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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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collisions at
√
s = 7 TeV , arXiv:1107.1279 [hep-ex].

CMS Collaboration, Search for Supersymmetry at the LHC in Events
with Jets and Missing Transverse Energy, ,
arXiv:1109.2352 [hep-ex].

[7] ATLAS Collaboration, The ATLAS Experiment at the CERN Large
Hadron Collider, JINST 3 (2008) S08003.

[8] ATLAS Collaboration, Luminosity Determination in pp Collisions at
√
s

= 7 TeV using the ATLAS Detector in 2011, ATL-CONF-2011-116.
[9] M. Cacciari, G. P. Salam, and G. Soyez, The anti-kt jet clustering

algorithm, JHEP 04 (2008) 063, arXiv:0802.1189 [hep-ph].
[10] M. Cacciari and G. P. Salam, Dispelling the N3 myth for the kt jet-finder,

Phys. Lett. B641 (2006) 57–61, arXiv:hep-ph/0512210 .
[11] W. Lampl, et. al., Calorimeter Clustering Algorithms : Description and

Performance, ATL-LARG-PUB-2008-002.
[12] ATLAS Collaboration, Jet energy scale and its systematic uncertainty in

proton-proton collisions at
√
s = 7 TeV in ATLAS 2010 data,

ATLAS-CONF-2011-032.
[13] ATLAS Collaboration, Measurement of the W → $ν and Z/γ∗ → $$

production cross sections in proton-proton collisions at
√
s = 7 TeV with

the ATLAS detector, JHEP 12 (2010) 060,
arXiv:1010.2130 [hep-ex].

[14] ATLAS Collaboration, Expected Performance of the ATLAS Experiment
- Detector, Trigger and Physics, CERN-OPEN-2008-020.
arXiv:0901.0512 [hep-ex].

[15] ATLAS Collaboration, Data-quality requirements and event cleaning for
jets and missing transverse energy reconstruction with the ATLAS
detector in proton-proton collisions at a center-of-mass energy of 7 TeV ,
ATLAS-CONF-2010-038.

[16] S. Ask et al., Using gamma+jets Production to Calibrate the Standard
Model Z(nunu)+jets Background to New Physics Processes at the LHC,
arXiv:1107.2803v1 [hep-ph], submitted to the JHEP.

[17] T. Sjostrand, S. Mrenna, and P. Z. Skands, PYTHIA 6.4 Physics and
Manual, JHEP 0605 (2006) 026, arXiv:hep-ph/0603175 .

[18] A. Sherstnev and R. S. Thorne, Parton Distributions for LO Generators,
Eur. Phys. J. C55 (2008) 553–575, arXiv:0711.2473 [hep-ph].

[19] S. Frixione and B. R. Webber, Matching NLO QCD computations and
parton shower simulations, JHEP 06 (2002) 029,

arXiv:hep-ph/0204244 .
[20] S. Frixione, P. Nason, and B. R. Webber, Matching NLO QCD and

parton showers in heavy flavour production, JHEP 08 (2003) 007,
arXiv:hep-ph/0305252 .

[21] P. M. Nadolsky et al., Implications of CTEQ global analysis for collider
observables, Phys. Rev. D78 (2008) 013004.

[22] S. Frixione, E. Laenen, P. Motylinski, and B. R. Webber, Single-top
production in MC@NLO, JHEP 03 (2006) 092,
arXiv:hep-ph/0512250 .

[23] S. Frixione, E. Laenen, P. Motylinski, B. R. Webber, and C. D. White,
Single-top hadroproduction in association with a W boson,
JHEP 07 (2008) 029, arXiv:0805.3067 [hep-ph].

[24] M. L. Mangano, M. Moretti, F. Piccinini, R. Pittau, and A. D. Polosa,
ALPGEN, a generator for hard multiparton processes in hadronic
collisions, JHEP 07 (2003) 001, arXiv:hep-ph/0206293 .

[25] J. Pumplin, D. R. Stump, J. Huston, H. L. Lai, P. M. Nadolsky, and W. K.
Tung, New generation of parton distributions with uncertainties from
global QCD analysis, JHEP 07 (2002) 012, arXiv:hep-ph/0201195.

[26] G. Corcella et al., HERWIG 6.5: an event generator for Hadron
Emission Reactions With Interfering Gluons (including supersymmetric
processes), JHEP 01 (2001) 010, arXiv:hep-ph/0011363 .

[27] G. Corcella et al., HERWIG 6.5 release note. arXiv:hep-ph/0210213.
[28] J. M. Butterworth, J. R. Forshaw, and M. H. Seymour, Multiparton

interactions in photoproduction at HERA, Z. Phys. C72 (1996) 637–646,
arXiv:hep-ph/9601371 .

[29] M. Bahr et al., Herwig++ Physics and Manual,
Eur. Phys. J. C58 (2008) 639–707, arXiv:0803.0883 [hep-ph].

[30] W. Beenakker, R. Hopker, M. Spira, and P. M. Zerwas, Squark and
gluino production at hadron colliders, Nucl. Phys. B492 (1997) 51–103,
arXiv:hep-ph/9610490 .

[31] ATLAS Collaboration, First tuning of HERWIG/JIMMY to ATLAS data,
ATL-PHYS-PUB-2010-014.
ATLAS Collaboration, Charged particle multiplicities in pp interactions
at
√
s = 0.9 and 7 TeV in a diffractive limited phase-space measured

with the ATLAS detector at the LHC and new PYTHIA6 tune,
ATLAS-CONF-2010-031.

[32] GEANT4 Collaboration, S. Agostinelli et al., GEANT4: A simulation

8

11/7/11 5:21 PMBBC News - LHC results put supersymmetry theory 'on the spot'

Page 1 of 5http://www.bbc.co.uk/news/science-environment-14680570

SCIENCE & ENVIRONMENT
27 August 2011 Last updated at 02:41 ET

LHC results put supersymmetry theory 'on the
spot'

Results from the Large Hadron Collider (LHC) have all but killed the simplest version of
an enticing theory of sub-atomic physics.

Researchers failed to find evidence of so-called "supersymmetric" particles, which many
physicists had hoped would plug holes in the current theory.

Theorists working in the field have told BBC News that they may have to come up with a
completely new idea.

Data were presented at the Lepton Photon science meeting in Mumbai.

They come from the LHC Beauty (LHCb) experiment, one of the four main detectors situated

By Pallab Ghosh
Science correspondent, BBC News
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• do the LHC results disfavor weak-scale SUSY?

• should we be building models that hide SUSY?

I advocate that fine-tuning 
provides a framework for 

thinking about these questions.
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the plan

1. bottom-up naturalness in SUSY

2. limits on natural SUSY
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how light should they be?

a general, bottom-up criterion: 

there should not be large cancellations in the quadratic term of the 
higgs potential

V = m2
H |h|2 + �

4
|h|4 m2

h = �v2 = �2m2
H

consider the potential in the direction that gets a VEV:
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There are now two logically different fine-
tuning problems:

1. Little Hierarchy Problem

2. Direct LHC Limits

little hierarchy problem

m2
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LEP 2: mh & 114 GeV mt̃1 & 300� 1000 GeV

this leads to ~ few % fine tuning

Model 
Dependent:

• raise the higgs mass
•   modify higgs decays (“hidden higgs”)

physics beyond the MSSM can:

Thursday, September 29, 2011

The LEP2 limit on the higgs mass, 114 GeV, leads to heavy stops in the 
MSSM, which leads to fine tuning of EWSB.

Direct collider limits lead to heavier stops/gluinos, which lead to fine tuning 
of EWSB, independently of the details of the higgs sector

Model Dependent!!!  physics beyond the MSSM can raise higgs mass or 
change higgs decays
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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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flavor violating squark mass

• flavor degenerate squarks mean:  
TeV stop limits            few % fine tuning

•  this motivates splitting the stops from 
the other squarks
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FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ⇠ 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness
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a natural spectrum

not a new idea:
Barbieri, Dvali, Hall 1995.

Dimopoulos, Giudice 1995.
Cohen, Kaplan, Nelson 1996.

etc 
 



1/fb searches that are relevant for natural susy:

ATLAS CMS

channel L [fb�1] ref. channel L [fb�1] ref.

jets + /ET

2-4 jets 1.04 [1] ↵T 1.14 [11]

6-8 jets 1.34 [2] HT , /HT 1.1 [12]

b-jets (+ l’s + /ET )

1b, 2b 0.83 [3] mT2 (+ b) 1.1 [13]

b + 1l 1.03 [4] 1b, 2b 1.1 [14]

b0b0 ! b + l±l±, 3l 1.14 [15]

t0t0 ! 2b + l+l� 1.14 [16]

multilepton (+ /ET )

1l 1.04 [5] 1l 1.1 [17]

µ±µ± 1.6 [6] SS dilepton 0.98 [18]

tt̄ ! 2l 1.04 [7] OS dilepton 0.98 [19]

tt̄ ! 1l 1.04 [8] Z ! l+l� 0.98 [20]

4l 1.02 [9] 3l, 4l + /ET 2.1 [21]

2l 1.04 [10] 3l, 4l 2.1 [22]

TABLE I: Searches by ATLAS and CMS, with about 1 fb�1, for signatures that are produced by

models of natural supersymmetry. We have categorized the searches into three categories, (1) fully

hadronic, (2) heavy flavor, with or without leptons, and (3) multileptons without heavy flavor. The

searches with blue labels have not been used by experimentalists to set limits on supersymmetry,

but we have included them because they overlap with SUSY signature space. We have simulated

all of the above searches and included them in our analysis, with the exception of the searches with

red labels, which were released while we were finalizing this study. We explored the possibility of

using the CMS search for t0 in the lepton plus jets channel [23], however this search uses a kinematic

fit on signal plus background and does not report enough information for us to extrapolate this fit

to other signals.

at or above 900 GeV � 1 TeV, imposing strong constraints on flavor universal models, as

explained in the previous section. There are however ways out of this result, as can be seen

from the CMS simplified model summary plot [53], which presents the dependence of the

CMS limits on the Lightest Supersymmetric Particle (LSP) mass: the bounds get obviously
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we simulated all of these searches (minus the red ones), and 
checked how they constrain natural SUSY
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we calibrated all of the searches by comparing with the signal 
efficiencies published by the experimentalists
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FIG. 19: Validation of kinematic plots for ATOM and PGS. The left plot shows the missing energy

significance in the ATLAS 6-8 jets plus missing energy search, for the MSUGRA benchmark point

with m0 = 1220 GeV and m1/2 = 180 GeV, tan � = 10, and A0 = 0 GeV. The right plot shows

the distribution of ↵T for the CMS search using this variable and the MSUGRA benchmark point

LM6. In both plots, the signal region is to the right of the vertical black dashed line, and we find

good agreement between the experimental simulations, and ATOM and PGS.

is instead provided by exclusion plots, such as the simplified models or the classic limit in

the CMSSM plane. In many cases these are the only plots one can compare to. Here the

curves represent mass limits, which are often easier to match given that the steeply falling

cross-section tend to reduce the e↵ects of a discrepancy in ✏ ⇥ A. On the other hand such

comparisons have the ability to check the agreement of our implementations in di↵erent

kinematical regions at once. However other sources of disagreement may appear and they

render the process of debugging discrepancies considerably harder. A typical example is the

e↵ect of including systematic uncertainties on the signal in order to produce the limit, which

typically introduce an intrinsic uncertainty in the comparison due to lack of information.

In Fig. A one can see the results for two of such comparisons, the mSUGRA limit for the

Same-Sign dilepton CMS search and the ATLAS bjets+0leptons+ /ET analysis. In particular

the latter analysis also shows the stronger level of discrepancy (a factor of 2 in ✏⇥A) among

all our comparisons, most likely due to systematics on the signal we did not include. However

we did check, by using a crude estimate of their size from [3], that the CLs limits on event
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16 10 Summary and Conclusions

As a reference to other searches for SUSY, we interpret results in search region 1 in the context of
CMSSM model. The observed upper limits on the number of signal events reported in Section 8
are compared to the expected number of events in the CMSSM model in a plane of (m0, m1/2)
for tan � = 10, A0 = 0, and µ > 0. All points with mean expected values above this upper
limit are interpreted as excluded at the 95% CL. The observed exclusion region for the high-pT
dilepton selection is displayed in Fig. 5. The shaded region represents the uncertainty on the
position of the limit due to an uncertainty on the production cross section of CMSSM resulting
from PDF uncertainties and the NLO cross section uncertainty estimated from varying the
renormalization scale by a factor of two. The expected exclusion region is approximately the
same as the observed one. An exclusion region based on our previous analysis [9] is also shown
for a comparison. The new result extends to gluino masses of 825 GeV in the region with similar
values of squark masses and extends to gluino masses of 675 GeV for higher squark masses.
This can be compared to the exclusion of just around 500 GeV in the previous analysis. The
result for the inclusive dilepton selection is also shown in Fig. 6.
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Figure 5: Exclusion region in the CMSSM corresponding to the observed upper limit of 3.0
events in the search region 1 of the high-pT dilepton selections. The result of the previous analy-
sis [9] is shown to illustrate the improvement since.

10 Summary and Conclusions
We have searched for new physics with same-sign dilepton events in the ee, µµ, eµ, e�, µ�, and
�� final states, and have seen no evidence for an excess over the background prediction. The �
leptons referred to here are reconstructed via their hadronic decays.
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Figure 4: Observed and expected 95% C.L. exclusion limits in the (mg̃,mb̃1
) plane. Also shown

are the 68% and 99%C.L. expected exclusion curves. For each point in the plot, the signal region
selection providing the best expected limit is chosen. The neutralino mass is set to 60 GeV. The
result is compared to previous results from ATLAS and CDF searches which assume the same
gluino-sbottom decays hypotheses. Exclusion limits from the CDF and D0 experiments on
direct sbottom pair production are also shown.

are heavier than the gluino, which decays exclusively into three-body final states (bb̄!̃01 ) via
an off-shell sbottom. Such a scenario can be considered complementary to the previous one.
The exclusion limits obtained on the (mg̃,m!̃01

) plane are shown in Figure 5 for gluino masses

above 200 GeV. For each combination of masses, the analysis providing the best expected limit
is chosen. The selection 3JD leads to the best sensitivity for gluino masses above 400 GeV
and %M(g̃� !̃01 ) > 100 GeV. At low %M(g̃� !̃01 ), soft b-jets spectra and low EmissT are expected,
giving higher sensitivity to the signal regions 3JA and 3JB are preferred. Low gluino mass
scenarios present moderate meff and high b-jet multiplicity, thus favouring signal region 3JC.
Neutralinomasses below 200-250 GeV are excluded for gluinomasses in the range 200-660 GeV,
if %M(g̃� !̃01 ) >100 GeV.
The results can be generalised in terms of 95% C.L. upper cross section limits for gluino-

like pair production processes with produced particles decaying into bb̄!̃01 final states. The
cross section upper limits versus the gluino and neutralino mass are also given in Figure 5.
The results are finally employed to extract limits on the gluino mass in the two SO(10)

scenarios, DR3 and HS. Gluino masses below 570 GeV are excluded for the DR3 model. In this
case g̃! bb̄!̃01 decays dominate up to gluino masses of 550 GeV: above this range, high BR for
different decay modes decrease the sensitivity of the selected final states. A lower sensitivity,
mg̃ < 450GeV, is found for theHSmodel, where larger branching ratios of g̃! bb̄!̃02 are expected
and the efficiency of the selection is reduced with respect to the DR3 case (m

!̃02
⇡ 2⇥m

!̃01
).

7 Conclusions

An update on the search for supersymmetry in final states with missing transverse momen-
tum, b-jet candidates and no isolated leptons in proton-proton collisions at 7 TeV is presented.
The results are based on data corresponding to an integrated luminosity of 0.83 fb�1 collected

9

PGS

ATOM

FIG. 20: Validation of exclusion limit plots for ATOM and PGS. The left plot shows the CMSSM

limit for the Same-Sign dilepton search by CMS, and superimposed the PGS (green) and ATOM

(brown) curves. The dashed curve represent the PGS prediction before correcting for the di↵erence

in lepton identification e�ciencies between the code (90%) and the CMS analysis (roughly 70%),

while the solid line correspond to the final result. The right plot shows instead the exclusion limit for

the gluino-sbottom-neutralino simplified model presented in the b-jets+0`+ /ET ATLAS analyses.

PGS (ATOM) curves are shown in green (brown), where the dashed line is the limit before the

factor of 2 correction on the event yield due to the systematic uncertainties on the signal, and the

solid line is the final result.

yields may vary by a factor of two. Therefore we decided to apply this correction factor

everywhere in our study. Fig. A shows the e↵ects of this rescaling.

Appendix B: Brief description of “ATOM”

ATOM (“Automatic Test Of Models”) is the tentative name of a tool currently developed

by some of the authors and it is intended to be released in the future for the free use to the

community. The purpose of such tool is to provide, by running locally on the user’s com-
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and now for the results...



For comparison with the LHC limits, we have also shown in Fig. 3, the strongest limit

from the Tevatron, which comes from the D0 sbottom search with 5.2 fb�1. This search sets

limits on sbottom pair production, with the decay b̃ ! bÑ1. For the left-handed spectrum,

this limit applies directly to the sbottom, which decays b̃L ! bH̃0 for the mass range of

interest (the decay to top and chargino is squeezed out). For the right-handed stop, the

dominant decay is t̃R ! bH̃±, which means that the stop acts like a sbottom, from the point

of view of the Tevatron search7. We note that the Tevatron limit only applies for higgsinos

just above the LEP-2 limit, mH̃ < 110 GeV, and we see that the Tevatron has been surpassed

by the LHC in this parameter space.
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FIG. 3: The LHC limits on the left-handed stop/sbottom (left) and right-handed stop (right), with

a higgsino LSP. The axes correspond to the stop pole mass and the higgsino mass. We find that the

strongest limits on this scenario come from searches for jets plus missing energy. For comparison,

we show the D0 limit with 5.2 fb�1 (green), which only applies for mÑ1
<⇠ 110 GeV, and has been

surpassed by the LHC limits.

7 In order to apply the Tevatron sbottom limit to right-handed stops, we have assumed that the decay

products of the charged higgsino are soft enough not to e↵ect the selection, which applies when the mass

splitting between the charged and neutral higgsino is small
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H̃0
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t̃L

b̃L
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t

t̃R

t

H̃0

H̃± b

FIG. 2: Possible decay modes in the simplified model consisting only of a left-handed stop/sbottom,

or right-handed stop, decaying to a higgsino LSP. On the left, we show decays of the left-handed

stop and left-handed sbottom, whose masses are both determined by mQ3 . On the right, we show

possible decays of the right-handed stop, whose mass is determined by mu3 . At this stage, we

neglect left-right stop mixing.

We comment that near the edge of the limit, the typical acceptance of the jets plus missing

energy searches for this signal is only ⇠ O(10�3). This is the right order of magnitude to set

a limit because 200 GeV stops have a production cross-section of about 10 pb, which then

leads to 10’s of events after cuts, in 1 fb�1.

To understand why the acceptance is ⇠ O(10�3), we consider, as an example, the high

missing energy selection of the CMS jets plus missing energy search [12]. This search demands

HT > 350 GeV and /ET > 500 GeV. We find that moderately hard initial state radiation

is required for stops and sbottoms in the mass range of 200-300 GeV to pass this cut.

The low acceptance is related to the probability to produce su�ciently hard radiation. In

order to verify that the acceptance is not considerably underestimated due to the fact that

the additional jets are populated only by the parton shower in events generated by Pythia

(with the total cross-section normalized to the NLO value), we have also generated events

in Madgraph [64] with stop and sbottom pair production including also the possibility of

radiating one extra parton at the level of the matrix element. Overall we find good agreement

between the two estimates, within our typical uncertainties.
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FIG. 2: Possible decay modes in the simplified model consisting only of a left-handed stop/sbottom,

or right-handed stop, decaying to a higgsino LSP. On the left, we show decays of the left-handed

stop and left-handed sbottom, whose masses are both determined by mQ3 . On the right, we show

possible decays of the right-handed stop, whose mass is determined by mu3 . At this stage, we

neglect left-right stop mixing.

We comment that near the edge of the limit, the typical acceptance of the jets plus missing

energy searches for this signal is only ⇠ O(10�3). This is the right order of magnitude to set

a limit because 200 GeV stops have a production cross-section of about 10 pb, which then

leads to 10’s of events after cuts, in 1 fb�1.

To understand why the acceptance is ⇠ O(10�3), we consider, as an example, the high

missing energy selection of the CMS jets plus missing energy search [12]. This search demands

HT > 350 GeV and /ET > 500 GeV. We find that moderately hard initial state radiation

is required for stops and sbottoms in the mass range of 200-300 GeV to pass this cut.

The low acceptance is related to the probability to produce su�ciently hard radiation. In

order to verify that the acceptance is not considerably underestimated due to the fact that

the additional jets are populated only by the parton shower in events generated by Pythia

(with the total cross-section normalized to the NLO value), we have also generated events

in Madgraph [64] with stop and sbottom pair production including also the possibility of

radiating one extra parton at the level of the matrix element. Overall we find good agreement

between the two estimates, within our typical uncertainties.
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FIG. 5: The LHC limits on left-handed stop/sbottom, with a bino LSP. The axes correspond

to the stop pole mass and the bino mass. The limit with a gravitino LSP in place of the bino

can be inferred from looking at the line with mB̃ ⇡ 0 GeV. We find that searches for jets plus

missing energy set the strongest limits, which surpass the D0 limit with 5.2 fb�1 (green). We

do not show the case with a right-handed stop with bino/gravitino LSP, where we find no limit

above mt̃
>⇠ 200 GeV. We find that there may be marginal sensitivity for lighter right-handed

stops, although this requires further investigation due to the similarity of the stop signal and the

irreducible top background.

the stops to a Higgs boson, t̃2 ! ht1. These decays are clearly more model dependent since

we do not have much information on the structure of the Higgs sector yet. For concreteness,

we have fixed mh = 120 GeV and take the decoupling limit in the Higgs sector, mA � mZ .

The strongest limit in this parameter space comes again from searches for jets plus missing

energy, and the outer parts of the plot are excluded. This is simple to understand: the

exclusion corresponds to the part of parameter space where the lightest stop mass falls

below the limit, mt̃1
>⇠ 200 � 250 GeV. The limits are stronger to the left side of the plot,

because this is the part of parameter space where the sbottom is also light. As can be

inferred from Fig. 3, changing the values of the higgsino mass in the 100 � 200 GeV range
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We now consider the LHC limit on stops and the left-handed sbottom decaying to a bino

(or gravitino) LSP. Here we will take the higgsinos to be heavier than the stops, and again

we neglect left-right stop mixing for simplicity, Xt = 0. The relevant spectra and decay

modes are shown in Fig. 4. The most important change, versus higgsino LSP, is that there is

no light chargino for the stops and sbottoms to decay to. For left-handed stops, this means

that once the decay to the bino and a top is squeezed out, mt̃L
< mB̃ + mt, the left-handed

stop dominantly decays to the sbottom through a 3-body decay, t̃L ! W ⇤b̃L. For the right

handed stop, once the two body decay is unavailable, mt̃R
< mB̃ + mt, the dominant decay

is a three-body decay through an o↵-shell top. And once the mass splitting between the

stop and the bino is less than the W mass, the dominant decay is 4-body with the top and

the W both o↵-shell. The right-handed stop decays are challenging to constrain because the

final states are similar to the tt̄ background. The same decay modes apply both for bino and

gravitino LSP, the only relevant di↵erence is that the bino mass is a free parameter, whereas

the gravitino must be light, mG̃
<⇠ keV for decays to occur within the detector.

t̃R

t
B̃ (G̃)t

t̃L

b̃L
W �

b

B̃ (G̃)

FIG. 4: Possible decay modes of the left-handed stop/sbottom (left), or right-handed stop (right),

to a bino or gravitino LSP. Higher body final states occur when the mass splittings squeeze out the

two-body decays of the stops, mt̃L,R
< mB̃ � mt.

We present our estimate of the limit on the left-handed stop/sbottom with bino LSP in

Fig. 5. The limit with a gravitino LSP can be inferred by looking along the mB̃ ⇡ 0 line of

the mass plane. We find that the strongest limits come from searches for jets plus missing

21



the fine-tuning which determines the position on the y-axis, is primarily driven by the largest

stop soft mass, here mu3 . The result is that the LHC limit is stronger in the interesting part

of parameter space. By comparing figures 14 and 15, we see that naturalness prefers spectra

where the two stop soft masses are comparable, mu3 ⇠ mQ3 .
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FIG. 14: Here we show the interplay of the LHC limits that we have found on the stops and

left-handed sbottom with the LEP-2 limit on the Higgs mass. We specialize to higgsino LSP, with

µ = 100 GeV. We vary the stop A-term and the square root of the average stop soft mass squared.

This unconventional parameterization emphasizes the fine-tuning of the electroweak sector, which,

as we discuss in the text, corresponds to the squared distance from the origin of the plot. The red

shaded region is the exclusion we find from LHC searches for jets plus missing energy. The green

region corresponds to a stop lighter than 100 GeV and is excluded by LEP-2. In the blue region,

large left-right stop mixing leads to a tachyonic stop and charge/color breaking. The Higgs mass

contours emphasize that the LHC is now beginning to probe the region allowed by the LEP-2 Higgs

mass exclusion, increasing the fine-tuning in the MSSM.

Next we consider the implication of the LHC limits for the flavor structure of the squark

soft masses. Since fine-tuning is determined by the stop soft masses, while the strongest
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limit is recovered because g̃ ! t̃±i t⌥ opens up. The result, in our parameter space, is a gap in

same-sign coverage from mt̃i ⇠ mb̃l
⇡ 300 � 400 GeV. Our choice of µ changes the position

of this gap, but does not a↵ect the overall limit since the search for jets plus missing energy

covers this gap and sets the strongest limit in this regime.
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FIG. 10: The limits on the Higgsino LSP and bino LSP scenarios, represented in terms of the

gluino mass versus the degenerate stop pole masses. In the limit of large gluino mass, we find that

the strongest limit on direct stop/sbottom production, mt̃
>⇠ 300 GeV, comes from searches for jets

plus missing energy. With only a higgsino LSP, the strongest limit on the gluino, mg̃
>⇠ 650 GeV

comes from searches for jets plus missing energy, and an ATLAS search for a single lepton plus jets

and missing energy. When both the bino and higgsino are light, we find that the strongest limit,

mg̃
>⇠ 700 GeV comes from the CMS search for same-sign dileptons plus missing energy. To the left,

the dashed blue line indicates a region of parameter space, mt̃
<⇠ mg̃, that may also be excluded

by the CMS search for jets plus missing energy. However, the acceptance is highly sensitive to the

precise value of the missing energy cut in this regime, signaling that the we cannot make a robust

statement, given the precision of our simulation, in this part of parameter space.

A somewhat squashed spectrum. Next, we deform the bino LSP spectrum by squash-

ing the mass splitting between the gluinos and the higgsino/bino. Compressing the spectrum
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FIG. 9: The four benchmark scenarios that we use to study limits on gluinos and stops. In the

higgsino LSP scenario, we consider a gluino, degenerate stops and left-handed sbottom, and a

higgsino LSP. These are the minimal ingredients that need to be light for naturalness, and for

simplicity we decouple the rest of the spectrum. In the bino LSP scenario, we add a bino with a

soft mass of M1 = 100 GeV. In the split stops scenario, we take the right-handed stop to be light

and the left-handed stop/sbottom to be heavier than the gluino. In the un-decoupled squarks

scenario, we test how the limit strengthens by lowering the mass of the first two generation squarks.

This is consistent with the limit we found on stops with a higgsino LSP in Fig. 3 of Sect. IV B,

with the limit strengthened slightly because of the simultaneous presence of the left-handed

stop/sbottom and the right-handed stop. In the heavy stop part of the parameter space,
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FIG. 9: The four benchmark scenarios that we use to study limits on gluinos and stops. In the

higgsino LSP scenario, we consider a gluino, degenerate stops and left-handed sbottom, and a

higgsino LSP. These are the minimal ingredients that need to be light for naturalness, and for

simplicity we decouple the rest of the spectrum. In the bino LSP scenario, we add a bino with a

soft mass of M1 = 100 GeV. In the split stops scenario, we take the right-handed stop to be light

and the left-handed stop/sbottom to be heavier than the gluino. In the un-decoupled squarks

scenario, we test how the limit strengthens by lowering the mass of the first two generation squarks.

This is consistent with the limit we found on stops with a higgsino LSP in Fig. 3 of Sect. IV B,

with the limit strengthened slightly because of the simultaneous presence of the left-handed

stop/sbottom and the right-handed stop. In the heavy stop part of the parameter space,
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•  higgsinos, stops, and the gluino should be light and 
the rest of the spectrum doesn’t matter
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and the squared stop soft masses are given by the eigenvalues of the following matrix,
0

B@
m2

Q3
+ m2

t + tLmZ mtXt

mtXt m2
U3

+ m2
t + tRm2

Z

1

CA , (12)

where mQ3 and mu3 are the left and right-handed stop soft masses, respectively, Xt =

At�µ/ tan � determines the left-right stop mixing, and tL,R parameterize D-term corrections

that are introduced by electroweak symmetry breaking. The D-term coe�cients are given

by tL = (1/2 � 2/3 sin2 ✓W ) cos 2� and tR = 2/3 sin2 ✓W cos 2�.

As explained before, naturalness also requires a light left-handed sbottom, whose mass

is also determined by mQ3 . If tan � is not too large, then left-right sbottom mixing can be

neglected and the right handed sbottom is not required, by naturalness, to be light. In this

case, the left-handed sbottom mass is given by,

m2
b̃L

= m2
Q3

+ m2
b �

✓
1

2
+

1

3
sin2 ✓W

◆
cos 2� m2

Z , (13)

where the last term corresponds to the D-term contribution to the sbottom mass.

We begin by considering the limits on stops, and the left-handed sbottom, with a higgsino

LSP. These are the most important superparticles to be light if supersymmetry is natural.

The spectrum, and the relevant decays, are shown in Fig. IV B. We begin, for simplicity, by

neglecting left-right stop mixing, Xt = 0 (we will relax this assumption below). Then, the

right-handed stop mass is determined by mu3 and the left-handed stop and sbottom have

masses close to mQ3 , with the left-handed stop a bit heavier than the left-handed sbottom,

due to the m2
t contribution to the upper-left entry of the stop mass matrix (see eq. 12). As

a further simplification, to illustrate the main kinematical features, we separately consider

the limits of the left-handed stop/sbottom, and right-handed stop.

The LHC limit on the left-handed stop and sbottom (right-handed stop) is shown to the

left (right) of Fig. 3, respectively. We find that the strongest limit comes from searches for

jets and missing energy, which are shown in the plot. There is a stronger limit on the left-

handed stop than the right-handed stop, because of the additional presence of a sbottom,

in the left-handed case, leading to an overall larger production cross-section than for the

right-handed stop. In both cases the limits are set by both stops and bottoms decaying to

b-jets and chargino or neutralino respectively.
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FIG. 6: Di↵erent ways that stops can be split and mixed. The left and right-handed stop pole

masses can be split by choosing di↵erent soft terms, mQ3 6= mu3 , as shown to the left and center.

The stop masses can also be split due to left-right stop mixing, which is controlled by the parameter

Xt, as shown to the right. The left-handed sbottom mass is determined only by mQ3 , in the limit

that left-right sbottom mixing can be ignored, which we assume here.

do not significantly modify the structure of the bound.

We do not consider here the case of a bino LSP for the reasons already explained above

for t̃R ! B̃ decays.

C. Gluino Limits

In this section, we add the gluino to the mix and consider the LHC limits, after 1 fb�1, on

gluinos decaying through on or o↵-shell stops and sbottoms. Recall from the discussion in

Sect. II that the gluino mass is also important for naturalness because it corrects the Higgs

potential at 2-loop order. In this section, we will find that the gluino is constrained to be

heavier than about 600 � 800 GeV. This means, from the point of view of naturalness, that

the gluino mass limit is as important as the limits on stops discussed in Sect. IV B.
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FIG. 7: The masses of the lightest stop, t̃1, and left-handed sbottom, b̃, while varying the stop

mixing parameter, Xt, and the di↵erence of the left and right-handed soft terms, mQ3 �mu3 . Here

we take m2
Q3

+m2
u3

= (450 GeV)2 on the left, and (700 GeV)2 on the right. Fixing this combination

keeps constant the amount of fine-tuning introduced by the stop soft masses. Moving from left to

right, the sbottom mass increases with mQ3 . Meanwhile, the lightest stop mass decreases moving

radially outward in the plot, due to di↵erent left-right soft masses in the horizontal direction, and

left-right mixing in the vertical direction.

We consider the limits on several di↵erent types of spectra, summarized in Fig. 9, involving

gluinos and light stops. Throughout this section, for simplicity we neglect left-right stop

mixing by taking Xt = 0. A non-zero Xt will have minor e↵ects on the region of parameter

space where the bounds are dominated by gluino pair production, and will have the e↵ect

of weakening the bounds, to the levels already studied in the previous Section, when gluinos

are too heavy to be relevant.

Higgsino LSP. The first type of spectrum we consider, shown to the upper left of Fig. 9,

consists of a higgsino LSP, a light gluino, and light stops. This spectrum constitutes the

minimal ingredients that must be light for natural supersymmetry. We choose to fix the

higgsino mass to 200 GeV and vary separately the gluino mass and the mass of the stops,
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FIG. 8: The limit on the stops and left-handed sbottom, including stop mixing. We take m2
Q3

+

m2
u3

= (450 GeV)2, which fixes the amount of fine-tuning that the stop soft masses introduce to

electroweak symmetry breaking. We vary the stop mixing, Xt, and the di↵erence of the stop soft

masses, mQ3 �mu3 . The resulting stop / sbottom mass spectrum is shown in Fig. 7. The strongest

limits come from searches for jets plus missing energy, which exclude the region outside of the

circular exclusion contour. This is the part of parameter space where one stop becomes light, as

shown in Fig. 7. The green band to the left of the plot is excluded by the D0 b-jets plus missing

energy search with 5.2 fb�1.

which we take to be degenerate, mQ3 = mu3 . The limit that we find on this spectrum

is shown to the left of Fig. 10. For readability, we only show a selection of limit curves,

including the searches that set the strongest limits.

In the high gluino mass region of the higgsino LSP parameter space, we find that the

strongest limit comes from the CMS search for jets plus missing energy, mt̃i
>⇠ 300 GeV.

26

split/mixed stops



-2000 -1000 0 1000 20000

500

1000

1500

2000

AT @GeVD

m
Q
32
+
m
u 3
2
@Ge

V
D

mu3 = 4 mQ3

114

116
118

120

m = 100 GeV
Tan b = 10

ChargeêColor Breaking

LHC, 1 fb-1

LEP té té

FIG. 15: The same as Fig. 14, except instead of taking the left/right stop soft masses degenerate, as

above, we fix mu3 = 4mQ3 . This has the impact of increasing the region of the plot that is excluded

by the LHC, which sets a limit on the lighter stop and sbottom, whose masses are determined here

by mQ3 . Meanwhile, the fine-tuning (the y-axis scale) and the radiative contribution to the Higgs

mass are driven by the heavier stop, determined here by mu3 . The di↵erence between this figure and

Fig. 14 highlights why naturalness prefers the situation where both stops are roughly degenerate.

limits are on the light squarks, the obvious way to reduce fine-tuning is to consider spectra

with a flavor non-degenerate squark soft mass, so that the stops are lighter than the squarks

of the first two generations. This scenario has been the focus of our limit study in Sect. IV.

However, as pointed out in Sect. III, the flavor degenerate case for the squarks may not be

strongly disfavored yet, due to the dependence of the LHC constraints on the LSP mass.

Therefore, it is also interesting to consider flavor degenerate squarks (which are predicted by

many of the simplest scenarios of SUSY breaking, such as gauge mediation), and to check

how strong the limits really are. This is the subject of the left side of Fig. 16, where we

show the LHC limit coming from the scenario where all squarks are flavor degenerate at the

electroweak scale (including stops and sbottoms), and the gluino mass is fixed to 1.2 TeV,
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and have little e↵ect on the gluino mass once mq̃
>⇠ 1.2 TeV.
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FIG. 13: The limit on the gluino mass versus a common mass for the squarks of the first two

generations in the un-decoupled squark benchmark. We find that searches for jets plus missing

energy demand that mq̃
>⇠ 1.1 TeV, and above this mass the e↵ect of the extra squarks on the

gluino limit quickly decouples.

V. IMPLICATIONS FOR SUSY MODELS

In this section we briefly consider some implications of our results for various SUSY

models. We discuss the interplay of LHC results with the LEP-2 bound on the Higgs mass

in the MSSM, the consequences of the LHC limits for the flavor structure of the squark soft

masses, and finally we will also consider the limit on natural spectra with gaugino unification.

We begin this section by discussing how the LHC limits relate to the LEP-2 bound on

the Higgs mass. As we stressed in the introduction and in Sect. II, there are two logically

di↵erent reasons why the MSSM may need to be finely-tuned. The first is the little hierarchy

problem which results from the LEP-2 limit on the Higgs mass, and the second is the new

set of LHC limits on those superpartners that are relevant for naturalness, like the stops.
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FIG. 9: The four benchmark scenarios that we use to study limits on gluinos and stops. In the

higgsino LSP scenario, we consider a gluino, degenerate stops and left-handed sbottom, and a

higgsino LSP. These are the minimal ingredients that need to be light for naturalness, and for

simplicity we decouple the rest of the spectrum. In the bino LSP scenario, we add a bino with a

soft mass of M1 = 100 GeV. In the split stops scenario, we take the right-handed stop to be light

and the left-handed stop/sbottom to be heavier than the gluino. In the un-decoupled squarks

scenario, we test how the limit strengthens by lowering the mass of the first two generation squarks.

This is consistent with the limit we found on stops with a higgsino LSP in Fig. 3 of Sect. IV B,

with the limit strengthened slightly because of the simultaneous presence of the left-handed

stop/sbottom and the right-handed stop. In the heavy stop part of the parameter space,
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FIG. 16: On the left we show the limit when the squarks have flavor universal masses and the

higgsino is the LSP. We have fixed the gluino mass to 1.2 TeV and we vary the common squark

mass and the mass splitting between the squarks and the higgsino. We see that if the spectrum is

compressed, the squarks can be as light as 600 GeV, with the strongest limit coming from searches

for jets and missing energy. This represents a sort of “best case scenario” for flavor degeneracy

because the fine-tuning (both in the compression and the electroweak symmetry breaking) is only

moderate. On the right we show the limit on gluino versus stop mass, imposing gaugino unification,

M1 : M2 : M3 ⇡ 1 : 2 : 7. We consider degenerate stops, with the first two generation squarks

decoupled. We find that the gluino is constrained to be heavier than about 750-800 GeV, with the

strongest limits coming from same-sign dileptons plus missing energy and jets plus missing energy.

sequential for naturalness, including the bino and the wino. But it is also interesting to

relax this assumption and consider spectra where both the bino and wino are light, because

many models of supersymmetry breaking, with gauge coupling unification, predict that the

gaugino masses appear in the ratio8 M1 : M2 : M3 ⇡ 1 : 2 : 7. Naturalness constrains the

8 For brevity we do not explicitly consider other gaugino mass relations, such as the anomaly-mediated one,

M1 : M2 : M3 ⇡ 3.3 : 1 : 9, since from kinematical considerations the limits should not be very di↵erent
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FIG. 11: Here we show how the gluino versus stop mass limit changes when the spectrum is

compressed (left), or when the stop masses are split (right). For the compressed case, we modify the

bino LSP benchmark by fixing the mass splitting between the gluino and the LSP to be moderately

compressed, M3 � M1 = 300 GeV, and the limit on the gluino weakens to mg̃
>⇠ 550 � 600 GeV.

For the split stops scenario, the left handed stop/sbottom are taken heavier than the gluino. The

mass of the right-handed stop determines which search dominates the gluino mass limit. Same-sign

dileptons set the strongest limit when g̃ ! t Ñi is kinematically allowed. For heavier stops, the

dominant gluino decay is the one-loop decay g̃ ! g Ñi, and the strongest limit comes from jets plus

missing energy.

that same-sign dileptons set the strongest limit, with the leptons coming from top decays.

When mt̃R
> mg̃ � mt, the one-loop gluino decay dominates, as discussed above, and the

strongest limit comes from the CMS ↵T version of the search for jets and missing energy.

Further raising the stop mass, the three body decay to bottoms becomes competitive with

the one-loop decay, g̃ ! b+b�H̃0(B̃), and the strongest limit comes from a channel of the

CMS MT2 search that demands 1 b-jet.

Un-decoupled Squarks. So far, in all of the above benchmarks, we have decoupled the

squarks of the first two generations. This choice was motivated by naturalness, since the
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FIG. 9: The four benchmark scenarios that we use to study limits on gluinos and stops. In the

higgsino LSP scenario, we consider a gluino, degenerate stops and left-handed sbottom, and a

higgsino LSP. These are the minimal ingredients that need to be light for naturalness, and for

simplicity we decouple the rest of the spectrum. In the bino LSP scenario, we add a bino with a

soft mass of M1 = 100 GeV. In the split stops scenario, we take the right-handed stop to be light

and the left-handed stop/sbottom to be heavier than the gluino. In the un-decoupled squarks

scenario, we test how the limit strengthens by lowering the mass of the first two generation squarks.

This is consistent with the limit we found on stops with a higgsino LSP in Fig. 3 of Sect. IV B,

with the limit strengthened slightly because of the simultaneous presence of the left-handed

stop/sbottom and the right-handed stop. In the heavy stop part of the parameter space,
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FIG. 16: On the left we show the limit when the squarks have flavor universal masses and the

higgsino is the LSP. We have fixed the gluino mass to 1.2 TeV and we vary the common squark

mass and the mass splitting between the squarks and the higgsino. We see that if the spectrum is

compressed, the squarks can be as light as 600 GeV, with the strongest limit coming from searches

for jets and missing energy. This represents a sort of “best case scenario” for flavor degeneracy

because the fine-tuning (both in the compression and the electroweak symmetry breaking) is only

moderate. On the right we show the limit on gluino versus stop mass, imposing gaugino unification,

M1 : M2 : M3 ⇡ 1 : 2 : 7. We consider degenerate stops, with the first two generation squarks

decoupled. We find that the gluino is constrained to be heavier than about 750-800 GeV, with the

strongest limits coming from same-sign dileptons plus missing energy and jets plus missing energy.

sequential for naturalness, including the bino and the wino. But it is also interesting to

relax this assumption and consider spectra where both the bino and wino are light, because

many models of supersymmetry breaking, with gauge coupling unification, predict that the

gaugino masses appear in the ratio8 M1 : M2 : M3 ⇡ 1 : 2 : 7. Naturalness constrains the

8 For brevity we do not explicitly consider other gaugino mass relations, such as the anomaly-mediated one,

M1 : M2 : M3 ⇡ 3.3 : 1 : 9, since from kinematical considerations the limits should not be very di↵erent
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FIG. 17: The estimated 95% exclusion reach, with 10 fb�1, for left-handed stop/sbottom (left) and

right-handed stop (right), with higgsino LSP. We show the reach by extrapolating the cuts of the

existing searches for jets and missing energy. We find that the reach is highly sensitive to the treat-

ment of systematic errors. For the solid curves, we assume that statistical errors will reduce with

luminosity but that systematic errors will remain a constant fraction of the background estimate.

For the dashed curves, we take the idealized limit of zero statistical or systematic uncertainties

on the background estimate, taking the central value of the backgrounds reported in the current

experimental searches.

duction of third generation squarks, mostly in the b + � decay channel. On the other hand,

we find similar bounds on gluinos decaying through third generation squarks as those found

by the experimental collaborations, but with the striking feature that tailored searches for

gluinos decaying into heavy flavor squarks are currently not providing the most stringent

bounds.

We do not attempt to make any future projections for the mass reach for stops, bottoms,

higgsinos and the gluino for 5 and 10 fb�1 of LHC data. The main reason is that the largest

gain in reach will be likely come from new analyses designed and optimized for the parameter

space regions where the current analyses are less powerful. Designing such analyses is beyond
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FIG. 18: The estimated 95% exclusion reach, with 10 fb�1, for the higgsino LSP benchmark. As

in Fig. V, the solid lines extrapolate the current systematic and statistical errors on the background,

while the dashed lines assume perfect knowledge of the background. The large spread between these

estimates emphasizes the importance of the eventual systematic errors for the reach.

production LSP t̃ limit [GeV] figure

t̃L + b̃L H̃ ⇠ 250 3

t̃R H̃ ⇠ 180 3

t̃L + b̃L B̃ ⇠ 250 � 350 5

TABLE II: A summary of the limits we found on direct stop and left-handed sbottom production

with higgsino and bino LSPs. The full limits are shown in the listed figures and the parameter

spaces are described in the text of section IVB.

the scope of this work, and it requires a detailed study of the backgrounds, some of which,

such as fakes, cannot be reliably estimated in a theoretical paper. Moreover, even the pure

extrapolation of the reach of the current searches is plagued by intrinsic di�culties, not
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