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Current Status of the LHC

In 2011, the LHC experiments have been collecting data at an 
astounding rate -- nearly 5/fb already and growing!



Current Status of the LHC

So far, no signs of new physics.

In particular, no signs of the Higgs....

ATLAS SM Higgs Combination – statistical procedure 

•! The profile likelihood ratio is used as test statistics 

•! one-sided variants of the test statistic are used for upper-limits and discovery 

•! The distribution of the test statistic is obtained in two ways: 
–! Ensemble tests with toy Monte Carlo using a fully frequentist procedure 

–! Using asymptotic distribution of likelihood ratio (improved !2 method) 

•! nuisance parameters are “profiled” based on the data 

•! Primary result based CLs, conservatism introduced to protect against downward 
fluctuations 
–! Additional comparisons with Bayesian procedure with a uniform prior on µ 

The combined upper limit on the Standard Model 

Higgs boson production cross section divided by the 

Standard Model expectation as a function of mH is 

indicated by the solid line. This is a 95% CL limit 

using the CLs method in the entire mass range.  

Standard Model Higgs 

boson mass excluded at 
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Current Status of the LHC
... and no signs of SUSY:



Current Status of the LHC
... and no signs of SUSY:

Should we be concerned???



Today’s Talk

• In today’s talk, I will take you on a guided tour of the latest SUSY 
searches from the LHC.

• We will focus on their implications for low-scale SUSY-breaking 
scenarios (General Gauge Mediation).

• As we’ll see, studying signatures of GGM naturally leads one to 
consider most (all?) of the LHC SUSY searches 
-- GGM is a “signature generating machine”
-- There is a lot more to GMSB phenomenology than photons!!

• GGM provides a nice unifying framework with which to 
understand all the different LHC results!



First, let us set the stage...



SUSY production at the LHC
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• “Kinematic limits” of LHC @ 7 TeV: 
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• “Kinematic limits” of LHC @ 7 TeV: 

• Mwino~700 GeV; 
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• “Kinematic limits” of LHC @ 7 TeV: 

• Mwino~700 GeV; 

• Mgluino~1,200 GeV
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• “Kinematic limits” of LHC @ 7 TeV: 

• Mwino~700 GeV; 

• Mgluino~1,200 GeV

SUSY production at the LHC
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Yardstick with which to measure the current progress



Gauge Mediation

• Gauge mediation is a very attractive scenario for the MSSM:

• Solves SUSY flavor problem

• Calculable framework

• Recently, a model-independent framework for GMSB was 
formulated, and the full parameter space was understood:

• “General Gauge Mediation” (Meade, Seiberg & DS; Buican, Meade, Seiberg & DS)

• LHC searches are now being designed with GGM in mind!

Hidden sector
SUSY+...

SU(3)xSU(2)xU(1)

Visible sector:
MSSM+...



The NLSP

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

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

m3/2 =
F√
3Mpl

(∼ eV −GeV)

..
.{MSSM

gravitino LSP

NLSP



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



NLSP Collider Signatures

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

• NLSP decays to the gravitino plus its SM partner. 

Gravitino and collider pheno

Gauge mediation predicts a light gravitino.
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• In GGM, the NLSP can be (almost) anything in the MSSM

NLSP Collider Signatures

We will not attempt to incorporate a realistic µ/Bµ sector into our analysis; rather, we will
just assume that the Higgs sector parameters (µ, tan β) can be set freely.

As discussed in the Introduction, an important feature of the GGM framework is that it
allows almost any superpartner to be the NLSP. Specifying the NLSP together with the pro-
duction mechanism will essentially dictate the rest of the phenomenology. The large amount
of freedom left by the sum rules of GGM allows us to consider simplified spectra where only
the production and NLSP particles are accessible at the LHC while the rest of the spectrum
is decoupled.1 In practice a particular model of GMSB may contain other particles in the
spectrum between the initially produced SUSY partner (typically colored for the early LHC)
and the NLSP. Obviously, this will lead to longer decay chains, but often the details of the
LHC analyses are insensitive to such details. It would be interesting to consider systematically
the effect of longer decay chains on the individual analyses (simplified spectra can come with
their own set of biases), but this is beyond the scope of this work.

NLSP type Relevant final states (+MET)

bino γγ, γ+jets

wino γ�, γγ, γ+jets, �+jets, jets

Z-rich Higgsino Z(�+�−)+jets, Z(�+�−)Z(��+��−), jets

h-rich Higgsino b-jets, jets

slepton SS dileptons, multileptons, jets

squark/gluino jets

stop SS dileptons, b-jets, �+jets, � + b-jets, tt, jets

sbottom b-jets, jets

Table 1: An overview of GGM phenomenology and the relevant final states.

Given that we will be mostly investigating simplified spectra with only two moving pieces,
the production mechanism and the NLSP type, we can easily classify the relevant final states
of our different regions of parameter space. In Table 1 we have listed the relevant final states
for a given simplified spectrum based upon the NLSP type. Certain searches in this table are
relevant not because of the NLSP decay, but the transition from the production channel to
the NLSP. In Section 3 we will explicitly give the parameter space of each simplified model
that we investigate. Table 1 serves as a useful guide to understand what relevant experimental
signatures would capture a given simplified spectrum, and allows for a more general application
of our results to other models with similar final states.

1One important subtlety concerns the GGM sum rules – one cannot decouple the slepton masses while

keeping all the squark flavors light. Therefore, we will always leave the up-type right-handed squarks decoupled

(i.e., mU →∞). This was the approach taken in [6] and adopted by both CMS and ATLAS in their searches

for γγ+MET.

6
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• In GGM, the NLSP can be (almost) anything in the MSSM

• Considering all possible NLSP decays leads to many different final states!
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The rest of the talk

• In the rest of the talk, I will give an overview of the 
current LHC searches, as seen through the lens of GGM. 

• Our modus operandi: 

• Simulate signal events using public codes for spectrum generation 
(SoftSUSY and SDECAY), process generation (Pythia), jet clustering 
(FastJet), and NLO cross sections (Prospino).

• Filter through homemade detector simulation (basic geometric 
acceptance, lepton isolation). 

• Validate on benchmark model points / grids provided by public 
experimental references. 

• Using experimentally-estimated backgrounds, derive limits on 
“simplified” GMSB scenarios (minimal spectra for production and 
decay).



More on our minimal spectra
• We will focus on the minimal spectra for production and decay.

• Will show limits in 2D (Mgluino vs MNLSP and Mgluino vs Msquark with 
fixed MNLSP). 

• Parametrize phenomenology with physical masses, not unphysical 
model parameters!!

..
.

g̃ or q̃

rest of the MSSM

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 =
µλ̃i

�µ i� for all i.

In the + + +− case, we can make �i · �j = 0 by taking �i =
λ4λ̃i
�4 i� for i = 1, 2, 3 and �4 =

λ4λ̃1
[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�

(2π)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�ν�ρ�σ 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



• In GGM, the NLSP can be (almost) anything in the MSSM

• Considering all possible NLSP decays leads to many different final states!

NLSP Collider Signatures

Ruderman & DS 
(1009.1665); 

Katz & Tweedie 
(0911.4132, 1003.5664)

Meade, Reece, DS 
(0911.4130, 1006.4575); 

Ruderman & DS 
(1103.6083) 

Kats & DS (1106.0030) 

We will not attempt to incorporate a realistic µ/Bµ sector into our analysis; rather, we will
just assume that the Higgs sector parameters (µ, tan β) can be set freely.

As discussed in the Introduction, an important feature of the GGM framework is that it
allows almost any superpartner to be the NLSP. Specifying the NLSP together with the pro-
duction mechanism will essentially dictate the rest of the phenomenology. The large amount
of freedom left by the sum rules of GGM allows us to consider simplified spectra where only
the production and NLSP particles are accessible at the LHC while the rest of the spectrum
is decoupled.1 In practice a particular model of GMSB may contain other particles in the
spectrum between the initially produced SUSY partner (typically colored for the early LHC)
and the NLSP. Obviously, this will lead to longer decay chains, but often the details of the
LHC analyses are insensitive to such details. It would be interesting to consider systematically
the effect of longer decay chains on the individual analyses (simplified spectra can come with
their own set of biases), but this is beyond the scope of this work.

NLSP type Relevant final states (+MET)

bino γγ, γ+jets

wino γ�, γγ, γ+jets, �+jets, jets

Z-rich Higgsino Z(�+�−)+jets, Z(�+�−)Z(��+��−), jets

h-rich Higgsino b-jets, jets

slepton SS dileptons, multileptons, jets

squark/gluino jets

stop SS dileptons, b-jets, �+jets, � + b-jets, tt, jets

sbottom b-jets, jets

Table 1: An overview of GGM phenomenology and the relevant final states.

Given that we will be mostly investigating simplified spectra with only two moving pieces,
the production mechanism and the NLSP type, we can easily classify the relevant final states
of our different regions of parameter space. In Table 1 we have listed the relevant final states
for a given simplified spectrum based upon the NLSP type. Certain searches in this table are
relevant not because of the NLSP decay, but the transition from the production channel to
the NLSP. In Section 3 we will explicitly give the parameter space of each simplified model
that we investigate. Table 1 serves as a useful guide to understand what relevant experimental
signatures would capture a given simplified spectrum, and allows for a more general application
of our results to other models with similar final states.

1One important subtlety concerns the GGM sum rules – one cannot decouple the slepton masses while

keeping all the squark flavors light. Therefore, we will always leave the up-type right-handed squarks decoupled

(i.e., mU →∞). This was the approach taken in [6] and adopted by both CMS and ATLAS in their searches

for γγ+MET.
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Relevant LHC Searches

3 Limits on Simplified Spectra in GGM

As discussed in the previous section, we will examine the bounds on simplified spectra within
the GGM parameter space, for each of the NLSP types listed in Table 1. Table 2 lists the
searches from ATLAS and CMS that we will apply. Except for the CMS γ + �+MET analysis,
these searches are all based on approximately 1/fb of collected luminosity. For each search, we
have coded up its selection cuts using a crude detector simulation, and then validated our code
by reproducing the published 95% exclusion plots (usually in the CMSSM parameter space or
a simplified model with neutralino NLSP). Generally, we have found that we are in excellent
agreement with the official exclusion contours derived by ATLAS and CMS. In Appendix A
we give the details of our simulation.

Analysis Collaboration Luminosity (fb−1) Ref

jets+MET ATLAS 1 [26]

CMS 1.1 [27]

with αT CMS 1.1 [28]

6-8 jets+MET ATLAS 1.34 [29]

b-jets+MET ATLAS 0.833 [30]

CMS 1.1 [31]

SS dileptons+MET CMS 0.98 [33]

lepton+jets+MET ATLAS 1.04 [34]

CMS 1.1 [35]

lepton+b-jets+MET ATLAS 1.03 [36]

Z(�+�−)+jets+MET CMS 0.98 [37]

γγ+MET ATLAS 1.07 [38]

CMS 1.1 [40]

γ+jets+MET CMS 1.1 [40]

γ+�+MET CMS 0.035 [41]

Table 2: A summary of the most recent LHC searches with � 1/fb relevant to GMSB. Included
in this table is also the CMS γ +�+MET search with 35/pb, since this is so far the only search
in this final state. Not included here are: CMS all-hadronic searches with MT2 and Razor
(overlapping with standard jets+MET); searches for multileptons+MET (not updated to 1/fb
yet); and OS dileptons+MET (not relevant for the simplified parameter spaces considered
here).
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General Neutralino NLSPs

• Natural for the lightest neutralino to be the NLSP.  In general 
it is a mixture of s’partners of the photon, W, Z and Higgs.

• Focus on simplifying gauge eigenstate limits:

• Bino NLSP

• Z-rich Higgsino NLSP

• h-rich Higgsino NLSP

• Wino (co-)NLSP

γγ+MET

g̃ q̃(∗)

q q

G̃

χ0
1

γ, Z, h

ZZ+MET

hh+MET

γγ+MET, γZ+MET, ZZ+MET, γW+MET, ZW+MET



γγ+MET and Bino NLSP

• Bino NLSP => the most well-known GMSB signature:  γγ+MET

• Latest searches with ~ 1/fb by CMS (CMS-SUS-11-009) and 
ATLAS (ATL-PHYS-SLIDE-2011-523)
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GGM Results

• CLs is used

• σ < 25 ! 44 fb  for GGM with
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• mgluino = 400 GeV ! 1200 GeV
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Z-rich Higgsino NLSPs

• If the NLSP is a Higgsino which decays primarily to Z’s, 
Z(ll)+jets+MET should be a good channel. 
(Matchev & Thomas; Meade, Reece & DS; Ruderman & DS)

• Latest search by CMS with 0.98/fb (CMS-PAS-SUS-11-017)

H̃

Z

g̃ q̃(∗)

q q

G̃

7

miss
TE

0 50 100 150 200 250

Ev
en

ts
/5

 G
eV

-110

1

10

210

310

Data
Z Pred + OF Pred
OF Pred
Z+Jets
WW+WZ+ZZ
tt

µµEvents with ee+

-1Ldt = 0.98fb! = 7 TeV, s
CMS Preliminary
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opposite sign, same flavor leptons with pT > 20 GeV and |η| < 2.5 whose invariant mass is

consistent with a Z. We also require two generator level jets with pT > 30 GeV and |η| < 3

separated by ∆R > 0.4 from any lepton passing the above selection. Generator level Emiss

T
is

the vector sum of the transverse momenta of the invisible neutrinos and SUSY particles, and

generator Emiss

T
is required to be greater than the signal region Emiss

T
requirement. The efficiency

is defined with respect to events passing this acceptance selection. We place CLS 95% CL upper

limits on the quantity σ × A and compare these limits to the expected values of this quantity

for the LM points chosen. The results are summarized in Table 3, which shows that LM4 is

ruled out.

10 Additional Information for Model Testing
Other models of new physics in the dilepton final state can be confronted in an approximate

way by simple generator-level studies that compare the expected number of events in 0.98 fb−1

with the upper limits from Section 9. The key ingredients of such studies are the kinematic

requirements described in this note, the lepton efficiencies, and the detector responses for Emiss

T
.

The trigger efficiencies for events containing ee, eµ or µµ lepton pairs are 100%, 95%, and 90%,

respectively. The muon identification efficiency is ≈ 91%; the electron identification efficiency

varies approximately linearly from ≈ 85% at pT = 20 GeV/c to 93% for pT > 60 GeV/c. The

lepton isolation efficiency depends on the lepton momentum, as well as on the jet activity in the

event. In tt̄ events, it varies approximately linearly from ≈ 85% (muons) and ≈ 88% (electrons)

at pT = 20 GeV/c to ≈ 97% for pT > 60 GeV/c. In LM4 (LM8) events, this efficiency is decreased

by ≈5% (≈10%) over the whole momentum spectrum. The average detector responses (the

reconstructed quantity divided by the generated quantity) for Emiss

T
is consistent with 1 within

the 7.5% jet energy scale uncertainty. The experimental resolution on this quantity is 12%.

8 10 Additional Information for Model Testing

Table 2: Summary of the yields in the regions Emiss
T > 30, 60, 100 and 200 GeV. The total

predicted background is the sum of the Z plus jets yield predicted from the Emiss
T templates

method (Z prediction) plus the tt contribution predicted from OF subtraction (tt prediction).
Here the first uncertainty is statistical, the second uncertainty is systematic. For the observed
yield, the first (second) number in parentheses is the yield in the ee (µµ) final state. The CLS 95%
CL UL on the non-SM yield is indicated, as well as the expected NLO yields for the LM4 and
LM8 scenarios, including the uncertainties from lepton identification and isolation efficiency,
trigger efficiency, hadronic energy scale, and integrated luminosity.

Emiss
T > 30 GeV Emiss

T > 60 GeV Emiss
T > 100 GeV Emiss

T > 200 GeV
Z Pred 2060.3 ± 29.1 ± 309.1 60.8 ± 4.1 ± 9.1 5.1 ± 1.0 ± 0.8 0.09 ± 0.04 ± 0.01
tt Pred 246.6 ± 6.3 ± 22.2 152.5 ± 4.9 ± 13.7 50.6 ± 2.8 ± 4.6 3.2 ± 0.7 ± 0.3
Prediction 2306.9 ± 29.7 ± 309.9 213.0 ± 6.4 ± 16.5 55.7 ± 3.0 ± 4.6 3.3 ± 0.7 ± 0.3
Data 2287 (1145,1142) 206 (114,92) 57 (25,32) 4 (1,3)
UL 498 37 20 5.9
LM4 25.4 ± 1.9 22.9 ± 1.8 20.1 ± 1.7 12.3 ± 1.7
LM8 11.8 ± 0.9 10.7 ± 0.8 8.7 ± 0.8 5.0 ± 0.7

Table 3: Summary of model dependent limits. Included are efficiencies, efficiency uncertainties
(hadronic energy scale, dilepton selection, and trigger uncertainties), and upper limits on σ× A
for the tight (Emiss

T > 200 GeV, top) and loose (Emiss
T > 100 GeV, bottom) signal regions. We also

show the quantity σ × A for LM4 and LM8.

Emiss
T > 200 GeV efficiency (%) acceptance (%) UL(σ × A) (fb) σ × A(fb)

LM4 50 ± 6 0.84 13 23
LM8 43 ± 5 0.98 15 11

Emiss
T > 100 GeV efficiency (%) acceptance (%) UL(σ × A) (fb) σ × A(fb)

LM4 53 ± 3 1.4 39 37
LM8 44 ± 3 1.7 47 19
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≥2 jets with pT>30
e+e- or mu+mu- with pT>20 and 81<minv<101
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h-rich Higgsino NLSP

• Higgsino NLSP can also decay primarily to h’s. Then bjets+MET is 
a relevant final state.

• Latest search by ATLAS with 0.83/fb (ATLAS-CONF-2011-098)

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. !e 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 → b"̃01 . 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 #M(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 #M(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

8

≥1 jet with pT>130,  ≥2 additional jets with pT>50
MET > 130,  MET/meff > 0.25,  Δϕmin>0.4



jets+MET again does slightly better than the 
more specialized bjets+MET. 

Largely due to systematic errors in b-tagging.  
Will this be improved with more data?
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Wino co-NLSP

• Finally, for neutralino NLSPs, the last scenario is “Wino co-NLSP” 
(Meade, Reece & DS; Ruderman & DS)

• Here a wino-like chargino and neutralino are extremely 
degenerate and become co-NLSPs.

• Many interesting final states to consider!
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First ever dedicated 
analysis by CMS with 
0.035/fb (1105.3152)!
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With 1/fb, lγ+MET could start to see direct wino production!
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Slepton co-NLSP
(Ruderman & DS)

• Next, we come to the slepton (co-)NLSP scenario:

• Here SS dileptons+MET and multileptons+MET are ideal search 
channels
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Limit on flavor-democratic case extremely strong -- comparable to γγ+MET 
for Bino NLSP.  Limits on tau-rich case are weaker but still significant. 
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SS dileptons is a very clean and powerful channel!
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Sneutrino co-NLSP
(Katz & Tweedie)

• Finally, there is also the sneutrino co-NLSP scenario.  Here the 
NLSP decay is invisible, so one has to look for decays of heavier 
states:

• Very similar signatures to slepton co-NLSP,  but with an 
important difference:  fewer and softer leptons.
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Limits are much weaker than for slepton co-NLSP!
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Colored NLSPs



Gluino/Squark NLSP

• Decays directly to q+gravitino and g+gravitino. Jets+MET!

• Rest of the spectrum becomes irrelevant.  Can set limits on NLSP 
mass directly.

g̃

g

G̃ G̃

q

q̃

..
.

g̃ or q̃

rest of the MSSM



Gluino/Squark NLSP

• Comments:

• Interesting differences between gluino & squark NLSP due to ISR/FSR 

• Nevertheless, best limits are comparable: mNLSP > 800-850 GeV
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Stop NLSP

• An interesting special case is stop NLSP.  Degenerate squark 
NLSP is strongly excluded, but a single stop can be much lighter.

• Stop is generically lighter than other squarks, due to L-R splitting and RG 
running. 

• Light stops are well-motivated by the little hierarchy problem.

• The rate for pair production of a single stop is much smaller than ttbar. 

• How light can the stop be? Can it even be lighter than the top?
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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
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• ATLAS SUSY search for b+lepton+jets+MET

• Potential difficulties include:

• Huge ttbar background (7.5 pb vs < 1pb at Tevatron; 150 pb vs <~50 pb at 
LHC)

• Softer bjets and MET for light stops compared to ttbar
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• Our results (Kats & DS 1106.0030)

Stop could still be lighter than the top!!



Summary

• We have reviewed the current status of LHC SUSY searches.

• GMSB with promptly decaying NLSPs is fairly well-covered by jets+MET 
and more specialized searches.  In the cleanest channels, we are already 
approaching the “kinematic limit” of LHC @ 7 TeV.
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Future Directions

• Where to expect the greatest progress?

• 3rd generation (taus, bottoms, and tops)

• Electroweak production

• Squeezed spectra

• Multiple decay modes

• We have not discussed:

• Scenarios with long-lived NLSPs (detector stable or displaced decays). Detector 
stable case well-covered; displaced decays are still unexplored (!!)

• Scenarios without MET such as R-parity violation

• Sadly, SUSY was not “right around the corner.” But there is still 
much more discovery potential remaining at the LHC. Exciting 
times are ahead!!



The End



The scale of SUSY-breaking

• Gravitino mass:

• Sparticle masses: 

m3/2 =
F√
3Mpl

M = “Messenger scale”m2
soft = κ2

�
F

M

�2

∼ TeV

“High scale SUSY-breaking”

Neutralino or sneutrino LSP.  WIMP dark 
matter possible. Generally not calculable. 
Can have severe SUSY flavor problem. 

“Low scale SUSY-breaking”

Gravitino LSP.  No WIMP DM. Calculable. 
Solves SUSY flavor problem. 

Anomaly 
mediation

Gravity 
mediation

Gauge 
mediation
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4π
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• Latest searches with 1/fb by ATLAS (1109.6572) and CMS (SUS11004)

Jets+MET

candidates are reconstructed using the anti-kt jet clustering al-
gorithm [9, 10] with a distance parameter of 0.4. The inputs
to this algorithm are three-dimensional clusters of calorime-
ter cells [11] seeded by those with energy significantly above
the measured noise. Jet momenta are constructed by perform-
ing a four-vector sum over these cell clusters, treating each as
an (E, !p) four-vector with zero mass. These jets are corrected
for the effects of calorimeter non-compensation and inhomo-
geneities by using pT and η-dependent calibration factors based
on Monte Carlo (MC) and validated with extensive test-beam
and collision-data studies [12]. Furthermore, the reconstructed
jet is modified such that the jet direction points to the primary
vertex, defined as the vertex with the highest summed track p2T,
instead of the geometrical centre of the ATLAS detector. Only
jet candidates with corrected transverse momenta pT > 20 GeV
are subsequently retained. For 84% of the data used, a tempo-
rary electronics failure in the LAr barrel calorimeter created a
dead region in the second and third longitudinal layers, approx-
imately 1.4 × 0.2 in ∆η × ∆φ, in which on average 30% of the
incident jet energy is lost. The impact on the reconstruction ef-
ficiency for pT > 20 GeV jets is found to be negligible. If any
of the four leading jets fall into this region the event is rejected,
causing a loss of signal acceptance which is smaller than 15%
for the models considered here.
Electron candidates are required to have pT > 20 GeV, have
|η| < 2.47, and pass the ‘medium’ shower shape and track se-
lection criteria of Ref. [13]. Muon candidates [13] are required
to have pT > 10 GeV and |η| < 2.4. Since no use is made of
tau-lepton candidates in this analysis, in the following the term
lepton will refer only to electrons and muons.
The measurement of the missing transverse momentum two-

dimensional vector !P miss
T (and its magnitude EmissT ) is then

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

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

√

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

4. Event Selection

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

five signal regions are defined. Squarks typically generate

Signal Region ≥ 2-jet ≥ 3-jet ≥ 4-jet High mass
EmissT > 130 > 130 > 130 > 130
Leading jet pT > 130 > 130 > 130 > 130
Second jet pT > 40 > 40 > 40 > 80
Third jet pT – > 40 > 40 > 80
Fourth jet pT – – > 40 > 80
∆φ(jet, !P miss

T )min > 0.4 > 0.4 > 0.4 > 0.4
EmissT /meff > 0.3 > 0.25 > 0.25 > 0.2
meff > 1000 > 1000 > 500/1000 > 1100

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

at least one jet in their decays, for instance through q̃ →
qχ̃01, while gluinos typically generate at least two, for instance
through g̃ → qq̄χ̃01. Processes contributing to q̃q̃, q̃g̃ and g̃g̃ fi-
nal states therefore lead to events containing at least two, three
or four jets, respectively. Cascade decays of heavy particles
tend to increase the final state multiplicity. Four signal re-
gions characterized by increasing jet multiplicity requirements
are therefore defined as shown in Table 1, with the leading jet
having pT > 130 GeV, and other jets pT > 40 GeV. The ef-
fective mass, meff, is calculated as the sum of EmissT and the
magnitudes of the transverse momenta of the two, three or four
highest pT jets used to define the signal region. Two four-jet
signal regions are defined requiring meff > 500 GeV (opti-
mised for small mass differences between SUSY mass states)
and meff > 1000 GeV (optimised for higher mass differences).
In addition, a fifth ‘high mass’ signal region is derived from the
four-jet sample, with more stringent requirements on the pT of
the non-leading jets (> 80 GeV) and on meff (> 1100 GeV),
in order to give maximal reach in the SUSY mass spectrum.
For this latter signal region the transverse momenta of all jets
with pT > 40 GeV are used to compute meff . In Table 1,
∆φ(jet, !P miss

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

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

T )min and EmissT /meff are designed to
reduce the background from multi-jet processes.

5. Backgrounds, Simulation and Normalisation

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

2

ATLAS CMS

baseline
≥3 jets, pT>50 

HT>350, MHT>200

medium HT & MHT
baseline + 

HT>500, MHT>350

high HT
baseline + 

HT>800

high MHT
high HT + 

HT>800, MHT>500

Explicit lepton veto in both analyses. 
Secretly photon veto in both as well!



Jets+MET

• Both ATLAS and CMS saw no evidence for new physics.

I.Vivarelli - EPS-HEP, Grenoble July 21st-27th 2011

Results

• No discrepancy with respect to SM predictions.

• The result is interpreted as a 95% CL exclusion limit on effective cross sections 
using a  profile likelihood ratio approach following the CLs prescriptions.

• Analysis giving best expected limit used in each point.

12

excluded σx 
acc (fb)

24 30 477 32 17

Saturday, July 23, 2011

20 8 Conclusions

Table 10: Predicted event yields from the different background estimation methods for the
baseline selection and for the search selections. The total background estimates are calculated
as described in the text.

Baseline Medium High HT High /HT
(HT >350 GeV) (HT >500 GeV) (HT >800 GeV) (HT >800 GeV)
(/HT >200 GeV) (/HT >350 GeV) (/HT >200 GeV) (/HT >500 GeV)

Z → νν̄ from γ+jets 376 ±12 ± 79 42.6 ±4.4 ± 8.9 24.9 ±3.5 ± 5.2 2.4 ±1.1 ± 0.5
tt̄/W → e, µ+X 244 ±20+30

−31 12.7 ±3.3 ± 1.5 22.5 ±6.7+3.0
−3.1 0.8 ±0.8 ± 0.1

tt̄/W → τh+X 263 ±8 ± 7 17 ±2 ± 0.7 18 ±2 ± 0.5 0.73 ±0.73 ± 0.04
QCD 31 ±35+17

−6 1.3 ±1.3+0.6
−0.4 13.5 ±4.1+7.3

−4.3 0.09 ±0.31+0.05
−0.04

Total background 928 ±103 73.9 ±11.9 79.4 ±12.2 4.6 ±1.5
Observed in data 986 78 70 3

shown in the CMSSM m0-m1/2 plane for tan β = 10, µ > 0, and A0 = 0 using the NLO signal
cross section, obtained with the program PROSPINO [44]. The shown contours are based on the
combination of limits from all three search regions used in this search, i.e. the most stringent
limit from three search regions is used to determine the exclusion. At low m0 the observed
exclusion reaches the values of the common gaugino mass at the GUT scale m1/2 of 530 GeV,
and at m0 = 1500 GeV the exclusion reaches m1/2 of 230 GeV, significantly extending the m0-
m1/2 exclusion results from a similar search using the data collected in 2010 [19]. The exclusion
limits are similar to those obtained by the 2011 CMS search using the αT kinematic variable [20].

8 Conclusions
An inclusive search for new physics was presented using events with a multijet signature with
large missing transverse momentum collected in proton–proton collisions at

√
s = 7 TeV with

the CMS detector at the LHC. The data sample corresponds to an integrated luminosity of
1.1 fb−1. This search presents an update of the analysis reported in [19]. The observed event
yield is consistent with the standard-model background contributions mainly arising from in-
visible Z+jets, W+jets, tt̄ and QCD multijet production. These SM contributions were estimated
from the data using techniques which result in a minimal reliance on simulation. In the absence
of a significant excess of events above the SM background expectation, exclusion limits were
established at the 95% confidence level in the CMSSM phase space, which exceed those set
by previous searches. At low m0 and m0 = 1500 GeV the exclusion reaches m1/2 = 530 and
230 GeV, respectively.
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l+γ+MET

• First dedicated analysis by CMS with 0.035/fb (1105.3152). (Not a 
well-explored final state! Only one other previous search, at CDF with 1/fb.)

• Selection:

• At least one lepton with pT>20 GeV

• At least one photon with pT>30 GeV

• MET>100 GeV

4 5 Results

Table 1: Event counts for data and expected background in the eγ channel. The uncertainty on
the total background includes the anti-correlation between the uncertainties on the individual
components due to the scaling of the QCD background to the events with Emiss

T < 30 GeV
as described in the text. The expected event yields from the SUSY benchmark point GMC
(Section 5) are also shown.

No Emiss
T selection Emiss

T > 40 GeV Emiss
T > 100 GeV

Wγ 44.5 ± 9.2 16.1 ± 3.4 1.68 ± 0.42
jet→ γ 20.3 ± 4.5 3.1 ± 0.9 0.02 ± 0.02
e → γ 70.5 ± 19.1 0.3 ± 0.1 0.04 ± 0.03
QCD 134 ± 28 0.4 ± 0.2 0.00 ± 0.00

Total background 269 ± 18 19.9 ± 3.7 1.74 ± 0.43
data 264 16 1

SUSY GMC prediction 3.94 ± 0.79 3.76 ± 0.75 2.79 ± 0.56

Table 2: Event counts for data and expected background in the µγ channel. The uncertainty on
the total background includes the anti-correlation between the uncertainties on the individual
components due to the scaling of the QCD background to the events with Emiss

T < 30 GeV
as described in the text. The expected event yields from the SUSY benchmark point GMC
(Section 5) are also shown.

No Emiss
T selection Emiss

T > 40 GeV Emiss
T > 100 GeV

Wγ 44.8 ± 9.3 15.9 ± 3.4 1.40 ± 0.37
jet→ γ 18.0 ± 4.0 3.7 ± 1.1 0.10 ± 0.09
e → γ 1.2 ± 0.4 0.6 ± 0.2 0.09 ± 0.04
QCD 58.3 ± 15.1 0.2 ± 0.1 0.00 ± 0.00

Total background 122.3 ± 12.3 20.4 ± 3.7 1.59 ± 0.39
data 126 27 1

SUSY GMC prediction 5.12 ± 1.02 4.84 ± 0.96 3.66 ± 0.73
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Figure 2: The Emiss
T (top) and MT distributions (bottom) for the combined eγ and µγ samples,

with logarithmic scales on the vertical axes; the last bin shown in both distributions includes
the overflow events. The black points represent the 35 pb−1 data sample, and the coloured
histograms show the individual background components. The total background and its uncer-
tainty are represented by the shaded band. The expectation from the SUSY benchmark point
GMC is shown by the red dashed line.
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Table 2: Observed number of events in data compared to the predicted background yields

for the inclusive dilepton search regions. The net predicted yields, differing in estimates of the

fake lepton contributions using methods (A1), and (B), are shown separately. The uncertainties

include the statistical and systematic components added in quadrature. The last column (95%

CL UL yield) represents observed upper limits on event yields from new physics.

Search region ee µµ eµ Total 95% CL

(minimum HT/E
miss

T
) UL yield

Region 1 (400/120)

Predicted background by (B) 0.2 ± 0.1 0.9 ± 0.3 0.9 ± 0.3 2.0 ± 0.7

Predicted background by (A1) 0.4 ± 0.4 1.2 ± 0.8 0.7 ± 0.4 2.3 ± 1.2

Observed 0 1 0 1 3.7

Region 2 (400/50)

Predicted background by (B) 1.0 ± 0.4 2.3 ± 0.7 3.0 ± 1.0 6.2 ± 2.2

Predicted background by (A1) 1.3 ± 0.7 2.5 ± 1.5 1.4 ± 0.7 5.3 ± 2.4

Observed 1 4 2 7 8.9

Region 3 (200/120)

Predicted background by (B) 0.8 ± 0.4 3.6 ± 1.3 3.4 ± 1.3 7.8 ± 2.9

Predicted background by (A1) 1.5 ± 0.9 3.0 ± 1.6 2.1 ± 1.0 6.6 ± 2.9

Observed 0 4 2 6 7.3

Table 3: Observed number of events in data compared to the predicted background yields for

the high-pT search regions. The net predicted yields, differing in estimates of the fake lepton

contributions using methods (A1), and (A2), are shown separately. The uncertainties include

the statistical and systematic components added in quadrature. The last column (95% CL UL

yield) represents observed upper limits on event yields from new physics.

Search Region ee µµ eµ Total 95% CL

(minimum HT/E
miss

T
) UL yield

Region 1 (400/120)

Predicted background by (A1) 0.4 ± 0.3 0.4 ± 0.3 0.7 ± 0.4 1.4 ± 0.7

Predicted background by (A2) 0.7 ± 0.5 0.4 ± 0.3 0.4 ± 0.3 1.4 ± 0.7

Observed 0 0 0 0 3.0

Region 2 (400/50)

Predicted background by (A1) 1.4 ± 0.8 1.3 ± 0.8 1.3 ± 0.6 4.0 ± 1.7

Predicted background by (A2) 1.5 ± 0.8 0.8 ± 0.4 1.0 ± 0.5 3.3 ± 1.2

Observed 1 2 2 5 7.5

Region 3 (200/120)

Predicted background by (A1) 1.2 ± 0.7 1.5 ± 0.8 1.8 ± 0.8 4.5 ± 1.9

Predicted background by (A2) 1.3 ± 0.7 1.8 ± 0.8 1.8 ± 0.7 4.9 ± 1.8

Observed 0 2 1 3 5.2

Region 4 (80/100)

Predicted background by (A1) 2.5 ± 1.2 2.6 ± 1.2 4.9 ± 2.2 10 ± 4

Predicted background by (A2) 2.4 ± 1.0 3.6 ± 1.6 4.4 ± 1.6 10 ± 4

Observed 3 2 2 7 6.0

high pT baseline
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Table 4: Observed number of events in data compared to the predicted background yields for

the τ dilepton search region. The uncertainties include the statistical and systematic components

added in quadrature. The last column (95% CL UL yield) represents the observed upper limit

on event yields from new physics.

Search Region eτ µτ ττ Total 95% CL

(minimum HT/E
miss

T
) UL yield

Region 1 (400/120)

Predicted background 1.1 ± 0.4 1.8 ± 1.4 0.0 ± 0.2 2.9 ± 1.7

Observed 1 2 0 3 5.8
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Figure 4: Summary of background predictions and observed yields in the search regions for

the inclusive and τ (left), and high-pT dilepton (right) selections. For the inclusive selections, the

results of method (B) are compared with those from method (A1) in the left and right bar for

each channel, respectively. For the high-pT selections, the results of method (A2) are compared

with those from method (A1) in the left and right bar for each channel, respectively. Predictions

for events with one and two fakes (prompt-fake and fake-fake), contributions from simulated

backgrounds (SS prompt-prompt), and those from events with a lepton charge misreconstruc-

tion (OS prompt-prompt) are reported separately.

tau baseline

• Latest SS dileptons search by CMS with 0.98/fb (CMS-PAS-SUS-11-010) 
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Some validation plots
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