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LHC status

LHC is working very well.

> 5/fb of data has been 
accumulated in 2011.



New physics searches
• No exotic signature, beyond the fluctuation, has been 

observed...
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Why Supersymmetry?
• gauge coupling unification

• dark matter 

-­‐-­‐	
  R-­‐parity	
  makes	
  LSP	
  stable.	
  	
  LSP,	
  in	
  the	
  majority	
  of	
  parameter	
  space,	
  is	
  a	
  
neutral	
  par<cle	
  (neutralino	
  in	
  the	
  MSSM,	
  gravi<no	
  in	
  the	
  GMSB).	
  	
  

• naturalness

-­‐-­‐	
  providing	
  a	
  solu<on	
  of	
  the	
  fine-­‐tuning	
  problem V = �m2
HH2 + �H4
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“We are, I think, in the right Road of Improvement, for we are making Experiments.”
–Benjamin Franklin

1 Introduction

The Standard Model of high-energy physics, augmented by neutrino masses, provides a remarkably
successful description of presently known phenomena. The experimental frontier has advanced into the
TeV range with no unambiguous hints of additional structure. Still, it seems clear that the Standard
Model is a work in progress and will have to be extended to describe physics at higher energies.
Certainly, a new framework will be required at the reduced Planck scale MP = (8πGNewton)−1/2 =
2.4 × 1018 GeV, where quantum gravitational effects become important. Based only on a proper
respect for the power of Nature to surprise us, it seems nearly as obvious that new physics exists in the
16 orders of magnitude in energy between the presently explored territory near the electroweak scale,
MW , and the Planck scale.

The mere fact that the ratio MP/MW is so huge is already a powerful clue to the character of
physics beyond the Standard Model, because of the infamous “hierarchy problem” [1]. This is not
really a difficulty with the Standard Model itself, but rather a disturbing sensitivity of the Higgs
potential to new physics in almost any imaginable extension of the Standard Model. The electrically
neutral part of the Standard Model Higgs field is a complex scalar H with a classical potential

V = m2
H |H|2 + λ|H|4 . (1.1)

The Standard Model requires a non-vanishing vacuum expectation value (VEV) for H at the minimum

of the potential. This will occur if λ > 0 and m2
H < 0, resulting in 〈H〉 =

√
−m2

H/2λ. Since we

know experimentally that 〈H〉 is approximately 174 GeV, from measurements of the properties of the
weak interactions, it must be that m2

H is very roughly of order −(100 GeV)2. The problem is that m2
H

receives enormous quantum corrections from the virtual effects of every particle that couples, directly
or indirectly, to the Higgs field.

For example, in Figure 1.1a we have a correction to m2
H from a loop containing a Dirac fermion

f with mass mf . If the Higgs field couples to f with a term in the Lagrangian −λfHff , then the
Feynman diagram in Figure 1.1a yields a correction

∆m2
H = − |λf |2

8π2
Λ2
UV + . . . . (1.2)

Here ΛUV is an ultraviolet momentum cutoff used to regulate the loop integral; it should be interpreted
as at least the energy scale at which new physics enters to alter the high-energy behavior of the theory.
The ellipses represent terms proportional to m2

f , which grow at most logarithmically with ΛUV (and
actually differ for the real and imaginary parts of H). Each of the leptons and quarks of the Standard
Model can play the role of f ; for quarks, eq. (1.2) should be multiplied by 3 to account for color. The
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Figure 1.1: One-loop quantum corrections to the Higgs squared mass parameter m2
H , due to (a) a Dirac

fermion f , and (b) a scalar S.
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“We are, I think, in the right Road of Improvement, for we are making Experiments.”
–Benjamin Franklin
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SUSY particles should be produced at the LHC
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Background

FIG. 6: Scattering cross sections versus c.m. energy for the SM processes in pp collisioins. The Higgs

boson mass has been taken as 120 GeV.

have chosen the QCD factorization scale to be Q2=10 GeV2 and 104 GeV2 in these two panels,

respectively. Several general features are important to note for future discussions. The valence

quarks uv, dv, as well as the gluons carry a large momentum fraction, typically x ∼ 0.08− 0.3.

The “sea quarks” (ū = usea, d̄ = dsea, s, c, b) have small x, and are significantly enhanced at

higher Q2. Both of these features lead to important collider consequences. First of all, heavy

objects near the energy threshold are more likely produced via valence quarks. Second, higher

energy processes (comparing to the mass scale of the parton-level subprocess) are more domi-

nantly mediated via sea quarks and gluons.
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Figure 1: HT, /HT, and effective mass (Meff defined as sum of HT and /HT) distributions for the
data and MC simulation samples with all baseline selection cuts applied.
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Figure 1: HT, /HT, and effective mass (Meff defined as sum of HT and /HT) distributions for the
data and MC simulation samples with all baseline selection cuts applied.



candidates are reconstructed using the anti-kt jet clustering al-
gorithm [9, 10] with a distance parameter of 0.4. The inputs
to this algorithm are three-dimensional clusters of calorime-
ter cells [11] seeded by those with energy significantly above
the measured noise. Jet momenta are constructed by perform-
ing a four-vector sum over these cell clusters, treating each as
an (E, !p) four-vector with zero mass. These jets are corrected
for the effects of calorimeter non-compensation and inhomo-
geneities by using pT and η-dependent calibration factors based
on Monte Carlo (MC) and validated with extensive test-beam
and collision-data studies [12]. Furthermore, the reconstructed
jet is modified such that the jet direction points to the primary
vertex, defined as the vertex with the highest summed track p2

T,
instead of the geometrical centre of the ATLAS detector. Only
jet candidates with corrected transverse momenta pT > 20 GeV
are subsequently retained. For 84% of the data used, a tempo-
rary electronics failure in the LAr barrel calorimeter created a
dead region in the second and third longitudinal layers, approx-
imately 1.4 × 0.2 in ∆η × ∆φ, in which on average 30% of the
incident jet energy is lost. The impact on the reconstruction ef-
ficiency for pT > 20 GeV jets is found to be negligible. If any
of the four leading jets fall into this region the event is rejected,
causing a loss of signal acceptance which is smaller than 15%
for the models considered here.

Electron candidates are required to have pT > 20 GeV, have
|η| < 2.47, and pass the ‘medium’ shower shape and track se-
lection criteria of Ref. [13]. Muon candidates [13] are required
to have pT > 10 GeV and |η| < 2.4. Since no use is made of
tau-lepton candidates in this analysis, in the following the term
lepton will refer only to electrons and muons.

The measurement of the missing transverse momentum two-
dimensional vector !P miss

T (and its magnitude Emiss
T ) is then

based on the transverse momenta of all electron and muon can-
didates, all jets which are not also electron candidates, and all
calorimeter clusters with |η| < 4.5 not associated to such ob-
jects.

Following the steps above, overlaps between candidate jets
with |η| < 2.8 and leptons are resolved using the method of
Ref. [14] as follows. First, any such jet candidate lying within
a distance ∆R =

√

(∆η)2 + (∆φ)2 = 0.2 of an electron is dis-
carded: then any electron or muon candidate remaining within
a distance ∆R = 0.4 of any surviving jet candidate is discarded.
Next, all jet candidates with |η| > 2.8 are discarded. Thereafter,
the electron, muon and jet candidates surviving this procedure
are considered as “reconstructed”, and the term “candidate” is
dropped.

4. Event Selection

Following the object reconstruction described above, events
are discarded if they contain any electrons or muons with pT >
20 GeV, or any jets failing quality selection criteria designed to
suppress detector noise and non-collision backgrounds (see e.g.
Ref. [15]), or if the reconstructed primary vertex is associated
with fewer than five tracks.

In order to achieve maximal reach over the (mg̃,mq̃)-plane,
five signal regions are defined. Squarks typically generate

Signal Region ≥ 2-jet ≥ 3-jet ≥ 4-jet High mass
Emiss

T > 130 > 130 > 130 > 130
Leading jet pT > 130 > 130 > 130 > 130
Second jet pT > 40 > 40 > 40 > 80
Third jet pT – > 40 > 40 > 80
Fourth jet pT – – > 40 > 80
∆φ(jet, !P miss

T )min > 0.4 > 0.4 > 0.4 > 0.4
Emiss

T /meff > 0.3 > 0.25 > 0.25 > 0.2
meff > 1000 > 1000 > 500/1000 > 1100

Table 1: Criteria for admission to each of the five overlapping signal regions
(meff , Emiss

T and pT in GeV). All variables are defined in Section 4. The meff is
defined with a variable number of jets, appropriate to each signal region. In the
high mass selection, all jets with pT > 40 GeV are used to compute the meff
value used in the final cut. The ∆φ cut is only applied up to the third leading
jet.

at least one jet in their decays, for instance through q̃ →
qχ̃0

1, while gluinos typically generate at least two, for instance
through g̃ → q  qχ̃0

1. Processes contributing to q̃q̃, q̃g̃ and g̃g̃ fi-
nal states therefore lead to events containing at least two, three
or four jets, respectively. Cascade decays of heavy particles
tend to increase the final state multiplicity. Four signal re-
gions characterized by increasing jet multiplicity requirements
are therefore defined as shown in Table 1, with the leading jet
having pT > 130 GeV, and other jets pT > 40 GeV. The ef-
fective mass, meff, is calculated as the sum of Emiss

T and the
magnitudes of the transverse momenta of the two, three or four
highest pT jets used to define the signal region. Two four-jet
signal regions are defined requiring meff > 500 GeV (opti-
mised for small mass differences between SUSY mass states)
and meff > 1000 GeV (optimised for higher mass differences).
In addition, a fifth ‘high mass’ signal region is derived from the
four-jet sample, with more stringent requirements on the pT of
the non-leading jets (> 80 GeV) and on meff (> 1100 GeV),
in order to give maximal reach in the SUSY mass spectrum.
For this latter signal region the transverse momenta of all jets
with pT > 40 GeV are used to compute meff . In Table 1,
∆φ(jet, !P miss

T )min is the smallest of the azimuthal separations be-
tween !P miss

T and jets with pT > 40 GeV (all reconstructed jets
up to a maximum of three, in descending order of pT). Re-
quirements on ∆φ(jet, !P miss

T )min and Emiss
T /meff are designed to

reduce the background from multi-jet processes.

5. Backgrounds, Simulation and Normalisation

Standard Model background processes contribute to the
event counts in the signal regions. The dominant sources are:
W+jets, Z+jets, top pair, single top, and multi-jet produc-
tion. Non-collision backgrounds have been found to be neg-
ligible. The majority of the W+jets background is composed of
W → τν events, or W → eν, µν events in which no electron or
muon candidate is reconstructed. The largest part of the Z+jets
background comes from the irreducible component in which
Z → ν ν decays generate large Emiss

T . Hadronic τ decays in

2

ATLAS 0-lepton analysis with 1/fb
ATLAS, 1109.6572cuts:
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are discarded if they contain any electrons or muons with pT >
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the non-leading jets (> 80 GeV) and on meff (> 1100 GeV),
in order to give maximal reach in the SUSY mass spectrum.
For this latter signal region the transverse momenta of all jets
with pT > 40 GeV are used to compute meff . In Table 1,
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reduce the background from multi-jet processes.
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candidates are reconstructed using the anti-kt jet clustering al-
gorithm [9, 10] with a distance parameter of 0.4. The inputs
to this algorithm are three-dimensional clusters of calorime-
ter cells [11] seeded by those with energy significantly above
the measured noise. Jet momenta are constructed by perform-
ing a four-vector sum over these cell clusters, treating each as
an (E, !p) four-vector with zero mass. These jets are corrected
for the effects of calorimeter non-compensation and inhomo-
geneities by using pT and η-dependent calibration factors based
on Monte Carlo (MC) and validated with extensive test-beam
and collision-data studies [12]. Furthermore, the reconstructed
jet is modified such that the jet direction points to the primary
vertex, defined as the vertex with the highest summed track p2

T,
instead of the geometrical centre of the ATLAS detector. Only
jet candidates with corrected transverse momenta pT > 20 GeV
are subsequently retained. For 84% of the data used, a tempo-
rary electronics failure in the LAr barrel calorimeter created a
dead region in the second and third longitudinal layers, approx-
imately 1.4 × 0.2 in ∆η × ∆φ, in which on average 30% of the
incident jet energy is lost. The impact on the reconstruction ef-
ficiency for pT > 20 GeV jets is found to be negligible. If any
of the four leading jets fall into this region the event is rejected,
causing a loss of signal acceptance which is smaller than 15%
for the models considered here.

Electron candidates are required to have pT > 20 GeV, have
|η| < 2.47, and pass the ‘medium’ shower shape and track se-
lection criteria of Ref. [13]. Muon candidates [13] are required
to have pT > 10 GeV and |η| < 2.4. Since no use is made of
tau-lepton candidates in this analysis, in the following the term
lepton will refer only to electrons and muons.

The measurement of the missing transverse momentum two-
dimensional vector !P miss

T (and its magnitude Emiss
T ) is then

based on the transverse momenta of all electron and muon can-
didates, all jets which are not also electron candidates, and all
calorimeter clusters with |η| < 4.5 not associated to such ob-
jects.

Following the steps above, overlaps between candidate jets
with |η| < 2.8 and leptons are resolved using the method of
Ref. [14] as follows. First, any such jet candidate lying within
a distance ∆R =

√

(∆η)2 + (∆φ)2 = 0.2 of an electron is dis-
carded: then any electron or muon candidate remaining within
a distance ∆R = 0.4 of any surviving jet candidate is discarded.
Next, all jet candidates with |η| > 2.8 are discarded. Thereafter,
the electron, muon and jet candidates surviving this procedure
are considered as “reconstructed”, and the term “candidate” is
dropped.

4. Event Selection

Following the object reconstruction described above, events
are discarded if they contain any electrons or muons with pT >
20 GeV, or any jets failing quality selection criteria designed to
suppress detector noise and non-collision backgrounds (see e.g.
Ref. [15]), or if the reconstructed primary vertex is associated
with fewer than five tracks.

In order to achieve maximal reach over the (mg̃,mq̃)-plane,
five signal regions are defined. Squarks typically generate
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∆φ(jet, !P miss

T )min > 0.4 > 0.4 > 0.4 > 0.4
Emiss

T /meff > 0.3 > 0.25 > 0.25 > 0.2
meff > 1000 > 1000 > 500/1000 > 1100

Table 1: Criteria for admission to each of the five overlapping signal regions
(meff , Emiss

T and pT in GeV). All variables are defined in Section 4. The meff is
defined with a variable number of jets, appropriate to each signal region. In the
high mass selection, all jets with pT > 40 GeV are used to compute the meff
value used in the final cut. The ∆φ cut is only applied up to the third leading
jet.
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through g̃ → q  qχ̃0

1. Processes contributing to q̃q̃, q̃g̃ and g̃g̃ fi-
nal states therefore lead to events containing at least two, three
or four jets, respectively. Cascade decays of heavy particles
tend to increase the final state multiplicity. Four signal re-
gions characterized by increasing jet multiplicity requirements
are therefore defined as shown in Table 1, with the leading jet
having pT > 130 GeV, and other jets pT > 40 GeV. The ef-
fective mass, meff, is calculated as the sum of Emiss
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magnitudes of the transverse momenta of the two, three or four
highest pT jets used to define the signal region. Two four-jet
signal regions are defined requiring meff > 500 GeV (opti-
mised for small mass differences between SUSY mass states)
and meff > 1000 GeV (optimised for higher mass differences).
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four-jet sample, with more stringent requirements on the pT of
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candidates are reconstructed using the anti-kt jet clustering al-
gorithm [9, 10] with a distance parameter of 0.4. The inputs
to this algorithm are three-dimensional clusters of calorime-
ter cells [11] seeded by those with energy significantly above
the measured noise. Jet momenta are constructed by perform-
ing a four-vector sum over these cell clusters, treating each as
an (E, !p) four-vector with zero mass. These jets are corrected
for the effects of calorimeter non-compensation and inhomo-
geneities by using pT and η-dependent calibration factors based
on Monte Carlo (MC) and validated with extensive test-beam
and collision-data studies [12]. Furthermore, the reconstructed
jet is modified such that the jet direction points to the primary
vertex, defined as the vertex with the highest summed track p2

T,
instead of the geometrical centre of the ATLAS detector. Only
jet candidates with corrected transverse momenta pT > 20 GeV
are subsequently retained. For 84% of the data used, a tempo-
rary electronics failure in the LAr barrel calorimeter created a
dead region in the second and third longitudinal layers, approx-
imately 1.4 × 0.2 in ∆η × ∆φ, in which on average 30% of the
incident jet energy is lost. The impact on the reconstruction ef-
ficiency for pT > 20 GeV jets is found to be negligible. If any
of the four leading jets fall into this region the event is rejected,
causing a loss of signal acceptance which is smaller than 15%
for the models considered here.

Electron candidates are required to have pT > 20 GeV, have
|η| < 2.47, and pass the ‘medium’ shower shape and track se-
lection criteria of Ref. [13]. Muon candidates [13] are required
to have pT > 10 GeV and |η| < 2.4. Since no use is made of
tau-lepton candidates in this analysis, in the following the term
lepton will refer only to electrons and muons.

The measurement of the missing transverse momentum two-
dimensional vector !P miss

T (and its magnitude Emiss
T ) is then

based on the transverse momenta of all electron and muon can-
didates, all jets which are not also electron candidates, and all
calorimeter clusters with |η| < 4.5 not associated to such ob-
jects.

Following the steps above, overlaps between candidate jets
with |η| < 2.8 and leptons are resolved using the method of
Ref. [14] as follows. First, any such jet candidate lying within
a distance ∆R =

√

(∆η)2 + (∆φ)2 = 0.2 of an electron is dis-
carded: then any electron or muon candidate remaining within
a distance ∆R = 0.4 of any surviving jet candidate is discarded.
Next, all jet candidates with |η| > 2.8 are discarded. Thereafter,
the electron, muon and jet candidates surviving this procedure
are considered as “reconstructed”, and the term “candidate” is
dropped.

4. Event Selection

Following the object reconstruction described above, events
are discarded if they contain any electrons or muons with pT >
20 GeV, or any jets failing quality selection criteria designed to
suppress detector noise and non-collision backgrounds (see e.g.
Ref. [15]), or if the reconstructed primary vertex is associated
with fewer than five tracks.

In order to achieve maximal reach over the (mg̃,mq̃)-plane,
five signal regions are defined. Squarks typically generate

Signal Region ≥ 2-jet ≥ 3-jet ≥ 4-jet High mass
Emiss

T > 130 > 130 > 130 > 130
Leading jet pT > 130 > 130 > 130 > 130
Second jet pT > 40 > 40 > 40 > 80
Third jet pT – > 40 > 40 > 80
Fourth jet pT – – > 40 > 80
∆φ(jet, !P miss

T )min > 0.4 > 0.4 > 0.4 > 0.4
Emiss

T /meff > 0.3 > 0.25 > 0.25 > 0.2
meff > 1000 > 1000 > 500/1000 > 1100

Table 1: Criteria for admission to each of the five overlapping signal regions
(meff , Emiss

T and pT in GeV). All variables are defined in Section 4. The meff is
defined with a variable number of jets, appropriate to each signal region. In the
high mass selection, all jets with pT > 40 GeV are used to compute the meff
value used in the final cut. The ∆φ cut is only applied up to the third leading
jet.

at least one jet in their decays, for instance through q̃ →
qχ̃0

1, while gluinos typically generate at least two, for instance
through g̃ → q  qχ̃0

1. Processes contributing to q̃q̃, q̃g̃ and g̃g̃ fi-
nal states therefore lead to events containing at least two, three
or four jets, respectively. Cascade decays of heavy particles
tend to increase the final state multiplicity. Four signal re-
gions characterized by increasing jet multiplicity requirements
are therefore defined as shown in Table 1, with the leading jet
having pT > 130 GeV, and other jets pT > 40 GeV. The ef-
fective mass, meff, is calculated as the sum of Emiss

T and the
magnitudes of the transverse momenta of the two, three or four
highest pT jets used to define the signal region. Two four-jet
signal regions are defined requiring meff > 500 GeV (opti-
mised for small mass differences between SUSY mass states)
and meff > 1000 GeV (optimised for higher mass differences).
In addition, a fifth ‘high mass’ signal region is derived from the
four-jet sample, with more stringent requirements on the pT of
the non-leading jets (> 80 GeV) and on meff (> 1100 GeV),
in order to give maximal reach in the SUSY mass spectrum.
For this latter signal region the transverse momenta of all jets
with pT > 40 GeV are used to compute meff . In Table 1,
∆φ(jet, !P miss

T )min is the smallest of the azimuthal separations be-
tween !P miss

T and jets with pT > 40 GeV (all reconstructed jets
up to a maximum of three, in descending order of pT). Re-
quirements on ∆φ(jet, !P miss

T )min and Emiss
T /meff are designed to

reduce the background from multi-jet processes.

5. Backgrounds, Simulation and Normalisation

Standard Model background processes contribute to the
event counts in the signal regions. The dominant sources are:
W+jets, Z+jets, top pair, single top, and multi-jet produc-
tion. Non-collision backgrounds have been found to be neg-
ligible. The majority of the W+jets background is composed of
W → τν events, or W → eν, µν events in which no electron or
muon candidate is reconstructed. The largest part of the Z+jets
background comes from the irreducible component in which
Z → ν ν decays generate large Emiss

T . Hadronic τ decays in

2
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candidates are reconstructed using the anti-kt jet clustering al-
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(∆η)2 + (∆φ)2 = 0.2 of an electron is dis-
carded: then any electron or muon candidate remaining within
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Next, all jet candidates with |η| > 2.8 are discarded. Thereafter,
the electron, muon and jet candidates surviving this procedure
are considered as “reconstructed”, and the term “candidate” is
dropped.

4. Event Selection

Following the object reconstruction described above, events
are discarded if they contain any electrons or muons with pT >
20 GeV, or any jets failing quality selection criteria designed to
suppress detector noise and non-collision backgrounds (see e.g.
Ref. [15]), or if the reconstructed primary vertex is associated
with fewer than five tracks.

In order to achieve maximal reach over the (mg̃,mq̃)-plane,
five signal regions are defined. Squarks typically generate

Signal Region ≥ 2-jet ≥ 3-jet ≥ 4-jet High mass
Emiss

T > 130 > 130 > 130 > 130
Leading jet pT > 130 > 130 > 130 > 130
Second jet pT > 40 > 40 > 40 > 80
Third jet pT – > 40 > 40 > 80
Fourth jet pT – – > 40 > 80
∆φ(jet, !P miss

T )min > 0.4 > 0.4 > 0.4 > 0.4
Emiss

T /meff > 0.3 > 0.25 > 0.25 > 0.2
meff > 1000 > 1000 > 500/1000 > 1100

Table 1: Criteria for admission to each of the five overlapping signal regions
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T and pT in GeV). All variables are defined in Section 4. The meff is
defined with a variable number of jets, appropriate to each signal region. In the
high mass selection, all jets with pT > 40 GeV are used to compute the meff
value used in the final cut. The ∆φ cut is only applied up to the third leading
jet.

at least one jet in their decays, for instance through q̃ →
qχ̃0

1, while gluinos typically generate at least two, for instance
through g̃ → q  qχ̃0

1. Processes contributing to q̃q̃, q̃g̃ and g̃g̃ fi-
nal states therefore lead to events containing at least two, three
or four jets, respectively. Cascade decays of heavy particles
tend to increase the final state multiplicity. Four signal re-
gions characterized by increasing jet multiplicity requirements
are therefore defined as shown in Table 1, with the leading jet
having pT > 130 GeV, and other jets pT > 40 GeV. The ef-
fective mass, meff, is calculated as the sum of Emiss

T and the
magnitudes of the transverse momenta of the two, three or four
highest pT jets used to define the signal region. Two four-jet
signal regions are defined requiring meff > 500 GeV (opti-
mised for small mass differences between SUSY mass states)
and meff > 1000 GeV (optimised for higher mass differences).
In addition, a fifth ‘high mass’ signal region is derived from the
four-jet sample, with more stringent requirements on the pT of
the non-leading jets (> 80 GeV) and on meff (> 1100 GeV),
in order to give maximal reach in the SUSY mass spectrum.
For this latter signal region the transverse momenta of all jets
with pT > 40 GeV are used to compute meff . In Table 1,
∆φ(jet, !P miss

T )min is the smallest of the azimuthal separations be-
tween !P miss

T and jets with pT > 40 GeV (all reconstructed jets
up to a maximum of three, in descending order of pT). Re-
quirements on ∆φ(jet, !P miss

T )min and Emiss
T /meff are designed to

reduce the background from multi-jet processes.

5. Backgrounds, Simulation and Normalisation

Standard Model background processes contribute to the
event counts in the signal regions. The dominant sources are:
W+jets, Z+jets, top pair, single top, and multi-jet produc-
tion. Non-collision backgrounds have been found to be neg-
ligible. The majority of the W+jets background is composed of
W → τν events, or W → eν, µν events in which no electron or
muon candidate is reconstructed. The largest part of the Z+jets
background comes from the irreducible component in which
Z → ν ν decays generate large Emiss

T . Hadronic τ decays in

2

Process
Signal Region

≥ 2-jet ≥ 3-jet
≥ 4-jet, ≥ 4-jet,

High mass
meff > 500 GeV meff > 1000 GeV

Z/γ+jets 32.3 ± 2.6 ± 6.9 25.5 ± 2.6 ± 4.9 209 ± 9 ± 38 16.2 ± 2.2 ± 3.7 3.3 ± 1.0 ± 1.3

W+jets 26.4 ± 4.0 ± 6.7 22.6 ± 3.5 ± 5.6 349 ± 30 ± 122 13.0 ± 2.2 ± 4.7 2.1 ± 0.8 ± 1.1

t  t+ single top 3.4 ± 1.6 ± 1.6 5.9 ± 2.0 ± 2.2 425 ± 39 ± 84 4.0 ± 1.3 ± 2.0 5.7 ± 1.8 ± 1.9

QCD multi-jet 0.22 ± 0.06 ± 0.24 0.92 ± 0.12 ± 0.46 34 ± 2 ± 29 0.73 ± 0.14 ± 0.50 2.10 ± 0.37 ± 0.82

Total 62.4 ± 4.4 ± 9.3 54.9 ± 3.9 ± 7.1 1015 ± 41 ± 144 33.9 ± 2.9 ± 6.2 13.1 ± 1.9 ± 2.5

Data 58 59 1118 40 18

Table 2: Fitted background components in each SR, compared with the number of events observed in data. The Z/γ+jets background is constrained with control
regions CR1a and CR1b, the QCD multi-jet, W and top quark backgrounds by control regions CR2, CR3 and CR4, respectively. In each case the first (second)
quoted uncertainty is statistical (systematic). Background components are partially correlated and hence the uncertainties (statistical and systematic) on the total
background estimates do not equal the quadrature sums of the uncertainties on the components.

Signal / Control Region

CR1a CR1b CR2 CR3 CR4 SR

Data 8 7 34 15 12 18

Targeted background Z/γ+jets Z/γ+jets QCD multi-jet W+jets t  t + single top –

Transfer factor 0.374 0.812 0.063 0.196 0.372 –

Fitted Z/γ+jets 8.3 5.8 0.7 0.5 0.0 3.3

Fitted QCD multi-jet – – 29.8 0.8 0.6 2.1

Fitted W+jets – – 0.5 10.0 0.4 2.1

Fitted t  t + single top – 0.0 3.0 3.7 11.0 5.7

Fitted total background 8.3 5.9 34.0 15.0 12.0 13.1

Statistical uncertainty ±2.7 ±1.2 ±5.8 ±3.9 ±3.5 ±1.9

Systematic uncertainty ±0.6 ±1.7 ±0.1 ±0.1 ±0.2 ±2.5

Table 3: Numerical inputs (i.e. the observed numbers of events in data) to and outputs from the likelihood fit to the control regions for the high mass channel. The
transfer factor listed in the fourth row applies to the main targeted background for that CR, as listed in the third row. An entry ‘–’ in rows 5–7 indicates that the
process in that row is assumed not to contribute to the control region (based on Monte Carlo studies) and hence is excluded from the fit. All numerical entries give
event counts, with the exception of the transfer factors in the fourth row.
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How many SUSY events are allowed?

P (n) =
e���n

n!

� = �SM + �SUSY

prediction for # of events after the cut:

provability observing n events:

pv =
nobs�

n=0

P (n)

Incompatibility between model and data (p-value):

 The model is excluded at 95% CL, 
if pv < 0.05.

signal region

upper bound 22 25 429 27 17

� 2 jets � 3 jets � 4 jets (a) � 4 jets (b) High mass

• 95% CL upper bound on λSUSY in each signal region
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• λSUSY can be estimated in each model point by the MC simulation.

→ One can make a judgement whether or not the model point is excluded. 
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• λSUSY can be estimated in each model point by the MC simulation.

→ One can make a judgement whether or not the model point is excluded. 
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Figure 2: Combined exclusion limits for simplified SUSY models with m(χ̃01) = 0 (left) and MSUGRA/CMSSM models with tan β = 10, A0 = 0 and µ > 0 (right).
The combined limits are obtained by using the signal region which generates the best expected limit at each point in the parameter plane. The dashed-blue line
corresponds to the median expected 95% C.L. limit and the red line corresponds to the observed limit at 95% C.L. The dotted blue lines correspond to the ±1σ
variation in the expected limits. Also shown for comparison purposes in the figures are limits from the Tevatron [35, 36, 37, 38] and LEP [39, 40] , although it
should be noted that some of these limits were generated with different models or parameter choices (see legends). The previous published ATLAS limits from this
analysis [5] are also shown. The MSUGRA/CMSSM reference point used in Figure 1 is indicated by the star in the right-hand figure.
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→ One can make a judgement whether or not the model point is excluded. 
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CMS αT 

• CMS αT analysis puts more 
stringent limit in small m0, large m1/2 
region

• λSUSY can be estimated in each model point by the MC simulation.

→ One can make a judgement whether or not the model point is excluded. 



Pushing up the exclusion contour
0-lepton 1000/pb

• How to get more stringent exclusion limit?

2-jet

> 40
> 130
> 1000

13% (58)
8%,  ~30%

4-jet

> 80
> 130
> 1100

28% (18)
24%,  ~30%

Signal region

pT
ETmiss

meff
stat. error  (obs. events)

sys. SM,  sys. SUSY



Pushing up the exclusion contour

2-jet

> 40
> 130
> 1000

13% (58)
8%,  ~30%

4-jet

> 80
> 130
> 1100

28% (18)
24%,  ~30%

0-lepton 1000/pb

Signal region

pT
ETmiss

meff
stat. error  (obs. events)

sys. SM,  sys. SUSY

• How to get more stringent exclusion limit?

• Accumulate more data?



Pushing up the exclusion contour

2-jet

> 40
> 130
> 1000

13% (58)
8%,  ~30%

4-jet

> 80
> 130
> 1100

28% (18)
24%,  ~30%

0-lepton 1000/pb

Signal region

pT
ETmiss

meff
stat. error  (obs. events)

sys. SM,  sys. SUSY
Statistical error and Systematic error 

are the same order

• How to get more stringent exclusion limit?

• Accumulate more data?

• Improvement only on the statistical error doesn’t help much.
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• Imposing more stringent cuts is important.  ( stat. and sys. can be balanced )
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Figure 3: Combined exclusion limits in the (m0 ; m1/2) plane of MSUGRA/CMSSM for which tan � =
10, A0 = 0 and µ > 0 taking the signal region with the best expected limit per point (limits from
individual channels can be found in Appendix B). The dashed-blue line corresponds to the expected
95% C.L. limit and the red line the equivalent observed limit. The dotted green line and the dash-dotted
green line correspond respectively to the expected and observed limits calculated with the CLs method.
Dot-dashed grey contours of constant gluino and squark mass are displayed at 200 GeV intervals. The
observed ATLAS limit from 2010 is shown by the solid black line. The star indicates the position of the
MSUGRA/CMSSM reference point with m0 = 660 GeV, m1/2 = 240 GeV, A0 = 0, tan � = 10 and µ > 0
used in Figure 1. Note: ATLAS limits from 2010 are for tan � = 3. Tevatron limits are from Refs. [7–10]
and are shown purely for illustration. CMS limits are from Ref. [50], and LEP limits from Ref. [51].
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Constraint on mAMSB 

• Observed gluino and squark mass bounds can only be applied to the CMSSM. 

• One should also look at constraints on the other SUSY models ( CMSSM ≠ SUSY ).

• We study the constraints on the mAMSB model points.

Herwig++:  event generation, parton shower, hadronisation

Softsusy:  calculation of low energy spactrum

Prospino2:  NLO cross section

Delphes:  detector simulation

Susyhit:  calculation of decay branching ratios



minimal Anomaly Mediated SUSY Breaking (mAMSB)

• AMSB:  assumed that a spontaneous SUSY breaking in hidden sector is mediated to the 
MSSM sector by anomalous violation of a conformal symmetry.  
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minimal Anomaly Mediated SUSY Breaking (mAMSB)

• AMSB:  assumed that a spontaneous SUSY breaking in hidden sector is mediated to the 
MSSM sector by anomalous violation of a conformal symmetry.  

• Flavour and CP violations are safely suppressed, but sleptons become tachyonic, breaking 
EM symmetry.

to the first-family squark and slepton squared masses are:

m2
q̃ =

|Fφ|2

(16π2)2

(
8g43 + . . .

)
, (7.8.6)

m2
ẽL = − |Fφ|2

(16π2)2

(
3

2
g42 +

99

50
g41

)
(7.8.7)

m2
ẽR = − |Fφ|2

(16π2)2
198

25
g41 (7.8.8)

The squarks have large positive squared masses, but the sleptons have negative squared masses, so
the AMSB model in its simplest form is not viable. These signs come directly from those of the
beta functions of the strong and electroweak gauge interactions, as can be seen from the right side of
eq. (7.8.4).

The characteristic ultraviolet insensitivity to physics at high mass scales also makes it somewhat
non-trivial to modify the theory to escape this tachyonic slepton problem by deviating from the AMSB
trajectory. There can be large deviations from AMSB provided by supergravity [176], but then in
general the flavor-blindness is also forfeit. One way to modify AMSB is to introduce additional su-
permultiplets that contain supersymmetry-breaking mass splittings that are large compared to their
average mass [177]. Another way is to combine AMSB with gaugino mediation [178]. Some other pro-
posals can be found in [179]. Finally, there is a perhaps less motivated approach in which a common
parameter m2

0 is added to all of the scalar squared masses at some scale, and chosen large enough to
allow the sleptons to have positive squared masses above LEP bounds. This allows the phenomenology
to be studied in a framework conveniently parameterized by just:

Fφ, m
2
0, tan β, arg(µ), (7.8.9)

with |µ| and b determined by requiring correct electroweak symmetry breaking as described in the next
section. (Some sources use m3/2 or Maux to denote Fφ.) The MSSM gaugino masses at the leading
non-trivial order are unaffected by the ad hoc addition of m2

0:

M1 =
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This implies that |M2| " |M1| " |M3|, so the lightest neutralino is actually mostly wino, with a
lightest chargino that is only of order 200 MeV heavier, depending on the values of µ and tan β. The
decay C̃±

1 → Ñ1π± produces a very soft pion, implying unique and difficult signatures in colliders
[180]-[184].

Another large general class of models breaks supersymmetry using the geometric or topological
properties of the extra dimensions. In the Scherk-Schwarz mechanism [185], the symmetry is broken
by assuming different boundary conditions for the fermion and boson fields on the compactified space.
In supersymmetric models where the size of the extra dimension is parameterized by a modulus (a
massless or nearly massless excitation) called a radion, the F -term component of the radion chiral
supermultiplet can obtain a VEV, which becomes a source for supersymmetry breaking in the MSSM.
These two ideas turn out to be often related. Some of the variety of models proposed along these lines
can be found in [186]. These mechanisms can also be combined with gaugino-mediation and AMSB. It
seems likely that the possibilities are not yet fully explored.
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Figure 5. pT spectrum of visible lightest chargino decay products in mAMSB, for m0 = 384 GeV,
m3/2 = 44 TeV, tanβ = 10 and µ > 0. No detector simulation or kinematic selection is applied.

leads to additional jets (any that decay leptonically are likely to be vetoed), contributing

to the jet multiplicity and meff .

4.2 mAMSB Scan: Properties of SUSY Events

We show the fractions of events with 0, 1 and 2 leptons across the mAMSB parameter

space in Fig. 7. The isolated lepton veto in the zero lepton search does not cut much of

the SUSY signal over much of the parameter space. On the other hand, searches based on

a 1-lepton channel could also be worthy of study, since over roughly half of the parameter

space, over 15% of SUSY events have a hard lepton. We show the efficiency of each signal

region in the ATLAS 0-lepton search for mAMSB in Fig 8. The ATLAS selections are seen

to be reasonably efficient, particularly at greater values of m3/2, with the exception of a

diagonal strip in which the propensity for producing leptons is greater, as shown in Fig. 7b.

The ATLAS signal yields at 1.04 fb−1 are plotted in Fig. 9 for each signal region. These

values are used to compute the exclusion limits on mAMSB. We see that the parameter

space we have chosen has roughly the right range of signal yields expected: näıvely, in the

absence of a signal, we would expect the regions with tens of events at the bottom of each

plot to be excluded, whereas regions with only one or less expected signal events should

evade exclusion.

4.3 Exclusion Limits in mAMSB

We show the 95% confidence level excluded regions for each signal region on the m3/2−m0

parameter space in Fig. 10. We have used the same systematic errors for each signal

region as found in the CMSSM search in section 3.1. This is another approximation: any

variation of signal systematics between the CMSSM and mAMSB is neglected. We expect

this approximation to be good because we obtained a reasonable CMSSM 95% exclusion

limit across the parameter space, where the sparticle masses are widely varying. The most

sensitive search regions in mAMSB are the 2-jet region at low m0 and high m3/2 and the

high mass region at large m0. These are the same two regions that are found to be the

most sensitive in the CMSSM. In the figure, we display a coloured asterisk which labels

which signal region is expected to be the most sensitive at each of our parameter space
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Figure 4. Spectra and decays of the mAMSB and CMSSM model points studied. Only decays
whose branching ratios are higher than 20% are shown by the arrows. Both points have tanβ = 10,
µ > 0. For the mAMSB point, we have m0 = 384 GeV and m3/2 = 44 TeV, whereas the CMSSM
point has m0 = 455, m1/2 = 420 and A0 = 0.

chains starting from gluinos or squarks feature prominently the light charginos in both

the CMSSM and mAMSB points. In mAMSB, the lightest charginos are invisible to our

analysis as explained above, whereas at the CMSSM point, they decay to Wχ0
1, so the W
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Figure 6. Important kinematic distributions of the signals for mAMSB and CMSSM sample model
points for tanβ = 10 and µ > 0. For the mAMSB point, we have m0 = 384 GeV and m3/2 = 44
TeV, whereas the CMSSM point has m0 = 455, m1/2 = 420 and A0 = 0. Only minimal kinematic
cuts are applied, i.e. requiring two, three or four jets with 40 GeVof pT for the meff and "pmiss

T /meff

distributions as is appropriate.

– 11 –

to
t

σ
 / 

EW
σ 

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

 / GeV0 m
200 400 600 800 1000 1200 1400

 / 
Te

V
3/

2
 m

20

30

40

50

60

70

80

Figure 3. Variation across the mAMSB m0−m3/2 plane of the fraction of electroweak production
over the total SUSY production cross-section, requiring at least one squark or gluino to be produced.
The white region in the top left of each plot is theoretically excluded due to the presence of negative
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figure, the quasi-degenerate lightest neutralino and lightest chargino are evident for the

mAMSB point.

We now turn to the characteristic lightest chargino decays in mAMSB. In our simulated

sample mAMSB point, 6002 lightest charginos were produced, out of 10000 SUSY events.

Of these, 24 decayed into a muon, 138 into an electron and the rest into charged pions. We

show the pT distribution of all lightest chargino decay products in Fig. 5. The figure shows

that all visible decay products have pT < 2 GeV; the LSP typically carries virtually all the

momentum from the lightest chargino. The SM decay products are difficult to distinguish

from other soft particles produced in LHC events, and would certainly require a dedicated

analysis such as the one in Ref. [26] in order to verify that they come from chargino decay.

For an analysis such as ours, these decays are effectively invisible.

To illustrate the similarities and differences in the mAMSB and CMSSM models, we

compare a selection of relevant kinematic variables in Fig. 6. We wish to see if the ATLAS

selections are efficient for mAMSB, or whether the distributions suggest radically different

cuts. No a priori kinematic selection is applied to these events, apart from the basic object

selections needed to conform with ATLAS variable definitions, such as requiring each jet

used in the meff computation to have 40 GeV in pT .

It is seen that the kinematics of the two model points are very similar. The only

substantial differences as regards the ATLAS 0-lepton search are in the jet multiplicities

and the ratio of |!pmiss
T | over meff for events with more than two jets. We also see that MT2

tends to be larger for the mAMSB point because of the smaller jet multiplicity [39–41].

Although this variable is not used in the present search, it has similar search power to other

methods, but in some cases can discover generic MSSM parameter points when the usual

meff , !pmiss
T searches cannot [42]. The larger values of MT2 predicted by mAMSB would

make SUSY easier to discriminate against SM backgrounds, and we advocate its use as

part of the searches.

We may understand these kinematic differences as follows: the sparticle cascade decay

– 8 –
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• Because of a larger hierarchy between gluino 
and LSP and larger wino gauge coupling, 
associated wino production is not negligible.

• It slightly enhances 2, 3-jet events.
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Figure 6. Important kinematic distributions of the signals for mAMSB and CMSSM sample model
points for tanβ = 10 and µ > 0. For the mAMSB point, we have m0 = 384 GeV and m3/2 = 44
TeV, whereas the CMSSM point has m0 = 455, m1/2 = 420 and A0 = 0. Only minimal kinematic
cuts are applied, i.e. requiring two, three or four jets with 40 GeVof pT for the meff and "pmiss

T /meff

distributions as is appropriate.
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Figure 6. Important kinematic distributions of the signals for mAMSB and CMSSM sample model
points for tanβ = 10 and µ > 0. For the mAMSB point, we have m0 = 384 GeV and m3/2 = 44
TeV, whereas the CMSSM point has m0 = 455, m1/2 = 420 and A0 = 0. Only minimal kinematic
cuts are applied, i.e. requiring two, three or four jets with 40 GeVof pT for the meff and "pmiss

T /meff

distributions as is appropriate.
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Figure 6. Important kinematic distributions of the signals for mAMSB and CMSSM sample model
points for tanβ = 10 and µ > 0. For the mAMSB point, we have m0 = 384 GeV and m3/2 = 44
TeV, whereas the CMSSM point has m0 = 455, m1/2 = 420 and A0 = 0. Only minimal kinematic
cuts are applied, i.e. requiring two, three or four jets with 40 GeVof pT for the meff and "pmiss
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distributions as is appropriate.
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• Distributions of jet PT, ETmiss, meff are similar to ones in the CMSSM. 
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Figure 10. ATLAS mAMSB exclusion from the 1.04 fb−1 0-lepton search, for tanβ = 10 and
µ > 0 for each signal region. The region under each line is excluded at the 95% confidence level
for each individual signal region, labelled by the key and detailed in Table 1. The asterisks in the
background display which signal region is expected to be the most sensitive at various points in
parameter space. The white region in the upper left hand side of the plot is theoretically disfavoured
due to the presence of negative mass squared scalars.
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Figure 11. ATLAS mAMSB exclusion from the 1.04 fb−1 0-lepton search, for tanβ = 10 and
µ > 0, with signal regions combined. The coloured region is excluded at the 95% confidence level.
The black dashed lines show equal contours of gluino mass (almost horizontal lines) and squark
mass (arcs) according to the label on the left-hand side of the figure, in units of GeV. We also show
the benchmark mAMSB line and points defined in Ref. [43].
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mg̃ � mq̃ > 900 GeV

m3/2 > 30TeV if m0 < 1.3TeV

m3/2 > 40TeV if m0 < 500GeV

• 

• 

• 

(＊＊＊＊: most sensitive cuts)

B.C.Allanach, T.J.Khoo, KS 1110.1119

Bench mark points (S. S. AbdusSalam et.al. 1109.3859)
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Figure 2: Contours of ∆−1 on the m0-M1/2 plane for the constrained mSUGRA with A0 = 0
(left) and A0 = −3|m0| (right). The sign of µ is chosen to be positive. The constraints from
direct superparticle search, the Higgs boson mass bound, and the stau LSP are also shown.

values of µ and µB at Munif are determined by v and tanβ, and we take tanβ = 15. We

find that for A0 = 0 the fine-tuning is worse than 2%, while for A0 = −3|m0| it can be as

mild as 5% for M1/2 " 150 GeV and m2
0 " (200 GeV)2. This can be understood as follows.

For A0 = 0, renormalization group equations give low-energy values for At and mt̃ that satisfy

At/mt̃ ∼ −1. While this value of |At/mt̃| is not totally negligible, it is still not large enough to

give MHiggs >∼ 114.4 GeV with top squark masses smaller than about 600 GeV (see Fig. 1). This

gives a high sensitivity of v to yt (the top-stop contribution to m2
Hu

), leading to ∆−1 <∼ 2%. The

situation can be made better by introducing non-vanishing A0 at Munif . While the sensitivity of

low-energy At to A0 is rather weak, A0 = −3|m0| can give a low-energy value of At/mt̃ about

−1.8, which allows mt̃ as small as " 250 GeV to evade the Higgs boson mass bound, and thus

∆−1 as large as 5%. Here mt̃ is defined by mt̃ ≡ (m2
Q3

m2
U3

)1/4. In fact, larger values of A0 do

not help in reducing fine-tuning because of a shrinking of the phenomenologically acceptable

parameter region, and we obtain ∆−1|max ≈ 5% in the constrained mSUGRA.

In the case of the constrained mSUGRA described above, ∆−1 is determined by the sensitivity

of v to yt and µ, which implies that the dominant source of fine-tuning comes from the sensitivity

of m2
Hu

to the top-stop loop contribution. We can make this sensitivity weaker by deviating from

the constrained mSUGRA. A simple way of doing this is to make m2
Hu

and m2
Hd

differ from m2
0

at Munif . Practically, this implies that we can take low-energy values of µ and mA as free

parameters. Then, for certain values of µ and mA, which corresponds to choosing certain values
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Existence of the CMSSM is quite unnatural.
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Figure 1: Left: the lightest CP even Higgs mass bound (the green curve) and tachyonic stop region (the
pink region) on (m3 − A0) plane at m1/2 = 150GeV. Right: viable parameter space on (m3 − m1/2) plane.

Let us identify the region of parameter space where various phenomenological constraints are
satisfied. There are two major constraints to this scenario. One is a CCB constraint where one of
the mass squared eigenvalues of scalar tops (stops) m2

t̃1
is negative. The m2

0 negatively contributes
to low energy values of m2

t̃L
and m2

t̃R
via the renormalisation group evolution in two-loop level.

Moreover, if |At| is large at low energy, one of the eigenvalues of the mass squared matrix for stops
becomes small. These two effects may drive m2

t̃1
negative. With fixed m0, the CCB (or tachyonic

stop) constraint requires large m3, m1/2 and small |A0|.
The other major constraint is the LEP II bound on the lightest CP even Higgs mass (mh >

114.4GeV) [20]. The approximate one-loop expression of mh is given by [21]

m2
h " m2

Z cos2 2β +
3GF m4

t√
2π2

[
log

m2
t̃

m2
t

+
A2

t

m2
t̃

(
1 − A2

t

12m2
t̃

)]
, (2)

where mt̃ " mt̃R
" mt̃L

. The first term in the square bracket slowly increases as increasing mt̃.
The second term is maximised when |At/mt̃| =

√
6. The Higgs mass constraint requires large m3,

m1/2 and also large |A0|.
As we aim for small m3 and m1/2 region, we optimise A0 by taking the above two constraints into

account at each (m3, m1/2) point. Figure 1 (left) shows the allowed/excluded region on (m3 − A0)
plane at m1/2 = 150GeV. Here, the low energy particle spectra are calculated using the SOFTSUSY
[22] v3.1.7 program. The pink region is excluded by the tachyonic stop constraint. The green curve
shows the light Higgs mass bound. The upper right region corresponds to the allowed region. To
obtain viable model points with small m3, we take A0 = −m3 − 400GeV through our analysis.

Figure 1 (right) shows the allowed/excluded region on (m3 − m1/2) plane. The pink and green
regions are excluded by the tachyonic stop constraint and the lightest CP even Higgs mass constraint,
respectively. The purple region is excluded by the chargino mass bound mχ̃±

1
> 94 GeV [23] from

the direct search conducted by LEP II. The red (orange) region is excluded because the LSP is the
lighter stop (stau).

As we discussed in the Introduction, FCNC and CPV observables do not place constraints on
this parameter plane. Because we adopt the large m0 (m0 = 1.5TeV) and the moderate tan β
(tanβ = 10), it is difficult to explain the anomaly of (g − 2)µ [24] in our setup. We do not address
this issue in this paper.

4

Viable parameter region

KS, K.Takayama 1106.3794 

• Softsusy is used.

• Small stop masses are reconciled with the Higgs mass bound by large A0 .



ATLAS 0-lepton analysis 165/pb

Signal Region ≥ 2 jets ≥ 3 jets ≥ 4 jets
Emiss

T [GeV] > 130 > 130 > 130
Leading jet pT [GeV] > 130 > 130 > 130
Second jet pT [GeV] > 40 > 40 > 40
Third jet pT [GeV] - > 40 > 40
Fourth jet pT [GeV] - - > 40
∆φ(jet, Emiss

T )min > 0.4 > 0.4 > 0.4
Emiss

T /meff > 0.3 > 0.25 > 0.25
meff [GeV] > 1000 > 1000 > 1000

SM Background 12.1 ± 2.8 10.1 ± 2.3 7.3 ± 1.7
Observed Events 10 8 7

Table 2: The cut used to define three signal regions of ATLAS 0-lepton analysis[5].

g̃ → t̃1t̄ mode. It requires at least one isolated lepton and b-tagged jet assuming leptonic top
decays. The pT and Emiss

T cuts are mild compared to the 1-lepton signal region. This is because
events undergo g̃ → t̃1t̄ modes contain a large number of final state particles. The pT of each final
state particle therefore can not be large on average. In MUSM scenario, as shown in Section 2,
Br(g̃ → t̃1t̄ (t̃∗1t)) + Br(g̃ → b̃1b̄ (b̃∗1b)) = 100% in small m3 region. It is therefore reasonable to
expect this search has a good sensitivity to MUSM scenario.

The cuts used in the ATLAS 0-lepton search is given in Table 2. This search defines three signal
regions: 2-jets, 3-jets and 4-jets regions. All regions require very high pT jets and large Emiss

T , since
a larger number of SUSY events are available compared to the b-jet search due to 165 pb−1 data.
Events are discarded if they contain more than zero isolated lepton. A very high effective mass cut
(meff ≡

∑N
j=1 |p

(j)
T | + Emiss

T > 1000GeV (for N -jets region)) is also adopted. This search currently
places the strongest limit on the CMSSM parameter space.

The ATLAS provides the number of observed events n(i)
obs that made it past cuts and the expected

SM backgrounds n(i)
b together with their systematic error σ(i)

b for each search signal region. Here i

represents the search signal regions. The σ(i)
b are calculated by adding the uncorrelated background

systematic and jet energy scale systematic in quadrature. Those numbers are listed in Table 1 and
2 for each search signal region.

At each SUSY model point, the predicted number of signal events n(i)
s can be calculated using

Monte Carlo simulation. If one observes a statistically significant excess of the n(i)
s +n(i)

b from n(i)
obs,

one can reject the SUSY model point at some confidence level. The ATLAS presents the 95% CL
exclusion regions in the CMSSM (m0 − m1/2) plane at the tan β = 40, A0 = 0, µ > 0 slice for
the b-jet search and at the tan β = 10, A0 = 0, µ > 0 slice for the 0-lepton search. The dashed
curves in Figure 4 shows the ATLAS’ 95% CL exclusion contours. As can be seen, m1/2 < 400 GeV,
m1/2 < 400GeV region is excluded by the 0-lepton search. In small m1/2 <∼ 160 GeV region, m0 is
excluded up to 1000GeV by both the b-jet and 0-lepton searches.

4 Monte Carlo simulation and its validation

Before discussing the constraint from the ATLAS searches to MUSM scenario, we summarise our
setup for event and detector simulations. We generate 10 000 SUSY events at various model points
using the HERWIG++ [27] v2.5.0 Monte Carlo program. The SUSY sample are scaled so that the

7

ATLAS-CONF-2011-086

Figure 4: Reproduction of the ATLAS observed exclusion limit for validation of our method. Solid (dashed)
lines are our (ATLAS’) exclusion contours.

corresponding luminosities are 35 pb−1 (165 pb−1) for the b-jet search (0-lepton search). We use
NLO SUSY cross sections obtained by using the PROSPINO program. To simulate detector effects,
we use the DELPHES [28] v.1.9 program. The parameters defined in the DELPHES are tuned for the
ATLAS’ analyses. For example, we use R = 0.4 anti-kT algorithm for a jet reconstruction and
assume the b-tagging efficiencies to be 50%, 10% and 1% for b-jet, c-jet and light flavour or gluon
jets. We analyse the SUSY sample and estimate the number of expected events n(i)

s that made it
past cuts adopted in the ATLAS searches.

The ATLAS does not supply the systematic error σ(i)
s on the signal, so we choose some reasonable

errors. Rather large systematic uncertainties comes into SUSY cross sections. Variations of the
renormalisation and factorisation scales by a factor of two results in uncertainties around 10−30%.
The PDF uncertainties are expected to be around 5 − 25%. Those values depend on production
processes and mass spectra for superparticles. In the analysis we simply adopt constant uncertainties
of 30%, 11%, 21%, 29% and 32% for g̃g̃, q̃q̃(∗), q̃g̃, t̃1t̃∗1 and b̃1b̃∗1 processes, respectively, across the
SUSY parameter space. We define the cross section error σcross by summing up with those errors
in quadrature.

In order to take into account of the other uncertainties, such as jet energy scale uncertainty,
b-tagging uncertainty and luminosity uncertainty, we use a single constant error σ(i)

s′ for each search

signal region. Our approximate σ(i)
s is then constructed as

√
σ2

cross + (σ(i)
s′ )2. We vary σ(i)

s′ and
choose reasonable values so that our exclusion contours match the ATLAS’ contours well. We find
that the exclusion contours are not so sensitive to σ(i)

s′ because σcross provides a sizable contribution
to σ(i)

s .
Given information, n(i)

obs, n(i)
s , n(i)

b , σ(i)
s and σ(i)

b , we can compute the exclusion p-value. We
follow Ref [29]. The expectation value for observed events is given as

λ(i) = n(i)
s (1 + δsσ

(i)
s ) + n(i)

b (1 + δbσ
(i)
b ). (3)

8

• CMSSM limits for validation (solid: our calculation, dashed: ATLAS) 

2-jet 3-jet 4-jet



Figure 6: pexcl-value distribution of 0-lepton search regions for MUSM scenario.

We attribute this to the suppression of the g̃g̃ cross section. In the m1/2 > 200GeV region, the g̃g̃
cross section is less than 1 pb as shown in Figure 2, and the produced number of g̃g̃ pairs may be
not sufficient in the 35 pb−1 data.

The excluded regions obtained from the 0-lepton and 1-lepton signal regions are complementary.
The former signal region excludes m3 > 600GeV region, whilst the latter excludes 470GeV < m3 <
670GeV region. The 0-lepton signal region adopts larger pT , Emiss

T and meff cuts. It therefore prefers
the g̃g̃ events that undergo three-body gluino decays such as g̃ → bb̄χ̃0

1(2) because the numbers of
final state particles are not so large and the averaged pT of each particle can be sufficiently large.
Indeed, gluinos decay to three-body decay modes only in m3 > 600GeV region (See Figure 3.). In
contrast, the cuts defined in the 1-lepton signal region is designed for the g̃ → t̃1t̄ mode leading to
long cascade decays and isolated leptons from leptonic top/stop decays.

Figure 6 shows the pexcl distributions for the 0-lepton search in the 2-, 3- and 4-jets signal
regions. As can be seen, the constraints from these search signal regions to the MUSM parameter
space are rather weak despite the larger luminosity data with 165 pb−1. There are no 95% CL
exclusion regions found on the (m3 − m1/2) plane from this search. This result is not surprising
because the 0-lepton search requires very large pT , Emiss

T and meff cuts, while pT of each particle
can not be so large in MUSM scenario if gluino mass is small or gluinos decay to two-body decay
modes.

To illuminate this observation, we show distributions of the Emiss
T , leading jet pT and meff(2-

jets) before cuts for representative model points for the CMSSM (blue histograms) and MUSM
scenario (green histograms) in Figure 7. The model points we have chosen are m0 = 350GeV,
m1/2 = 250GeV, A0 = 0, tan β = 10, µ > 0 for the CMSSM and m3 = 350GeV, m1/2 = 250GeV,
A0 = −750GeV, tan β = 10, µ > 0, m0 = 1.5TeV for MUSM scenario. As can be seen, the
distributions for the MUSM model point are much softer than those for the CMSSM point. The red
allows represent the cuts adopted in the 0-lepton search. We can see that the cuts remove majority
of events for the MUSM model point. Especially, the meff cut significantly reduces the number of
signal events. For exclusion of MUSM scenario, lower pT , Emiss

T and meff cuts are crucial.

6 Summary and conclusion

Recent ATLAS and CMS SUSY searches have significantly pushed up the exclusion limits in the
CMSSM (m0−m1/2) plane. Naturalness of theory is getting difficult to be achieved in the framework
of the CMSSM. We examined the impact of the recent direct SUSY searches on non-universal
sfermion mass models focusing on naturalness. We considered non-universal sfermion mass models
where the third generation sfermions involved in 10-plet of SU(5) has a different soft mass m3 from
the other sfermions’ soft mass m0. We focused the parameter region where the parameters that are
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Figure 6: pexcl-value distribution of 0-lepton search regions for MUSM scenario.

We attribute this to the suppression of the g̃g̃ cross section. In the m1/2 > 200GeV region, the g̃g̃
cross section is less than 1 pb as shown in Figure 2, and the produced number of g̃g̃ pairs may be
not sufficient in the 35 pb−1 data.

The excluded regions obtained from the 0-lepton and 1-lepton signal regions are complementary.
The former signal region excludes m3 > 600GeV region, whilst the latter excludes 470GeV < m3 <
670GeV region. The 0-lepton signal region adopts larger pT , Emiss

T and meff cuts. It therefore prefers
the g̃g̃ events that undergo three-body gluino decays such as g̃ → bb̄χ̃0

1(2) because the numbers of
final state particles are not so large and the averaged pT of each particle can be sufficiently large.
Indeed, gluinos decay to three-body decay modes only in m3 > 600GeV region (See Figure 3.). In
contrast, the cuts defined in the 1-lepton signal region is designed for the g̃ → t̃1t̄ mode leading to
long cascade decays and isolated leptons from leptonic top/stop decays.

Figure 6 shows the pexcl distributions for the 0-lepton search in the 2-, 3- and 4-jets signal
regions. As can be seen, the constraints from these search signal regions to the MUSM parameter
space are rather weak despite the larger luminosity data with 165 pb−1. There are no 95% CL
exclusion regions found on the (m3 − m1/2) plane from this search. This result is not surprising
because the 0-lepton search requires very large pT , Emiss

T and meff cuts, while pT of each particle
can not be so large in MUSM scenario if gluino mass is small or gluinos decay to two-body decay
modes.

To illuminate this observation, we show distributions of the Emiss
T , leading jet pT and meff(2-

jets) before cuts for representative model points for the CMSSM (blue histograms) and MUSM
scenario (green histograms) in Figure 7. The model points we have chosen are m0 = 350GeV,
m1/2 = 250GeV, A0 = 0, tan β = 10, µ > 0 for the CMSSM and m3 = 350GeV, m1/2 = 250GeV,
A0 = −750GeV, tan β = 10, µ > 0, m0 = 1.5TeV for MUSM scenario. As can be seen, the
distributions for the MUSM model point are much softer than those for the CMSSM point. The red
allows represent the cuts adopted in the 0-lepton search. We can see that the cuts remove majority
of events for the MUSM model point. Especially, the meff cut significantly reduces the number of
signal events. For exclusion of MUSM scenario, lower pT , Emiss

T and meff cuts are crucial.

6 Summary and conclusion

Recent ATLAS and CMS SUSY searches have significantly pushed up the exclusion limits in the
CMSSM (m0−m1/2) plane. Naturalness of theory is getting difficult to be achieved in the framework
of the CMSSM. We examined the impact of the recent direct SUSY searches on non-universal
sfermion mass models focusing on naturalness. We considered non-universal sfermion mass models
where the third generation sfermions involved in 10-plet of SU(5) has a different soft mass m3 from
the other sfermions’ soft mass m0. We focused the parameter region where the parameters that are
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Figure 6: pexcl-value distribution of 0-lepton search regions for MUSM scenario.

We attribute this to the suppression of the g̃g̃ cross section. In the m1/2 > 200GeV region, the g̃g̃
cross section is less than 1 pb as shown in Figure 2, and the produced number of g̃g̃ pairs may be
not sufficient in the 35 pb−1 data.

The excluded regions obtained from the 0-lepton and 1-lepton signal regions are complementary.
The former signal region excludes m3 > 600GeV region, whilst the latter excludes 470GeV < m3 <
670GeV region. The 0-lepton signal region adopts larger pT , Emiss

T and meff cuts. It therefore prefers
the g̃g̃ events that undergo three-body gluino decays such as g̃ → bb̄χ̃0

1(2) because the numbers of
final state particles are not so large and the averaged pT of each particle can be sufficiently large.
Indeed, gluinos decay to three-body decay modes only in m3 > 600GeV region (See Figure 3.). In
contrast, the cuts defined in the 1-lepton signal region is designed for the g̃ → t̃1t̄ mode leading to
long cascade decays and isolated leptons from leptonic top/stop decays.

Figure 6 shows the pexcl distributions for the 0-lepton search in the 2-, 3- and 4-jets signal
regions. As can be seen, the constraints from these search signal regions to the MUSM parameter
space are rather weak despite the larger luminosity data with 165 pb−1. There are no 95% CL
exclusion regions found on the (m3 − m1/2) plane from this search. This result is not surprising
because the 0-lepton search requires very large pT , Emiss

T and meff cuts, while pT of each particle
can not be so large in MUSM scenario if gluino mass is small or gluinos decay to two-body decay
modes.

To illuminate this observation, we show distributions of the Emiss
T , leading jet pT and meff(2-

jets) before cuts for representative model points for the CMSSM (blue histograms) and MUSM
scenario (green histograms) in Figure 7. The model points we have chosen are m0 = 350GeV,
m1/2 = 250GeV, A0 = 0, tan β = 10, µ > 0 for the CMSSM and m3 = 350GeV, m1/2 = 250GeV,
A0 = −750GeV, tan β = 10, µ > 0, m0 = 1.5TeV for MUSM scenario. As can be seen, the
distributions for the MUSM model point are much softer than those for the CMSSM point. The red
allows represent the cuts adopted in the 0-lepton search. We can see that the cuts remove majority
of events for the MUSM model point. Especially, the meff cut significantly reduces the number of
signal events. For exclusion of MUSM scenario, lower pT , Emiss

T and meff cuts are crucial.

6 Summary and conclusion

Recent ATLAS and CMS SUSY searches have significantly pushed up the exclusion limits in the
CMSSM (m0−m1/2) plane. Naturalness of theory is getting difficult to be achieved in the framework
of the CMSSM. We examined the impact of the recent direct SUSY searches on non-universal
sfermion mass models focusing on naturalness. We considered non-universal sfermion mass models
where the third generation sfermions involved in 10-plet of SU(5) has a different soft mass m3 from
the other sfermions’ soft mass m0. We focused the parameter region where the parameters that are
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Figure 6: pexcl-value distribution of 0-lepton search regions for MUSM scenario.

We attribute this to the suppression of the g̃g̃ cross section. In the m1/2 > 200GeV region, the g̃g̃
cross section is less than 1 pb as shown in Figure 2, and the produced number of g̃g̃ pairs may be
not sufficient in the 35 pb−1 data.

The excluded regions obtained from the 0-lepton and 1-lepton signal regions are complementary.
The former signal region excludes m3 > 600GeV region, whilst the latter excludes 470GeV < m3 <
670GeV region. The 0-lepton signal region adopts larger pT , Emiss

T and meff cuts. It therefore prefers
the g̃g̃ events that undergo three-body gluino decays such as g̃ → bb̄χ̃0

1(2) because the numbers of
final state particles are not so large and the averaged pT of each particle can be sufficiently large.
Indeed, gluinos decay to three-body decay modes only in m3 > 600GeV region (See Figure 3.). In
contrast, the cuts defined in the 1-lepton signal region is designed for the g̃ → t̃1t̄ mode leading to
long cascade decays and isolated leptons from leptonic top/stop decays.

Figure 6 shows the pexcl distributions for the 0-lepton search in the 2-, 3- and 4-jets signal
regions. As can be seen, the constraints from these search signal regions to the MUSM parameter
space are rather weak despite the larger luminosity data with 165 pb−1. There are no 95% CL
exclusion regions found on the (m3 − m1/2) plane from this search. This result is not surprising
because the 0-lepton search requires very large pT , Emiss

T and meff cuts, while pT of each particle
can not be so large in MUSM scenario if gluino mass is small or gluinos decay to two-body decay
modes.

To illuminate this observation, we show distributions of the Emiss
T , leading jet pT and meff(2-

jets) before cuts for representative model points for the CMSSM (blue histograms) and MUSM
scenario (green histograms) in Figure 7. The model points we have chosen are m0 = 350GeV,
m1/2 = 250GeV, A0 = 0, tan β = 10, µ > 0 for the CMSSM and m3 = 350GeV, m1/2 = 250GeV,
A0 = −750GeV, tan β = 10, µ > 0, m0 = 1.5TeV for MUSM scenario. As can be seen, the
distributions for the MUSM model point are much softer than those for the CMSSM point. The red
allows represent the cuts adopted in the 0-lepton search. We can see that the cuts remove majority
of events for the MUSM model point. Especially, the meff cut significantly reduces the number of
signal events. For exclusion of MUSM scenario, lower pT , Emiss

T and meff cuts are crucial.

6 Summary and conclusion

Recent ATLAS and CMS SUSY searches have significantly pushed up the exclusion limits in the
CMSSM (m0−m1/2) plane. Naturalness of theory is getting difficult to be achieved in the framework
of the CMSSM. We examined the impact of the recent direct SUSY searches on non-universal
sfermion mass models focusing on naturalness. We considered non-universal sfermion mass models
where the third generation sfermions involved in 10-plet of SU(5) has a different soft mass m3 from
the other sfermions’ soft mass m0. We focused the parameter region where the parameters that are
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We attribute this to the suppression of the g̃g̃ cross section. In the m1/2 > 200GeV region, the g̃g̃
cross section is less than 1 pb as shown in Figure 2, and the produced number of g̃g̃ pairs may be
not sufficient in the 35 pb−1 data.

The excluded regions obtained from the 0-lepton and 1-lepton signal regions are complementary.
The former signal region excludes m3 > 600GeV region, whilst the latter excludes 470GeV < m3 <
670GeV region. The 0-lepton signal region adopts larger pT , Emiss

T and meff cuts. It therefore prefers
the g̃g̃ events that undergo three-body gluino decays such as g̃ → bb̄χ̃0

1(2) because the numbers of
final state particles are not so large and the averaged pT of each particle can be sufficiently large.
Indeed, gluinos decay to three-body decay modes only in m3 > 600GeV region (See Figure 3.). In
contrast, the cuts defined in the 1-lepton signal region is designed for the g̃ → t̃1t̄ mode leading to
long cascade decays and isolated leptons from leptonic top/stop decays.

Figure 6 shows the pexcl distributions for the 0-lepton search in the 2-, 3- and 4-jets signal
regions. As can be seen, the constraints from these search signal regions to the MUSM parameter
space are rather weak despite the larger luminosity data with 165 pb−1. There are no 95% CL
exclusion regions found on the (m3 − m1/2) plane from this search. This result is not surprising
because the 0-lepton search requires very large pT , Emiss

T and meff cuts, while pT of each particle
can not be so large in MUSM scenario if gluino mass is small or gluinos decay to two-body decay
modes.

To illuminate this observation, we show distributions of the Emiss
T , leading jet pT and meff(2-

jets) before cuts for representative model points for the CMSSM (blue histograms) and MUSM
scenario (green histograms) in Figure 7. The model points we have chosen are m0 = 350GeV,
m1/2 = 250GeV, A0 = 0, tan β = 10, µ > 0 for the CMSSM and m3 = 350GeV, m1/2 = 250GeV,
A0 = −750GeV, tan β = 10, µ > 0, m0 = 1.5TeV for MUSM scenario. As can be seen, the
distributions for the MUSM model point are much softer than those for the CMSSM point. The red
allows represent the cuts adopted in the 0-lepton search. We can see that the cuts remove majority
of events for the MUSM model point. Especially, the meff cut significantly reduces the number of
signal events. For exclusion of MUSM scenario, lower pT , Emiss

T and meff cuts are crucial.

6 Summary and conclusion

Recent ATLAS and CMS SUSY searches have significantly pushed up the exclusion limits in the
CMSSM (m0−m1/2) plane. Naturalness of theory is getting difficult to be achieved in the framework
of the CMSSM. We examined the impact of the recent direct SUSY searches on non-universal
sfermion mass models focusing on naturalness. We considered non-universal sfermion mass models
where the third generation sfermions involved in 10-plet of SU(5) has a different soft mass m3 from
the other sfermions’ soft mass m0. We focused the parameter region where the parameters that are
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We attribute this to the suppression of the g̃g̃ cross section. In the m1/2 > 200GeV region, the g̃g̃
cross section is less than 1 pb as shown in Figure 2, and the produced number of g̃g̃ pairs may be
not sufficient in the 35 pb−1 data.

The excluded regions obtained from the 0-lepton and 1-lepton signal regions are complementary.
The former signal region excludes m3 > 600GeV region, whilst the latter excludes 470GeV < m3 <
670GeV region. The 0-lepton signal region adopts larger pT , Emiss

T and meff cuts. It therefore prefers
the g̃g̃ events that undergo three-body gluino decays such as g̃ → bb̄χ̃0

1(2) because the numbers of
final state particles are not so large and the averaged pT of each particle can be sufficiently large.
Indeed, gluinos decay to three-body decay modes only in m3 > 600GeV region (See Figure 3.). In
contrast, the cuts defined in the 1-lepton signal region is designed for the g̃ → t̃1t̄ mode leading to
long cascade decays and isolated leptons from leptonic top/stop decays.

Figure 6 shows the pexcl distributions for the 0-lepton search in the 2-, 3- and 4-jets signal
regions. As can be seen, the constraints from these search signal regions to the MUSM parameter
space are rather weak despite the larger luminosity data with 165 pb−1. There are no 95% CL
exclusion regions found on the (m3 − m1/2) plane from this search. This result is not surprising
because the 0-lepton search requires very large pT , Emiss

T and meff cuts, while pT of each particle
can not be so large in MUSM scenario if gluino mass is small or gluinos decay to two-body decay
modes.

To illuminate this observation, we show distributions of the Emiss
T , leading jet pT and meff(2-

jets) before cuts for representative model points for the CMSSM (blue histograms) and MUSM
scenario (green histograms) in Figure 7. The model points we have chosen are m0 = 350GeV,
m1/2 = 250GeV, A0 = 0, tan β = 10, µ > 0 for the CMSSM and m3 = 350GeV, m1/2 = 250GeV,
A0 = −750GeV, tan β = 10, µ > 0, m0 = 1.5TeV for MUSM scenario. As can be seen, the
distributions for the MUSM model point are much softer than those for the CMSSM point. The red
allows represent the cuts adopted in the 0-lepton search. We can see that the cuts remove majority
of events for the MUSM model point. Especially, the meff cut significantly reduces the number of
signal events. For exclusion of MUSM scenario, lower pT , Emiss

T and meff cuts are crucial.

6 Summary and conclusion

Recent ATLAS and CMS SUSY searches have significantly pushed up the exclusion limits in the
CMSSM (m0−m1/2) plane. Naturalness of theory is getting difficult to be achieved in the framework
of the CMSSM. We examined the impact of the recent direct SUSY searches on non-universal
sfermion mass models focusing on naturalness. We considered non-universal sfermion mass models
where the third generation sfermions involved in 10-plet of SU(5) has a different soft mass m3 from
the other sfermions’ soft mass m0. We focused the parameter region where the parameters that are
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Figure 7: Distributions of the Emiss
T , leading jet pT and meff for SUSY signals before event selection.

relevant to naturalness (m3, m1/2, mHu , µ) are around the weak scale and the other dimensionful
parameters have larger mass scale (m0 = 1.5TeV, |A0| > 500GeV). We applied the ATLAS b-jet
search and the latest 0-lepton search to various MUSM model points and identified the 95% CL
exclusion region in the (m3 − m1/2) plane.

We found the constraints on the (m3 − m1/2) plane from the ATLAS searches are rather weak.
Those searches do not exclude m1/2 > 190GeV region independently of m3.

Because of the large m0, first two generation squarks are too heavy to be produced in this
scenario at

√
s = 7TeV pp collision. The total SUSY cross section is dominated by g̃g̃ or t̃1t̃∗1

processes, however the size of g̃g̃ cross section is not so large since initial state gluons do not carry
significant energy fractions compared to valence quarks. The g̃g̃ cross section is less than 1 pb in
m1/2 > 200GeV region.

Event topology of this scenario also strongly affects the result. The main branching ratio of
gluinos is typically g̃ → t̃1t̄ → χ̃+

1 bt̄ → χ̃0
1W

+bt̄. Events with such long cascade decays contain a
large number of final state particles. Therefore, pT of each particle can not be large on average.
Most of such events fail to pass high pT cuts and large Emiss

T and meff cuts.
The non-universal sfermion mass models of this type can easily evade the current direct SUSY

search constraints with keeping naturalness. In order to exclude/discover these models, ordinary
selection cuts, based on high pT jets and large Emiss

T and meff , are not efficient. The cuts based on
the number of b-jets, isolated leptons and the total number of final state particles may be preferable.
We leave this study for future work.
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relevant to naturalness (m3, m1/2, mHu , µ) are around the weak scale and the other dimensionful
parameters have larger mass scale (m0 = 1.5TeV, |A0| > 500GeV). We applied the ATLAS b-jet
search and the latest 0-lepton search to various MUSM model points and identified the 95% CL
exclusion region in the (m3 − m1/2) plane.

We found the constraints on the (m3 − m1/2) plane from the ATLAS searches are rather weak.
Those searches do not exclude m1/2 > 190GeV region independently of m3.

Because of the large m0, first two generation squarks are too heavy to be produced in this
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processes, however the size of g̃g̃ cross section is not so large since initial state gluons do not carry
significant energy fractions compared to valence quarks. The g̃g̃ cross section is less than 1 pb in
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Figure 6: pexcl-value distribution of 0-lepton search regions for MUSM scenario.

We attribute this to the suppression of the g̃g̃ cross section. In the m1/2 > 200GeV region, the g̃g̃
cross section is less than 1 pb as shown in Figure 2, and the produced number of g̃g̃ pairs may be
not sufficient in the 35 pb−1 data.

The excluded regions obtained from the 0-lepton and 1-lepton signal regions are complementary.
The former signal region excludes m3 > 600GeV region, whilst the latter excludes 470GeV < m3 <
670GeV region. The 0-lepton signal region adopts larger pT , Emiss

T and meff cuts. It therefore prefers
the g̃g̃ events that undergo three-body gluino decays such as g̃ → bb̄χ̃0

1(2) because the numbers of
final state particles are not so large and the averaged pT of each particle can be sufficiently large.
Indeed, gluinos decay to three-body decay modes only in m3 > 600GeV region (See Figure 3.). In
contrast, the cuts defined in the 1-lepton signal region is designed for the g̃ → t̃1t̄ mode leading to
long cascade decays and isolated leptons from leptonic top/stop decays.

Figure 6 shows the pexcl distributions for the 0-lepton search in the 2-, 3- and 4-jets signal
regions. As can be seen, the constraints from these search signal regions to the MUSM parameter
space are rather weak despite the larger luminosity data with 165 pb−1. There are no 95% CL
exclusion regions found on the (m3 − m1/2) plane from this search. This result is not surprising
because the 0-lepton search requires very large pT , Emiss

T and meff cuts, while pT of each particle
can not be so large in MUSM scenario if gluino mass is small or gluinos decay to two-body decay
modes.

To illuminate this observation, we show distributions of the Emiss
T , leading jet pT and meff(2-

jets) before cuts for representative model points for the CMSSM (blue histograms) and MUSM
scenario (green histograms) in Figure 7. The model points we have chosen are m0 = 350GeV,
m1/2 = 250GeV, A0 = 0, tan β = 10, µ > 0 for the CMSSM and m3 = 350GeV, m1/2 = 250GeV,
A0 = −750GeV, tan β = 10, µ > 0, m0 = 1.5TeV for MUSM scenario. As can be seen, the
distributions for the MUSM model point are much softer than those for the CMSSM point. The red
allows represent the cuts adopted in the 0-lepton search. We can see that the cuts remove majority
of events for the MUSM model point. Especially, the meff cut significantly reduces the number of
signal events. For exclusion of MUSM scenario, lower pT , Emiss

T and meff cuts are crucial.

6 Summary and conclusion

Recent ATLAS and CMS SUSY searches have significantly pushed up the exclusion limits in the
CMSSM (m0−m1/2) plane. Naturalness of theory is getting difficult to be achieved in the framework
of the CMSSM. We examined the impact of the recent direct SUSY searches on non-universal
sfermion mass models focusing on naturalness. We considered non-universal sfermion mass models
where the third generation sfermions involved in 10-plet of SU(5) has a different soft mass m3 from
the other sfermions’ soft mass m0. We focused the parameter region where the parameters that are
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Signal Region 0-lepton 1-lepton
number of b-jets ≥ 1 ≥ 1

Emiss
T [GeV] > 100 > 80

Leading jet pT [GeV] > 120 > 60
Second jet pT [GeV] > 30 > 30
Third jet pT [GeV] > 30 -
∆φ(jet, Emiss

T )min > 0.4 > 0.4
Emiss

T /meff > 0.2 -
meff [GeV] > 600 > 500
mT [GeV] - > 100

SM Background 19.6 ± 6.9 14.7 ± 3.7
Observed Events 15 9

Table 1: The cut used to define two signal regions of ATLAS b-jet analysis [19].

Now we discuss the cross sections and branching ratios in our scenario. Figure 2 shows the
cross sections for leading production processes g̃g̃, t̃1t̃∗1 at

√
s = 7TeV pp collision. The total cross

section is also shown in Figure 2. The values are obtained using the PROSPINO [25] v2.1 program.
The next-to-leading order (NLO) corrections are taken into account. In small m1/2 region, the
dominant production process is g̃g̃, whilst it is t̃1t̃∗1 in small m3 region. The other processes are
negligible across the (m3 − m1/2) parameter plane. The region where σtotal >∼ O(10) pb is limited.
The total cross section can be as large as O(10) pb only in m1/2 < 160GeV region or m3 < 500 GeV,
m1/2 < 260GeV region. This is not surprising because the valence quarks of protons, which carry
significant energy fractions, are the first generation (u and d quarks) although first two generation
squarks in this scenario are too heavy to be produced at

√
s = 7TeV.

In this scenario, gluinos decay utterly to third generation squarks if two-body decay mode
g̃ → t̃1t̄ or g̃ → b̃1b̄ is open. Figure 3 shows Br(g̃ → t̃1t̄ (t̃∗1t)) and Br(g̃ → b̃1b̄ (b̃∗1b)). The branching
ratios are calculated using the SUSYHIT [26] v1.3 program. The g̃ → t̃1t̄ mode dominates over the
parameter space. Around m3 & 600−900 GeV, those branching ratios abruptly become zero because
the two-body decay modes become kinematically forbidden. In m3 > 600− 900GeV region, gluinos
decay to charginos or neutralinos via three-body decays through off-shell squarks. The branching
ratio of g̃ → χ̃f̄3f ′

3, where gluinos decay to third generation quark pairs together with weak gauginos
via three-body decay, is also shown in Figure 3. In m3 < 1 TeV region, the g̃ → χ̃f̄3f ′

3 mode has
sizable branching ratios since off-shell stops and sbottoms are still lighter than first two generation
squarks. The Br(g̃ → χ̃0

1,2t̄t) and Br(g̃ → χ̃+
1 t̄b) rapidly decrease compared to Br(g̃ → χ̃0

1,2b̄b)
because of the phase space suppression due to the top mass.

3 ATLAS b-jet search and 0-lepton search

To assess the impact of the direct SUSY searches on MUSM scenario, we use two ATLAS search
results: the ATLAS “b-jet” search with 35 pb−1 data and ATLAS “0-lepton” search with 165 pb−1

data.
The cuts adopted in the ATLAS b-jet search is given in Table 1. This search examines two

signal regions: 0-lepton region and 1-lepton region. The 0-lepton region targes g̃ → b̃1b̄ mode.
It requires at least one b-tagged jet and adopts higher pT and Emiss

T cuts. Events are discarded
if they contain more than zero isolated lepton. On the other hand, the 1-lepton region targets

6

ATLAS 1103.4344

1-lepton: designed for g̃ � tt̃�1

0-lepton: designed for g̃ � bb̃�1

• 

• 

ATLAS b-jet analysis 35/pb

Figure 4: Reproduction of the ATLAS observed exclusion limit for validation of our method. Solid (dashed)
lines are our (ATLAS’) exclusion contours.

corresponding luminosities are 35 pb−1 (165 pb−1) for the b-jet search (0-lepton search). We use
NLO SUSY cross sections obtained by using the PROSPINO program. To simulate detector effects,
we use the DELPHES [28] v.1.9 program. The parameters defined in the DELPHES are tuned for the
ATLAS’ analyses. For example, we use R = 0.4 anti-kT algorithm for a jet reconstruction and
assume the b-tagging efficiencies to be 50%, 10% and 1% for b-jet, c-jet and light flavour or gluon
jets. We analyse the SUSY sample and estimate the number of expected events n(i)

s that made it
past cuts adopted in the ATLAS searches.

The ATLAS does not supply the systematic error σ(i)
s on the signal, so we choose some reasonable

errors. Rather large systematic uncertainties comes into SUSY cross sections. Variations of the
renormalisation and factorisation scales by a factor of two results in uncertainties around 10−30%.
The PDF uncertainties are expected to be around 5 − 25%. Those values depend on production
processes and mass spectra for superparticles. In the analysis we simply adopt constant uncertainties
of 30%, 11%, 21%, 29% and 32% for g̃g̃, q̃q̃(∗), q̃g̃, t̃1t̃∗1 and b̃1b̃∗1 processes, respectively, across the
SUSY parameter space. We define the cross section error σcross by summing up with those errors
in quadrature.

In order to take into account of the other uncertainties, such as jet energy scale uncertainty,
b-tagging uncertainty and luminosity uncertainty, we use a single constant error σ(i)

s′ for each search

signal region. Our approximate σ(i)
s is then constructed as

√
σ2

cross + (σ(i)
s′ )2. We vary σ(i)

s′ and
choose reasonable values so that our exclusion contours match the ATLAS’ contours well. We find
that the exclusion contours are not so sensitive to σ(i)

s′ because σcross provides a sizable contribution
to σ(i)

s .
Given information, n(i)

obs, n(i)
s , n(i)

b , σ(i)
s and σ(i)

b , we can compute the exclusion p-value. We
follow Ref [29]. The expectation value for observed events is given as

λ(i) = n(i)
s (1 + δsσ

(i)
s ) + n(i)

b (1 + δbσ
(i)
b ). (3)
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Figure 5: pexcl-value distribution of b-jet search regions for MUSM scenario. The green lines correspond
95% CL exclusion contour.

Using Poisson probability, the probability of observing n events is given by

P(n) =
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N (i)

∫ 5
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dδs
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− 1

2 (δ2
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b ), (5)

where we have truncated the Gaussian modelling of the systematic errors at 5σ in computational
practice. The lower edge of the integration restricts to keep the signal and background contributions
independently non-negative. Finally, given observed events n(i)

obs, the exclusion p-value defined as
the cumulative marginalised likelihood is obtained as

pexcl(n
(i)
obs) =

n(i)
obs∑

n=0

P(n). (6)

The 95% CL exclusion region corresponds to pexcl < 0.05.
The solid curves in Figure 4 show the 95% CL exclusion contours obtained by the above proce-

dure. The ATLAS’ 95% CL exclusion contours are shown with dashed curves on the same figures.
It can be seen that our exclusion contours reproduce the ATLAS’ contours well.

5 Constraint from ATLAS searches to MUSM scenario

We are now ready for examining the constraint from the ATLAS searches to MUSM scenario.
We focus on the MUSM (m3 − m1/2) parameter plane in the m0 = 1.5 TeV, mH = m3, A0 =
m3 − 400GeV, tan β = 10 slice, where the phenomenological allowed region have been found in
Section 2. We divide the (m3,m1/2) plane into grids with (75, 20)GeV intervals. At each grid
model point, we calculate the pexcl following the procedure described in Section 4 for each search
signal region.

Figure 5 shows the pexcl distributions for the b-jet search in the 0-lepton (left) and 1-lepton
(right) signal regions. The 95% CL exclusion contours are also shown in Figure 5. As can be seen,
the 95% CL exclusion region is very limited. It is compacted only in the m1/2 < 200 GeV region.
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where we have truncated the Gaussian modelling of the systematic errors at 5σ in computational
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m3 − 400GeV, tan β = 10 slice, where the phenomenological allowed region have been found in
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model point, we calculate the pexcl following the procedure described in Section 4 for each search
signal region.
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Figure 2: Production cross section of supersymmetric particles.

Figure 3: Gluino branching ratio. If m3 is large and m1/2 is small, gluino cannot decay into two particles.
In the last figure, all decay process contain t or b quarks are added.
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Figure 2: Production cross section of supersymmetric particles.

Figure 3: Gluino branching ratio. If m3 is large and m1/2 is small, gluino cannot decay into two particles.
In the last figure, all decay process contain t or b quarks are added.
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We are now ready for examining the constraint from the ATLAS searches to MUSM scenario.
We focus on the MUSM (m3 − m1/2) parameter plane in the m0 = 1.5 TeV, mH = m3, A0 =
m3 − 400GeV, tan β = 10 slice, where the phenomenological allowed region have been found in
Section 2. We divide the (m3,m1/2) plane into grids with (75, 20)GeV intervals. At each grid
model point, we calculate the pexcl following the procedure described in Section 4 for each search
signal region.

Figure 5 shows the pexcl distributions for the b-jet search in the 0-lepton (left) and 1-lepton
(right) signal regions. The 95% CL exclusion contours are also shown in Figure 5. As can be seen,
the 95% CL exclusion region is very limited. It is compacted only in the m1/2 < 200 GeV region.
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s+δ2

b ), (5)

where we have truncated the Gaussian modelling of the systematic errors at 5σ in computational
practice. The lower edge of the integration restricts to keep the signal and background contributions
independently non-negative. Finally, given observed events n(i)

obs, the exclusion p-value defined as
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• In the light 3rd generation scenario, naturalness can be realised under the 
recent LHC constraints.

• There exists allowed region where m1/2 < 200GeV and m3 < 400GeV.

• Constraints are weak.
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1
! 2 ·m

χ̃0
1
, with m

χ̃0
1

= 60 GeV, and to decay through
a virtualW boson (BR(χ̃±

1 → χ̃0
1 l±ν)=11%). Only on-shell gluino decays are considered. NLO

cross sections are calculated using PROSPINO in the hypothesis of mq̃ # mg̃, and theoretical
uncertainties are included in the limit calculation. The ± 1 σ C.L. expected exclusion curves
are also shown. The previous expected and observed ATLAS results obtained with 35 pb−1

using the PCL limit setting procedure are superimposed for reference.

plane for phenomenological MSSM as shown in Fig. 6. Only the region below the kinematic
boundary for on-shell g̃ → t̃1t is considered. The scenario assumes mχ̃±

1
! 2mχ̃0 with a neu-

tralino mass of 60 GeV and first and second generation squark as well as sbottom and slepton
masses larger than 1 TeV. Stops are produced either via direct pair or via gluino pair produc-
tion followed by on-shell gluino decay g̃→ t̃1t, although very low acceptance is found for the
t̃1t̃1 process. The estimation of the background is performed using the data-driven methods
described in Sec. 4, after subtraction of the hypothetical SUSY signal contamination in CR1.
The latter varies from 50% to 1% of the predicted SM background as the gluino mass increases
from 400 to 900 GeV. Therefore the signal subtraction procedure has a significant impact only
on the exclusion limits at low gluino masses. All systematic uncertainties described in Sec. 5
have been taken into account. The expected sensitivity of this analysis over the (mg̃,mt1) plane
is significantly better than the one of the previous ATLAS analysis. However, due to the ex-
cess of events observed in the 2011 data (and only partially because of the different statistical
method used to derive the limits), the excluded region is not extended with respect to the pre-
vious results set with 35 pb−1. Gluino masses below 500-520 GeV – depending on the stop
mass – are excluded at the 95% C.L. for stop masses between 125 GeV and 300 GeV, in case of
on-shell g̃→ t̃1t decays and assuming t̃1 → bχ̃±

1 . Without the signal subtraction procedure, the
limit improves by 40 GeV in gluino mass, while using the PCL limit setting procedure the limit
improves by 20 GeV.
Results are also interpreted in the context of simplified models. In this case, all the squarks

are heavier than the gluino, which decays exclusively into three-body final states (t  t χ̃0
1 ). The
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Summary
• ATLAS and CMS are extending the exclusion limits on the CMSSM. 

• Finding constraint on the other SUSY scenario is non-trivial and 
important task.

• There arises a tension between naturalness and CMSSM.

• A light third generation scenario is interesting because it can 
accommodate naturalness and the resent LHC results.

• Considering a dedicated set of cuts for the light third generation 
scenario is important to discover/exclude the scenario.





2-loop RGE
As long as m3 and m1/2 are weak scale, m0 cannot be arbitrarily large. 
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Figure 1: The allowed region on (m1/2 − m0) plane. Other parameters are taken m30 = mHu(Λ) =
mHd(Λ) = 300GeV, A0 = −600GeV, tan β = 10, sgn(µ) = +.

−A0 >∼ 600GeV. Thus in this scenario we study the parameter region where5

m0 ∼ 1 − 2 TeV, tan β = 10. (9)

In the MSSM, it is well known that the lightest CP-even Higgs boson, h, tends to
be light if the SUSY breaking scale is low. To push up the mass of the h above the
SM Higgs mass bound, mϕSM > 114.4GeV, by LEP II experiment [45], the quantum
correction to the Higgs quartic coupling is crucial [46]. Since it usually requires large
magnitudes of the mass or the trilinear coupling of stops, we should take care of the
constraint from the Higgs mass bound in this scenario. Since large m30 and m1/2 are
not preferable in view of the naturalness, we search the allowed region in the direction
of large |A0|. Fig. 2 shows the allowed region on a (m1/2 − A0) plane. The red region is
excluded by the condition mh > 114 GeV. We find that the Higgs mass bound requires
|A0| >∼ 400 − 600 GeV in the region where m30,m1/2 ∼ 200 − 300GeV. The two black
dashed lines represent µ = 300GeV and 500 GeV at the stop mass scale. From these
lines we find that increasing |A0| does not make the naturalness worse than increasing
m1/2. However large |A0| may also cause the CCB problem, because it leads one of the
stop masses squared to be negative. In the black region of Fig. 2, the lighter stop becomes
unacceptably light due to large |A0| values. So, we cannot take |A0| to be arbitrary large.
To perform the Monte Carlo simulation study we choose a specific parameter set, Point A,
defined in Table 2 as a representative parameter point. In order to see the m0 dependence
of the collider signature, we vary m0 to 1400 and 1700 from Point A. We call these model
points AH1 and AH2 for m0 = 1400 and 1700 GeV, respectively. These model points are
shown in Fig 1 and 2.

If we adopt the non-universal Higgs mass scenario, we can consider the other allowed
region where the heaviest CP-even Higgs boson, H, becomes the SM-like Higgs boson [47].
This scenario is referred as light Higgs scenario or inverted hierarchy scenario. This can
be realized if mA ∼ 100GeV and µ <∼ 300GeV. In Fig. 3, we show the allowed region on

5This scenario however cannot explain the anomaly of the muon g − 2 [42], because µ̃ and ν̃µ are
heavy due to the large m0.

6

m30 = mHu(�) = mHd(�) = 300 GeV,

A0 = �600 GeV, tan� = 10

other parameters:

• m0 < 1 - 2.5 TeV depending on 
m3, m1/2 and A0.



How many SUSY events are allowed?
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Figure 4: Observed and expected 95% CL exclusion contours in the CMSSM (m0, m1/2) plane
(tan b = 10, A0 = 0, µ > 0) using NLO signal cross sections with the CLs method. The expected
limit is shown with its 68% CL range. The SUSY benchmark model LM6 is also shown.

represents a tight constraint on the parameter space of SUSY models like the CMSSM.
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missing energy in models with a stau NLSP.
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Masses of important superpartners, as a function of c, for
Mg̃ = 700 GeV:
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FIG. 1: The masses of the
most relevant superpartners
for the class of models de-
fined in subsection IIIA, as
a function of the compression
parameter c, for fixed Mg̃ =
700 GeV. The case c = 0
corresponds to an mSUGRA-
like model.
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FIG. 2: The distributions before cuts of Emiss
T (left panel) and meff with 3 jets included (right panel) for

models described in subsection IIIA with Mg̃ = 700 GeV and c = 0.0, 0.3, 0.6, and 0.9, from right to left.
The cuts for signals C and D are also shown. The meff distribution decreases more quickly than Emiss

T does
as c increases.

LSP, q̃R → qÑ1, while left-handed squarks decay mostly to wino-like charginos and neutralinos,

q̃L → q′C̃1 and qÑ2. The latter decay through on-shell or off-shell weak bosons: C̃1 → W (∗)Ñ1 and

Ñ2 → Z(∗)Ñ1, or Ñ2 → hÑ1 when it is kinematically allowed. The visible energy in each event

from these decays clearly decreases as the compression factor c increases, because of the reduction

in available kinematic phase space. To illustrate the effect of this, we show in Figure 2 the Emiss
T

and meff distributions for c = 0.0, 0.3, 0.6, and 0.9 in the case Mg̃ = 700 GeV. The softening of

these distributions becomes drastic as c approaches 1, leading to a more difficult search, at least

by the usual methods.

Figure 3 shows the acceptances for signals A, C, D, L for Mg̃ = 300, 400, . . . , 1000 GeV, with

Compressed spectrum
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FIG. 3: The acceptances for model lines defined in section IIIA as a function of Mg̃ − MÑ1
, obtained

by varying the gaugino mass compression factor c. The lines from bottom to top correspond to Mg̃ =
300, 400, . . . , 1000 GeV. The dots on each line correspond to, from right to left, c = −0.1, 0, 0.1, . . .0.9, with
c = 0 corresponding to the mSUGRA-like case and c = 1 to a completely compressed gaugino spectrum.
The four panels are for the four sets of cuts A, C, D, and L.

the compression factor varying in the range −0.1 < c < 0.9, as a function of the gluino-LSP

mass difference Mg̃ −MÑ1
. The acceptances for all four signals become sharply reduced when the

gluino-LSP mass difference decreases below 200 GeV for the A and C signals, with an even stronger

reduction for signals D and L. The single cut most responsible for decreasing the signal in each

case is the requirement of a minimum meff .

An interesting feature seen in Figure 3 is that for fixed Mg̃, the acceptances often actually

increase with c for low c, especially when Mg̃ is large and especially for signals A and C. For

a fixed gluino mass, this leads to a maximum acceptance for models that are somewhat more

compressed than mSUGRA, which may seem counterintuitive. The interplay between c and the

Compressed spectrum
T.J.LeCompte, S.P.Martin 1105.4304

Lines:  mgluino = 300,400,...,1000GeV 



Figure 2: Production cross section of supersymmetric particles.

Figure 3: Gluino branching ratio. If m3 is large and m1/2 is small, gluino cannot decay into two particles.
In the last figure, all decay process contain t or b quarks are added.
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Cross section

KS, K.Takayama 1106.3794 

• σgg > 1pb, in small m1/2 region

• σstst > 1pb, in small m1/2 and m3 region
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Gluino decay modes

• 

in less fine-tuned region.

t̃1 � b�̃±1 � bW �̃0
1

(� t�0
1)

• 

g̃ � tt̃�1 is dominant


