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The “Higgs” discovery

Observation driven by high-resolution channels: H→γγ, H→ZZ
The discovery of a Higgs-like particle at 126GeV is a big 
scientific achievement of the LHC.



SUSY searches and constraints
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• The constraints applies to “vanilla” type supersymmetry, which involves R-
parity conservation, a gaugino GUT relation, flavour universality for squarks 

“Vanilla”	  supersymmetry	  below	  1	  -‐	  1.4	  TeV	  is	  ruled	  out	  !!

17

gluino mass [GeV]
600 800 1000 1200 1400 1600 1800 2000

sq
ua

rk 
ma

ss
 [G

eV
]

600

800

1000

1200

1400

1600

1800

2000

 = 100 fbSUSYσ

 = 10 fbSUSYσ

 = 1 fbSUSYσ

) = 195 GeV
1
0
χ∼Squark-gluino-neutralino model,  m(

=7 TeVs, -1 L dt = 4.7 fb∫

Combined
ATLAS

)theory
SUSYσ1 ±Observed limit (

)expσ1 ±Expected limit (

-1, 1.04 fb710 (2012) 67-85PLB 

(a)

gluino mass [GeV]
600 800 1000 1200 1400 1600 1800 2000

sq
ua

rk 
ma

ss
 [G

eV
]

600

800

1000

1200

1400

1600

1800

2000

 = 100 fbSUSYσ

 = 10 fbSUSYσ

 = 1 fbSUSYσ

) = 395 GeV
1
0
χ∼Squark-gluino-neutralino model,  m(

=7 TeVs, -1 L dt = 4.7 fb∫

Combined
ATLAS

)theory
SUSYσ1 ±Observed limit (

)expσ1 ±Expected limit (

-1, 1.04 fb710 (2012) 67-85PLB 

(b)

FIG. 11: The 95% CLs exclusion limits on the (mg̃,mq̃)-plane in MSSM models with non-zero neutralino masses. Combined
observed exclusion limits are based on the best expected CLs per grid point as for Fig. 10(a), but with an LSP mass of (a)
195 GeV and (b) 395 GeV. Curves are as defined in Fig. 10(a). The letters overlaid on the plot show the SR that contributes
the best sensitivity at each point. Previous results from ATLAS [17] are represented by the shaded region (blue) at bottom left
in each case.

as in the simplified MSSM scenario. Cross sections are
evaluated assuming decoupled squarks or gluinos in cases
(a) and (b), respectively.
Similar models with only squark or gluino pair-

production are shown in Figs. 13 and 14. However, in
these variants, the sparticle content is augmented by an
additional intermediate chargino with mass between the
strongly-interacting sparticle and the LSP. This allows
for production of additional jets or leptons and enriches
the phenomenology. In the squark pair-production case,
only left-handed squarks of the first and second gener-
ations are considered in order to enhance the branch-
ing ratios of decay chains incorporating an intermediate
chargino. The cross sections have been reduced by 50%
to take this situation properly into account. Two dif-
ferent parameterizations of the masses are shown. Fig-
ures 13(a) and 14(a) vary the squark/gluino mass and the
LSP mass, keeping the chargino mass exactly midway be-
tween those two. In Figures 13(b) and 14(b), the LSP
mass is instead held fixed, with the ratio of the chargino-
LSP mass splitting to the squark/gluino-LSP mass split-
ting defining the y-axis. When either mass splitting is
large sensitivity to the model is enhanced by kinematics.

The ‘compressed SUSY’ models suggested in Refs. [70,
71] are also considered. In these models, the basic spar-
ticle content and spectrum are similar to that in the
CMSSM, but the sizes of all mass-splittings are controlled
by a compression factor. The squark mass is set to 96%

of the gluino mass. For presentation purposes, the lim-
its are plotted against the gluino mass and the largest
mass-splitting, i.e. that between gluino and LSP. Exclu-
sion plots are shown in Fig. 15 for three classes of model:
one in which all sparticle content is present, a second in
which all the neutralinos and charginos apart from the
LSP are taken to be sufficiently heavy to decouple, and
a third in which the squarks instead are decoupled.

XII. SUMMARY

This paper reports a search for supersymmetry in fi-
nal states containing high-pT jets, missing transverse mo-
mentum and no electrons with pT > 20 GeV or muons
with pT > 10 GeV. Data recorded by the ATLAS ex-
periment at the LHC at

√
s = 7 TeV, corresponding

to an integrated luminosity of 4.7 fb−1 have been used.
Good agreement is seen between the numbers of events
observed in the signal regions and the numbers of events
expected from SM sources. The exclusion limits placed
on non-SM cross sections impose new constraints on sce-
narios with novel physics.
The results are interpreted in both a simplified model

containing only squarks of the first two generations, a
gluino octet and a massless neutralino, as well as in
MSUGRA/CMSSM models with tanβ = 10, A0 = 0
and µ > 0. In the simplified model, gluino and squark

• Squark/gluino mass below 1~1.4 TeV is excluded in the simplified model 



What’s next ?

• Continuing the similar searches and pushing up the squark/gluino mass 
bound?



What’s next ?

• Searching for SUSY particles below 1 TeV in a general MSSM 
framework, going beyond the “vanilla” SUSY assumption (R-parity, 
a gaugino GUT relation, flovour universality for squarks)

• Continuing the similar searches and pushing up the squark/gluino mass 
bound?
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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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higgsino,	  stops,	  gluino	  masses	  should	  be	  below	  1	  TeV



What’s next ?

• Searching for SUSY particles below 1 TeV in a general MSSM 
framework, going beyond the “vanilla” SUSY assumption (R-parity, 
a gaugino GUT relation, flovour universality for squarks)

•	  If	  we	  discover	  such	  par2cles,
we	  can	  measure	  the	  proper2es	  of	  those	  par2cles	  and	  obtain	  the	  
informa2on	  of	  the	  underlying	  theory.	  

•	  If	  we	  exclude	  such	  par2cles,
this	  would	  be	  an	  indica2on	  that	  naturalness	  is	  not	  a	  good	  guide	  for	  
supersymmetric	  model	  building.	  	  The	  argument	  of	  the	  natural	  EWSB	  should	  
be	  reconsidered.	  	  	  

• Continuing the similar searches and pushing up the squark/gluino mass 
bound?



Where can SUSY be hidden?
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experimental upper bound cross section efficiency

❖ two ways to hide supersymmetry

small cross section (�SUSY � 1)✦ 

small e�ciency (�SUSY � 1)✦ 

•split generation SUSY 

•R-parity violation

•compressed SUSY
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Compressed SUSY



Compressed SUSY
• If produced SUSY particles are mass degenerate with the LSP, pT of visible 
particles and ETmiss will become very soft as decreasing the mass splitting, which 
results in very small efficiency for the high pT cut.

SUSY particles with 
sizeable cross sections

LSP

m

�m
T

q̃

q̃

q

q

�̃

�̃

pT � �(m�̃� + �m)�

�

becomes very soft 
as Δm → 0

Cancellation!

Emiss
T = |��p�̃1 +��p�̃2 |

becomes very soft

• A concrete model: H.Murayama, Y.Nomura, S.Shirai, K.Tobioka (1206.4993)

pjet
T � �m�(� + 1)

�SUSY � 1



Initial State Radiation

T

q̃ q̃

q
�̃

q
�̃

• Initial state radiation can kick the two squark system.  The two neutralinos are 
no longer back-to-back and momentum cancellation in the ETmiss can be 
avoided.

�

ISR �
monojet or dijet

net ETmiss



How low can SUSY go?

Fig. 5: Limits at the 95% confidence level for gluino mass in the decoupled squark scenario, Fig.2(b), for both monojet (left)
and SUSY searches (right). The mass splitting between the gluino and the LSP is varied between 1 and 100 GeV.

Fig. 6: Limits at the 95% confidence level for gluino masses in the equal mass squark-gluino scenario, Fig.2(c), for both monojet
(left) and SUSY searches (right). The mass splitting between the gluino and the LSP is varied between 1 and 100 GeV whilst
the squark mass is placed between the two.

expected to have a topology with a dominant jet that will
recoil against the LSPs.

As we increase the mass splitting, Mq̃ �MLSP , we see
that the monojet searches rapidly lose their e↵ectiveness,
Fig. 4. This is due to the fact that both the ATLAS and
CMS searches have a third jet veto. As the mass splitting
is increased, the SUSY decays produce additional jets and
these events are vetoed.

In contrast, the SUSY searches become more e↵ective
as the mass splitting is increased. For example, the CMS
Razor limit improves from Mq̃ > 340 GeV when the mass
splitting is 1 GeV to Mq̃ > 400 GeV when the mass split-
ting is 100 GeV. This is because the SUSY searches often
allow any number of additional jets and include the extra
radiation in the search variable.

In the decoupled squark scenario, Fig.2(b), we find that
we can set a bound on the gluino mass, Mg̃ > 500 GeV,

Fig.5, and CMS Razor sets the best limit. Finally, in
the equal mass squark gluino model, Fig.2(b), we find a
limit of Mq̃ ⇠ Mg̃ > 650 GeV which is set both by CMS
Razor and the CMS monojet search, Fig.6. As before,
the limit in the monojet search is reduced as we increase
the mass splitting but the majority of the SUSY limits
actually improve and for 100 GeV mass splitting, CMS
Razor gives a limit, Mg̃ > 700 GeV.

Conclusions. – We have set limits in simplified SUSY
models with compressed spectra. We find a limit on the
first two generations of squarks, Mq̃ > 340 GeV, in a
model with a decoupled gluino. With decoupled squarks
we find a limit on the gluino mass of, Mg̃ > 500 GeV.
With equal mass gluinos and squarks we find a limit of
Mq̃ ⇠ Mg̃ > 650 GeV.

We would like to comment that the results for the de-
coupled squark and equal mass squark-gluino models are
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FIG. 15: Combined 95% CLs exclusion limits for the compressed SUSY models discussed in the text. In figure (a) all squarks,
electroweak gauginos and the gluino are kinematically accessible. In figure (b) neutralinos (apart from the LSP) and charginos
are decoupled. In figure (c) squarks are decoupled. The black dashed lines show the expected limits, with the light (yellow)
bands indicating the 1σ excursions due to experimental uncertainties. Observed limits are indicated by medium (maroon)
curves, where the solid contour represents the nominal limit, and the dotted lines are obtained by varying the cross section by
the theoretical scale and PDF uncertainties. The letters overlaid on the plot show the SR that contributes the best sensitivity
at each point.
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Using leptonic signature K. Rolbiecki, KS 
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signal region 2OS 2SS 3LEP 4LEP
N(lep)  = 2 (OS)  = 2 (SS)  = 3 >= 4

leading µ (e) pT  (GeV) > 20 (25) > 20 (25) > 20 (25) > 20 (25)
ETmiss (GeV) > 250 > 100 > 50  > 50

dilpton mass (GeV) > 12 > 12 > 20  > 20
luminosity (fb-1) 1.04 1.04 2.06 2.06

SUSY particles with 
sizeable cross sections

LSP

m

�
• If compressed SUSY models produce leptons in the 
final state, we can constrain such models using leptonic 
signature.  

• The leptonic signature is rare in the Standard Model.  
By requiring isolated leptons, QCD background is 
drastically suppressed, without demanding a hard ETmiss 
cut.
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Figure 1. (a) Missing energy and (b) transverse momentum of the leading lepton for different
values of mass gap, ∆m, between gluino and the LSP.

events with χ̃±
1 χ̃±

1 intermediate state since those produce exactly two charged leptons with

relatively large branching ratios; see eq. (2.2). The other class of events can also contribute

to the signal regions after taking into account the lepton identification/isolation efficiency.

The tri-lepton analysis (3LEP) requires exactly three isolated leptons, of which at

least one pair must be Same Flavour and Opposite Sign (SFOS). If a SFOS lepton pair has

invariant mass less than 20 GeV or within the Z-mass window, 81 GeV< m!! <101 GeV,

the event is discarded. The event cannot have a b-jet and Emiss
T is required to be greater

than 50 GeV. This signal region should provide a good sensitivity to the events with χ̃±
1 χ̃0

2

intermediate state since it produces exactly three charged leptons.

In the four-lepton analysis (4LEP), an event must contain four or more isolated leptons.

Again, it excludes events with SFOS lepton pair when its invariant mass is less than 20 GeV

or within the Z-mass window, and requires Emiss
T > 50 GeV. Only χ̃0

2χ̃
0
2 intermediate state

can produce four charged leptons in our simplified model. Therefore, this signal region is

sensitive only to this class of events.

4 pT and Emiss
T distributions and analysis optimisation

In our simplified model, the source of the missing energy is the two LSPs and zero, one

or two neutrinos coming from SUSY cascade decays, each of which has a typical pT of
m2

!̃
−m2

B̃
2m!̃

∼
m2

W̃
−m2

!̃
2mW̃

∼ ∆m
4 . At the simulation level, Emiss

T measurement is based on a vector

sum of the transverse momenta of the reconstructed objects. Figure 1(a) shows the Emiss
T

distribution for various ∆m with the fixed gluino mass at 800 GeV. The distributions peak

around 2
3∆m and exhibit long tails towards the higher Emiss

T region.

The Emiss
T distribution of the SM background in the 2SS signal region are provided in

figure 1(a) in ref. [24]. The background falls off quickly in the region between 0 to 200 GeV.

From the figure, we can find that the expected background will be reduced by a factor 5,

– 5 –

  

Δm = 40

100

140

80

60

120

302010 40 50 60 70

leading lepton pT

• The pTlep distributions peak around Δm/4, and fall off towards the higher region.

3LEP (background)

µ 

e

signal

leading lepton pT (GeV)



 leading lepton [GeV]l
T
p

0 20 40 60 80 100 120 140 160 180 200 220

Ev
en

ts
 / 

20
 G

eV

-110

1

10

210

310 Data 2011 
Total SM
SM+SUSY ref. point
Reduc.bkgd
WZ
ZZ

(*)/Z(*)Wtt

= 7 TeVs -1L dt = 2.06 fb0
ATLAS

 [GeV]miss
TE

0 20 40 60 80 100 120 140 160 180 200

 E
ve

nt
 R

at
e

0.01

0.02

0.03

0.04

0.05

0.06

0.07

 40
 60
 80
 100
 120
 140

 =LSP - MGluinoM

 = 800 (GeV)GluinoM

(a)

(leading lepton) [GeV]
T

p
10 20 30 40 50 60 70

 E
ve

n 
R

at
e

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14  40
 60
 80
 100
 120
 140

 =LSP - MGluinoM

 = 800 (GeV)GluinoM

(b)

Figure 1. (a) Missing energy and (b) transverse momentum of the leading lepton for different
values of mass gap, ∆m, between gluino and the LSP.

events with χ̃±
1 χ̃±

1 intermediate state since those produce exactly two charged leptons with

relatively large branching ratios; see eq. (2.2). The other class of events can also contribute

to the signal regions after taking into account the lepton identification/isolation efficiency.

The tri-lepton analysis (3LEP) requires exactly three isolated leptons, of which at

least one pair must be Same Flavour and Opposite Sign (SFOS). If a SFOS lepton pair has

invariant mass less than 20 GeV or within the Z-mass window, 81 GeV< m!! <101 GeV,

the event is discarded. The event cannot have a b-jet and Emiss
T is required to be greater

than 50 GeV. This signal region should provide a good sensitivity to the events with χ̃±
1 χ̃0

2

intermediate state since it produces exactly three charged leptons.

In the four-lepton analysis (4LEP), an event must contain four or more isolated leptons.

Again, it excludes events with SFOS lepton pair when its invariant mass is less than 20 GeV

or within the Z-mass window, and requires Emiss
T > 50 GeV. Only χ̃0

2χ̃
0
2 intermediate state

can produce four charged leptons in our simplified model. Therefore, this signal region is

sensitive only to this class of events.

4 pT and Emiss
T distributions and analysis optimisation

In our simplified model, the source of the missing energy is the two LSPs and zero, one

or two neutrinos coming from SUSY cascade decays, each of which has a typical pT of
m2

!̃
−m2

B̃
2m!̃

∼
m2

W̃
−m2

!̃
2mW̃

∼ ∆m
4 . At the simulation level, Emiss

T measurement is based on a vector

sum of the transverse momenta of the reconstructed objects. Figure 1(a) shows the Emiss
T

distribution for various ∆m with the fixed gluino mass at 800 GeV. The distributions peak

around 2
3∆m and exhibit long tails towards the higher Emiss

T region.

The Emiss
T distribution of the SM background in the 2SS signal region are provided in

figure 1(a) in ref. [24]. The background falls off quickly in the region between 0 to 200 GeV.

From the figure, we can find that the expected background will be reduced by a factor 5,

– 5 –

302010 40
  

50 60 70
leading lepton pT (GeV)

Δm = 40

100

140

80

60

120

leading lepton pT

• If a low pT cut of 40GeV is added in 3LEP, 90% of the BG is removed, but the 
signal reduction is only 10% (Δm ~ 60GeV).

µ 

e

3LEP+ 3LEP+

signal
3LEP (background)

• The pTlep distributions peak around Δm/4, and fall off towards the higher region.



 [GeV]miss
TE

0 20 40 60 80 100 120 140 160 180 200

 E
ve

nt
 R

at
e

0.01

0.02

0.03

0.04

0.05

0.06

0.07

 40
 60
 80
 100
 120
 140

 =LSP - MGluinoM

 = 800 (GeV)GluinoM

(a)

(leading lepton) [GeV]
T

p
10 20 30 40 50 60 70

 E
ve

n 
R

at
e

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14  40
 60
 80
 100
 120
 140

 =LSP - MGluinoM

 = 800 (GeV)GluinoM

(b)

Figure 1. (a) Missing energy and (b) transverse momentum of the leading lepton for different
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The tri-lepton analysis (3LEP) requires exactly three isolated leptons, of which at
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or within the Z-mass window, and requires Emiss
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sensitive only to this class of events.

4 pT and Emiss
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signal reduction is only 10% (Δm ~ 60GeV).



Results

• New 3LEP+ significantly extends the exclusion limit.

• mGluino > 900GeV if Δm ~ 100GeV. 

• mGluino > 900GeV  
at  Δm～100GeV   
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Figure 5. Exclusion limits (a) observed (Lint = 1–2 fb−1) and (b) expected for Lint = 5.25 fb−1.

The 95% exclusion limits are calculated using the CLs method described in subsec-
tion 5.1. We simply use the signal systematic error of 20% (σs = 0.2), cf. eq. 5.1, for each
of the signal regions across the parameter space. In calculating the expected limit for an
integrated luminosity Lint = 5.25 fb−1, we conservatively use the same background system-
atic error as the one used in the lower luminosity analyses by ATLAS. If the background
systematic error is improved in the updated analysis with Lint = 5.25 fb−1, the expected
exclusion limits will be slightly improved.

We summarise the observed and expected (with Lint = 5.25 fb−1) exclusion limits
obtained from various signal regions in figures 5(a) and 5(b), respectively. As can be seen,
4LEP signal region provides the most stringent limit among the original analyses, however
the modified 3LEP+ signal region sets even better exclusion limit than the 4LEP signal
region in the (mg̃, ∆m) parameter plane. The exclusion limits turn out to be quite strong:
the gluino and squark masses below 900 GeV are excluded for ∆m > 80 GeV and the
600 GeV gluino/squark mass is excluded for ∆m > 50 GeV. The analyses do not exclude
any gluino/squark masses for ∆m below 40 GeV. This is expected since the kinematical
upper bound on the χ̃0

2-originated SFOS lepton pair and a typical size of lepton pT become
smaller than their cut threshold values, and the analyses lose sensitivity in this region as
discussed in section 4. For the di-lepton analysis, our modified signal region 2SS+ does not
improve the observed exclusion limit with respect to the original 2SS signal region. This
is because of a 2σ excess in the 2SS+ signal region observed by ATLAS; see table 2. From
figure 5(b) we can see that the 2SS+ signal region indeed has a better sensitivity against
the 2SS signal region, where the limit on the coloured SUSY particle mass is extended
by about 100GeV in ∆m > 70 GeV region. Finally, we have checked that replacing the
sequence of two-body gaugino decays by three-body decays (ie. by making sleptons heavier
than gauginos) yields practically the same exclusion limits.
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systematic error is improved in the updated analysis with Lint = 5.25 fb−1, the expected
exclusion limits will be slightly improved.
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the gluino and squark masses below 900 GeV are excluded for ∆m > 80 GeV and the
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any gluino/squark masses for ∆m below 40 GeV. This is expected since the kinematical
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2-originated SFOS lepton pair and a typical size of lepton pT become
smaller than their cut threshold values, and the analyses lose sensitivity in this region as
discussed in section 4. For the di-lepton analysis, our modified signal region 2SS+ does not
improve the observed exclusion limit with respect to the original 2SS signal region. This
is because of a 2σ excess in the 2SS+ signal region observed by ATLAS; see table 2. From
figure 5(b) we can see that the 2SS+ signal region indeed has a better sensitivity against
the 2SS signal region, where the limit on the coloured SUSY particle mass is extended
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of the signal regions across the parameter space. In calculating the expected limit for an
integrated luminosity Lint = 5.25 fb−1, we conservatively use the same background system-
atic error as the one used in the lower luminosity analyses by ATLAS. If the background
systematic error is improved in the updated analysis with Lint = 5.25 fb−1, the expected
exclusion limits will be slightly improved.

We summarise the observed and expected (with Lint = 5.25 fb−1) exclusion limits
obtained from various signal regions in figures 5(a) and 5(b), respectively. As can be seen,
4LEP signal region provides the most stringent limit among the original analyses, however
the modified 3LEP+ signal region sets even better exclusion limit than the 4LEP signal
region in the (mg̃, ∆m) parameter plane. The exclusion limits turn out to be quite strong:
the gluino and squark masses below 900 GeV are excluded for ∆m > 80 GeV and the
600 GeV gluino/squark mass is excluded for ∆m > 50 GeV. The analyses do not exclude
any gluino/squark masses for ∆m below 40 GeV. This is expected since the kinematical
upper bound on the χ̃0

2-originated SFOS lepton pair and a typical size of lepton pT become
smaller than their cut threshold values, and the analyses lose sensitivity in this region as
discussed in section 4. For the di-lepton analysis, our modified signal region 2SS+ does not
improve the observed exclusion limit with respect to the original 2SS signal region. This
is because of a 2σ excess in the 2SS+ signal region observed by ATLAS; see table 2. From
figure 5(b) we can see that the 2SS+ signal region indeed has a better sensitivity against
the 2SS signal region, where the limit on the coloured SUSY particle mass is extended
by about 100GeV in ∆m > 70 GeV region. Finally, we have checked that replacing the
sequence of two-body gaugino decays by three-body decays (ie. by making sleptons heavier
than gauginos) yields practically the same exclusion limits.
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Results

• New 3LEP+ significantly extends the exclusion limit.

• mGluino > 1000GeV if Δm ~ 100GeV. 
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is because of a 2σ excess in the 2SS+ signal region observed by ATLAS; see table 2. From
figure 5(b) we can see that the 2SS+ signal region indeed has a better sensitivity against
the 2SS signal region, where the limit on the coloured SUSY particle mass is extended
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Comparison

• Multi-lepton searches 
are sensitive to the region 
with moderate mass 
splitting:  �m >� 60 GeV



R-parity violation
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• The following terms are allowed by gauge symmetry:
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R-parity violation  
• To prohibit the proton decay operator, baryon or lepton parity is sufficient. 
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Existing studies for RPV

Operator Remark Reference

UDD or LQD stop direct production J. A. Evans, Y. Kats, 1209.0764

UDD stop/sbottom LSP (resonance) C.Brust,  A.Katz, R.Sundrum, 1206.2353

UDD stop/sbottom LSP (dilepton) B.Allanach, B.Gripaios, 1202.6616

UDD gluino → 3jet (resonance) CMS, 1107.3084

UDD or LLE CMS, 1204.5341

LLE stau (N)LSP,  kinky charged tracks S.Asai1, Y.Azuma, M.Endo, K.Hamaguchi, S.Iwamoto, 
1103.1881 

LLE >=4lep + ETmiss ATLAS CONF 2012-035

LLE and QLD ATLAS, 1109.3089

QLD pp → eμ ATLAS, 1205.0725

QLD μ + displaced vertex ATLAS CONF 2012-108

... ... ...

dd̄� �̃� � eµ

q̃ � �̃0
1j � �̃�j � ��jG̃ (G̃� RPV decay)

to see how low the gluino/squark mass can go in the “vanilla” 
type SUSY spectrum by letting the neutralino decay by RPV

Our goal:



Model setup

• CMSSM + UDD

• simplified model + UDD

RPV:

• consider UDD-type RPV → most challenging case

���212 = 10�3

no experimental constraint

• 

�

Models:

‣ free parameters:  m0,  m1/2

‣ decoupled 3rd generation, sleptons, higgsinos,  degenerate 1-2 gen. squarks

‣ approx. GUT relation:  M3 : M2 : M1 = 6 : 2 : 1 

‣ free parameters:  gluino mass,  squark mass

prompt decay of neutralino 

(A0 = 0, tan� = 10, µ > 0)

no b-jet

(washes out baryon asymmetry 
→ baryon asymmetry should be 
generated after EW phase transition) 

M. Asano, K. Rolbiecki, KS 
arXiv:1209.5778



signal region 7j55 8j55 9j55

Nlepton(pe,µ
T > 20, 10GeV) = 0

Emiss
T /

√
HT > 4

√
GeV

Njet(pT > 55GeV) ≥ 7 ≥ 8 ≥ 9

N(BG) 167 ± 34 17 ± 7 1.9 ± 0.8

N(observed) 154 22 3

N95%UL
BSM 64 20 5.7

Table 1. The signal regions defined in ATLAS large jet multiplicities plus missing energy search.
The number of expected background events, observed events and the 95% model independent upper
limit on the BSM events for each signal region are also shown. For more detail information, see [3].

signal region MET120 MET50 MET0

N(SS lepton pair) ≥ 1

Njet(pT > 40GeV) ≥ 2

p!1,!2
T > 20, 10 GeV

m(l+i l−i ) > 8GeV

HT > 450GeV

Emiss
T > 120GeV > 50GeV > 0GeV

N(BG) 4.9 ± 2.6 13.0 ± 4.9 23.6 ± 8.4

N(observed) 4 11 16

N95%UL
BSM 9.6 6.2 10.4

Table 2. The signal regions defined in the CMS same-sign (SS) dilepton with jets plus missing
energy search. The number of expected background events, observed events and the 95% model
independent upper limit on the BSM events for each signal region are also shown. For more detail
information, see [2].

the lepton isolation, a scalar sum of transverse track momenta (excluding the lepton track

itself) and transverse calorimeter energy deposits within ∆R < 0.3 are computed. If the

sum is less than 15% of the lepton pT , the lepton is considered to be isolated. In this

study, the lepton isolation is important not only for the CMS same-sign dilepton analysis,

but also for the ATLAS large jet multiplicity analysis. The ATLAS analysis requires some

amount of the missing energy, Emiss
T /

√
HT > 4GeV1/2, which may be achieved if the event

contains neutrinos in the RPV SUSY scenario. In general, neutrinos are produced from

heavy gauge boson decays or tau decays, and often associated with charged leptons. Such

events would, however, be rejected if the efficiency of the lepton acceptance was perfect.

3.3 CMSSM + UDD model

Our first example for the RPV SUSY scenario is the CMSSM but the U2D1D2 operator is

added in the superpotential with a small coupling, λ′′
212 = 10−3. This choice of the coupling
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Analyses
• ATLAS large jet multiplicities plus missing energy search (1206.1760) [ 7TeV, 5/fb ]

• CMS SS dilepton with jets plus missing energy search (1205.6615)  [ 7TeV, 5/fb ]

�̃0
1 � udd

‣ expects up to 3 additional jets from 

‣ expects missing energy from 

q̃ � q�̃±1 �W (�)q�̃0
1 � �� �q�̃0

1

‣ expects same-sign dilepton from 

g̃

ũ
�̃+

1

�̃+
1

W+

W+

�+

�+
W bosons in the cascade decay chain 
play a crucial role for both analyses
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Figure 1. Njet and YMET

does not alter the low energy mass spectrum much from the R-parity conserving (RPC)

CMSSM. In the same parameter point, the sparticle productions and decay cascade chains

are identical among those models, until the cascade chains end up with the neutralinos. In

the RPV CMSSM, the neutralinos further decay into three quarks increasing the hadronic

activity in the final state, whilst the neutralinos are stable and contribute to the transverse

missing energy in the RPC CMSSM.

In Fig. 1(a), the red solid (blue dashed) histogram shows the distribution of the Emiss
T /

√
HT

in the RPV (RPC) CMSSM. We have chosen m0 = 300 GeV, m1/2 = 400 GeV as an rep-

resentative model point. We fix tan β = 10, A0 = 0, µ > 0 throughout the paper. The low

energy spectrum is calculated using SOFTSUSY-3.2.4 [9] and the decay branching ratios

are obtained using SUSYHIT [10]. The distributions are obtained after the two pre-selection

cuts: no isolated lepton, the number of jets with pT > 55GEV is greater than or equal to 6.

As can be seen, in RPC CMSSM, the distribution peaks around 7GeV1/2 and has a large

tail. On the other hand, in the RPV model, the distribution peaks at zero and quickly

falls off towers the higher value. The reason is two fold: a) the missing transverse energy

is significantly reduced in RPV model because neutralinos cannot contribute to the Emiss
T .

b) the hadronic decay of neutralinos increase the size of the HT , which further decreases

the Emiss
T /

√
HT . The number of events that pass the Emiss

T /
√

HT > 4GeV1/2 cut in the

RPV model is reduced by more than one order of magnitude compared to the RPC model.

In Fig. 1(b), the red solid (blue dashed) histogram shows the distribution of the number

of jets with pT > 55 GeV after the pre-selection cut of no isolated lepton and Emiss
T /

√
HT >

4GeV1/2. As can be seen, the number of jets are enhanced in RPV model because of the

hadronic decays of the neutralinos. At the eight and nine jet bins, the enhancement is

about a factor of 10.

Fig. 2 shows the event density distributions in the (HT , Emiss
T ) plane. The left 2(a)

and right 2(b) plots correspond to the PPC and RPV models, respectively. In the RPC

model, the events are more spread out over the plane. A large proportion of the events can
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Figure 2. HT vs MET

fall into the Emiss
T > 200 GeV region, while the density decreases if HT exceeds 900 GeV.

On the other hand, in the RPV model, events are more confined in the Emiss
T < 200 GeV

region, whilst the event density does not decrease until HT reaches 1400 GeV.

Before showing the exclusion limit of the RPV CMSSM, we check whether or not our

event and detector simulation can reproduce the RPC CMSSM exclusion limit provided

by ATLAS and CMS. To obtain the exclusion limits, we calculate the acceptance times

efficiency for QCD and electro-weak SUSY production processes separately in each signal

region using the simulated events. We then calculate the next to leading order SUSY

production cross sections using Prospino 2.1 [11, 12]. From those values, we estimate the

number of expected signal events and compared it with the reported model independent

upper limit on the number of BSM events.

Fig. 3(a) shows the 95% CL upper limits on the RPC CMSSM parameter plane of

various signal regions obtained from our analysis. The blue (red) curves correspond to the

ATLAS (CMS) analysis. In the plot, the exclusion contours obtained from ATLAS (the

cyan curve) and CMS (the orange curve) are superposed. As can be seen, our exclusion

curves are in a good agreement with the official experimental curves. In the small m0 region,

our analysis slightly underestimate the exclusion limit in the ATLAS large jet multiplicity

search. In this search, the estimation of the Emiss
T is non-trivial because the final state

contains a lot of jets. In any case, our estimation provides the conservative limits.

Fig. 3(b) shows the 95% CL upper limits on the RPV CMSSM parameter plane. The

official exclusion curves for the RPC CMSSM are still shown in the RPV CMSSM plane

for comparison. In the ATLAS large jet multiplicity search, 9j55 signal region places the

strongest bound among the three signal regions, like the RPC CMSSM. The exclusions are

slightly degraded in the large m0 region because ET /
√

HT is much smaller than that in

the RPC model. On the other hand, in the small m0 region, the bound is even stronger

than the RPC CMSSM. In the RPC CMSSM, obtaining a large jet multiplicity is quite

difficult in the small m0 region compared to the large m0 region. This is because in the

small m0 region, squarks decay into a neutralino or a chargino plus one jet though a two
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Figure 3. CMSSM and RPV exclusion

– 8 –

Result (CMSSM+UDD)

ATLAS CMSSM exclusion
CMS CMSSM exclusion

• For the equal squark/gluino mass, squark/gluino mass up to 900GeV is excluded !! 
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Figure 4. simplified model exclusion

4 Summary and conclusions
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• For the equal squark/gluino mass, squark/gluino mass up to 800GeV is excluded

The slightly weaker bound can be explained by the absence of stops in the gluino decay 
chain ( stop is a good source for the leptons )
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Summary
• Discovering/excluding SUSY particles below 1 TeV in a general framework is 
particularly important in the light of the natural EWSB. 

• Three main possibilities to hide SUSY (with MSSM particle contents)

split generation SUSY,  compressed SUSY,  R-parity violation

Compressed SUSY:

• Leptonic searches analysis can place a non-trivial constraint

Mgluino(=Msquark) > 900 GeV,   Δm ～ 100 GeV     (simplified model)

R-parity violation:

• Existing searches, large jet multiplicity (ATLAS), SS dilepton with jets 
(CMS), already have good sensitivity to the RPV “vanilla” SUSY.

Mgluino(=Msquark) > 900 GeV    (CMSSM + UDD)

Mgluino(=Msquark) > 800 GeV    (simplified model + UDD)
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Fig. 1: A comparison of the uncertainty in the ISR jet p
T

distribution for the production of squarks (M
q̃

= 500 GeV) between
the parton shower prediction (green, light), MLM matching (pink, medium) and CKKW matching (blue, dark). The parton
shower uncertainty is found by varying the Pythia 6 and 8 parton showers between the ‘wimpy’ and ‘power’ settings [22].
The matching uncertainties are found in both cases by varying the matching scales between 50 and 200 GeV and additionally
for MLM matching by varying the parton shower between the ‘wimpy’ and ‘power’ settings. For the softer jet 3 (the first
unmatched jet), the relative uncertainty of the parton shower approach is reduced since the phase space for this emission is
better constrained.

In addition we would like a smooth transfer between the
di↵erent areas of validity. Finally, the prediction should
not have a significant dependence on the chosen match-
ing scale or parton shower. Within SUSY we have the
additional problem that we can double count events with
resonant propagators, which must be removed [22,25].

To independently check the predictions of the match-
ing algorithm, two approaches were used. First is the
integrated MLM [21] matching available in Madgraph 5
[25, 26] which is interfaced with the Pythia 6 shower [23].
To estimate the uncertainty, we varied the matching scale
between 50 and 200 GeV and independently the parton
shower between the ‘wimpy’ and ‘power’ settings. As seen
in Fig.1, this results in a significant reduction in the uncer-
tainty compared to the parton shower alone. The second
approach was the CKKW-L [19, 20] matching algorithm,
developed for Pythia 8 [24, 27]. It was adapted to work
with SUSY1 and gives consistent results to those obtained
with MLM matching, Fig.1.

Simplified Models. – In order to reduce the SUSY
parameter space and place model independent limits, we
use three simplified models. The idea is to investigate
the ‘worst case’ scenario for R-parity conserving SUSY.
We thus assume that either the first two generations of
squarks or the gluinos or both are quasi-degenerate with
the LSP. The degeneracy has the e↵ect of making all of
the SUSY decays invisible to the detector as the produced
charged particles are too soft to be reconstructed. There-
fore, events with ISR are solely relied upon to set any
limits on the model.

1We would especially like to thank Stefan Prestel for his invalu-
able help in adapting the algorithm.

Our first scenario is labeled the ‘Decoupled Gluino’
model, Fig.2(a). Here the first two generations of squarks
are quasi-degenerate with the LSP (1-100 GeV mass split-
ting) while the gluino is completely removed from the sce-
nario. The idea is to set a lower limit on the first two
generation squarks masses that is completely independent
of the gluino mass. The third generation of squarks are left
free (obviously heavier than the LSP) because in general
the Yukawa contribution to the running of the mass leads
to a splitting between these and the first two generations
of squarks. However, a degenerate contribution can easily
be added by simply rescaling the cross-section by 5/4 for
only sbottoms or 6/4 for stops as well.

The second scenario we name the ‘Decoupled Squark’
model, Fig.2(b). Here the gluino is quasi-degenerate with
the LSP (1-100 GeV mass splitting) and the first two gen-
erations of squarks are removed from the model. In the
limit that all squarks are removed from the scenario it
must be stated that the gluino becomes stable and a dis-
tinctive signal would therefore be seen as so called ‘R-
hadrons’. In fact, even for moderate squark masses it is
easy to make a gluino in a compressed spectra long-lived.
However, it is possible that the third generation squarks
could be much lighter than the other squarks. These could
mediate prompt gluino decay whilst having a negligible
impact on the search. Therefore we assume a prompt de-
caying gluino in this scenario as an interesting limiting
case.2

As a third scenario we consider the ‘Equal Mass’ model,
Fig. 2(c). Here, the gluino mass is set quasi-degenerate
with the LSP (1-100 GeV mass splitting) and the first two

2Such models are already being investigated by the LHC collab-
orations. [28]
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Figure 6: Limits on stops decaying via other superpartners (see legend) in the presence of UDD operators.
For 212 and 213 couplings, the first intermediate particle is either very heavy (dotted curves), 10% heavier
than the stop (dashed) or 100 GeV lighter than the stop (thin solid: �̃0, �̃± ! RPV, thick solid: �̃± !
�̃0 ! RPV). For 312 and 323 couplings (through which the stop can decay directly), the Higgsino (bino)
is taken to be 100 GeV (200 GeV) lighter than the stop. In the 212 and 213 cases, the search for b-
jets+MET [68] was close to setting limits on decays via an o↵-shell g̃ or B̃, or any H̃ with �̃0, �̃± ! RPV,
while for b̃-mediated decays, the limit is set by the tt cross section measurements [44, 45]. For the 312 and
323 couplings, the limits on the H̃-mediated cases with �̃± ! �̃0, and B̃-mediated cases, are set by SS
dileptons [56, 58, 59].

further separated to cases where �̃+ ! {RPV} (thin solid line) and where, via the process (3.13),
�̃+ ! �̃0 ! {RPV} (thick solid line). In the latter case, we conservatively assumed the chargino
to be only 5 GeV heavier than the neutralino so that the decay products of the o↵-shell W are
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• The estimated mass limits are not applicable to models with different cross 
sections and branching ratios. 

• The visible cross section may be decomposed as:

�ab: cross section of a, b production

Ba�X : branching ratio of a� X .

a, b: SUSY particles

X, Y : decay processes

�(i)a�X,b�Y : e�ciency of signal region (i)

�(i)
vis =

�

a�X,b�Y

�ab · Ba�X · Bb�Y · �(i)a�X,b�Y

• The event simulation and detector simulation are required only to calculate the 
efficiencies. 

Application to the other model



Application to the other model

• The visible cross section may be decomposed as:

�ab: cross section of a, b production

Ba�X : branching ratio of a� X .

a, b: SUSY particles

X, Y : decay processes

�(i)a�X,b�Y : e�ciency of signal region (i)

�(i)
vis =

�

a�X,b�Y

�ab · Ba�X · Bb�Y · �(i)a�X,b�Y

requires MC simulation

• The estimated mass limits are not applicable to models with different cross 
sections and branching ratios. 

• Only efficiencies require the MC simulation to be estimated. 

• Visible cross section can be estimated without doing MC simulation if the 
efficiencies are known.



�q/�g � ��±1 + jets� ����0
1 + jets

��0
2 :

�q/�g � ��0
1 + jets

��±1 :

��0
1 :

• We define three types of decay processes as:
6 Signal decomposition and visible cross section reconstruction

The exclusion limits obtained in the previous section rely on the details of the simplified

model. For the models with different mass spectrum and branching ratios, the limit is not

applicable. Recently, an application of a simplified model limits to constrain other models

has been discussed [40]. If a model contains a specific event topology for which visible cross

section upper bound is known from a simplified model study, we can constrain the model

by imposing that limit on the partial cross section of that topology.

The event topologies of our simplified model can be decomposed into five classes each

of which has different intermediate weakino states:

(i) χ̃±
1 χ̃

±
1 =⇒ 2OS, 2SS;

(ii) χ̃0
2χ̃

0
1 =⇒ 2OS;

(iii) χ̃±
1 χ̃

0
2 =⇒ 3LEP (2OS, 2SS);

(iv) χ̃0
2χ̃

0
2 =⇒ 4LEP (3LEP, 2OS, 2SS);

(v) χ̃0
1χ̃

0
1, χ̃

±
1 χ̃

0
1 =⇒ less than 2 leptons.

The last class does not produce two or more leptons in the final state and is therefore

irrelevant for the multi-lepton searches. The χ̃±
1 χ̃

±
1 and χ̃0

2χ̃
0
1 classes are expected to have

two isolated leptons and the former can have either OS and SS lepton pair while the latter

only has OS lepton pair. The χ̃±
1 χ̃

0
2 state can produce up to three leptons but can also

contribute to 2OS and 2SS signal regions if one of the leptons fails to satisfy reconstruction

requirements. The χ̃0
2χ̃

0
2 class can contribute to all the signal regions once the lepton

acceptance and isolation efficiency are taken into account.

The visible cross section in our simplified model can be decomposed as

σ(i)
vis =

∑

a,b,γ,δ

σab · Ba→γ · Bb→δ ·Bγ ·Bδ · A · ε(i)γδ , (6.1)

where a and b denote the particles produced in pp collision (a, b = g̃, q̃) and γ and δ denote

intermediate weakinos (γ, δ = χ̃±
1 , χ̃

0
2, χ̃

0
1). σab is the cross section of pp → ab production

process and Ba→γ and Bγ are branching ratios of the corresponding decays. Note that Bγ

is Br(χ̃±
1 → &±ν#χ̃0

1) for γ = χ̃±
1 and Br(χ̃0

2 → &±&∓χ̃0
1) for γ = χ̃0

2. The A · ε(i)γδ represents

the efficiency in the signal region i for γδ event class. The efficiencies for different topologies

and signal regions in our simplified model are collected in table 3.

If a model has cascade decay chains as in eq. (2.2), a contribution to the visible cross

section from classes (i)–(iv) can be calculated as:

σ̂(i)
vis =

∑

a,b,γ,δ

σ̂ab · B̂a→γ · B̂b→δ · B̂γ · B̂δ · A · ε(i)γδ , (6.2)

where σ̂ab and B̂(...) represent cross sections and branching ratios calculated in the given

model. If the model features similar kinematics to our simplified model, the relevant
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• Considering both decay chains, relevant signal regions are identified for each event 
process, XY:

�q/�g � ��0
2 + jets� �+����0

1 + jets

XY =

(a� X) =



�(i)XY in %

�(i)
vis �

�

a�X,b�Y

�ab · Ba�X · Bb�Y · �(i)a�X,b�Y (�m)

(mq̃/g̃ = 800 GeV)

• Contributions from other processes 
are neglected.  

e.g. g̃ � t̃(�)t(�) � ����bb�0
1

• Efficiencies vary about factor of 2-5 
btw mg/q = 400 to 1200GeV depending 
on Δm.  

• Efficiencies differ if the assumption   

mfW =
meg + me�0

1

2
, me� =

mfW + me�0
1

2

is relaxed.  We have checked the 
efficiencies do not change much in the 
events with wino decaying to leptons 
through three body decays. 

caveats:
∆m (GeV) 50 60 70 80 90 100 110 120 130 140

χ̃±
1 χ̃∓

1 0.25 0.48 0.63 1.18 1.61 1.49 1.21 1.21 1.72 1.69

2OS χ̃±
1 χ̃0

2 0.23 0.40 0.57 0.70 0.62 0.90 0.72 0.86 0.85 0.76

χ̃0
2χ̃

0
2 0.26 0.30 0.62 0.35 0.78 0.43 0.35 0.30 0.43 0.47

χ̃0
2χ̃

0
1 0.31 0.50 0.58 1.06 1.07 1.78 1.60 1.72 1.64 1.79

χ̃±
1 χ̃±

1 0.94 2.03 4.52 5.85 6.65 11.0 11.8 16.2 17.7 19.1

2SS χ̃±
1 χ̃0

2 0.60 0.90 1.37 2.44 2.86 3.40 3.70 3.78 4.37 5.13

χ̃0
2χ̃

0
2 0.35 0.94 1.34 1.30 1.52 1.71 2.12 2.02 2.32 2.24

χ̃±
1 χ̃±

1 0.50 1.29 2.68 3.93 3.85 7.00 5.83 7.92 7.21 8.87

2SS+ χ̃±
1 χ̃0

2 0.36 0.52 0.73 1.27 1.60 1.76 1.79 1.82 2.13 2.63

χ̃0
2χ̃

0
2 0.26 0.55 0.72 0.70 0.64 0.67 1.21 1.04 1.40 0.98

3LEP χ̃±
1 χ̃0

2 0.47 1.68 3.26 6.32 9.30 11.6 14.6 16.8 18.8 19.4

χ̃0
2χ̃

0
2 1.00 2.58 3.72 7.33 8.10 10.4 11.9 12.6 14.6 14.7

3LEP+ χ̃±
1 χ̃0

2 0.45 1.54 2.88 5.60 7.65 8.96 10.3 10.0 10.3 8.2

χ̃0
2χ̃

0
2 1.00 2.43 3.34 6.53 6.56 8.3 8.82 8.19 7.59 6.39

4LEP χ̃0
2χ̃

0
2 0.12 1.24 2.43 5.88 10.13 11.23 12.3 14.5 17.0 18.1

Table 3. Comparison of efficiency in % for different signal regions and intermediate states as a
function of mass difference, ∆m = mg̃ − mLSP. Gluino mass was set to mg̃ = 500 GeV.

efficiency can be found in table 5 and no dedicated MC simulation is required. Therefore
the model is excluded if

σ̂(i)
vis > σ(i):bound

vis , (6.3)

where σ(i):bound
vis is the reported model-independent upper bound shown in table 2.

In the compressed SUSY scenario, A · ε(i)γδ depends mainly on ∆m in the first approx-

imation. Therefore, in table 5 we list the decomposed efficiencies A · ε(i)γδ for each ∆m for
mg̃ = 800 GeV. For different values of mg̃, the efficiencies vary by about factor of 5 in
∆m < 40 GeV and factor of 2 in ∆m > 100 GeV region as can be found in figure 3. The
MC errors are less than 10% for all ∆m. The efficiencies remain valid also for the case of
three-body decays. The method described above allows us to assess the exclusion in a first
approximation for similar SUSY models without carrying out a detailed MC simulation.
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Figure 3. Efficiency, eq. (5.5), for different signal regions and different gluino masses as a function
of the mass splitting, ∆m, between gluino and the LSP.

5.3 95% exclusion limits

Six plots in figure 4 show the visible cross section in each signal region (4(a) 2OS, 4(b) 2SS,

4(c) 2SS+, 4(d) 3LEP, 4(e) 3LEP+, 4(f) 4LEP) in (mg̃, ∆m) plane. In the same plots, we

superimpose the 95% observed (red solid) and expected (red dashed) exclusion limits with

the corresponding luminosities used in the analyses; see table 2. The green dashed curves

represent the expected 95% exclusion limits with the integrated luminosity of 5.25 fb−1.

The visible cross section is calculated by σ(i)
vis = σtot · A · ε(i), where σtot is the total SUSY

production cross section. For σtot, we use the next-to-leading order cross section calculated

using Prospino 2.1 [39].

As can be seen, the visible cross section strongly depends on both mg̃ and ∆m. This

dependence is approximately factorisable as σvis(mg̃,∆m) = σtot(mg̃) · A · ε(∆m). σtot

is almost exclusively determined by mg̃, because the coloured SUSY particle production

dominate the total SUSY production in the compressed SUSY scenario. On the other
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5.3 95% exclusion limits

Six plots in figure 4 show the visible cross section in each signal region (4(a) 2OS, 4(b) 2SS,

4(c) 2SS+, 4(d) 3LEP, 4(e) 3LEP+, 4(f) 4LEP) in (mg̃, ∆m) plane. In the same plots, we

superimpose the 95% observed (red solid) and expected (red dashed) exclusion limits with

the corresponding luminosities used in the analyses; see table 2. The green dashed curves

represent the expected 95% exclusion limits with the integrated luminosity of 5.25 fb−1.

The visible cross section is calculated by σ(i)
vis = σtot · A · ε(i), where σtot is the total SUSY

production cross section. For σtot, we use the next-to-leading order cross section calculated

using Prospino 2.1 [39].

As can be seen, the visible cross section strongly depends on both mg̃ and ∆m. This

dependence is approximately factorisable as σvis(mg̃,∆m) = σtot(mg̃) · A · ε(∆m). σtot
is almost exclusively determined by mg̃, because the coloured SUSY particle production

dominate the total SUSY production in the compressed SUSY scenario. On the other
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5.3 95% exclusion limits

Six plots in figure 4 show the visible cross section in each signal region (4(a) 2OS, 4(b) 2SS,
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superimpose the 95% observed (red solid) and expected (red dashed) exclusion limits with

the corresponding luminosities used in the analyses; see table 2. The green dashed curves

represent the expected 95% exclusion limits with the integrated luminosity of 5.25 fb−1.

The visible cross section is calculated by σ(i)
vis = σtot · A · ε(i), where σtot is the total SUSY

production cross section. For σtot, we use the next-to-leading order cross section calculated

using Prospino 2.1 [39].

As can be seen, the visible cross section strongly depends on both mg̃ and ∆m. This
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the corresponding luminosities used in the analyses; see table 2. The green dashed curves

represent the expected 95% exclusion limits with the integrated luminosity of 5.25 fb−1.

The visible cross section is calculated by σ(i)
vis = σtot · A · ε(i), where σtot is the total SUSY

production cross section. For σtot, we use the next-to-leading order cross section calculated

using Prospino 2.1 [39].

As can be seen, the visible cross section strongly depends on both mg̃ and ∆m. This

dependence is approximately factorisable as σvis(mg̃,∆m) = σtot(mg̃) · A · ε(∆m). σtot
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Figure 1. (a) Missing energy and (b) transverse momentum of the leading lepton for different
values of mass gap, ∆m, between gluino and the LSP.

events with χ̃±
1 χ̃±

1 intermediate state since those produce exactly two charged leptons with

relatively large branching ratios; see eq. (2.2). The other class of events can also contribute

to the signal regions after taking into account the lepton identification/isolation efficiency.

The tri-lepton analysis (3LEP) requires exactly three isolated leptons, of which at

least one pair must be Same Flavour and Opposite Sign (SFOS). If a SFOS lepton pair has

invariant mass less than 20 GeV or within the Z-mass window, 81 GeV< m!! <101 GeV,

the event is discarded. The event cannot have a b-jet and Emiss
T is required to be greater

than 50 GeV. This signal region should provide a good sensitivity to the events with χ̃±
1 χ̃0

2

intermediate state since it produces exactly three charged leptons.

In the four-lepton analysis (4LEP), an event must contain four or more isolated leptons.

Again, it excludes events with SFOS lepton pair when its invariant mass is less than 20 GeV

or within the Z-mass window, and requires Emiss
T > 50 GeV. Only χ̃0

2χ̃
0
2 intermediate state

can produce four charged leptons in our simplified model. Therefore, this signal region is

sensitive only to this class of events.

4 pT and Emiss
T distributions and analysis optimisation

In our simplified model, the source of the missing energy is the two LSPs and zero, one

or two neutrinos coming from SUSY cascade decays, each of which has a typical pT of
m2

!̃
−m2

B̃
2m!̃

∼
m2

W̃
−m2

!̃
2mW̃

∼ ∆m
4 . At the simulation level, Emiss

T measurement is based on a vector

sum of the transverse momenta of the reconstructed objects. Figure 1(a) shows the Emiss
T

distribution for various ∆m with the fixed gluino mass at 800 GeV. The distributions peak

around 2
3∆m and exhibit long tails towards the higher Emiss

T region.

The Emiss
T distribution of the SM background in the 2SS signal region are provided in

figure 1(a) in ref. [24]. The background falls off quickly in the region between 0 to 200 GeV.

From the figure, we can find that the expected background will be reduced by a factor 5,

– 5 –

  

Δm = 40

100

140

80

60

120

302010 40 50 60 70

leading lepton pT

• pTlep distributions peak around Δm/4, and quickly fall off towards the high pT region.

• The pT cut of 20 (25) for μ (e) is the limiting factor of the analysis for the small Δm. 

3LEP (background)

µ 

e

signal

leading lepton pT (GeV)



 leading lepton [GeV]l
T
p

0 20 40 60 80 100 120 140 160 180 200 220

Ev
en

ts
 / 

20
 G

eV

-110

1

10

210

310 Data 2011 
Total SM
SM+SUSY ref. point
Reduc.bkgd
WZ
ZZ

(*)/Z(*)Wtt

= 7 TeVs -1L dt = 2.06 fb0
ATLAS

 [GeV]miss
TE

0 20 40 60 80 100 120 140 160 180 200

 E
ve

nt
 R

at
e

0.01

0.02

0.03

0.04

0.05

0.06

0.07

 40
 60
 80
 100
 120
 140

 =LSP - MGluinoM

 = 800 (GeV)GluinoM

(a)

(leading lepton) [GeV]
T

p
10 20 30 40 50 60 70

 E
ve

n 
R

at
e

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14  40
 60
 80
 100
 120
 140

 =LSP - MGluinoM

 = 800 (GeV)GluinoM

(b)

Figure 1. (a) Missing energy and (b) transverse momentum of the leading lepton for different
values of mass gap, ∆m, between gluino and the LSP.
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relatively large branching ratios; see eq. (2.2). The other class of events can also contribute

to the signal regions after taking into account the lepton identification/isolation efficiency.
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the event is discarded. The event cannot have a b-jet and Emiss
T is required to be greater

than 50 GeV. This signal region should provide a good sensitivity to the events with χ̃±
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intermediate state since it produces exactly three charged leptons.

In the four-lepton analysis (4LEP), an event must contain four or more isolated leptons.

Again, it excludes events with SFOS lepton pair when its invariant mass is less than 20 GeV

or within the Z-mass window, and requires Emiss
T > 50 GeV. Only χ̃0
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2 intermediate state

can produce four charged leptons in our simplified model. Therefore, this signal region is

sensitive only to this class of events.
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T distributions and analysis optimisation
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4 . At the simulation level, Emiss

T measurement is based on a vector

sum of the transverse momenta of the reconstructed objects. Figure 1(a) shows the Emiss
T

distribution for various ∆m with the fixed gluino mass at 800 GeV. The distributions peak

around 2
3∆m and exhibit long tails towards the higher Emiss

T region.

The Emiss
T distribution of the SM background in the 2SS signal region are provided in

figure 1(a) in ref. [24]. The background falls off quickly in the region between 0 to 200 GeV.

From the figure, we can find that the expected background will be reduced by a factor 5,
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relatively large branching ratios; see eq. (2.2). The other class of events can also contribute

to the signal regions after taking into account the lepton identification/isolation efficiency.

The tri-lepton analysis (3LEP) requires exactly three isolated leptons, of which at

least one pair must be Same Flavour and Opposite Sign (SFOS). If a SFOS lepton pair has

invariant mass less than 20 GeV or within the Z-mass window, 81 GeV< m!! <101 GeV,

the event is discarded. The event cannot have a b-jet and Emiss
T is required to be greater

than 50 GeV. This signal region should provide a good sensitivity to the events with χ̃±
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intermediate state since it produces exactly three charged leptons.

In the four-lepton analysis (4LEP), an event must contain four or more isolated leptons.

Again, it excludes events with SFOS lepton pair when its invariant mass is less than 20 GeV

or within the Z-mass window, and requires Emiss
T > 50 GeV. Only χ̃0

2χ̃
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2 intermediate state

can produce four charged leptons in our simplified model. Therefore, this signal region is

sensitive only to this class of events.

4 pT and Emiss
T distributions and analysis optimisation

In our simplified model, the source of the missing energy is the two LSPs and zero, one

or two neutrinos coming from SUSY cascade decays, each of which has a typical pT of
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4 . At the simulation level, Emiss

T measurement is based on a vector

sum of the transverse momenta of the reconstructed objects. Figure 1(a) shows the Emiss
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distribution for various ∆m with the fixed gluino mass at 800 GeV. The distributions peak

around 2
3∆m and exhibit long tails towards the higher Emiss

T region.

The Emiss
T distribution of the SM background in the 2SS signal region are provided in

figure 1(a) in ref. [24]. The background falls off quickly in the region between 0 to 200 GeV.

From the figure, we can find that the expected background will be reduced by a factor 5,
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events with χ̃±
1 χ̃±

1 intermediate state since those produce exactly two charged leptons with

relatively large branching ratios; see eq. (2.2). The other class of events can also contribute

to the signal regions after taking into account the lepton identification/isolation efficiency.

The tri-lepton analysis (3LEP) requires exactly three isolated leptons, of which at

least one pair must be Same Flavour and Opposite Sign (SFOS). If a SFOS lepton pair has

invariant mass less than 20 GeV or within the Z-mass window, 81 GeV< m!! <101 GeV,

the event is discarded. The event cannot have a b-jet and Emiss
T is required to be greater

than 50 GeV. This signal region should provide a good sensitivity to the events with χ̃±
1 χ̃0

2

intermediate state since it produces exactly three charged leptons.

In the four-lepton analysis (4LEP), an event must contain four or more isolated leptons.

Again, it excludes events with SFOS lepton pair when its invariant mass is less than 20 GeV

or within the Z-mass window, and requires Emiss
T > 50 GeV. Only χ̃0

2χ̃
0
2 intermediate state

can produce four charged leptons in our simplified model. Therefore, this signal region is

sensitive only to this class of events.

4 pT and Emiss
T distributions and analysis optimisation

In our simplified model, the source of the missing energy is the two LSPs and zero, one

or two neutrinos coming from SUSY cascade decays, each of which has a typical pT of
m2

!̃
−m2

B̃
2m!̃

∼
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W̃
−m2

!̃
2mW̃

∼ ∆m
4 . At the simulation level, Emiss

T measurement is based on a vector

sum of the transverse momenta of the reconstructed objects. Figure 1(a) shows the Emiss
T

distribution for various ∆m with the fixed gluino mass at 800 GeV. The distributions peak

around 2
3∆m and exhibit long tails towards the higher Emiss

T region.

The Emiss
T distribution of the SM background in the 2SS signal region are provided in

figure 1(a) in ref. [24]. The background falls off quickly in the region between 0 to 200 GeV.

From the figure, we can find that the expected background will be reduced by a factor 5,
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1 intermediate state since those produce exactly two charged leptons with

relatively large branching ratios; see eq. (2.2). The other class of events can also contribute

to the signal regions after taking into account the lepton identification/isolation efficiency.

The tri-lepton analysis (3LEP) requires exactly three isolated leptons, of which at

least one pair must be Same Flavour and Opposite Sign (SFOS). If a SFOS lepton pair has

invariant mass less than 20 GeV or within the Z-mass window, 81 GeV< m!! <101 GeV,

the event is discarded. The event cannot have a b-jet and Emiss
T is required to be greater

than 50 GeV. This signal region should provide a good sensitivity to the events with χ̃±
1 χ̃0

2

intermediate state since it produces exactly three charged leptons.

In the four-lepton analysis (4LEP), an event must contain four or more isolated leptons.

Again, it excludes events with SFOS lepton pair when its invariant mass is less than 20 GeV

or within the Z-mass window, and requires Emiss
T > 50 GeV. Only χ̃0

2χ̃
0
2 intermediate state

can produce four charged leptons in our simplified model. Therefore, this signal region is

sensitive only to this class of events.

4 pT and Emiss
T distributions and analysis optimisation

In our simplified model, the source of the missing energy is the two LSPs and zero, one

or two neutrinos coming from SUSY cascade decays, each of which has a typical pT of
m2

!̃
−m2

B̃
2m!̃

∼
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W̃
−m2

!̃
2mW̃

∼ ∆m
4 . At the simulation level, Emiss

T measurement is based on a vector

sum of the transverse momenta of the reconstructed objects. Figure 1(a) shows the Emiss
T

distribution for various ∆m with the fixed gluino mass at 800 GeV. The distributions peak

around 2
3∆m and exhibit long tails towards the higher Emiss

T region.

The Emiss
T distribution of the SM background in the 2SS signal region are provided in

figure 1(a) in ref. [24]. The background falls off quickly in the region between 0 to 200 GeV.

From the figure, we can find that the expected background will be reduced by a factor 5,
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events with χ̃±
1 χ̃±

1 intermediate state since those produce exactly two charged leptons with

relatively large branching ratios; see eq. (2.2). The other class of events can also contribute

to the signal regions after taking into account the lepton identification/isolation efficiency.

The tri-lepton analysis (3LEP) requires exactly three isolated leptons, of which at

least one pair must be Same Flavour and Opposite Sign (SFOS). If a SFOS lepton pair has

invariant mass less than 20 GeV or within the Z-mass window, 81 GeV< m!! <101 GeV,

the event is discarded. The event cannot have a b-jet and Emiss
T is required to be greater

than 50 GeV. This signal region should provide a good sensitivity to the events with χ̃±
1 χ̃0

2

intermediate state since it produces exactly three charged leptons.

In the four-lepton analysis (4LEP), an event must contain four or more isolated leptons.

Again, it excludes events with SFOS lepton pair when its invariant mass is less than 20 GeV

or within the Z-mass window, and requires Emiss
T > 50 GeV. Only χ̃0

2χ̃
0
2 intermediate state

can produce four charged leptons in our simplified model. Therefore, this signal region is

sensitive only to this class of events.

4 pT and Emiss
T distributions and analysis optimisation

In our simplified model, the source of the missing energy is the two LSPs and zero, one

or two neutrinos coming from SUSY cascade decays, each of which has a typical pT of
m2

!̃
−m2

B̃
2m!̃

∼
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W̃
−m2

!̃
2mW̃
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4 . At the simulation level, Emiss

T measurement is based on a vector

sum of the transverse momenta of the reconstructed objects. Figure 1(a) shows the Emiss
T

distribution for various ∆m with the fixed gluino mass at 800 GeV. The distributions peak

around 2
3∆m and exhibit long tails towards the higher Emiss

T region.

The Emiss
T distribution of the SM background in the 2SS signal region are provided in

figure 1(a) in ref. [24]. The background falls off quickly in the region between 0 to 200 GeV.

From the figure, we can find that the expected background will be reduced by a factor 5,
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Figure 5. Exclusion limits (a) observed (Lint = 1–2 fb−1) and (b) expected for Lint = 5.25 fb−1.

The 95% exclusion limits are calculated using the CLs method described in subsec-
tion 5.1. We simply use the signal systematic error of 20% (σs = 0.2), cf. eq. 5.1, for each
of the signal regions across the parameter space. In calculating the expected limit for an
integrated luminosity Lint = 5.25 fb−1, we conservatively use the same background system-
atic error as the one used in the lower luminosity analyses by ATLAS. If the background
systematic error is improved in the updated analysis with Lint = 5.25 fb−1, the expected
exclusion limits will be slightly improved.

We summarise the observed and expected (with Lint = 5.25 fb−1) exclusion limits
obtained from various signal regions in figures 5(a) and 5(b), respectively. As can be seen,
4LEP signal region provides the most stringent limit among the original analyses, however
the modified 3LEP+ signal region sets even better exclusion limit than the 4LEP signal
region in the (mg̃, ∆m) parameter plane. The exclusion limits turn out to be quite strong:
the gluino and squark masses below 900 GeV are excluded for ∆m > 80 GeV and the
600 GeV gluino/squark mass is excluded for ∆m > 50 GeV. The analyses do not exclude
any gluino/squark masses for ∆m below 40 GeV. This is expected since the kinematical
upper bound on the χ̃0

2-originated SFOS lepton pair and a typical size of lepton pT become
smaller than their cut threshold values, and the analyses lose sensitivity in this region as
discussed in section 4. For the di-lepton analysis, our modified signal region 2SS+ does not
improve the observed exclusion limit with respect to the original 2SS signal region. This
is because of a 2σ excess in the 2SS+ signal region observed by ATLAS; see table 2. From
figure 5(b) we can see that the 2SS+ signal region indeed has a better sensitivity against
the 2SS signal region, where the limit on the coloured SUSY particle mass is extended
by about 100GeV in ∆m > 70 GeV region. Finally, we have checked that replacing the
sequence of two-body gaugino decays by three-body decays (ie. by making sleptons heavier
than gauginos) yields practically the same exclusion limits.
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The 95% exclusion limits are calculated using the CLs method described in subsec-
tion 5.1. We simply use the signal systematic error of 20% (σs = 0.2), cf. eq. 5.1, for each
of the signal regions across the parameter space. In calculating the expected limit for an
integrated luminosity Lint = 5.25 fb−1, we conservatively use the same background system-
atic error as the one used in the lower luminosity analyses by ATLAS. If the background
systematic error is improved in the updated analysis with Lint = 5.25 fb−1, the expected
exclusion limits will be slightly improved.

We summarise the observed and expected (with Lint = 5.25 fb−1) exclusion limits
obtained from various signal regions in figures 5(a) and 5(b), respectively. As can be seen,
4LEP signal region provides the most stringent limit among the original analyses, however
the modified 3LEP+ signal region sets even better exclusion limit than the 4LEP signal
region in the (mg̃, ∆m) parameter plane. The exclusion limits turn out to be quite strong:
the gluino and squark masses below 900 GeV are excluded for ∆m > 80 GeV and the
600 GeV gluino/squark mass is excluded for ∆m > 50 GeV. The analyses do not exclude
any gluino/squark masses for ∆m below 40 GeV. This is expected since the kinematical
upper bound on the χ̃0

2-originated SFOS lepton pair and a typical size of lepton pT become
smaller than their cut threshold values, and the analyses lose sensitivity in this region as
discussed in section 4. For the di-lepton analysis, our modified signal region 2SS+ does not
improve the observed exclusion limit with respect to the original 2SS signal region. This
is because of a 2σ excess in the 2SS+ signal region observed by ATLAS; see table 2. From
figure 5(b) we can see that the 2SS+ signal region indeed has a better sensitivity against
the 2SS signal region, where the limit on the coloured SUSY particle mass is extended
by about 100GeV in ∆m > 70 GeV region. Finally, we have checked that replacing the
sequence of two-body gaugino decays by three-body decays (ie. by making sleptons heavier
than gauginos) yields practically the same exclusion limits.
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The 95% exclusion limits are calculated using the CLs method described in subsec-
tion 5.1. We simply use the signal systematic error of 20% (σs = 0.2), cf. eq. 5.1, for each
of the signal regions across the parameter space. In calculating the expected limit for an
integrated luminosity Lint = 5.25 fb−1, we conservatively use the same background system-
atic error as the one used in the lower luminosity analyses by ATLAS. If the background
systematic error is improved in the updated analysis with Lint = 5.25 fb−1, the expected
exclusion limits will be slightly improved.

We summarise the observed and expected (with Lint = 5.25 fb−1) exclusion limits
obtained from various signal regions in figures 5(a) and 5(b), respectively. As can be seen,
4LEP signal region provides the most stringent limit among the original analyses, however
the modified 3LEP+ signal region sets even better exclusion limit than the 4LEP signal
region in the (mg̃, ∆m) parameter plane. The exclusion limits turn out to be quite strong:
the gluino and squark masses below 900 GeV are excluded for ∆m > 80 GeV and the
600 GeV gluino/squark mass is excluded for ∆m > 50 GeV. The analyses do not exclude
any gluino/squark masses for ∆m below 40 GeV. This is expected since the kinematical
upper bound on the χ̃0

2-originated SFOS lepton pair and a typical size of lepton pT become
smaller than their cut threshold values, and the analyses lose sensitivity in this region as
discussed in section 4. For the di-lepton analysis, our modified signal region 2SS+ does not
improve the observed exclusion limit with respect to the original 2SS signal region. This
is because of a 2σ excess in the 2SS+ signal region observed by ATLAS; see table 2. From
figure 5(b) we can see that the 2SS+ signal region indeed has a better sensitivity against
the 2SS signal region, where the limit on the coloured SUSY particle mass is extended
by about 100GeV in ∆m > 70 GeV region. Finally, we have checked that replacing the
sequence of two-body gaugino decays by three-body decays (ie. by making sleptons heavier
than gauginos) yields practically the same exclusion limits.
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Figure 5. Exclusion limits (a) observed (Lint = 1–2 fb−1) and (b) expected for Lint = 5.25 fb−1.
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upper bound on the χ̃0

2-originated SFOS lepton pair and a typical size of lepton pT become
smaller than their cut threshold values, and the analyses lose sensitivity in this region as
discussed in section 4. For the di-lepton analysis, our modified signal region 2SS+ does not
improve the observed exclusion limit with respect to the original 2SS signal region. This
is because of a 2σ excess in the 2SS+ signal region observed by ATLAS; see table 2. From
figure 5(b) we can see that the 2SS+ signal region indeed has a better sensitivity against
the 2SS signal region, where the limit on the coloured SUSY particle mass is extended
by about 100GeV in ∆m > 70 GeV region. Finally, we have checked that replacing the
sequence of two-body gaugino decays by three-body decays (ie. by making sleptons heavier
than gauginos) yields practically the same exclusion limits.
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R-parity  

• Produced SUSY particles decay eventually into the 
lightest SUSY particle (LSP).

• The LSP is stable and should be neutral (because of 
cosmological constraints), and it contributes to the missing 
energy.

• Most SUSY searches rely on the missing energy signature.  

R-parity:  (�1)3B+L+2s

boson fermion

quark, lepton  - +
Higgs + -
gauge + -

SUSY particlesSM particles


