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Outline

• Motivational & Philosophical Introduction 

• Review of Model Set Generation (quickly)

• Some General Properties of Models (quickly) 

• LHC/ATLAS Analysis & Preliminary Results 

• Summary & Conclusions
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• The MSSM is very difficult to study due to the very large

number of soft SUSY breaking parameters (~ 100).

• Analyses are generally limited to a specific SUSY breaking 

scenario having few parameters.  

• So do we really know the MSSM as well as we think??

• Is there another way to approach this problem & yet remain 

more general ? There are many possibilities.

Issues: 
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FEATURE Analysis Assumptions : 

• The most general, CP-conserving MSSM with R-parity

• Minimal Flavor Violation at the TeV scale 

• The lightest neutralino is the LSP & a thermal relic.

• The first two sfermion generations are degenerate 

(sfermion type by sfermion type).

• The first two generations have negligible Yukawa’s. 

• No assumptions about SUSY-breaking or GUT

This leaves us with the pMSSM:

 the MSSM with 19 real, TeV/weak-scale parameters…

What are they??
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sfermion masses: mQ1
, mQ3

, mu1
, md1

, mu3
, md3

, mL1
, 

mL3
, me1

, me3  

gaugino masses: M1, M2, M3

tri-linear couplings: Ab, At, A

Higgs/Higgsino:  μ, MA, tanβ

19 pMSSM Parameters

Note: These are TeV-scale Lagrangian parameters
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What are (aren’t) the Goals of this Study???

• Prepare a large sample, ~50k, of MSSM models (= parameter 

space points) satisfying ‘all’ of the experimental constraints. 

(Done)

• Examine the properties of the surviving models. Do they 

look like the model points that have been studied up to 

now & if not what are the differences?  

• Do physics analyses with these models. 



Our goal is NOT to find the ‘best-fit’ model(s) but to discover 

new SUSY spectra & decay scenarios different from those 

seen in the more familiar SUSY breaking frameworks leading 

to possible unexpected surprises at colliders and elsewhere.  
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How? Perform 2 Random Scans

Linear Priors

107 points – emphasizes

moderate masses

100 GeV  msfermions  1 TeV

50 GeV  |M1, M2, |  1 TeV  

100 GeV  M3  1 TeV

~0.5 MZ  MA  1 TeV 

1  tan  50

|At,b,|  1 TeV

Log Priors

2x106 points – emphasizes  

lower masses but extends to 

higher masses

100 GeV  msfermions  3 TeV

10 GeV  |M1, M2, |  3 TeV

100 GeV  M3  3 TeV

~0.5 MZ  MA  3 TeV 

1  tan  60

10 GeV ≤|A t,b,|  3 TeV

→Comparison of these two scans will show the prior sensitivity.

→Model generation required ~ 1 core-century of CPU time...this 

was the real limitation of this part of the study.
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• -0.0007 < Δ < 0.0026  [W-mass, etc.]   (PDG’08)

• b →s  : B = (2.5 – 4.1) x 10-4 ;   (HFAG) + Misiak etal. & 

Becher & Neubert 

• Δ(g-2) ??? (30.2  8.8) x 10-10 (0809.4062)

(25.5  8.0) x 10-10 (Malaescu, Moriond ‘10)

[15.7  8.2] x 10-10 [Davier ‘09, ’s ]                          

→ (-10 to 40) x 10-10 to be conservative..

• (Z→ invisible) < 2.0 MeV           (LEPEWWG)

• Meson-Antimeson Mixing         0.2 < R13 < 5  

•

• Bs B < 4.5 x 10-8 (CDF + D0)

Some Constraints 

B→
Isidori & Paradisi, hep-ph/0605012 & 

Erikson etal., 0808.3551 for loop correctionsBaBar/Belle
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• Direct Detection of Dark Matter →  Spin-independent limits 

are completely dominant here. We allow for a factor of 4 

variation in the cross section from input uncertainties.  

• Dark Matter density:  h2  < 0.1210  → WMAP +SN +BAO+… 

We treat this only as an upper bound on the LSP DM density 

to allow for multi-component DM, e.g., axions, etc. Recall 

the lightest neutralino is the LSP & is a thermal relic 

• LEP and Tevatron Direct Higgs & SUSY searches : there 

are many of these searches but they are very complicated 

with many caveats…. We need to be very cautious in how      

the constraints are used & some require re-evaluation.  
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Note the holes

where the leptons 

are too soft… 

We need to allow 

for a mass gap w/ 

the LSP..light guys 

may slip through !

RH Sleptons
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Tevatron Constraints : I    Squark & Gluino Search

• 2,3,4 Jets + Missing Energy (D0)

Multiple analyses keyed to 

look for:

Squarks-> jet +MET

Gluinos -> 2 j + MET

The search is based on 

mSUGRA type sparticle 

spectrum assumptions 

which can be VERY far 

from our model points

• This is the first SUSY analysis to include these constraints
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SuSpect -> SUSY-Hit -> PROSPINO -> PYTHIA -> D0-tuned 

PGS4 fast simulation (to reproduce the benchmark points)…

redo this analysis ~ 105   times !  

→ Feldman-Cousins 95% CL Signal limit: 8.34 events 

D0 benchmarks

Combos of the 3 analyses



13

Tevatron II: CDF Tri-lepton Analysis 

We perform this analysis using CDF-tuned PGS4, PYTHIA 

in LO plus a PROSPINO K-factor 

→ Feldman-Cousins 95% CL Signal limit: 4.65 events 

The non-‘3-tight’ analyses are not reproducible w/o a 

better detector simulation

We need to 

perform the 3 

tight lepton 

analysis ~ 105 

times

• This is the first SUSY analysis to include these constraints
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Tevatron III: D0 Stable Particle (= Chargino) Search

This is a powerful constraint on our model set as we have many

close mass chargino-neutralino pairs. This search cuts out a 

large parameter region as you will see later. 

• No applicable bounds on charged sleptons..the cross sections

are too small.

Interpolation: M > 206 |U1w|2 + 171 |U1h|
2 GeV

sleptons winos higgsinos

• This is the first SUSY analysis to include these constraints
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Survival Rates

•Flat Priors : 107 models scanned , ~ 68.4 K (0.68%) survive

• Log Priors : 2x106 models scanned , ~ 2.9 K (0.14%) survive 
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Gluino Can Be Light !!

Flat 

Log 
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Squarks Can Also Be Light 

Light squarks can be missed by Tevatron searches for many 

reasons..

Flat 

Log 
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g:1114

In some cases, but not exclusively, this can be due to the small 

splittings between the squarks and/or gluinos and other particles                      

in the decay chain or the LSP itself     

(or even due to the complete absence 

of MET)

uL :956 uR :1124

This can lead to soft jets in the final 

state that have insufficient  pT to 

pass any Tevatron analysis cuts  



19

The identity of the nLSP is a critical factor in looking for SUSY

signatures..what can plays that role here?????   Just  about 

ANY of the 13 possibilities  ! 

Flat Priors Log Priors
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nLSP-LSP Mass Difference

Flat
D0 stable 

particle search

1 MeV

14 TeV , 1fb-1
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ATLAS SUSY Analyses w/ a Large Model Set

• We have passed these models through the ATLAS  inclusive  

analysis suite (@14 TeV), designed for mSUGRA , to explore its 

sensitivity to this far broader class of SUSY models 

• We employed ATLAS SM backgrounds (Thanks!!!), their 

associated systematic errors # & their statistical criterion for SUSY  

‘discovery’, etc.  No data on background distributions are used in 

the analyses due to potentially large ‘NLO’ shape uncertainties.

• We first verified that we can approximately reproduce the 

ATLAS results for their benchmark mSUGRA models with our 

analysis techniques for each channel.  

# We use the exact expressions  for  Zn as given by ATLAS without any approximations ..causing  

some numerical differences with the ATLAS CSC public results  
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• Matching to the ATLAS results without including the ATLAS-

tuned fast detector simulation fails at the level we are working

• This analysis was extremely CPU intensive , e.g., PGS+ 6M K-

factors &  40M BF’s to compute! ..another  ~core-century of CPU

• Some problems did arise  (associated w/ modifications to public 

codes to deal w/ more complicated SUSY spectra etc.) & have 

mostly been dealt with…but not yet completely.

• A drawback of this procedure is that we CANNOT modify cuts 

etc.  to ‘see what happens’ as we are, by necessity, following 

ATLAS very closely. BUT we can make some suggestions.

• But, by necessity there are some differences between the two 

analyses (as we will soon see) so we shouldn’t match exactly
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ATLAS

ISASUGRA generates spectrum

& sparticle decays 

Partial NLO cross sections using 

PROSPINO & CTEQ6M

Herwig for fragmentation & 

hadronization 

GEANT4 for full detector sim

FEATURE

SuSpect  generates  spectra 

with SUSY-HIT# for decays

NLO cross section for all 85 

processes using PROSPINO**

& CTEQ6.6M

PYTHIA for fragmentation & 

hadronization

PGS4-ATLAS for fast detector 

simulation 

**  version w/ negative K-factor errors corrected
# version w/o negative QCD corrections, with 1st & 2nd generation fermion masses & 

other very numerous PS fixes included. e.g.,  explicit small m chargino decays, etc.
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The set of inclusive ATLAS analyses is large: 

• (2,4)-jet +MET

• 1l+(2,3,4)-jet +MET 

• SSDL 

• OSDL 

• Trileptons  + (1-j,X)+MET

•  +≥ 4j +MET 

• ≥4j w/  ≥ 2btags + MET

•(stable particle search )
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Benchmark Tests:  Us vs Them  Part I
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Benchmark Tests:  Us vs Them  Part II
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Benchmark Tests:  Us vs Them  Part III
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Benchmark Tests:  Us vs Them  Part IV
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Benchmark Tests:  Us vs Them  Part V
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Benchmark Tests:  Us vs Them  Part VI
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Comments

• Although we reproduced the ATLAS  analysis we should be 

skeptical of PGS4 as it has a rather low efficiency & a high fake 

rate for ’s (which we studied in some detail in our analysis) 

although these approximately compensate for the benchmark 

points!  This may lead to this analysis being less successful at  

finding SUSY than the results below would indicate. 

• Hopefully you are convinced that we did a respectable job at 

‘reproducing’ all of the ATLAS benchmarks points for the various 

channels given the analysis differences

• We now turn to our model set results…One of our problems 

is the vast amount of information that we have generated.   

First, some general results..
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ATLAS  1fb -1 Backgrounds & ‘Target’

Signal  Counts

ANALYSIS BACKGROUND S=5, B=50% B=20%

4j0l                           709                       1759 721 

2j0l                          1206                      2778   1129

4j1l                           41.6                        121 62

3j1l                             7.2                         44  28

2j1l                           18.2                         61 36

OSDL                        84.7                       230 108

SSDL                          2.3                         17    13

3l1j                            12                           44       28

3lm                           72.5                       198 94

 51                         144 72

b                               69                         178    86
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Background systematics are particularly important for both the 

4j0l & 2j0l channels .. but somewhat less so for the others:   

Required

number of 

signal events

for observation

with S=5

1 fb -1
S=5 

2j0l

4j0l

OSDL
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FLAT LOG

What fraction of models are ‘seen’ by any of these analyses 

assuming an integrated luminosity of 1 fb-1 ?

A PYSTOP occurs for a model when PYTHIA cannot properly 

treat the hadronization in at least one of the decay chains it 

encounters..there many thousands of different decay chains  

for every model 
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What fraction of models are ‘seen’ by any of these analyses 

assuming an integrated luminosity of 10 fb-1 ?

FLAT LOG

Clearly,  increasing the luminosity DOES help in many cases…

especially those with low backgrounds.  The most interesting 

cases will be when it doesn’t!
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These results have some similarities to what ATLAS finds for 

the mSUGRA case but with some important differences: 

• For mSUGRA,  ATLAS finds somewhat comparable power in 

4j0l & 4j1l analyses for both high & low tan …but not us

• For us, OSDL are less powerful than in the mSUGRA case 
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• For us the 4j0l & 2j0l searches give very comparable coverage 

but not so for the mSUGRA case . Note that <1 TeV gluinos are 

essentially never missed in mSUGRA

• For mSUGRA comparable reaches are found for (4,3,2)j1l 

searches..not so for us.
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1 fb -1

The number of models

‘found’ by  n different 

analyses

FLAT

LOG
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10 fb -1

FLAT

LOG

More lumi clearly helps..

The number of models

‘found’ by  n different 

analyses
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Why Do Models Get Missed by ATLAS? 

This is not possible to answer universally but there are some 

obvious causes…sometimes the signal rate is just too small 

& sometimes the background uncertainties are too large…but 

these are not the only reasons.  The other reasons are more  

interesting.

Let’s first look at the 2j/4j+MET analyses as examples since  

they generally have the best reach in the mSUGRA/CMSSM

context & here as well.

(Sometimes useful info can come from analyzing the multiple 

signal sources for the various analysis final states)



42

Missed Models:  Is it ‘just the mass’  ??

Here we see the significances for the 4j0l search…there IS a 

GENERAL reduction in S as the gluino mass increases. BUT

we also see that there is quite a spread in significance at any 

fixed value of the mass by > an order of magnitude.

1 fb-1 FLAT 1 fb-1 LOG  
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The 2j0l results are similar & 

increasing the lumi to 10 fb-1 

in either case will only raise 

the overall significance 

distribution very slightly 

10 fb-1 FLAT 10 fb-1 FLAT

1 fb-1 FLAT
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Search Significance Correlations : Dependence 

on the Lightest Squark Mass

1 fb -11 fb -1

As the lightest of the u,d-squarks get heavier one might expect

a qualitative fall off in the signal significance in the 2j0l &4j0l 

searches… here we see that this correlation is rather weak.
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Lightest Squark Mass vs. Gluino Mass

10 fb -1 10 fb -1

1 fb -1 1 fb -1
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1 fb -1 10 fb -1

1 fb -1 10 fb -1

Some models w/ light squarks & gluinos ARE missed here 

& adding lumi does not necessarily help much in all cases  

53105
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1 fb -1 10 fb -1

10 fb -11 fb -1

The same holds true for the 2j0l analysis

53105
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Example:  Model  53105

gluino(282.8)  dR (201.7) j         100%      m =81.1 GeV  

dR (201.7)  2
0 (193.8) j             97%      m =7.9 GeV

2
0 (193.8)  lR

± (163.9) l           100%       m =30.0 GeV

lR
± (163.9) l± +MET(152.5)    100%      m =11.4 GeV

Model fails ATLAS (4,2)j0l cuts due to the presence of leptons! 

~

~

~

~

~

~

Heavier squarks essentially 

decay into gluinos + jets & 

then…  
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Mass splittings leading to soft jets can be quite

important.. but that’s not all of it either :

1 fb -11 fb -1

10 fb -110 fb -110 fb -1
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What about the other channels ??  

1 fb -11 fb -1

2j1l failures4j1l failures

• In the case of (2,4)j1l searches we can ask whether the 

model fails the ATLAS searches due to the ‘hadronic’ or the 

‘leptonic’ parts of the cuts… 
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Cut  Effectiveness:  I   (after Meff cut)

flat

1 fb -1
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Cut  Effectiveness:  II
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Cut  Effectiveness:  III
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Reducing Systematics:  50%  20%

L(fb -1)        1        10         1        10

FLAT

This would be a very significant improvement in reach! 
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Reducing Systematics:  50%  20%  (cont.)
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Sample Failure Analyses
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Example:  Model  949

ss: 2667

gg: 450.5

sg: 2611  

number of 

events b/f

cuts

 gg ss+2j , gsss+j

Signals depend on what squarks do with the highly compressed 

gaugino spectrum.  (Note  ±  LSP+W* w/ m=11.7 GeV) 

•B(sj + MET) ~0.11-0.37  (4,2)j0l rates which are too small 

•B(sj + 2,3 
0 ) ~ 0.07-0.68  ~soft ’s + MET  as only staus are 

accessible  (NO sleptons!) few (B~0.35) soft leptons from tau   

decays 

•B(sj + 1
± ) ~ 0-0.57  soft jets/leptons + MET 
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However:  Model  56838

is quite similar…BUT..

this model is FOUND !

comparable production ’s

 gg ss+2j , gsss+j

There are more decays of gluinos to sbottoms here.

Signals again depend on what squarks do with the compressed 

gaugino spectrum.  They have BFs to charginos & neutralinos 

comparable to Model 949.

• However, 2,3
0  now will decay quite differently with reasonable 

BFs into final states with significant light leptons !   

• 56838 is seen in both the (2,3)j1l analyses
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Example:  Model  32864

ss:  8029

gg:  2085

sg:  9811 

number of 

events b/f

cuts

• qL j + 1
0 (17%),  1

± (35%),  gluino (46%) 

• uR  j+ 2
0 (18%) , gluino (81%);     gluino  j+ dR  

• dR  j + 2
0 ;    2

0  1
± + W      the chargino is ‘stable’

• Most of the decays end up as stable charginos so there is very 

little MET although there are many jets.    No leptons or ’s  

& few b’s    

 uR ,( u,d)L >>  g  >>> dR 
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Example:  Model  7105

ss:   3391

gg:  777.8

sg:  5720 

number of 

events b/f

cuts

 uR ,( u,d)L < g  <  dR 

• dR j + 2
0 (2%),  gluino (98%) ;    

• gluino  j+ uR (50%),  (u,d)L (28%)

• uL j+ 1
0 (33%),  1

± (67%);  dL j+ 1
0 (34%),  1

± (66%);

• uR j+ 1
0 ;        1

± is detector stable (c ~35m)

Long-lived searches in cascades are important !
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Example:  Model  5700

ss:   3972

gg:  848.2

sg:  3840 

number of 

events b/f

cuts

 dR ,( u,d)L << g  <  uR 

• uR j + 1
0 (3%),  3

0 (22%),  gluino (75%) 

• gluino  j+ dR  (23%) , (u,d)L (76%) 

• uL  j+ 1
0 (12%),  1

± (87%);  dL  j+ 1
0 (66%),  1

± (32%);

• dR  j+ 1
0 (81%),  3

0 (18%);    3
0 h 1

0 (21%) ,  W 1
± (60%)

• 1
±  W* 1

0  (m ~ 10.4 GeV) 
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Example:  Model  25692

ss:   4117

gg:  2168

sg:  9574 

number of 

events b/f

cuts

 uR >  g  > ( u,d)L , dR 

Note the compressed spectrum  here leading to softer jets 

• uR (867) j + gluino(763);  gluino  j+ dR  (74%) , (u,d)L (7%) 

• uL (734) j+ 1
0 (27%), 1

± (67%)  [581,584] ;  

• dL (738) j+ 1
0 (33%), 1

± (57%);

• dR  j+ 1
0 ;   1

±  W* 1
0  (m ~ 3.8 GeV) 

Note: Zn ~4.2 for (2,4) j0l analyses
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Example:  Model  15596

ss:   1823

gg: 13846

sg: 13006 

HUGE

number of 

events b/f

cuts

 ssgg+2j,  sggg+j 

Signals: all squarks decay almost exclusively (~90%) to gluinos, 

with (~3%) to j + LSP & (~6%) to  j + chargino.  The squark-gluino 

mass splittings are in excess of 100 GeV.  These generate a 

smallish 2j0l signal after cuts.   Zn ~4.4 in 2j0l

• The gluinos are nearly degenerate with the LSP , e.g., m=12.6 

GeV,  so their decays to jj+LSP or ‘detector stable’ charginos are 

too soft to populate 4j0l . Note that there are no significant 

sources of leptons, b’s  or ’s here. Stable particle searches are 

important in this case .                



64

How often do these ‘famous’

decay chains actually occur??

Flat

Log

It appears that this is not 

GENERALLY a common 

mode



65BF-weighted number of steps in decay chain

Gluino initiated cascades leading to  X l+ l- MET  

Inclusive 

Branching

fraction
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Stable SUSY Searches at LHC 

A. Raklev
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Long Lived/Stable Sparticles in the 71k Sample

with  c > 20m

• 8982 are lightest charginos

• 20   are second neutralinos

• 338  are sbottom_1’s

• 179  are stau_1’s

• 61 are stops

• 5 are gluinos

• 49 are cR

• 17 are R 

• 8 are cL  

etc.     

Particles with c > 20m 

will be declared ‘detector

stable’ in our analysis

NB: 4-body  & CKM suppressed loop decays, 

e.g.,  b1 b*  (s,d)+ LSP  are missing , i.e.,  

when  m < mbottom from SUSY-HIT

 9462 (97,1) models w/ one (2,3) long-lived particle(s) !

~
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b1  s,d + LSP   induced decay lengths  for m < mb 

~
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Example:  Long-Lived Charginos

c > 100 m
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Example:  Detector Decaying Stops

c > 100 m
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Example:  Long-Lived 2
0 s

c > 100 m
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What Next ?

• Obtain & understand more of the numerous ‘details’ of the 14 

TeV case.  We have an enormous volume of data to look at…

• Examine the 7 TeV case… BUT not yet!  While we have the 

ATLAS background data for 10 TeV, the 7 TeV results are not 

yet available as they are currently being generated. It would 

be nice to do this study soon !

• It may be interesting to do a similar analysis to this for other 

SUSY setups, e.g., the case of the gravitino LSP or…

• Dark matter analyses are ongoing(e.g., Ice Cube)
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Summary

• The pMSSM has a far richer phenomenology than any of the    

conventional SUSY breaking scenarios. The sparticle 

properties can be vastly different, e.g.,  the nLSP can be   

any other sparticle!  

• Light partners can exist which have avoided LEP & Tevatron 

constraints and may also be difficult to observe at the LHC     

due to small mass differences or squirky spectra 

• Substantial SM background systematics, compressed mass 

spectra & processes with low signal rates due to unusual  

decays lead to models being missed by the inclusive analyses. 

• Long-lived particle searches (in cascades!) are important. 

• The study of the complexities of these models is ongoing.



74

BACKUP SLIDES



75

Fighting  

Background

Systematics

3lmOSDL 

4j1l 

2j0l 
4j0l 

Gaussian

Limit !
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Fighting  

Background

Systematics

Gaussian

Limit
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What processes produce the 4j/2j+MET events ???

E.g., many models get their

4j+MET events ~60% of the 

time from squark-gluino production

FLAT 

1 fb -1
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FLAT

1 fb -1

Similarly for the 2j+MET

final state, but the weights

are different



79

Benchmark Model Process Cross Sections
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ATLAS  Significance Calculation
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Light Higgs Mass  Predictions 

Flat Priors
Log Priors

LEP Higgs mass constraints avoided by either reducing the 

ZZh coupling and/or reducing the, e.g.,  h →bb branching 

fraction by decays to LSP pairs. We have both of these cases 

in our final model sets.

-
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Predictions for Δ(g-2)μ

flat log

SM

‘Exp’
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Distribution of Sparticle Masses By Species

Flat Priors
Log Priors
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Flat Priors Log Priors

Distribution of Sparticle Masses By Species
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Distribution of Sparticle Masses By Species

Flat
Log
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Flat
Log

‘Fine-Tuning’  or Naturalness Criterion 

We find that small values of `fine-tuning’ are very common !  

Δ Δ
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ATLAS has already made use of some of these models!
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‘High-Purity’ LSPs

Flat



93

These contributions do

change significantly when 

the LOG prior models are 

examined…

This is likely due to the 

relative compression in the 

sparticle mass spectrum in 

the LOG prior model case

2j0l 

LOG

1 fb -1

4j0l

LOG

1 fb -1
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LSP Identity

..e.g., for the flat case:

Many models have LSPs which are close to the weak 

interaction eigenstates…
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There is an even weaker correlation between 

small mass splittings for the squarks 

1 fb -11 fb -1


