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SUSY searches at the LHC have gotten real !

Even w/ low lumi the LHC

probes masses far beyond

the reach of the Tevatron…

We’d like to perform LHC 

SUSY searches in as model

independent a way as possible

However, most searches

rely on some specific model

assumptions, usually mSUGRA….we want to do better & explore 

SUSY much more generally so nothing is accidentally missed.  

This is a non-trivial task…

The Amazing Power of s !

* 
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• The general MSSM is too difficult to study due to the very  

large number of soft SUSY breaking parameters (~ 100).

• Analyses are generally limited to specific SUSY breaking 

scenarios having only a few parameters…can we consider    

something more general ?

Issues: 

Our Model Generation 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 

• The first two generations have negligible Yukawa’s. 

• No assumptions about SUSY-breaking or unification

This leaves us with the pMSSM:

 the MSSM with 19 real, TeV/weak-scale parameters…
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10 sfermion masses: mQ1
, mQ3

, mu1
, md1

, mu3
, md3

, mL1
, 

mL3
, me1

, me3  

3 gaugino masses: M1, M2, M3

3 tri-linear couplings: Ab, At, A

3 Higgs/Higgsino:  μ, MA, tanβ

19 pMSSM Parameters
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What are (aren’t) the Goals of this Study???

• Prepare a large model sample, ~50k, satisfying ‘all’  

experimental  constraints which are (‘easily’) kinematically  

accessible at the LHC. 

• Examine the properties of the surviving ‘models’.

•  Do physics analyses with these models. 

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

for possible new physics that is not seen in the more familiar 

SUSY breaking frameworks   

• We will be specifically interested in the capability of the LHC 

running at 7(&14) TeV to discover some signal for all of these 

models.  Here we focus on the ATLAS SUSY analyses…
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How? Perform 2 Random Scans

Flat Priors

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

emphasizes lower masses but 

also 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.

• 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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• W/Z ratio b →s 

• Δ(g-2) (Z→ invisible)          

• Meson-Antimeson Mixing    

• Bs

Some Constraints 

B→

• DM density:  h2  < 0.121.  We treat this only as an upper   
bound on the neutralino thermal relic contribution

• Direct Detection Searches for DM (CDMS, XENON…)

• LEP and Tevatron Direct Higgs & SUSY searches : there 

are many of these searches & they are quite complicated 

with many caveats…. These needed to be ‘revisited’ for the 

more general case considered here  simulations limit   

model set size   ~1 core-century for set generation
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ATLAS SUSY Analyses w/ a Large Model Set

• We passed these models through the ATLAS  inclusive  MET  

analysis suites (@ both 7 &14TeV !), designed for mSUGRA , to 

explore this broader class of SUSY models (~1.5 core-centuries)

• We used the ATLAS SM backgrounds (Thanks!!!), with their

associated systematic errors # , their search analyses/cuts  &  

also their statistical criterion for SUSY discovery,  etc.  

• We first verified that we can approximately reproduce the 7 & 

14 TeV ATLAS results for their benchmark mSUGRA models 

with our analysis techniques for each channel. ..BUT beware of 

some analysis differences: 

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

numerical differences with the ATLAS CSC public results @ 14 TeV     
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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 

US

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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2j0l 4j1l 

3j0l 4j0l 

7 TeV 
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4j
^

14 TeV 
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 We do quite well reproducing ATLAS benchmarks with some

small differences due to, e.g.,  (modified) public code usages

• The first question to ask is ‘how well do the ATLAS analyses 

cover these pMSSM model sets?’   More precisely, ‘what 

fraction of these models can be discovered (or not!) by any of    

the various ATLAS analyses & which ones do best?’

 CLEARLY this will depend on the integrated luminosity 

as well as the assumed systematic uncertainty on the SM 

backgrounds..understanding these is critical !

• Next, we’ll need to understand WHY some models are missed 

by these analyses even when high luminosities are available
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ATLAS  14TeV/ 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

Pure ‘QCD’ processes, which have the largest reach, ALSO have the bar 

set high for S=5 due to the large SM backgrounds & their uncertainties
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14 TeV 

5B
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• How many signal events do we need to reach S=5? 

Depends on the Meff cut which is now ‘optimized’ @ 7 TeV  

400

800

1200

1600

7 TeV 
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Time For Only A Few Results….
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Overall 7 TeV Results for the Flat Prior Set 

These are the fractions of the model set that are discovered 

at the S=5 level by each of the  7 TeV ATLAS analyses

…however, plots are much easier to look at…
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Red=20%,  green=50%, blue=100% background systematic errors

Solid=4j, dash=3j, dot=2j final states FLAT 
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• Note that as the number of required leptons increases the 

corresponding model ‘coverage’ decreases significantly 

unless the integrated lumi is large. Why?  The BF to leptons 

pairs is relatively small in our model set...e.g. :
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As the background uncertainty 

grows, harder Meff cuts are 

needed to achieve maximum 

model significance in all of the 

various channels.

Note that the Meff cut is less 

important  for final states with 

fewer jets. This persists even in 

analyses with leptons.

‘Best’ Meff cut 
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4j0l

Also note that for models with smaller numbers of signal 

events harder Meff cuts are necessary to obtain S=5 

Meff

S 

L=1 fb-1  B=50%
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Overall 7 TeV Results for the Log Prior Set 

Remember that these models have masses extending out to 

3 TeV so the numbers are lower than in the FLAT case..

…again, plots are much easier to look at…
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In the LOG prior case, a very similar pattern is observed except 

that the reaches are reduced in all channels by roughly ~30-50%

since the spectrum extends out to larger sparticle masses, i.e., 

up to ~3 TeV.  

Red=20%,  green=50%, blue=100% background systematic errors

Solid=4j, dash=3j, dot=2j final states 

LOG 
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LOG (cont.)

Red=20%,  green=50%, blue=100% background systematic errors

Solid=4j, dash=3j, dot=2j final states 

Also, at larger lumi’s, the discovery curves do not flatten as 

much as in the FLAT case since the systematic errors are less 

important for the LOG priors. This is because the search 

limitations can be statistics dominated due to the heavier mass 

spectrum.
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If models are found, are they found in only one 

of these analyses or many? What fraction of our 

models are missed completely by ATLAS ?

Next Question(s): 

• If models are found only in one analysis we may worry 

about that the validity of that particular analysis…
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What fraction of models are found by n analyses 

@7 TeV  assuming, e.g., B=20% ?



The n=0 case is the most interesting one..

The results are highly sensitive to the SM background uncertainty


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How does the pMSSM coverage evolve w/ lumi ?? 

Flat

Log

The coverage is quite good..BUT REMEMBER these models

were designed (hopefully) for relatively early LHC discovery !

The models that FAIL to be found are perhaps more interesting…

50%

100%

50%

100%

20%

20%
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Estimated  ATLAS  pMSSM  Model Coverage  

RIGHT NOW  for  45 pb -1  @ 7 TeV 

B :        100% 50% 20%

FLAT:       15%     32%     48%

LOG :       14%     24%     30%

Wow! This is actually quite impressive as these LHC 

SUSY searches are just beginning !!! 
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These figures emphasize the importance of 

decreasing the background systematic error 

to obtain good pMSSM model coverage. For 

FLAT priors we see that, e.g.,  

L=5(10) fb-1 and B=100% is ‘equivalent’ to

L=0.65(1.4) fb-1 and B=50%  (x ~7) OR  to

L=0.20(0.39) fb-1 and B=20%  (x ~25) !! 

This effect is less dramatic for the LOG case 

due to the potentially heavier mass spectrum
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What about searches @ 14 TeV ?
FLAT 

! !
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The fraction of models ‘found’ by  n  different analyses 

@14 TeV for B=50% :
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Why Do Models Get Missed by ATLAS? 

The most obvious things to look at first are :

• small signal rates due to suppressed ’s

• which can be correlated with large sparticle masses

• & can be associated w/ large SM background systematics 

The Undiscovered SUSY
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’s :  Squark & gluino production cross sections @ 7 TeV 

cover a very wide range & are well correlated with the 

search significance.  But,  some models with large 

production rates lead to a low significance assuming L=1 

fb-1 &  B=50%.  There are models with  > 30 pb that are 

missed by all ATLAS analyses !

7 TeV 

7 TeV 
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Note that for a given value of the cross section, the 

search significance can vary over a very wide range. 

Certainly some models will be missed at 7(or 14) 

TeV due to their associated small production cross 

sections but this is the least interesting situation… 

What about the sparticle masses themselves?

7 TeV 7 TeV 
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Masses:  We clearly observe that 

some models will be missed when 

either squarks & or gluinos are 

very heavy…no surprise!

However we see here that for a 

given squark or gluino mass the 

search significance spans a wide

range due to other aspects of 

the model parameter space.

But some models are missed even w/ light squarks & gluinos 

7 TeV 

7 TeV 

7 TeV 
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SYSTEMATICS: The 4j0l analysis has the best coverage 

but is quite sensitive to the systematic error. 2j0l is even 

more so.

The number of missed models is 

also quite sensitive to the size of 

background uncertainty.

But there are models w/ light 

squarks &/or gluinos that are

always missed…  
100%

50% 20%

7 TeV 
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Cause I: Soft jets & leptons

Both 7 & 14 TeV models can 

be missed due to small mass 

splittings between squarks and/or

gluinos and the LSP  softer jets

or leptons not passing cuts.  ISR 

helps in some cases…

7 TeV 
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# of evts passing cuts

total generated

Mass Splitting  with the LSP

4j0l Red=squark pairs

Green=gluino pairs

For small mass splittings w/ the LSP a smaller fraction 

of events will pass analysis cuts
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Cause II:  Low MET final states

 There are pMSSM model cascades that dominantly

end in long-lived charginos that are detector-stable so 

the amount of MET is too small for any of these analyses.

 Small changes in the sparticle spectrum can lead to 

significant changes in the model visibility

 Here is one out of MANY examples…

• This generalizes to the case where the overall sparticle 

spectrum is ‘compressed’  (especially in the LOG case)  
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A 14 TeV Example: 

Missed Found
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In 43704:  gluinos dR 2
0 W + ‘stable’ chargino (~100%)

as the 2
0 –LSP mass splitting is ~91 GeV

In 63170:  gluinos uR  2
0  Z/h + LSP (~30%)  as the 

2
0 –LSP  mass splitting is larger ~198 GeV

• Again: a small spectrum change can have a large effect on 

the signal  observability! 

•  Searches for stable charged particles may fill in some gaps

What went wrong ??

(Zanesville, OH)

(St. Louis, MO)
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• In many cases analysis cuts may be increased significantly

w/o any substantial loss of signal rates for most models.

One finds, e.g., that we could raise the pT requirement on 

i)  the leading jet to ~150 GeV (from 100 GeV) in 4j0l

ii)  the lepton to ~25 GeV (from 20 GeV) in 4j1l

iii)  the MET to ~175 GeV (from 80 GeV) in 4j0l 

without any significant impact on model coverage

7 TeV 
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The SUSY ‘mass scale’

2j0l 4j0l 

• In mSUGRA,  one finds  Meff ~1.5 M (lightest colored particle) 

• @ 7 TeV for pMSSM models this is not  generally true except

when the sparticle masses are > ~600 GeV  

• This is also true @ 14 TeV…

7 TeV 7 TeV 
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LC Implications 

7 TeV 

• It is often said that if the LHC ‘doesn’t find anything in 2011-2’ 

then a 500 GeV LC is ‘useless’.  BUT what if we look at our 

failing set of models? Are there SUSY particles kinematically 

accessible @ 500 GeV in them?  YES!

One example
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 In fact, in the set of 14623(1546)  FLAT(LOG) models 

NOT found at 7 TeV w/ 1 fb-1 and B=50% there are… 

eL 107(101)                       dL 35(11)

eR 260(209)                      dR 220(96)

1           730(381)                       uL 52(16)

2             30(36)                         uR 124(64)

e           151(117)                       b1          289(75)

 386(236)                      b2              1(0)

N1         5487(1312)                    t1             93(9)

N2         2738(1035)                    t2               0(0)

N3          429(352)                       C1        4856(1208)

N4            10(18)                         C2            94(54)

g               0(0)                      

That’s a LOT of SUSY partners! 
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Summary & Conclusions

• ATLAS searches at both 7 &14 TeV (& any value in between)

with modest lumi will do quite well at ‘discovering’ the FLAT 

pMSSM models & not at all badly with the LOG prior set

• With 45 pb-1 , a reasonable fraction of this model space has 

already been ‘covered’ !

• Reducing SM background uncertainties is crucial to enhancing 

model coverage..much more so than lumi increases alone

• Models ‘missed’  primarily due to either compressed spectra or 
because of low MET cascades ending in ‘stable’ charginos or…

• The search for TeV scale SUSY has finally begun !
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BACKUP  SLIDES 
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B=20%

Search ‘effectiveness’:  If a model is found by only 1 

analysis which one is it??
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B=100%

Search ‘effectiveness’:  If a model is found by only 1 

analysis which one is it??
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Search ‘effectiveness’:  If a model is found by only 1 

analysis which one is it??

B=50%

4j0l & 2j0l are the most powerful analyses…
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What fraction of models are found by n analyses 

@ 7 TeV assuming B=100% ?



Plots of these results are more informative, e.g., for n=0
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What fraction of models are found by (only) n 

analyses  @ 7 TeV assuming B=50%



Clearly the case n=0, where NO models are found, is the 

most interesting !
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Curious Aside:  How many models remain missing in 

the ‘best’ case as the minimum requirements of S=5 

for all searches is weakened? 

FLAT
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The fraction of models ‘found’ by  n different analyses 

@ 14 TeV  for B=20% :  Reducing systematic is the 

way to go !
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• Powerful analyses , e.g., (2,3,4)j0l , can fail completely in 

‘exceptional’ cases.  This could happen in these cases if the 

model spectrum almost always leads to high pT leptons. But 

then these models could be captured in many cases by the 

analogous (2,3,4)j1l analyses.  E.g. : 

Aside: 


