particle masses,

we can treat both contributing sub-processes within one model file.
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A 1-minute tutorial to MadGraph5 aMC@NLO

With MadGraph5, we can simulate any process with gravitinos.
Download https://launchpad.net/mg5amcnlo.

.\bin\mg5 aMC → start MadGraph in a shell
> import model MSSM GLD → import the model
> generate e+ e- > gld gld a → generate process

> output → write the code
> launch → generate events
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SM background is efficiently reduced by
cuts and polarized beams

The SM background is e+e− → γνν̄.

Contributions from e+e− → γZ → γνν̄ are removed by requiring

Eγ <
s −m2

Z

2
√
s
− 5ΓZ .

Using polarized beams reduces contributions from W :

(Pe− ,Pe+ ) mχ̃ [GeV] χ̃G̃ G̃ G̃ SM bkg [fb]

650 49.2
(0, 0) 750 15.8 21.1 1452

850 2.5

650 75.8
(0.9,−0.6) 750 24.3 32.7 64.9

850 3.4√
s = 1 TeV, m3/2 = 2× 10−13 GeV, mẽ = 2 TeV
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SM background is efficiently reduced by
cuts and polarized beams

The SM background is e+e− → γνν̄.

Contributions from e+e− → γZ → γνν̄ are removed by requiring
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− 5ΓZ .
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650 49.2
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Result: Photon energy distribution
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The gravitino is the LSP.
                                               m3/2 ∼ O(10−13 − 10−12 GeV) (1)

m3/2 = 2× 10−13 GeV (2)

MG̃ ∼ −
E4

(MplmG̃)2
(3)

θ (4)

θ̄ (5)

x (6)

.m3/2 ∼
(MSUSY)2

Mpl
. (7)

m3/2 ∼ 10−13GeV (8)

m3/2 = 1 · 10−13GeV (9)

m3/2 = 3 · 10−13GeV (10)

m3/2 = 9 · 10−13GeV (11)

jets + /ET (12)

W+
L (13)

iMgauge =
g2E4

16m4
W

(−3 + 6 cos θ + cos2 θ − 4 cos θ + 3− 2 cos θ − cos2 θ)

+
g2E2

8m2
W

(4− 12 cos θ − 2 cos θ + 15 cos θ − 3)

+ terms independent of E and O(
m2

W

E2
)

F = O(1)TeV (14)

1

m3/2 = O(10−13)GeV (42)

E � m (43)

E � mW (44)

dσ

d cos θ
(W+

L W−
L →W+

L W−
L ) =

1

32πE2
|M|2 (45)

φ+ (46)

φ− (47)

m3/2 ∼
F

Mpl
(48)

(χ̃→ G̃γ)G̃ (49)

G̃G̃ + γ (50)

G̃G̃ (51)

mφ = 1 TeV (52)

mχ̃ = 500GeV (53)

E � mφ,χ̃ (54)

γγ → G̃G̃ (55)

iMgauge = +
g2E2

8m2
W

(1 + cos θ) + terms independent of E and O(
m2

W

E2
)

iMH = − g2E2

8m2
W

(1 + cos θ) + terms independent of E and O(
m2

E2
)

4

mass

Squarks are assumed to be heavy.
q̃ (1)

LQED ⊃ ψ̄i/∂ψ (2)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (3)

δψ(x) ∼ iα(x)ψ(x) (4)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (5)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (6)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (7)

δφ(x) ∼ �χ(x) (8)

δφ(x) ∼ �(x)χ(x) (9)

MPl : Planck scale (10)

F : SUSY breaking scale (11)

hµν (12)

φ↔ ψ (13)

γ̃ (14)
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2 (3)
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F

MPl
(5)

LQED ⊃ ψ̄i/∂ψ (6)
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mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (7)

δψ(x) ∼ iα(x)ψ(x) (8)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (9)

1

The gluino is the next-to-lightest SUSY particle (NLSP).
It promptly decays into a gluon and a gravitino.

iMsum = − g2

8(1 + cos θ)

�
− 4

m2
h

m2
W

(1− cos θ) +
2

cw
(3 + cos θ)

�

+O(
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E2
)

m2
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E
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(57)
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F 2
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3/2

(58)

mG̃ (GeV) (59)

g̃ (60)

√
F = O(103) GeV (61)
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h,rad = +
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f

8π2
Λ2 + . . . (62)

∆m2
h,rad = − igs

16π2
Λ2 + . . . (63)

g2
f = gs, Ns = 2Nf (64)

Φ→ Φ� = Φ + �Ψ (65)

Ψα → Ψα�
= Ψα − i(σµ�†)α∂µΦ (66)

kT (67)
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Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
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multiplicity
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In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
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ẽ (8)

10−32 = 0.00000000000000000000000000000001 (9)

1013 eV = 10 TeV (10)

1010 eV = 10 GeV (11)

mq̃ (12)

�c
Γ

< l (13)

1

√
F [GeV] ↔ m3/2 [GeV]

1010 102

105 10−9

103 10−13

m3/2 ∼
1

MPl
F (1)

length ∼ 1

energy
(2)

10−10 m (3)

10−20 m (4)

10−30 m (5)

e+ (6)

e− (7)
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Gravitino production with neutralino NLSP

independent of 
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Three production mechanisms

The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 
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no is very light,

direct production in association
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gluinos (squarks) becomes considerable.

At LO, we obtain monojet + /E T
signal.

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav
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(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.
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multi-jet

merging algorit
hms have been proposed (see also [? ]):
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 

28

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g
SMp

p p p

p pSUSY SUSY

SUSY
SM

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

SM

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

44

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

gp

p p p

p pSUSY

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

gravitino pair 
production

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

gFor a light graviti
no:

two processes
contribute to jets + /E T

When the graviti
no is very light,

direct production in association
with

gluinos (squarks) becomes considerable.

At LO, we obtain monojet + /E T
signal.
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s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)
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Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav
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(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
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hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
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√

s = 14 TeV. All the left- and right-
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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multiplicity

in columns.
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Gravitino production with neutralino NLSP

independent of 
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Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino
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s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet
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hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface
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Pythia6.4 [? ] for PS and hadronization
. In this scheme, ME multi-parton
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Three production mechanisms

The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 
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At LO, we obtain monojet + /E T
signal.
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s are ordered with the number of
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multiplicity
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Gravitino production with neutralino NLSP

independent of 
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√
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1

Photon from gravitino pair production is
mostly soft.
It is independent of the neutralino mass.

Flat contribution in higher energy region
comes from neutralino gravitino
associated production, with energy

m2
χ̃

2
√
s
< Eγ <

√
s

2
.

We can determine neutralino mass.

We can extract information about gravitino mass
and other SUSY particle masses.
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Result: Photon energy distribution
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(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

mono-photon+ di-photon +mono-photon+ 

neutralino gravitino
associated production

neutralino 
pair production

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

χ̃0
1 → γG̃ (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

Gravitino production with neutralino NLSP

independent of 
gravitino mass

−igγµ (23)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (24)

pp→ jνν̄ (25)

qq̄ → G̃G̃ (26)

γγ → G̃G̃ (27)

gg → G̃G̃ (28)

gq → G̃G̃q (29)

m3/2 ∼ O(10−13 − 10−9 GeV) (30)

σ ∝ 1

m4
3/2

(31)

σ ∝ 1

m2
3/2

(32)

∼ 1

F
∼ 1

MPl m3/2
(33)

MG̃ ∼ −
E4

(MplmG̃)2
(34)

θ (35)

θ̄ (36)

3

−igγµ (23)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (24)

pp→ jνν̄ (25)

qq̄ → G̃G̃ (26)

γγ → G̃G̃ (27)

gg → G̃G̃ (28)

gq → G̃G̃q (29)

m3/2 ∼ O(10−13 − 10−9 GeV) (30)

σ ∝ 1

m4
3/2

(31)

σ ∝ 1

m2
3/2

(32)

∼ 1

F
∼ 1

MPl m3/2
(33)

MG̃ ∼ −
E4

(MplmG̃)2
(34)

θ (35)

θ̄ (36)

3

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

44

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

gp

p p p

p pSUSY

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

gravitino pair 
production

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

gFor a light graviti
no:

two processes
contribute to jets + /E T

When the graviti
no is very light,

direct production in association
with

gluinos (squarks) becomes considerable.

At LO, we obtain monojet + /E T
signal.

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to

Pythia6.4 [? ] for PS and hadronization
. In this scheme, ME multi-parton

events are

generated
with a minimum separatio

n, Qcut and pTmin
, between final-stat

e partons (ij) and

between final- and initial-st
ate partons (iB) characte

rized by the kT jet measure:

d
2
ij

= min(p
2
Ti

, p
2
Tj

)∆R
2
ij

> Q
2
cut,

d
2
iB

= p
2
Ti

> p
2
Tmin

,

(3.1)

with ∆R
2
ij

= 2[cosh
(ηi − ηj) − cos(φi − φj)],

where pTi
, ηi and φi are the transverse

momentum, pseudorapidity and azimuth of particle
i [? ]. The renormalizati

on scale for

αs for each QCD emission
vertex

is set to the kT value, while the factor
ization

scale for

the parton
densities and the renormalizati

on scale for the hard 2→2 process is given
by the

transverse
mass of the particle

s 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 Q
PS
hardest

of the hardest emission
in the shower. For lower parton-multiplicity samples

an event is rejecte
d if Q

PS
hardest

> Qcut, while for the highest multiplicity
sample an event

is rejecte
d if Q

PS
hardest

> Q
ME
softes

t
, the scale of the softest

ME parton
in the event. See more

details
in [? ].

3.1
Physics param

eters
and observa

bles

Throughout the present study, we consider a gluino with mass mg̃ = 800 GeV, which lies

above the exclusion limit for certain
simplified SUSY models or general gauge mediation

models [? ? ], and conduct analyses for the LHC at
√

s = 14 TeV. All the left- and right-

handed squarks are fixed at 3 TeV. The corres
ponding LO gluino-pair production

cross

– 6 –

Taking into account additional jets from

initial/fi
nal state radiation,

this process leads to the same final

state as gluino (squark) pair poduction,

dijet + /E T .

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to

Pythia6.4 [? ] for PS and hadronization
. In this scheme, ME multi-parton

events are

generated
with a minimum separatio

n, Qcut and pTmin
, between final-stat

e partons (ij) and

between final- and initial-st
ate partons (iB) characte

rized by the kT jet measure:

d
2
ij

= min(p
2
Ti

, p
2
Tj

)∆R
2
ij

> Q
2
cut,

d
2
iB

= p
2
Ti

> p
2
Tmin

,

(3.1)

with ∆R
2
ij

= 2[cosh
(ηi − ηj) − cos(φi − φj)],

where pTi
, ηi and φi are the transverse

momentum, pseudorapidity and azimuth of particle
i [? ]. The renormalizati

on scale for

αs for each QCD emission
vertex

is set to the kT value, while the factor
ization

scale for

the parton
densities and the renormalizati

on scale for the hard 2→2 process is given
by the

transverse
mass of the particle

s 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 Q
PS
hardest

of the hardest emission
in the shower. For lower parton-multiplicity samples

an event is rejecte
d if Q

PS
hardest

> Qcut, while for the highest multiplicity
sample an event

is rejecte
d if Q

PS
hardest

> Q
ME
softes

t
, the scale of the softest

ME parton
in the event. See more

details
in [? ].

3.1
Physics param

eters
and observa

bles

Throughout the present study, we consider a gluino with mass mg̃ = 800 GeV, which lies

above the exclusion limit for certain
simplified SUSY models or general gauge mediation

models [? ? ], and conduct analyses for the LHC at
√

s = 14 TeV. All the left- and right-

handed squarks are fixed at 3 TeV. The corres
ponding LO gluino-pair production

cross

– 6 –

Bettina Oexl, Vrije U. Brussel

5

Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

mono-photon+ di-photon +mono-photon+ 

neutralino gravitino
associated production

neutralino 
pair production

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)
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independent of 
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Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.
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on,
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

mono-photon+ di-photon +mono-photon+ 

neutralino gravitino
associated production

neutralino 
pair production

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

χ̃0
1 → γG̃ (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

Gravitino production with neutralino NLSP

independent of 
gravitino mass

−igγµ (23)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (24)

pp→ jνν̄ (25)

qq̄ → G̃G̃ (26)

γγ → G̃G̃ (27)

gg → G̃G̃ (28)

gq → G̃G̃q (29)

m3/2 ∼ O(10−13 − 10−9 GeV) (30)

σ ∝ 1

m4
3/2

(31)

σ ∝ 1

m2
3/2

(32)

∼ 1

F
∼ 1

MPl m3/2
(33)

MG̃ ∼ −
E4

(MplmG̃)2
(34)

θ (35)

θ̄ (36)

3

−igγµ (23)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (24)

pp→ jνν̄ (25)

qq̄ → G̃G̃ (26)

γγ → G̃G̃ (27)

gg → G̃G̃ (28)

gq → G̃G̃q (29)

m3/2 ∼ O(10−13 − 10−9 GeV) (30)

σ ∝ 1

m4
3/2

(31)

σ ∝ 1

m2
3/2

(32)

∼ 1

F
∼ 1

MPl m3/2
(33)

MG̃ ∼ −
E4

(MplmG̃)2
(34)

θ (35)

θ̄ (36)

3

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

44

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

gp

p p p

p pSUSY

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

gravitino pair 
production

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

gFor a light graviti
no:

two processes
contribute to jets + /E T

When the graviti
no is very light,

direct production in association
with

gluinos (squarks) becomes considerable.

At LO, we obtain monojet + /E T
signal.

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Three production mechanisms

The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 
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no is very light,
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At LO, we obtain monojet + /E T
signal.
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

mono-photon+ di-photon +mono-photon+ 

neutralino gravitino
associated production

neutralino 
pair production

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

χ̃0
1 → γG̃ (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

Gravitino production with neutralino NLSP

independent of 
gravitino mass

−igγµ (23)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (24)

pp→ jνν̄ (25)

qq̄ → G̃G̃ (26)

γγ → G̃G̃ (27)

gg → G̃G̃ (28)

gq → G̃G̃q (29)

m3/2 ∼ O(10−13 − 10−9 GeV) (30)

σ ∝ 1

m4
3/2

(31)

σ ∝ 1

m2
3/2

(32)

∼ 1

F
∼ 1

MPl m3/2
(33)

MG̃ ∼ −
E4

(MplmG̃)2
(34)

θ (35)

θ̄ (36)

3

−igγµ (23)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (24)

pp→ jνν̄ (25)

qq̄ → G̃G̃ (26)

γγ → G̃G̃ (27)

gg → G̃G̃ (28)

gq → G̃G̃q (29)

m3/2 ∼ O(10−13 − 10−9 GeV) (30)

σ ∝ 1

m4
3/2

(31)

σ ∝ 1

m2
3/2

(32)

∼ 1

F
∼ 1

MPl m3/2
(33)

MG̃ ∼ −
E4

(MplmG̃)2
(34)

θ (35)

θ̄ (36)

3

√
F [GeV] ↔ m3/2 [GeV]

1010 102

105 10−9

103 10−13

m3/2 ∼
1

MPl
F (1)

length ∼ 1

energy
(2)

10−10 m (3)

10−20 m (4)

10−30 m (5)

e+ (6)

e− (7)
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
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Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav
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(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
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hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface
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. In this scheme, ME multi-parton
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Gravitino production with neutralino NLSP

independent of 
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√
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energy
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ẽ (8)
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1

Photon from gravitino pair production is
mostly soft.
It is independent of the neutralino mass.

Flat contribution in higher energy region
comes from neutralino gravitino
associated production, with energy

m2
χ̃

2
√
s
< Eγ <

√
s

2
.

We can determine neutralino mass.

We can extract information about gravitino mass
and other SUSY particle masses.
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Result: Photon energy distribution
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Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav
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(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 
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s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.
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merging procedure. Several
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hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)
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Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
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hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
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models [? ? ], and conduct analyses for the LHC at
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dijet + /E T .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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The gravitino is the lightest SUSY particle (LSP) and R-parity is conserved. 
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To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to

Pythia6.4 [? ] for PS and hadronization
. In this scheme, ME multi-parton

events are

generated
with a minimum separatio

n, Qcut and pTmin
, between final-stat

e partons (ij) and

between final- and initial-st
ate partons (iB) characte

rized by the kT jet measure:

d
2
ij

= min(p
2
Ti

, p
2
Tj

)∆R
2
ij

> Q
2
cut,

d
2
iB

= p
2
Ti

> p
2
Tmin

,

(3.1)

with ∆R
2
ij

= 2[cosh
(ηi − ηj) − cos(φi − φj)],

where pTi
, ηi and φi are the transverse

momentum, pseudorapidity and azimuth of particle
i [? ]. The renormalizati

on scale for

αs for each QCD emission
vertex

is set to the kT value, while the factor
ization

scale for

the parton
densities and the renormalizati

on scale for the hard 2→2 process is given
by the

transverse
mass of the particle

s 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 Q
PS
hardest

of the hardest emission
in the shower. For lower parton-multiplicity samples

an event is rejecte
d if Q

PS
hardest

> Qcut, while for the highest multiplicity
sample an event

is rejecte
d if Q

PS
hardest

> Q
ME
softes

t
, the scale of the softest

ME parton
in the event. See more

details
in [? ].

3.1
Physics param

eters
and observa

bles

Throughout the present study, we consider a gluino with mass mg̃ = 800 GeV, which lies

above the exclusion limit for certain
simplified SUSY models or general gauge mediation

models [? ? ], and conduct analyses for the LHC at
√

s = 14 TeV. All the left- and right-

handed squarks are fixed at 3 TeV. The corres
ponding LO gluino-pair production

cross

– 6 –

Taking into account additional jets from

initial/fi
nal state radiation,

this process leads to the same final

state as gluino (squark) pair poduction,

dijet + /E T .

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to

Pythia6.4 [? ] for PS and hadronization
. In this scheme, ME multi-parton

events are

generated
with a minimum separatio

n, Qcut and pTmin
, between final-stat

e partons (ij) and

between final- and initial-st
ate partons (iB) characte

rized by the kT jet measure:

d
2
ij

= min(p
2
Ti

, p
2
Tj

)∆R
2
ij

> Q
2
cut,

d
2
iB

= p
2
Ti

> p
2
Tmin

,

(3.1)

with ∆R
2
ij

= 2[cosh
(ηi − ηj) − cos(φi − φj)],

where pTi
, ηi and φi are the transverse

momentum, pseudorapidity and azimuth of particle
i [? ]. The renormalizati

on scale for

αs for each QCD emission
vertex

is set to the kT value, while the factor
ization

scale for

the parton
densities and the renormalizati

on scale for the hard 2→2 process is given
by the

transverse
mass of the particle

s 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 Q
PS
hardest

of the hardest emission
in the shower. For lower parton-multiplicity samples

an event is rejecte
d if Q

PS
hardest

> Qcut, while for the highest multiplicity
sample an event

is rejecte
d if Q

PS
hardest

> Q
ME
softes

t
, the scale of the softest

ME parton
in the event. See more

details
in [? ].

3.1
Physics param

eters
and observa

bles

Throughout the present study, we consider a gluino with mass mg̃ = 800 GeV, which lies

above the exclusion limit for certain
simplified SUSY models or general gauge mediation

models [? ? ], and conduct analyses for the LHC at
√

s = 14 TeV. All the left- and right-

handed squarks are fixed at 3 TeV. The corres
ponding LO gluino-pair production

cross

– 6 –

Bettina Oexl, Vrije U. Brussel

5

Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
g̃ g̃

g̃

g

g

g

G̃

G̃

G̃

G̃

G̃

G̃

p

p

p p

pp
χ̃0

1 χ̃0
1

χ̃0
1

γ

γ

γ

γ

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

χ̃0
1 (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

mono-photon+ di-photon +mono-photon+ 

neutralino gravitino
associated production

neutralino 
pair production

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

g̃ → G̃g (67)

/ET > 200 GeV (68)

Qcut = 100 GeV

pTmin = 50 GeV (69)

pp→ g̃G̃→ gG̃G̃ + partons (70)

pp→ g̃g̃ → ggG̃G̃ + partons (71)

mt∗ (72)

pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)

6

χ̃0
1 → γG̃ (1)

γ (2)

LQED ⊃ ψ̄i/∂ψ (3)

Lint ⊃ −
mλ

4
√

2 F
ψ̄[γµ, γν ]λaF a

µν (4)

δψ(x) ∼ iα(x)ψ(x) (5)

δχα ∼ i(�̄σ̄µ)α∂µφ(x) (6)

δχα ∼ i(�̄(x)σ̄µ)α∂µφ(x) (7)

LWZ ⊃ ∂µφ
∗∂µφ− i∂µχσ

µχ̄ (8)

δφ(x) ∼ �χ(x) (9)

δφ(x) ∼ �(x)χ(x) (10)

MPl : Planck scale (11)

F : SUSY breaking scale (12)

hµν (13)

φ↔ ψ (14)

1

Gravitino production with neutralino NLSP

independent of 
gravitino mass

−igγµ (23)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (24)

pp→ jνν̄ (25)

qq̄ → G̃G̃ (26)

γγ → G̃G̃ (27)

gg → G̃G̃ (28)

gq → G̃G̃q (29)

m3/2 ∼ O(10−13 − 10−9 GeV) (30)

σ ∝ 1

m4
3/2

(31)

σ ∝ 1

m2
3/2

(32)

∼ 1

F
∼ 1

MPl m3/2
(33)

MG̃ ∼ −
E4

(MplmG̃)2
(34)

θ (35)

θ̄ (36)

3

−igγµ (23)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (24)

pp→ jνν̄ (25)

qq̄ → G̃G̃ (26)

γγ → G̃G̃ (27)

gg → G̃G̃ (28)

gq → G̃G̃q (29)

m3/2 ∼ O(10−13 − 10−9 GeV) (30)

σ ∝ 1

m4
3/2

(31)

σ ∝ 1

m2
3/2

(32)

∼ 1

F
∼ 1

MPl m3/2
(33)

MG̃ ∼ −
E4

(MplmG̃)2
(34)

θ (35)

θ̄ (36)

3

√
F [GeV] ↔ m3/2 [GeV]

1010 102

105 10−9

103 10−13

m3/2 ∼
1

MPl
F (1)

length ∼ 1

energy
(2)

10−10 m (3)

10−20 m (4)

10−30 m (5)

e+ (6)

e− (7)
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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1

Photon from gravitino pair production is
mostly soft.
It is independent of the neutralino mass.

Flat contribution in higher energy region
comes from neutralino gravitino
associated production, with energy

m2
χ̃

2
√
s
< Eγ <

√
s

2
.

We can determine neutralino mass.

We can extract information about gravitino mass
and other SUSY particle masses.
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The cross section is sensitive to the squark masses

We study the process
pp → γG̃ G̃ → γ /ET .

We assume neutralino to be too
heavy to be produced on-shell.
Only gravitino-pair production
contributes.
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gFor a light graviti
no:

two processes
contribute to jets + /E T

When the graviti
no is very light,

direct production in association
with

gluinos (squarks) becomes considerable.

At LO, we obtain monojet + /E T
signal.

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to

Pythia6.4 [? ] for PS and hadronization
. In this scheme, ME multi-parton

events are

generated
with a minimum separatio

n, Qcut and pTmin
, between final-stat

e partons (ij) and

between final- and initial-st
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, ηi and φi are the transverse

momentum, pseudorapidity and azimuth of particle
i [? ]. The renormalizati
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αs for each QCD emission
vertex

is set to the kT value, while the factor
ization

scale for

the parton
densities and the renormalizati

on scale for the hard 2→2 process is given
by the

transverse
mass of the particle

s produced in the central process. The ME-level
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then passed
to Pythia and showered using the pT -ordered shower, and Pythia reports the
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of the hardest emission
in the shower. For lower parton-multiplicity samples
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> Qcut, while for the highest multiplicity
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d if Q
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hardest

> Q
ME
softes

t
, the scale of the softest
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in the event. See more

details
in [? ].

3.1
Physics param

eters
and observa

bles

Throughout the present study, we consider a gluino with mass mg̃ = 800 GeV, which lies

above the exclusion limit for certain
simplified SUSY models or general gauge mediation

models [? ? ], and conduct analyses for the LHC at
√

s = 14 TeV. All the left- and right-

handed squarks are fixed at 3 TeV. The corres
ponding LO gluino-pair production

cross

– 6 –

Taking into account additional jets from

initial/fi
nal state radiation,

this process leads to the same final

state as gluino (squark) pair poduction,

dijet + /E T .

Figure 2. Schematic diagram
s for pp→ partons+G̃G̃. In the first row the leading gluino-grav

itino

(red) and gluino-pair (black) diagram
s are sorted

. The diagram
s are ordered with the number of

additional QCD partons in rows, while with the total parton
multiplicity

in columns.

To combine the two approaches avoiding double counting, one needs an appropriate

merging procedure. Several
multi-jet

merging algorit
hms have been proposed (see also [? ]):

the CKKW-based method [? ? ], the MLM scheme [? ? ], the pseudo-shower algorit
hm [?

], and the shower-kT scheme [? ].

In our analysis we make use of the shower-kT scheme, which is based on event rejecti
on,

as implemented in MadGraph [? ? ] for fixed-order ME generatio
n and interface

d to

Pythia6.4 [? ] for PS and hadronization
. In this scheme, ME multi-parton

events are

generated
with a minimum separatio

n, Qcut and pTmin
, between final-stat

e partons (ij) and

between final- and initial-st
ate partons (iB) characte

rized by the kT jet measure:

d
2
ij

= min(p
2
Ti

, p
2
Tj

)∆R
2
ij

> Q
2
cut,

d
2
iB

= p
2
Ti

> p
2
Tmin

,

(3.1)

with ∆R
2
ij

= 2[cosh
(ηi − ηj) − cos(φi − φj)],

where pTi
, ηi and φi are the transverse

momentum, pseudorapidity and azimuth of particle
i [? ]. The renormalizati

on scale for

αs for each QCD emission
vertex

is set to the kT value, while the factor
ization

scale for

the parton
densities and the renormalizati

on scale for the hard 2→2 process is given
by the

transverse
mass of the particle

s 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 Q
PS
hardest

of the hardest emission
in the shower. For lower parton-multiplicity samples

an event is rejecte
d if Q

PS
hardest

> Qcut, while for the highest multiplicity
sample an event

is rejecte
d if Q

PS
hardest

> Q
ME
softes

t
, the scale of the softest

ME parton
in the event. See more

details
in [? ].

3.1
Physics param

eters
and observa

bles

Throughout the present study, we consider a gluino with mass mg̃ = 800 GeV, which lies

above the exclusion limit for certain
simplified SUSY models or general gauge mediation

models [? ? ], and conduct analyses for the LHC at
√

s = 14 TeV. All the left- and right-

handed squarks are fixed at 3 TeV. The corres
ponding LO gluino-pair production

cross

– 6 –

Bettina Oexl, Vrije U. Brussel

5

Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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independent of 
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The couplings are sensitive to
squark masses.

45

The cross section is sensitive to the squark masses

The couplings depend on the squark masses.
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The cross section is sensitive to the squark masses

We study the process
pp → γG̃ G̃ → γ /ET .

We assume neutralino to be too
heavy to be produced on-shell.
Only gravitino-pair production
contributes.
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Mono-photon signal can arise through extra radiation 
or neutralino decay,                 .
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mono-photon+ di-photon +mono-photon+ 

neutralino gravitino
associated production

neutralino 
pair production
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pp→ partons + G̃G̃ (73)

→ gG̃G̃ (74)

g̃ → G̃g (75)

pp→ jets + /ET (76)

.g̃ → G̃g. (77)

pp→ jets + (Z → νν̄) (78)

.Pmiss
T > 500 GeV ∨ /ET > 500 GeV. (79)
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Gravitino production with neutralino NLSP

independent of 
gravitino mass

−igγµ (23)

iM∼ v̄(p2, λ2)γ
ν(/p1

− /p5
)γµu(p1, λ1) · · · (24)

pp→ jνν̄ (25)

qq̄ → G̃G̃ (26)

γγ → G̃G̃ (27)

gg → G̃G̃ (28)

gq → G̃G̃q (29)

m3/2 ∼ O(10−13 − 10−9 GeV) (30)

σ ∝ 1

m4
3/2

(31)

σ ∝ 1

m2
3/2

(32)

∼ 1

F
∼ 1

MPl m3/2
(33)

MG̃ ∼ −
E4

(MplmG̃)2
(34)

θ (35)

θ̄ (36)
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The couplings are sensitive to
squark masses.

Work in progress, F. Maltoni, A. Martini,
K. Mawatari, BO
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We set a lower bound on the gravitino mass

Both ATLAS and CMS set an upper bound in the visible cross section of
a new physics process.
We interpret this result in terms of light gravitino production.

Work in progress, F. Maltoni, A. Martini,
K. Mawatari, BO
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m
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For the heavy SUSY mass
limit, gravitino masses below
m3/2 < 1× 10−13 GeV are
excluded at 95% CL.

For light squark masses,
the limits are lower.

Allowing neutralino to be light
can modify the limits.
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Summary

We revisited the mono-photon+/E signal arising from light gravitino
production.

Two processes contribute: gravitino pair production and
neutralino gravitino associated production.
Their importance varies with the gravitino and neutralino masses
as well as with kinematical cuts.

We showed how to extract information about the
gravitino mass as well as the other SUSY particle
masses from the photon spectrum.
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We interpreted the limit on the mono-photon+/ET signal at the LHC in
terms of gravitino production and set a limit on the gravitino mass.
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Goldstino gravitino equivalence theorem

Replace the spin-3/2 gravitino field by the spin-1/2 goldstino field
as ψµ ∼

√
2/3 ∂µψ/m3/2.

The effective interaction Lagrangian in non-derivative form is

Lint =±
im2

φi
L/R√

3MPlm3/2

[
ψ̄PL/R f

i (φiL/R)∗ − f̄ iPR/Lψ φ
i
L/R

]

− mλ

4
√

6MPlm3/2

ψ̄[γµ, γν ]λaF a
µν .
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The interaction Lagrangian in terms of component fields

LG̃ = ∓
im2

ẽ±

F
(ψ̄G̃P±ψeφ

∗
ẽ± − ψ̄eP∓ψG̃φẽ±)

− mχ̃

4
√

2F
ψ̄G̃ [γµ, γν ]ψχ̃Fµν

−
m2

ẽ±

F 2
ψ̄eP∓ψG̃ ψ̄G̃P±ψe ,

LS ,P = −
m2
φ

2
√

2F
ψ̄G̃ (φS + iγ5φP)ψG̃

+
mχ̃

2
√

2F
(φSF

µνFµν − φPFµν F̃µν),

Lvis = geψ̄eγµψeA
µ + ige(φ∗ẽ±

←→
∂µφẽ±)Aµ

∓
√

2ge(ψ̄χ̃P±ψeφ
∗
ẽ± + ψ̄eP∓ψχ̃φẽ±),
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The helicity amplitudes of e+e− → G̃ G̃

e−
(
p1,

λ1

2

)
+ e+

(
p2,

λ2

2

)
→ G̃

(
p3,

λ3

2

)
+ G̃

(
p4,

λ4

2

)
,

Due to the helicity structure, only amplitudes with λ2 = −λ1 contribute.

Mλ1,λ3
=Mc

λ1,λ3
+Mt

λ1,λ3
+Mu

λ1,λ3

λ1λ3 Mc Mt Mu

±∓ −
s m2

ẽλ1

2F 2
(1− cos θ)

[
1 +

m2
ẽλ1

t −m2
ẽλ1

]

±± −
s m2

ẽλ1

2F 2
(1 + cos θ)

[
1 +

m2
ẽλ1

u −m2
ẽλ1

]

The cross section can be enhanced with polarized beams.
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The neutralino mixing affects cross section
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The rapidity distribution
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The selectron mass dependence

Overall cross section varies with different selectron masses:

(mẽ = 1 TeV) (mẽ = 2 TeV) [fb]

(Pe− ,Pe+) mχ̃ [GeV] χ̃G̃ G̃ G̃ χ̃G̃ G̃ G̃ 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
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The selectron mass dependence
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Also shape varies with selectron mass.
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The neutralino decay width

Γ(χ̃0
1 → γG̃ ) =

|Cγχ̃0
1 |2m5

χ̃0
1

48πM
2
Plm

2
3/2

For a photino-like neutralino with mχ̃0
1

= 750 GeV and

m3/2 = 2× 10−13 GeV,the width is 6.6 GeV.
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Experimental bound on gravitino mass from monojet signal
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
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For degenerate gluino/squark masses (mg̃ = 500 GeV):
mG̃ > 1 · 10−13 GeV.
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