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Outline of the Talk

• A Brief Intro to SUSY and GGM

• The Current Status of SUSY Searches (from a theorist’s 
perspective)

• Connections to GGM

• GGM and the Higgs

• Summary and Conclusions
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Type Mediation 
Scale LSP Pros Cons

Gravity 
mediation

Mpl
Neutralino 

or sneutrino
WIMP DM candidate;
automatic mu/Bmu

severe SUSY flavor problem; 
uncalculable framework 

Anomaly 
mediation

>> Mpl
Neutralino 

(wino)
no SUSY flavor problem tachyonic sleptons; 

requires “sequestering”

Gauge 
mediation

<< Mpl gravitino
no SUSY flavor problem; 
calculable framework;

viable spectrum

no WIMP DM
mu/Bmu problem

SUSY Scenarios



Two views of the 
SUSY-breaking Scale

104 GeV
p

F1010 GeV 1012 GeV



Two views of the 
SUSY-breaking Scale

104 GeV
p

F

The scale of SUSY breaking determines the mediation mechanism. 

1010 GeV 1012 GeV



Two views of the 
SUSY-breaking Scale

Gauge 
mediation

104 GeV
p

F

The scale of SUSY breaking determines the mediation mechanism. 

1010 GeV 1012 GeV



Two views of the 
SUSY-breaking Scale

Gravity 
mediation

Gauge 
mediation

104 GeV
p

F

The scale of SUSY breaking determines the mediation mechanism. 

1010 GeV 1012 GeV



Two views of the 
SUSY-breaking Scale

Anomaly 
mediation

Gravity 
mediation

Gauge 
mediation

104 GeV
p

F

The scale of SUSY breaking determines the mediation mechanism. 

1010 GeV 1012 GeV



Two views of the 
SUSY-breaking Scale

Anomaly 
mediation

Gravity 
mediation

Gauge 
mediation

104 GeV
p

F

It also determines the behavior of the lightest MSSM superpartner. 

The scale of SUSY breaking determines the mediation mechanism. 

1010 GeV 1012 GeV



Two views of the 
SUSY-breaking Scale

Anomaly 
mediation

Gravity 
mediation

Gauge 
mediation

104 GeV
p

F

Promptly-decaying

It also determines the behavior of the lightest MSSM superpartner. 

The scale of SUSY breaking determines the mediation mechanism. 

1010 GeV 1012 GeV



Two views of the 
SUSY-breaking Scale

Anomaly 
mediation

Gravity 
mediation

Gauge 
mediation

104 GeV
p

F

Promptly-decaying Displaced-decaying

It also determines the behavior of the lightest MSSM superpartner. 

The scale of SUSY breaking determines the mediation mechanism. 

1010 GeV 1012 GeV



Two views of the 
SUSY-breaking Scale

Anomaly 
mediation

Gravity 
mediation

Gauge 
mediation

104 GeV
p

F

Promptly-decaying Displaced-decaying Collider-stable

It also determines the behavior of the lightest MSSM superpartner. 

The scale of SUSY breaking determines the mediation mechanism. 

1010 GeV 1012 GeV



Two views of the 
SUSY-breaking Scale

Anomaly 
mediation

Gravity 
mediation

Gauge 
mediation

104 GeV
p

F

Promptly-decaying Displaced-decaying Collider-stable Stable

It also determines the behavior of the lightest MSSM superpartner. 

The scale of SUSY breaking determines the mediation mechanism. 

1010 GeV 1012 GeV



Two views of the 
SUSY-breaking Scale

Anomaly 
mediation

Gravity 
mediation

Gauge 
mediation

104 GeV
p

F

Promptly-decaying Displaced-decaying Collider-stable Stable

It also determines the behavior of the lightest MSSM superpartner. 

The scale of SUSY breaking determines the mediation mechanism. 

1010 GeV 1012 GeV

Viewed like this, there is no phenomenological difference between 
high-scale GMSB, gravity mediation, and anomaly mediation!!!



Two views of the 
SUSY-breaking Scale

Anomaly 
mediation

Gravity 
mediation

Gauge 
mediation

104 GeV
p

F

Promptly-decaying Displaced-decaying Collider-stable Stable

It also determines the behavior of the lightest MSSM superpartner. 

The scale of SUSY breaking determines the mediation mechanism. 
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Viewed like this, there is no phenomenological difference between 
high-scale GMSB, gravity mediation, and anomaly mediation!!!

In fact, the latter two are just 
special cases of the first!



• Why do we need gauge mediation?

• There are strong experimental constraints on SUSY-breaking in 
the MSSM.

• The MSSM soft Lagrangian has 100+ parameters.  A generic point 
in this parameter space is already excluded by precision 
experimental tests of flavor (and CP). 

The SUSY Flavor Problem

(�m
K

)
exp

= (3.483± 0.006)⇥ 10�12 MeVBr(µ ! e�)
exp

< 1.2⇥ 10�11



• In general, the scalar soft masses can be written using a “spurion” 
for SUSY-breaking:

• With Planck-scale mediation, no a priori reason for flavor-
diagonal scalar masses.

• In scenarios such as “mSUGRA” and the “cMSSM”, this property 
is simply assumed without any justification.

• In gauge mediated SUSY breaking, it is derived from first 
principles.

L
soft

�
X

i,j

Z
d4� c

ij

X†XQ†
i

Q
j

M2
, ⇥X⇤ = �2F

The SUSY Flavor Problem

L
soft

�
X

i,j

Z
d4✓

c
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e
Fig. 1: The graphical description of the contributions of the two point functions
to the soft masses. (a) represents the gaugino mass contribution from 〈jαjβ〉. In

(b)-(e) the various contributions to the soft scalar masses are given: (b) 〈J〉, (c)
〈JJ〉, (d) 〈jαjα̇〉, and (e) 〈jµjν〉. It should be stressed that the blobs in the figures

represent hidden sector correlation functions. The leading contribution in theories

with messengers arises from one loop of the messengers, but in general when there
are no messengers, it is more complicated.

So far we have discussed the simpler case of a single U(1) gauge group here, in the

case of the actual MSSM one has to consider the separate SU(3), SU(2) and U(1) gauge

groups. We will label the gauge groups by r = 3, 2, 1, respectively. If we want the gauge

couplings to unify, then the value of c(r) = c must be independent of r (assuming SU(5)

normalization of the U(1) factor of course) and we want the thresholds C̃(r)
a (0) to depend

weakly on r. Moreover, if we want perturbative unification, then there is an upper bound

on the magnitude of c. These are examples of some completely general constraints on the

SUSY breaking sector that can be derived using our formalism.

Now, it is straightforward to find the sfermion and gaugino masses of the MSSM.

In Figure 1 we show the diagrams involving the current correlation functions which are

responsible for the MSSM soft masses.

The gaugino masses arise at tree level in the effective theory (3.2); to leading order
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GMSB Phenomenology

• Gravitino LSP is a universal prediction of gauge mediation 
models:

• Lightest MSSM sparticle becomes the next-to-lightest 
superpartner (NLSP).  

m3/2 =
Fp
3Mpl

(⇠ eV �GeV)

..
.{MSSM

gravitino LSP

NLSP



production

cascade

NLSP

G̃

SM partner

cascade

NLSP

G̃

SM partner

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make �i · �j = 0 simply by taking �i =
µ�̃i

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii for i = 1, 2, 3 and �4 = �4�̃1

[4 1] . Thus, we can

discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.

The box diagram is:

16

�
d4⇤

(2⇥)4
�1 · ⇤ �2 · (⇤+ k1) �3 · (⇤� k4) �4 · ⇤

(⇤2 �m2)((⇤+ k1)2 �m2)((⇤+ k1 + k2)2 �m2)((⇤� k4)2 �m2)
. (2)

Consider the m ⇥ ⇤ limit, in which we can expand the denominators, e.g.:

1

(⇤+ k1)2 �m2
=

1

⇤2 �m2
� 2⇤ · k1

(⇤2 �m2)2
+ · · · (3)

The leading term by ⇤,m power counting has ⇤µ⇤⇥⇤⇤⇤⌅ in the numerator and (⇤2 �m2)4 in the denominator,
leading to terms proportional to (�i · �j)(�k · �l) = 0 after integrating. (Here we have 4 ⇤’s and a d4⇤ in the
numerator, and (⇤2 �m2)4 in the denominator, so the overall dimension is 8-8 = 0. Thus, it’s clear at this
point that the whole integral goes to zero as m ⇥ ⇤.) At subleading orders, we can use the (�2 · k1)(�3 · k4)

2

GMSB Phenomenology

• In gauge mediation, the NLSP type largely determines the inclusive 
collider signatures.
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GMSB Phenomenology

• In gauge mediation, the NLSP type largely determines the inclusive 
collider signatures.

NLSP decays to the 
gravitino plus its SM 
partner. 

All SUSY cascade decays 
pass through the NLSP.
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summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.
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GMSB Phenomenology

• In gauge mediation, the NLSP type largely determines the inclusive 
collider signatures.

NLSP decays to the 
gravitino plus its SM 
partner. 

Decays can be 
prompt, displaced, 
or collider stable

All SUSY cascade decays 
pass through the NLSP.

So all events contain:

• high pT objects determined by the NLSP type

• missing energy (if NLSP decays inside the detector)
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• A-terms ≈ 0

•           require additional dynamics beyond GGM. (Komargodski & 
Seiberg)

(A1, A2, A3) ! m2
Q,u,d,L,e

(B1, B2, B3) ! M1,2,3

Tr (B � L)m2
f̃
= TrY m2

f̃
= 0

µ, Bµ

According to the GGM parameter space, any 
superpartner in the MSSM can be the NLSP.

Also, the gluino can be arbitrarily light.
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NLSP Collider Signatures



Comments

• Diphotons+MET and multileptons are currently sensitive to EW 
production. (“Best case scenarios”)

• No other searches currently have sensitivity, but neither have they been 
optimized for EW production. 

• Some searches for collider-stable particles exist. These apply 
straightforwardly to long-lived NLSPs.

• But hardly anything has been done yet on intermediate-lifetime NLSPs 
which decay inside the detector.



GGM simplified models
• Focus on the minimal spectra for production and decay.

• Show limits in 2D (e.g. Mgluino vs MNLSP or Mgluino vs Msquark with 
fixed MNLSP). 

• Parametrize phenomenology with physical masses, not unphysical 
model parameters!!
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Figure 2: NLO production cross sections for wino pairs (left) and gluino pairs (right). The dashed
lines indicate 10 fb, 1 fb and 0.1 fb, while the blue, red and green curves correspond to Tevatron,
7 TeV LHC, and 14 TeV LHC. The 10 fb rate roughly corresponds to the kinematic reach of the
current 1/fb LHC searches. The 1 fb rate corresponds to the kinematic limit for the Tevatron and the
7 TeV LHC, both of which will collect O(10 fb�1) of data in their complete runs. Finally, the 0.1 fb
rate corresponds to the kinematic limit for the 14 TeV LHC, which is expected to collect O(100 fb�1)
in total.

di�erent jet multiplicities and kinematics in determining the limits. We will find that for
NLSPs with the cleanest final states (bino NLSP with ��+MET; slepton co-NLSPs with
same-sign dileptons+MET), the limits on gluino mass are nearly 1000 GeV. So already with
1/fb we are very close to the kinematic limit for 7 TeV LHC in these scenarios. Most of
the discovery potential at 7 TeV has already been used up here. For more complicated cases
(squeezed spectra, multiple final states, third generation), the limits on the gluino mass are
much weaker, ranging typically from 600-800 GeV. So there is considerable room for growth
and improvement here. Finally, we find that the only existing LHC searches that constrain
electroweak production are the ATLAS and CMS ��+MET searches, which constrain winos
decaying to bino NLSPs. There is a large amount of growth possible in probing electroweak
production of new particles.

There is already a large literature (too large to review here) interpreting LHC results as
SUSY limits, so it is worthwhile to make some remarks on our motivation and how our work fits
into that broader context. Most of the existing work studies spectra involving all the MSSM
particles, often from a top-down point of view (such as the CMSSM) or in high-dimensional
parameter spaces. These models have an abundance of possible production modes and decays,
and it is di⇤cult to isolate the physics that goes into setting limits.

We believe that, at this point, a study in terms of simplified spectra is sorely needed, and
substantially di�erent from studies of the full MSSM. In the absence of any discovery, our main
goal in studying LHC limits on supersymmetry is twofold: first, to obtain a global picture of
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decaying to bino NLSPs. There is a large amount of growth possible in probing electroweak
production of new particles.
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SUSY limits, so it is worthwhile to make some remarks on our motivation and how our work fits
into that broader context. Most of the existing work studies spectra involving all the MSSM
particles, often from a top-down point of view (such as the CMSSM) or in high-dimensional
parameter spaces. These models have an abundance of possible production modes and decays,
and it is di⇤cult to isolate the physics that goes into setting limits.

We believe that, at this point, a study in terms of simplified spectra is sorely needed, and
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NLSPs with the cleanest final states (bino NLSP with ��+MET; slepton co-NLSPs with
same-sign dileptons+MET), the limits on gluino mass are nearly 1000 GeV. So already with
1/fb we are very close to the kinematic limit for 7 TeV LHC in these scenarios. Most of
the discovery potential at 7 TeV has already been used up here. For more complicated cases
(squeezed spectra, multiple final states, third generation), the limits on the gluino mass are
much weaker, ranging typically from 600-800 GeV. So there is considerable room for growth
and improvement here. Finally, we find that the only existing LHC searches that constrain
electroweak production are the ATLAS and CMS ��+MET searches, which constrain winos
decaying to bino NLSPs. There is a large amount of growth possible in probing electroweak
production of new particles.

There is already a large literature (too large to review here) interpreting LHC results as
SUSY limits, so it is worthwhile to make some remarks on our motivation and how our work fits
into that broader context. Most of the existing work studies spectra involving all the MSSM
particles, often from a top-down point of view (such as the CMSSM) or in high-dimensional
parameter spaces. These models have an abundance of possible production modes and decays,
and it is di⇤cult to isolate the physics that goes into setting limits.

We believe that, at this point, a study in terms of simplified spectra is sorely needed, and
substantially di�erent from studies of the full MSSM. In the absence of any discovery, our main
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SUSY production at the LHC

For colored superpartners, SUSY could have been “around the corner” at the LHC. 
For EW superpartners, a much harder slog is ahead of us.
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existent, not much better than the Tevatron.



Limits on EW production currently weak, nearly non-
existent, not much better than the Tevatron.

EW much more difficult, because of lower xsec, 
sensitive to lower masses, kinematics degraded.



LHC Limits on EW production

Currently need to assume best-case scenarios to get a limit: 
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FIG. 1. Emiss
T distributions for events in signal regions SR1

(left) and SR2 (right). The error band includes both statisti-
cal and systematic uncertainty, while the errors on the data
points are statistical only. The SUSY reference point used in
SR1 is described in the text.

No significant excess of events is found in either sig-
nal region. Upper limits on the visible production cross-
section of 9.9 fb in SR1 and 23.8 fb in SR2 are placed at
95% confidence level (CL) with the modified frequentist
CLs prescription [52]. No corrections for the effects of ex-
perimental resolution, acceptance and efficiency are ap-
plied. All systematic uncertainties and their correlations
are taken into account via nuisance parameters. The cor-
responding expected limits are 7.1 fb and 14.1 fb, respec-
tively. SR1 provides better sensitivity in the parameter
space considered and the limits are interpreted in sim-
plified models and pMSSM scenarios with M1=100GeV
and tanβ=6 (Fig. 2). The chosen M1 value leads to a
sizable mass splitting between χ̃±

1 and χ̃0
1 and therefore to

a large acceptance. The value of tanβ does not have a sig-
nificant impact on σ(pp → χ̃±

i χ̃
0
j)×BR(χ̃

±
i χ̃

0
j → $$$χ̃0

1),
which varies by ∼10% if tanβ is raised to 10.

In the simplified models, degenerate χ̃±
1 and χ̃0

2 masses
up to 300GeV are excluded for large mass differences
from the χ̃0

1. Care has to be taken when interpreting
the simplified model limit in the context of a pMSSM
scenario, where the mass of the sneutrino is lighter than
the mass of the left-handed slepton, leading to higher
lepton momenta from chargino decays and to a change
in the branching ratios of the χ̃0

2.

In summary, results from the first ATLAS search for
the weak production of chargino and neutralino can-
didates in three-lepton and missing transverse momen-
tum final states are reported. The analysis is based
on 2.06 fb−1 of proton-proton collision data delivered by
the LHC at

√
s =7TeV. No significant excess of events

is found in the data. The null result is interpreted in
pMSSM and in simplified models. For the simplified
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FIG. 2. Observed and expected 95% CL limit contours for
chargino and neutralino production in the pMSSM (upper)
and simplified model (lower) scenarios. For the simplified
models, the 95% CL upper limit on the production cross-
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models, degenerate lightest chargino and next-to-lightest
neutralino masses are excluded up to 300GeV for mass
differences to the lightest neutralino up to 300GeV.
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UED model, which is σ < (13−15) fb. For illustration the
cross section dependence as a function of the KK quark
and KK gluon masses is also shown. A lower limit on the
UED compactification scale 1/R > 1.23TeV at 95% CL
is set. In this case PDF and scale uncertainties are not
included when calculating the limits. Including PDF and
scale uncertainties computed at LO degrade the limit on
1/R by a few GeV.

11. Conclusions

A search for events with two photons and Emiss
T >

125GeV, performed using 1.07 fb−1 of 7TeV pp collision
data recorded with the ATLAS detector at the LHC, found
5 events with an expected background of 4.1± 0.6(stat)±
1.6(syst). The results are used to set a model-independent
95% CL upper limit of 7.1 events from new physics. Up-
per limits at 95% CL are also set on the production
cross section for three particular models of new physics:
σ < (22 − 129) fb for the GGM model, σ < (27 − 91) fb
for the SPS8 model, and σ < (15 − 27) fb for the UED
model. Under the GGM hypothesis, a lower limit on
the gluino mass of 805GeV is determined for bino masses
above 50GeV. A lower limit of 145TeV is set on the SPS8
breaking scale Λ, which is the first limit on the SPS8
model at the LHC. A lower limit of 1.23TeV is set on the
UED compactification scale 1/R. These results provide
the most stringent tests of these models to date, signifi-
cantly improving upon previous best limits of 560GeV [1]
for the GGM gluino mass, 124TeV [22] for Λ in SPS8, and
961GeV [1] for 1/R in UED, respectively.
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Figure 2: NLO production cross sections for wino pairs (left) and gluino pairs (right). The dashed
lines indicate 10 fb, 1 fb and 0.1 fb, while the blue, red and green curves correspond to Tevatron,
7 TeV LHC, and 14 TeV LHC. The 10 fb rate roughly corresponds to the kinematic reach of the
current 1/fb LHC searches. The 1 fb rate corresponds to the kinematic limit for the Tevatron and the
7 TeV LHC, both of which will collect O(10 fb�1) of data in their complete runs. Finally, the 0.1 fb
rate corresponds to the kinematic limit for the 14 TeV LHC, which is expected to collect O(100 fb�1)
in total.

di�erent jet multiplicities and kinematics in determining the limits. We will find that for
NLSPs with the cleanest final states (bino NLSP with ��+MET; slepton co-NLSPs with
same-sign dileptons+MET), the limits on gluino mass are nearly 1000 GeV. So already with
1/fb we are very close to the kinematic limit for 7 TeV LHC in these scenarios. Most of
the discovery potential at 7 TeV has already been used up here. For more complicated cases
(squeezed spectra, multiple final states, third generation), the limits on the gluino mass are
much weaker, ranging typically from 600-800 GeV. So there is considerable room for growth
and improvement here. Finally, we find that the only existing LHC searches that constrain
electroweak production are the ATLAS and CMS ��+MET searches, which constrain winos
decaying to bino NLSPs. There is a large amount of growth possible in probing electroweak
production of new particles.

There is already a large literature (too large to review here) interpreting LHC results as
SUSY limits, so it is worthwhile to make some remarks on our motivation and how our work fits
into that broader context. Most of the existing work studies spectra involving all the MSSM
particles, often from a top-down point of view (such as the CMSSM) or in high-dimensional
parameter spaces. These models have an abundance of possible production modes and decays,
and it is di⇤cult to isolate the physics that goes into setting limits.

We believe that, at this point, a study in terms of simplified spectra is sorely needed, and
substantially di�erent from studies of the full MSSM. In the absence of any discovery, our main
goal in studying LHC limits on supersymmetry is twofold: first, to obtain a global picture of
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current 1/fb LHC searches. The 1 fb rate corresponds to the kinematic limit for the Tevatron and the
7 TeV LHC, both of which will collect O(10 fb�1) of data in their complete runs. Finally, the 0.1 fb
rate corresponds to the kinematic limit for the 14 TeV LHC, which is expected to collect O(100 fb�1)
in total.

di�erent jet multiplicities and kinematics in determining the limits. We will find that for
NLSPs with the cleanest final states (bino NLSP with ��+MET; slepton co-NLSPs with
same-sign dileptons+MET), the limits on gluino mass are nearly 1000 GeV. So already with
1/fb we are very close to the kinematic limit for 7 TeV LHC in these scenarios. Most of
the discovery potential at 7 TeV has already been used up here. For more complicated cases
(squeezed spectra, multiple final states, third generation), the limits on the gluino mass are
much weaker, ranging typically from 600-800 GeV. So there is considerable room for growth
and improvement here. Finally, we find that the only existing LHC searches that constrain
electroweak production are the ATLAS and CMS ��+MET searches, which constrain winos
decaying to bino NLSPs. There is a large amount of growth possible in probing electroweak
production of new particles.

There is already a large literature (too large to review here) interpreting LHC results as
SUSY limits, so it is worthwhile to make some remarks on our motivation and how our work fits
into that broader context. Most of the existing work studies spectra involving all the MSSM
particles, often from a top-down point of view (such as the CMSSM) or in high-dimensional
parameter spaces. These models have an abundance of possible production modes and decays,
and it is di⇤cult to isolate the physics that goes into setting limits.

We believe that, at this point, a study in terms of simplified spectra is sorely needed, and
substantially di�erent from studies of the full MSSM. In the absence of any discovery, our main
goal in studying LHC limits on supersymmetry is twofold: first, to obtain a global picture of
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lines indicate 10 fb, 1 fb and 0.1 fb, while the blue, red and green curves correspond to Tevatron,
7 TeV LHC, and 14 TeV LHC. The 10 fb rate roughly corresponds to the kinematic reach of the
current 1/fb LHC searches. The 1 fb rate corresponds to the kinematic limit for the Tevatron and the
7 TeV LHC, both of which will collect O(10 fb�1) of data in their complete runs. Finally, the 0.1 fb
rate corresponds to the kinematic limit for the 14 TeV LHC, which is expected to collect O(100 fb�1)
in total.

di�erent jet multiplicities and kinematics in determining the limits. We will find that for
NLSPs with the cleanest final states (bino NLSP with ��+MET; slepton co-NLSPs with
same-sign dileptons+MET), the limits on gluino mass are nearly 1000 GeV. So already with
1/fb we are very close to the kinematic limit for 7 TeV LHC in these scenarios. Most of
the discovery potential at 7 TeV has already been used up here. For more complicated cases
(squeezed spectra, multiple final states, third generation), the limits on the gluino mass are
much weaker, ranging typically from 600-800 GeV. So there is considerable room for growth
and improvement here. Finally, we find that the only existing LHC searches that constrain
electroweak production are the ATLAS and CMS ��+MET searches, which constrain winos
decaying to bino NLSPs. There is a large amount of growth possible in probing electroweak
production of new particles.

There is already a large literature (too large to review here) interpreting LHC results as
SUSY limits, so it is worthwhile to make some remarks on our motivation and how our work fits
into that broader context. Most of the existing work studies spectra involving all the MSSM
particles, often from a top-down point of view (such as the CMSSM) or in high-dimensional
parameter spaces. These models have an abundance of possible production modes and decays,
and it is di⇤cult to isolate the physics that goes into setting limits.

We believe that, at this point, a study in terms of simplified spectra is sorely needed, and
substantially di�erent from studies of the full MSSM. In the absence of any discovery, our main
goal in studying LHC limits on supersymmetry is twofold: first, to obtain a global picture of
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Figure 2: NLO production cross sections for wino pairs (left) and gluino pairs (right). The dashed
lines indicate 10 fb, 1 fb and 0.1 fb, while the blue, red and green curves correspond to Tevatron,
7 TeV LHC, and 14 TeV LHC. The 10 fb rate roughly corresponds to the kinematic reach of the
current 1/fb LHC searches. The 1 fb rate corresponds to the kinematic limit for the Tevatron and the
7 TeV LHC, both of which will collect O(10 fb�1) of data in their complete runs. Finally, the 0.1 fb
rate corresponds to the kinematic limit for the 14 TeV LHC, which is expected to collect O(100 fb�1)
in total.

di�erent jet multiplicities and kinematics in determining the limits. We will find that for
NLSPs with the cleanest final states (bino NLSP with ��+MET; slepton co-NLSPs with
same-sign dileptons+MET), the limits on gluino mass are nearly 1000 GeV. So already with
1/fb we are very close to the kinematic limit for 7 TeV LHC in these scenarios. Most of
the discovery potential at 7 TeV has already been used up here. For more complicated cases
(squeezed spectra, multiple final states, third generation), the limits on the gluino mass are
much weaker, ranging typically from 600-800 GeV. So there is considerable room for growth
and improvement here. Finally, we find that the only existing LHC searches that constrain
electroweak production are the ATLAS and CMS ��+MET searches, which constrain winos
decaying to bino NLSPs. There is a large amount of growth possible in probing electroweak
production of new particles.

There is already a large literature (too large to review here) interpreting LHC results as
SUSY limits, so it is worthwhile to make some remarks on our motivation and how our work fits
into that broader context. Most of the existing work studies spectra involving all the MSSM
particles, often from a top-down point of view (such as the CMSSM) or in high-dimensional
parameter spaces. These models have an abundance of possible production modes and decays,
and it is di⇤cult to isolate the physics that goes into setting limits.

We believe that, at this point, a study in terms of simplified spectra is sorely needed, and
substantially di�erent from studies of the full MSSM. In the absence of any discovery, our main
goal in studying LHC limits on supersymmetry is twofold: first, to obtain a global picture of
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Figure 2: NLO production cross sections for wino pairs (left) and gluino pairs (right). The dashed
lines indicate 10 fb, 1 fb and 0.1 fb, while the blue, red and green curves correspond to Tevatron,
7 TeV LHC, and 14 TeV LHC. The 10 fb rate roughly corresponds to the kinematic reach of the
current 1/fb LHC searches. The 1 fb rate corresponds to the kinematic limit for the Tevatron and the
7 TeV LHC, both of which will collect O(10 fb�1) of data in their complete runs. Finally, the 0.1 fb
rate corresponds to the kinematic limit for the 14 TeV LHC, which is expected to collect O(100 fb�1)
in total.

di�erent jet multiplicities and kinematics in determining the limits. We will find that for
NLSPs with the cleanest final states (bino NLSP with ��+MET; slepton co-NLSPs with
same-sign dileptons+MET), the limits on gluino mass are nearly 1000 GeV. So already with
1/fb we are very close to the kinematic limit for 7 TeV LHC in these scenarios. Most of
the discovery potential at 7 TeV has already been used up here. For more complicated cases
(squeezed spectra, multiple final states, third generation), the limits on the gluino mass are
much weaker, ranging typically from 600-800 GeV. So there is considerable room for growth
and improvement here. Finally, we find that the only existing LHC searches that constrain
electroweak production are the ATLAS and CMS ��+MET searches, which constrain winos
decaying to bino NLSPs. There is a large amount of growth possible in probing electroweak
production of new particles.

There is already a large literature (too large to review here) interpreting LHC results as
SUSY limits, so it is worthwhile to make some remarks on our motivation and how our work fits
into that broader context. Most of the existing work studies spectra involving all the MSSM
particles, often from a top-down point of view (such as the CMSSM) or in high-dimensional
parameter spaces. These models have an abundance of possible production modes and decays,
and it is di⇤cult to isolate the physics that goes into setting limits.

We believe that, at this point, a study in terms of simplified spectra is sorely needed, and
substantially di�erent from studies of the full MSSM. In the absence of any discovery, our main
goal in studying LHC limits on supersymmetry is twofold: first, to obtain a global picture of
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Figure 2: NLO production cross sections for wino pairs (left) and gluino pairs (right). The dashed
lines indicate 10 fb, 1 fb and 0.1 fb, while the blue, red and green curves correspond to Tevatron,
7 TeV LHC, and 14 TeV LHC. The 10 fb rate roughly corresponds to the kinematic reach of the
current 1/fb LHC searches. The 1 fb rate corresponds to the kinematic limit for the Tevatron and the
7 TeV LHC, both of which will collect O(10 fb�1) of data in their complete runs. Finally, the 0.1 fb
rate corresponds to the kinematic limit for the 14 TeV LHC, which is expected to collect O(100 fb�1)
in total.

di�erent jet multiplicities and kinematics in determining the limits. We will find that for
NLSPs with the cleanest final states (bino NLSP with ��+MET; slepton co-NLSPs with
same-sign dileptons+MET), the limits on gluino mass are nearly 1000 GeV. So already with
1/fb we are very close to the kinematic limit for 7 TeV LHC in these scenarios. Most of
the discovery potential at 7 TeV has already been used up here. For more complicated cases
(squeezed spectra, multiple final states, third generation), the limits on the gluino mass are
much weaker, ranging typically from 600-800 GeV. So there is considerable room for growth
and improvement here. Finally, we find that the only existing LHC searches that constrain
electroweak production are the ATLAS and CMS ��+MET searches, which constrain winos
decaying to bino NLSPs. There is a large amount of growth possible in probing electroweak
production of new particles.

There is already a large literature (too large to review here) interpreting LHC results as
SUSY limits, so it is worthwhile to make some remarks on our motivation and how our work fits
into that broader context. Most of the existing work studies spectra involving all the MSSM
particles, often from a top-down point of view (such as the CMSSM) or in high-dimensional
parameter spaces. These models have an abundance of possible production modes and decays,
and it is di⇤cult to isolate the physics that goes into setting limits.

We believe that, at this point, a study in terms of simplified spectra is sorely needed, and
substantially di�erent from studies of the full MSSM. In the absence of any discovery, our main
goal in studying LHC limits on supersymmetry is twofold: first, to obtain a global picture of
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Figure 2: NLO production cross sections for wino pairs (left) and gluino pairs (right). The dashed
lines indicate 10 fb, 1 fb and 0.1 fb, while the blue, red and green curves correspond to Tevatron,
7 TeV LHC, and 14 TeV LHC. The 10 fb rate roughly corresponds to the kinematic reach of the
current 1/fb LHC searches. The 1 fb rate corresponds to the kinematic limit for the Tevatron and the
7 TeV LHC, both of which will collect O(10 fb�1) of data in their complete runs. Finally, the 0.1 fb
rate corresponds to the kinematic limit for the 14 TeV LHC, which is expected to collect O(100 fb�1)
in total.

di�erent jet multiplicities and kinematics in determining the limits. We will find that for
NLSPs with the cleanest final states (bino NLSP with ��+MET; slepton co-NLSPs with
same-sign dileptons+MET), the limits on gluino mass are nearly 1000 GeV. So already with
1/fb we are very close to the kinematic limit for 7 TeV LHC in these scenarios. Most of
the discovery potential at 7 TeV has already been used up here. For more complicated cases
(squeezed spectra, multiple final states, third generation), the limits on the gluino mass are
much weaker, ranging typically from 600-800 GeV. So there is considerable room for growth
and improvement here. Finally, we find that the only existing LHC searches that constrain
electroweak production are the ATLAS and CMS ��+MET searches, which constrain winos
decaying to bino NLSPs. There is a large amount of growth possible in probing electroweak
production of new particles.

There is already a large literature (too large to review here) interpreting LHC results as
SUSY limits, so it is worthwhile to make some remarks on our motivation and how our work fits
into that broader context. Most of the existing work studies spectra involving all the MSSM
particles, often from a top-down point of view (such as the CMSSM) or in high-dimensional
parameter spaces. These models have an abundance of possible production modes and decays,
and it is di⇤cult to isolate the physics that goes into setting limits.

We believe that, at this point, a study in terms of simplified spectra is sorely needed, and
substantially di�erent from studies of the full MSSM. In the absence of any discovery, our main
goal in studying LHC limits on supersymmetry is twofold: first, to obtain a global picture of
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7 TeV LHC, both of which will collect O(10 fb�1) of data in their complete runs. Finally, the 0.1 fb
rate corresponds to the kinematic limit for the 14 TeV LHC, which is expected to collect O(100 fb�1)
in total.

di�erent jet multiplicities and kinematics in determining the limits. We will find that for
NLSPs with the cleanest final states (bino NLSP with ��+MET; slepton co-NLSPs with
same-sign dileptons+MET), the limits on gluino mass are nearly 1000 GeV. So already with
1/fb we are very close to the kinematic limit for 7 TeV LHC in these scenarios. Most of
the discovery potential at 7 TeV has already been used up here. For more complicated cases
(squeezed spectra, multiple final states, third generation), the limits on the gluino mass are
much weaker, ranging typically from 600-800 GeV. So there is considerable room for growth
and improvement here. Finally, we find that the only existing LHC searches that constrain
electroweak production are the ATLAS and CMS ��+MET searches, which constrain winos
decaying to bino NLSPs. There is a large amount of growth possible in probing electroweak
production of new particles.

There is already a large literature (too large to review here) interpreting LHC results as
SUSY limits, so it is worthwhile to make some remarks on our motivation and how our work fits
into that broader context. Most of the existing work studies spectra involving all the MSSM
particles, often from a top-down point of view (such as the CMSSM) or in high-dimensional
parameter spaces. These models have an abundance of possible production modes and decays,
and it is di⇤cult to isolate the physics that goes into setting limits.

We believe that, at this point, a study in terms of simplified spectra is sorely needed, and
substantially di�erent from studies of the full MSSM. In the absence of any discovery, our main
goal in studying LHC limits on supersymmetry is twofold: first, to obtain a global picture of
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currently one exception.
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But no limit on gluino mass 
for mLSP > 400 GeV ??

Limit of > 1 TeV for gluino 
decaying to massless LSP!!



Summary of General Remarks

• Limits are quite high on colored SUSY production with simple 
decays and large mass splittings. For such scenarios, probably not 
much discovery potential left at 7-8 TeV.  

• One major exception is (even mildly) squeezed spectra.

• Limits on EW SUSY production are nearly non-existent. Can 
expect more progress here! Much more difficult, but should 
hopefully improve with more data!

• Obviously, searches without MET are in the minority here.  Also, 
searches which involve displaced decays.



Connections to GGM
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• If the NLSP is a Higgsino which decays primarily to Z’s, 
jets+MET and Z(ll)+jets+MET should be good search channels. 

• Hot off the presses is a ATLAS search in the latter final state 
(ATLAS-CONF-2012-047)

• First ever dedicated search for higgsino NLSPs! 

• Final state:  Z(ll) + MET + (>=3 jets or HT)
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Z-rich Higgsino NLSPs
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Figure 5: Distributions of Emiss
T for data and MC events after SR2 selection without the Emiss

T requirement
for the ee (left) and µµ (right) channels. Two GGM signal points are included. The first point was
produced with m(g̃) = 300 GeV and m(H̃) = 120 GeV, and the second with m(g̃) = 300 GeV and m(H̃)
= 290 GeV. The hatched grey band represents the total systematic uncertainties on the MC expectations.
The plots include the overflow bin.

In the SRs, the expectation and observation agree within uncertainties. Given a lack of excess in the
observed data, the results of the analysis are interpreted as 95% confidence level (CL) exclusion limits on
m(g̃) and m(H̃) in the higgsino-like NLSP scenario defined for the GGM model grid. The expected and
observed 95% CL upper limits are computed using the CLs method combining the ee and µµ channels.
Systematic uncertainties are treated as nuisance parameters, and their correlations are taken into account.
Limits are computed for each signal region, and the final exclusion uses the values from the signal region
corresponding to the strongest expected limit.

Figure 6 shows the observed and expected 95% CL limits on m(g̃) and m(H̃) for the GGM models
with higgsino-like NLSP considered. For higgsino masses in the range 200 � 640 GeV, gluino masses
of 600 � 700 GeV are excluded at 95% CL.

8 Conclusions

A search for events with large Emiss
T and a Z boson that decays to a pair of electrons or muons has been

performed using 1.04 fb�1 of ATLAS data collected in 2011. With no excess observed in the selected
signal regions, limits on m(g̃) and m(H̃) have been derived in the context of GGM, when the lightest
neutralino NLSP is higgsino-like. Assuming tan � = 1.5, M1 = M2 = 1 TeV, and c⌧NLSP < 0.1 mm, we
exclude gluino masses up to 600�700 GeV at 95% CL for higgsino masses in the range 200�640 GeV.
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produced with m(g̃) = 300 GeV and m(H̃) = 120 GeV, and the second with m(g̃) = 300 GeV and m(H̃)
= 290 GeV. The hatched grey band represents the total systematic uncertainties on the MC expectations.
The plots include the overflow bin.

In the SRs, the expectation and observation agree within uncertainties. Given a lack of excess in the
observed data, the results of the analysis are interpreted as 95% confidence level (CL) exclusion limits on
m(g̃) and m(H̃) in the higgsino-like NLSP scenario defined for the GGM model grid. The expected and
observed 95% CL upper limits are computed using the CLs method combining the ee and µµ channels.
Systematic uncertainties are treated as nuisance parameters, and their correlations are taken into account.
Limits are computed for each signal region, and the final exclusion uses the values from the signal region
corresponding to the strongest expected limit.

Figure 6 shows the observed and expected 95% CL limits on m(g̃) and m(H̃) for the GGM models
with higgsino-like NLSP considered. For higgsino masses in the range 200 � 640 GeV, gluino masses
of 600 � 700 GeV are excluded at 95% CL.

8 Conclusions

A search for events with large Emiss
T and a Z boson that decays to a pair of electrons or muons has been

performed using 1.04 fb�1 of ATLAS data collected in 2011. With no excess observed in the selected
signal regions, limits on m(g̃) and m(H̃) have been derived in the context of GGM, when the lightest
neutralino NLSP is higgsino-like. Assuming tan � = 1.5, M1 = M2 = 1 TeV, and c⌧NLSP < 0.1 mm, we
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produced with m(g̃) = 300 GeV and m(H̃) = 120 GeV, and the second with m(g̃) = 300 GeV and m(H̃)
= 290 GeV. The hatched grey band represents the total systematic uncertainties on the MC expectations.
The plots include the overflow bin.

In the SRs, the expectation and observation agree within uncertainties. Given a lack of excess in the
observed data, the results of the analysis are interpreted as 95% confidence level (CL) exclusion limits on
m(g̃) and m(H̃) in the higgsino-like NLSP scenario defined for the GGM model grid. The expected and
observed 95% CL upper limits are computed using the CLs method combining the ee and µµ channels.
Systematic uncertainties are treated as nuisance parameters, and their correlations are taken into account.
Limits are computed for each signal region, and the final exclusion uses the values from the signal region
corresponding to the strongest expected limit.

Figure 6 shows the observed and expected 95% CL limits on m(g̃) and m(H̃) for the GGM models
with higgsino-like NLSP considered. For higgsino masses in the range 200 � 640 GeV, gluino masses
of 600 � 700 GeV are excluded at 95% CL.

8 Conclusions

A search for events with large Emiss
T and a Z boson that decays to a pair of electrons or muons has been

performed using 1.04 fb�1 of ATLAS data collected in 2011. With no excess observed in the selected
signal regions, limits on m(g̃) and m(H̃) have been derived in the context of GGM, when the lightest
neutralino NLSP is higgsino-like. Assuming tan � = 1.5, M1 = M2 = 1 TeV, and c⌧NLSP < 0.1 mm, we
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produced with m(g̃) = 300 GeV and m(H̃) = 120 GeV, and the second with m(g̃) = 300 GeV and m(H̃)
= 290 GeV. The hatched grey band represents the total systematic uncertainties on the MC expectations.
The plots include the overflow bin.

In the SRs, the expectation and observation agree within uncertainties. Given a lack of excess in the
observed data, the results of the analysis are interpreted as 95% confidence level (CL) exclusion limits on
m(g̃) and m(H̃) in the higgsino-like NLSP scenario defined for the GGM model grid. The expected and
observed 95% CL upper limits are computed using the CLs method combining the ee and µµ channels.
Systematic uncertainties are treated as nuisance parameters, and their correlations are taken into account.
Limits are computed for each signal region, and the final exclusion uses the values from the signal region
corresponding to the strongest expected limit.

Figure 6 shows the observed and expected 95% CL limits on m(g̃) and m(H̃) for the GGM models
with higgsino-like NLSP considered. For higgsino masses in the range 200 � 640 GeV, gluino masses
of 600 � 700 GeV are excluded at 95% CL.
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performed using 1.04 fb�1 of ATLAS data collected in 2011. With no excess observed in the selected
signal regions, limits on m(g̃) and m(H̃) have been derived in the context of GGM, when the lightest
neutralino NLSP is higgsino-like. Assuming tan � = 1.5, M1 = M2 = 1 TeV, and c⌧NLSP < 0.1 mm, we
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Leptonic MT2

• mT2:  generalization of W transverse mass 
to events with double decay chains ending 
in invisible particles. 
(Barr, Lester, Stephens, Summers, ...)

• mT2 has been used for measurements of 
top properties, but in all cases, the full 
event was used (leptons+bjets+MET). 
Expect an endpoint at the top mass, but 
combinatorics is an issue.

• Dileptonic ttbar is one of the main 
backgrounds to Z-rich Higgsino NLSPs.  
We propose computing mT2 using only 
the leptons and MET to reject ttbar 
background.  For ttbar, expect an endpoint 
at W mass and no combinatorial 
confusion. (Kats, Reece, Meade & DS)

Figure 1: An event with two invisible particles N , each from a decay of a heavy particle Y .

methods using the variable mT2 [9], which is sometimes called the stransverse mass.
mT2 is defined event by event as a function of the invisible particle mass. Its endpoint

or maximal value over many events, denoted by mmax
T2 , gives an estimate of the mother

particle’s mass in the beginning of the decay chain. When the invisible particle’s mass

is unknown, one has to use a trial mass to calculate mT2 and only obtains an estimate
of the mass difference. However, it has been shown in Ref. [10] that if the two mother

particles decay through three-body decays to the invisible particles, a “kink” occurs on
the mmax

T2 curve as a function of the trial mass. The position of the kink is actually at the
true value of the invisible particle mass, which allows us to simultaneously determine

the masses of both the invisible particle and its mother particle. A generalized study
of the kink method is available in Ref. [11].

The purpose of this paper is to clarify the relation between the two mass deter-

mination techniques, i.e., the one using kinematic constraints and the one using the
variable mT2. An apparent difference between the two approaches is that the former
uses the 4-momenta of the visible particles, while the latter is defined solely on the

plane transverse to the beam direction. Nevertheless, due to the lack of total momen-
tum measurement in the beam direction, the longitudinal momenta of the two invisible

particles can be arbitrarily chosen, offsetting some of the information obtained from
the visible particles’ longitudinal momenta. As a consequence, mT2 is equivalent to the
“minimal” kinematic constraints discussed below.

We illustrate our definition of “minimal” constraints in Fig. 1. Two mother par-

ticles of the same mass, mY , each decays to a dark matter particle of mass mN , plus
some visible particles, either directly or through other on-shell particles. Since the

– 3 –

(figure from Cheng & Han 0810.5178)
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Figure 17: Z-rich higgsino NLSP: signal and background distributions for missing ET and leptonic
MT2. All cuts from the CMS analysis [13] except for the cut on missing ET have been applied. Two
di�erent choices of higgsino mass are shown, illustrating that missing ET and related variables are
suppressed when the higgsino is light.
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Figure 18: Comparison of the e⇥ciency of cutting on missing ET (solid blue line) and on leptonic
MT2 (dashed, darker blue line) for signal and the rejection rate (i.e., 1 minus e⇥ciency) for tt
background. At high background rejection (large coordinates on the vertical axis), the leptonic MT2

cut keeps a substantially larger fraction of the signal. The crossover happens at a cut of about 140
GeV on missing ET , with the same e⇥ciency as a cut of about 65 GeV on leptonic MT2. We don’t
show results for heavier higgsinos, because in that case either cut is extremely e⇥cient on signal
while strongly suppressing background.

but deciding which jets to use involves a combinatorial problem. Leptonic MT2 in dilepton
events, by contrast, is a well-defined variable without combinatoric ambiguities, and we expect
it will be more precisely measured than similar variables using jets.

A cut on leptonicMT2 of near 80 GeV, then, can almost completely eliminate tt background
while keeping an order-one fraction of the signal. In Figure 18, we compare the signal e⇥ciency
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but deciding which jets to use involves a combinatorial problem. Leptonic MT2 in dilepton
events, by contrast, is a well-defined variable without combinatoric ambiguities, and we expect
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A cut on leptonicMT2 of near 80 GeV, then, can almost completely eliminate tt background
while keeping an order-one fraction of the signal. In Figure 18, we compare the signal e⇥ciency
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leptonic MT2 could 
potentially reject much more 

background for the same 
amount of signal efficiency
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h-rich Higgsino NLSP 

(Matchev & Thomas ’99; Meade, Reece & DS ’09; Ruderman & DS ’11)  

• Higgsino NLSP can also decay primarily to h’s. Then jets+MET 
and bjets+MET are relevant final state.

• Currently, no dedicated search for this scenario. But several are 
relevant, e.g.  ATLAS search for bjets+MET with 0.83/fb

H̃g̃ q̃(⇤)

q q

G̃

h

Sig. Reg. Data (0.83 fb−1) Top W/Z QCD Total
3JA (1 btag meff >500 GeV) 361 221+82

−68 121±61 15±7 356+103
−92

3JB (1 btag meff >700 GeV) 63 37+15
−12 31±19 1.9±0.9 70+24

−22
3JC (2 btag meff >500 GeV) 76 55+25

−22 20±12 3.6±1.8 79+28
−25

3JD (2 btag meff >700 GeV) 12 7.8+3.5
−2.9 5±4 0.5±0.3 13.0+5.6

−5.2

Table 2: Summary observed and expected event yields in the four signal regions. The QCD
prediction is based on the jet smearing method described in the text. Systematic uncertainties
for the Standard Model predictions are given.

translated into 95% C.L. upper limits on contributions from new physics. Limits are derived
using the CLs [41] method, while the power constrained limit (PCL) [42] method is used for
comparison with previous ATLAS results. Upper limits at 95% C.L. on the number of signal
events are converted into model-independent 95% C.L. upper limits on the effective cross sec-
tions for new processes. The results in Table 3 show that the region 3JD provides the most
stringent effective cross section upper limit of 17 fb.

Sig. Reg. 95% C.L. N events 95% C.L. σe f f (pb)

CLs (PCL) CLs (PCL)
3JA (1 btag meff >500 GeV) 240 (206) 0.288 (0.247)

3JB (1 btag meff >700 GeV) 51 (40) 0.061 (0.048)

3JC (2 btag meff >500 GeV) 65 (53) 0.078 (0.064)

3JD (2 btag meff >700 GeV) 14 (11) 0.017 (0.014)

Table 3: 95% C.L. upper limits on the non-SM contributions to the four signal regions. The
corresponding PCL limits are given in parenthesis. Limits are given on the number of signal
events and in terms of effective cross sections. The systematic uncertainties on the SM back-
ground estimation discussed in Section 5 are included.

The results are also interpreted in terms of 95% C.L. exclusion limits for several SUSY sce-
narios. In Figure 4 the observed and expected exclusion regions are shown in the (mg̃,mb̃1

) plane

for the hypothesis that the lightest squark b̃1 is produced via gluino-mediated or direct pair
production and decays exclusively via b̃1 → bχ̃01 . The NLO cross sections are calculated using
PROSPINO. For each scenario, the signal region resulting in the best expected exclusion limit
is used: the selection 3JD provides the best sensitivity in most cases. If ΔM(g̃− b̃1) < 100 GeV,
signal regions with 1 b-tag are preferred, due to the lower number of expected b-jets above pT
thresholds. The regions 3JA and 3JB provide the best sensitivity when mg̃ # mb̃1

and sbottom

pair production dominates. All systematic uncertainties on the signal and background con-
tributions are taken into account in these limits and include the fully correlated detector-type
uncertainties (JES, b-tagging, trigger, pile-up effects, luminosity) as well as the theoretical un-
certainties on the signal (Renormalization/Factorization scale and PDF). Gluino masses below
720 GeV are excluded for sbottom masses up to 600 GeV. The exclusion is less stringent in the
region with low ΔM(g̃− b̃1), where low EmissT is expected. This search extends the previous AT-
LAS exclusion limit in the same scenario by about 130 GeV (180 GeV if using the same limit
setting procedure).
Results are also interpreted in the context of simplified models. In this case, all the squarks
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h-rich Higgsino NLSP 

(Matchev & Thomas ’99; Meade, Reece & DS ’09; Ruderman & DS ’11)  

• Higgsino NLSP can also decay primarily to h’s. Then jets+MET 
and bjets+MET are relevant final state.
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particle mass relevant decays
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�0
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�±
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1 � W±⇥�0
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Table 7: Simplified parameter space for h-rich higgsino NLSPs. Promising final states include
b-jets+MET, jets+MET and SS dileptons+MET.
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Figure 7: Current best limits on the simplified parameter space for h-rich higgsino NLSP described
in Table 7, together with the Tevatron limit estimated in [30]. Left: squark masses are decoupled.
Right: NLSP mass is fixed at 375 GeV.

Once again, there is a bound from SS dileptons at large gluino-higgsino splitting, from
decay chains with top quarks. This is again complementary to the jets+MET searches which
degrade significantly at low higgsino mass due to the MET being squeezed out. Note that the
degradation is more pronounced here than in the Z-rich case. This is because there the Z
could decay to neutrinos, giving a source of MET even in the squeezed region.

We see that at 1/fb, none of the analyses can see direct h-higgsino production. This might
require an optimized analysis with softer cuts and more data. Requiring more b-tags, studying
mass distributions of jet pairs, or considering boosted higgses might be interesting strategies.
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Once again, there is a bound from SS dileptons at large gluino-higgsino splitting, from
decay chains with top quarks. This is again complementary to the jets+MET searches which
degrade significantly at low higgsino mass due to the MET being squeezed out. Note that the
degradation is more pronounced here than in the Z-rich case. This is because there the Z
could decay to neutrinos, giving a source of MET even in the squeezed region.

We see that at 1/fb, none of the analyses can see direct h-higgsino production. This might
require an optimized analysis with softer cuts and more data. Requiring more b-tags, studying
mass distributions of jet pairs, or considering boosted higgses might be interesting strategies.
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Once again, there is a bound from SS dileptons at large gluino-higgsino splitting, from
decay chains with top quarks. This is again complementary to the jets+MET searches which
degrade significantly at low higgsino mass due to the MET being squeezed out. Note that the
degradation is more pronounced here than in the Z-rich case. This is because there the Z
could decay to neutrinos, giving a source of MET even in the squeezed region.

We see that at 1/fb, none of the analyses can see direct h-higgsino production. This might
require an optimized analysis with softer cuts and more data. Requiring more b-tags, studying
mass distributions of jet pairs, or considering boosted higgses might be interesting strategies.

13

Degraded sensitivity at low NLSP 
mass -- MET is again being 
squeezed out!
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cf Chou & Peskin ’99 A minimal realization of “natural SUSY”
(Kats & DS “Light Stop NLSPs at the Tevatron and LHC”)



Stop NLSPs

• Direct production of stop;  stop → top+MET
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Figure 1: The NLO+NLL stop pair production cross section at the Tevatron (left) and 7 TeV
LHC (right) as a function of the stop mass. The values of tt cross sections are indicated as
well. For more details, see appendix B.1.

Light stops in theories of gauge-mediated supersymmetry breaking (GMSB) are an espe-
cially interesting and motivated possibility. As is well known, gauge mediation is an appealing
supersymmetric scenario: it automatically solves the flavor problem, and it generates phe-
nomenologically viable soft masses. In such theories, the lightest superpartner (LSP) is always
a nearly-massless gravitino G̃. Assuming R-parity, the next-to-lightest superpartner (NLSP)
decays in a universal fashion to the gravitino plus its Standard Model partner. Recently, a
model-independent framework for general gauge mediation (GGM) was established in [5, 6].
In GGM, essentially any MSSM superpartner can be the NLSP. So it is interesting to consider
the case that the NLSP is the lightest stop t̃. The dominant decay of the stop in such a
scenario is

t̃ → W+bG̃ (1.1)

Intriguingly, despite the fact that this possibility has been known for more than a decade [7,
8, 9], no searches have addressed it explicitly. And this scenario is far from being obviously
excluded.

In this paper, we will focus on the following simple question: how light can the stop NLSP
be without being in conflict with existing data? In particular, can the stop be lighter than the
top? Since the stop is colored, stop-antistop pairs have sizeable production cross sections at
hadron colliders, especially if the stop is light. Still, they can be missed if their decay products
have a large Standard Model background. Indeed, tt production (where t → W+b) has a very
similar signature to t̃t̃∗ production, with a much larger cross section (see figure 1). Meanwhile
the uncertainties on the top cross section, both experimental and theoretical, are of the order
of 10%. As a result, the stop signal may not stand out in tt cross section measurements that
use simple cuts and event counting. On the other hand, more sophisticated measurements of

2

Very challenging to see under ttbar background!



Stop NLSPs

• Currently no dedicated searches for stop NLSPs, at either 
Tevatron or LHC.  Stop could still be lighter than the top!!
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Figure 14: Stop NLSP: limits on direct production (excluded cross section divided by the NLO+NLL
stop production cross section from [67]). Along with the best SUSY searches from Table 1, we show
the limits from the pre-tag sample of the ATLAS tt cross section measurement in the dilepton
channel [68] (orange) and the ATLAS search for tt events with large MET [14] (gray). The curves
are dashed in the low mass region where the e�ciency of the jet-related and MET-related cuts (but
not the leptonic selection) is below 1%. This is to indicate that our results may not be reliable there,
since the signal e�ciencies are extremely low. The black line is the Tevatron limit estimated in [31]
using the CDF search [69].

search for tt events with anomalously large missing energy [14] (1.04/fb). We find, using the
methods of [31], that neither sets the expected limit due to tightened analysis cuts. The cross
section limits are shown in Fig. 14. Since both analyses use lepton triggers, it may still be
possible to repeat them with softer cuts. Overall, Fig. 14 indicates that [14] is a very promising
search up to 300 GeV or more. Its weakness near M

stop

⇠ 200 GeV stems from the fact that
for stops that are only slightly heavier than the top, the gravitinos carry very little energy
(unlike in the 3-body decays of the lighter stops or the 2-body decays of the heavier stops)
and therefore the cut on the transverse mass mT eliminates much of the signal.

At the same time, we see in Fig. 14 that some of the SUSY searches have become com-
petitive and may have already surpassed the Tevatron limit by excluding direct production
of stops up to approximately the top mass. However, since all these searches have very low
e�ciencies in that low mass region, the systematic uncertainties on our simulation are likely
to be large, so the precise exclusion limits are highly uncertain. The very low e�ciencies
indicate that in applying these cuts, we are making use of the far tails of the kinematic distri-
butions in the signal. We expect that these tails depend on radiation in the event, which we
are simulating with Pythia. A more careful approach would use matching of matrix elements
and parton showers to simulate stop pair production plus jets, which would be an interesting
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Again, sensitivity is 
degraded because

• lower xsec (like 
EW production)

• mass of the top 
squeezes out the 
kinematics



Comments on GGM and the 
Higgs

• A Higgs at 125 prefers large A-terms (stop mixing) in the MSSM.

• In GGM, the A-terms are zero at the messenger scale. So they 
must arise from RG evolution.
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• A Higgs at 125 prefers large A-terms (stop mixing) in the MSSM.
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• Messenger scale must be extremely high -- Mmess ≳ 10^8 GeV. 
NLSP decays must be displaced or outside the detector!

• Also, gluinos must be extremely heavy -- M3 ≳ 3 TeV.  Completely 
out of reach of the LHC!

Comments on GGM and the 
Higgs

NLSP

NLSP

MET 
(gravitino)

visible 
(jets, leptons,
photons,...)



Implications for searches

• This strongly motivates searches for long-lived NLSPs (as well as 
superpartners other than the gluino).

• But it doesn’t mean we should drop all the existing prompt 
searches.

• We can easily imagine that some modification of the Higgs sector 
of the MSSM+GMSB boosts the Higgs mass to 125 GeV while 
preserving all the usual collider signatures.

• Much too early to say! Sensible experimentalists should ignore 
these theoretical struggles and continue looking for new physics!!



Summary

• I have motivated GMSB both as a broad signature generator, and 
as a natural solution to the SUSY flavor problem.

• I surveyed the LHC searches, and highlighted the strengths and 
weaknesses from a theorist’s POV:

• Colored superpartners with simple, unsqueezed decays are probably > 1 TeV

• In the presence of squeezed spectra, these limits are much worse

• Currently very few limits on EW superpartner production

• I illustrated these points using examples from GGM (Z-rich 
Higgsino NLSPs, h-rich Higgsino NLSPs, stop NLSPs)
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An emerging picture of SUSY?

• SUSY was not right around the corner.  Colored superpartners 
might very well be heavy. 

• Maybe this is the picture that’s emerging? 

• Actually, this type of picture is predicted by most minimal SUSY 
models (e.g. minimal GMSB).  Although simplified models have 
been fashionable lately, maybe Nature will end up being nicer than 
it needed to be?

gluinos, squarks...

winos, binos, 
higgsinos, sleptons...

We might know by the 
end of the year!



The End


