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The Standard Model
<1973:  theoretical foundations of the SM

- renormalizability of SU(2)xU(1) with Higgs mech. for EWSB
- asymptotic freedom, QCD as gauge theory of strong force
- KM description of CP violation

Followed by more than 30 years of consolidation
- experimental verification via discovery of 

- gauge bosons: gluon, W, Z
- matter fermions: charm, 3rd family

- experimental precision measurements
- EW radiative corrections
- running of the strong coupling
- CP violation in the 3rd generation

- technical theoretical advances (higher-order calculations...)

Only missing piece: the Higgs ?
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Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

Δαhad(mZ)Δα(5) 0.02758 ± 0.00035 0.02768
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4959
σhad [nb]σ0 41.540 ± 0.037 41.479
RlRl 20.767 ± 0.025 20.742
AfbA0,l 0.01714 ± 0.00095 0.01645
Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1481
RbRb 0.21629 ± 0.00066 0.21579
RcRc 0.1721 ± 0.0030 0.1723
AfbA0,b 0.0992 ± 0.0016 0.1038
AfbA0,c 0.0707 ± 0.0035 0.0742
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1481
sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.399 ± 0.023 80.379
ΓW [GeV]ΓW [GeV] 2.085 ± 0.042 2.092
mt [GeV]mt [GeV] 173.3 ± 1.1 173.4

July 2010

NB: Unitarity tells us that the dynamics of EWSB 
should become apparent around the TeV scale.
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... and beyond
The Standard Model is tremendously successful, 
nevertheless it can’t be the ultimate theory.  Too many open questions.

- Why are there 3 generations of quarks and leptons?

- What is the origin of flavour mixing an CP violation?

- Why is the SM anomaly free?

- Can the different interactions (and matter fields) be unified?

- What stabilizes the electroweak scale?

- ....
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Attempts to answer these questions, in particular regarding 
the naturalness and hierarchy problem, let us expect new 
physics at TeV energies.

(another) genuine motivation to build the LHC

Besides, the experimental evidences of neutrino masses, 
dark matter and the baryon asymmetry tell us that we   
are missing something fundamental.
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Supersymmetry
The beauties of SUSY:

• Unique extension of space-time symmetries

• Solution to the gauge hierarchy problem

• Gauge coupling unification

• Radiative EWSB, light Higgs

• Cold dark matter candidate

• Very rich collider phenomenology

➫ Most popular and best-studied BSM theory
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“Provided superpartners exist 
at or around the TeV scale”

SM

MSSM

↓
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Before LHC turn-on
Very optimistic view: if SUSY is light (as we expect...!) it will be 
discovered early on. 
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 5σ discovery curves

~ one year at 1034: 
   up to ~2.5 TeV 

~ one year at 1033 : 
   up to ~2 TeV 

~ one month at 1033 : 
   up to ~1.5 TeV 

cosmologically favoured region
Tevatron reach : < 500 GeV

Much easier than discovering the Higgs...
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Now
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ATLAS, arXiv:1109:6572

Looks grim :-( ?
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This looks grim!
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Let’s reconsider
Arguments for weak-scale SUSY

• Solution to the gauge hierarchy problem 

• Gauge coupling unification

• Radiative EWSB, light Higgs

• Cold dark matter candidate

• Very rich collider phenomenology

➫ Still great, but more “honest” prospects
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Needs light stops, light higgsinos, somewhat light gluino

TeV-scale fermionic states → could be split SUSY

heavy top effect
mh>115 GeV prefers heavy stops (finetuning prize of LEP)
electroweak precision measurements prefer heavy SUSY

TeV-scale LSP could do the job, just needs some 
efficient annihilation mechanism, e.g. higgsino LSP

Well, this entirely depends on phase-space ...
and for the time being we are just running at 1/2 force
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Heinemeyer, Hollik, Stockinger, Weber, Weiglein ’10

experimental errors 68% CL:

LEP2/Tevatron (today)
Tevatron/LHC



S. Kraml, Implications of LHC results for supersymmetry

Fit to the recent Xenon100 data and its implications for Dark Matter scenarios, 
taking into account Tevatron and LHC (1.1fb-1) limits

Interplay with dark matter searches
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68%

95 %CL

excluded 
by LHC

well-tempered χ

95 %CL

A-funnel

tanβ enhanced
Higgs couplingsstau 

coann

stop 
coann

∆χ2 < 42

Farina et al., arXiv:1104.3572v3
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Beyond CMSSM limits:
simplified model spectra

A simplified model is defined by an effective Lagrangian describing the 
interactions of a small number of new particles. Simplified models can 
equally well be described by a small number of masses and cross-sections. 
These parameters are directly related to collider physics observables, making 
simplified models a particularly effective framework for evaluating searches 
and a useful starting point for characterizing positive signals of new physics.

D. Alves et al., arXiv:1105.2838



S. Kraml, Implications of LHC results for supersymmetry

ATLAS jets+MET search
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NB: In the case of direct decays, the cross-section for squark_{L,R} production is assumed, however, squark_R production 
is neglected for the one-step cascade grids, effectively halving the production cross-section. This only applies to the limit 
contours. For the one-step cascade grids, the nominal cross-sections are too low for any model points to be excluded at 
95% C.L., hence no limit contours are drawn.

− interpretation in simplified models: squarks −

Exclusion limits in the squark-LSP mass plane for direct [left] and one-step [right] squark decays.

ATLAS-CONF-2011-155

similar for
x= 1/4 and
x = 3/4
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ATLAS jets+MET search
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− interpretation in simplified models: gluino −

Exclusion limits in the gluino-LSP mass plane for direct and one-step gluino decays.

ATLAS-CONF-2011-155

x=1/4

x=1/2
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CMS results for simplified model spectra
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
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So what does this imply for SUSY in general?
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Interpreting LHC SUSY searches in the
phenomenological MSSM
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• We interpret within the phenomenological MSSM (pMSSM) the results of 
SUSY searches published by the CMS collaboration based on the first 1 fb-1 
of data taken during the 2011 LHC run at 7 TeV.  

• The pMSSM is a 19-dimensional parametrization of the MSSM that captures 
most of its phenomenological features. It encompasses and goes beyond, a 
broad range of more constrained SUSY models. 

• Performing a global Bayesian analysis, we obtain posterior probability 
densities of parameters, masses and derived observables. 

• In contrast to constraints derived for particular SUSY breaking schemes, 
such as the CMSSM, our results provide more generic conclusions on how 
the current data constrain the MSSM.

S. Sekmen, SK, J. Lykken, S. Moortgat, S. Padhi, L. Pape, 
M. Pierini, H.B. Prosper, M. Spiropulu

arXiv:1109.5119
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pMSSM
• 19-dimensional parametrization of the R-parity conserving MSSM with 

parameters defined at the SUSY scale

Assumptions: no new CP phases, flavor-diagonal sfermion mass matrices and trilinear couplings, 
1st/2nd generation degenerate and A-terms negligible, lightest neutralino is the LSP. 

• Pioneering studies:

“SUSY without prejudice”  [C.F. Berger et al., arXiv:0812.0980]

“Fitting the phenomeological MSSM”  [S.S. AbdusSalam et al., arXiv:0904.2548]
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• the gaugino mass parameters M1, M2, M3;

• the ratio of the Higgs VEVs tanβ = v2/v1;

• the higgsino mass parameter µ and the pseudo-scalar Higgs mass mA;

• 10 sfermion mass parameters mF̃ , where F̃ = Q̃1, Ũ1, D̃1, L̃1, Ẽ1, Q̃3, Ũ3, D̃3, L̃3, Ẽ3

(imposing mQ̃1
≡ mQ̃2

, mL̃1
≡ mL̃2

, etc.),

• 3 trilinear couplings At, Ab and Aτ ,
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 “The pMSSM leads to a much broader set of predictions 
for the properties of the SUSY partners as well as for a 

number of experimental observables than those found in 
any of the conventional SUSY breaking scenarios such as 
mSUGRA [CMSSM]. This set of models can easily lead to 

atypical expectations for SUSY signals at the LHC.''

from the conclusions of arXiv:0812.0980
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Method
• Sample the pMSSM parameter space by a Markov-Chain Monte Carlo (MCMC) 

technique which through a likelihood function incorporates various pre-LHC 
measurements (b→sγ, g-2, ...). 

• For a random subset of 500K points, simulate 10K events per point and  
calculate the signal yields for 3 disjoint CMS SUSY analyses for ~1fb-1 of data              
(αT hadronic, same-sign dilepton, opposite-sign dilepton)

• Use Bayesian statistics with flat prior to obtain posterior probability 
distributions for masses, parameters, etc.

• In practice: re-weight the pre-LHC likelihood of these 500K points with the 
“CMS likelihood” (since the analyses are disjoint, the total likelihood is the 
product of the individual L’s).

• The main result are posterior distributions.

19
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Tools

• SUSY spectrum calculation: SOFTSUSY 3.1

• Low energy observables: SuperIso 3.0

• Relic density, DD cross sections: micrOMEGAs 2.4

• SUSY mass limits: micrOMEGAs 2.4

• Higgs mass limits: HiggsBounds 2.0.0

• Decays: SUSYHIT (SDECAY1.3b, HDECAY3.4)

• SUSY event generation: PYTHIA 6.4

• Interfacing: SUSY Les Houches Accord

• Generic detector simulation: DELPHES 1.9

20

PS. needed lots of fixes to make everything work....
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Analysis setup 

• Markov-Chain Monte Carlo sampling of pMSSM parameter space 

• We use a flat prior for parameters and sample 1.5x107 points

• Distribution of points maps the total likelihood, 

• Draw a random subset of 5x105 points for simulation

21

*) we re-weight a posteriori with the new limit BR(Bs→μμ)<1.08 at 95% CL

*) |Mi| ≤ 3 TeV
|µ| ≤ 3 TeV

mA ≤ 3 TeV
mF̃ ≤ 3 TeV

|At,b,τ ≤ 7 TeV
2 ≤ tanβ ≤ 60

LpreLHC =
9∑

i=1

Li
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Slide from Sezen’s talk, 30-08-11 at LHC2TeV workshop, CERN
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CMS results used

Assume a Poisson likelihood                                 with expected count
and compute the marginal likelihood                         by integrating over the 
expected background  

Poisson(Nj |sj + bj) sj + bj

Lj = p(Nj |sj)
bj
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Slide from Sezen’s talk, 30-08-11 at LHC2TeV workshop, CERN

10

10
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Results: posterior densities

25
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Dark matter implications
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Implications for dark matter searches
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Implications for Higgs
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Complementary study 

• Study the implications of LHC searches on SUSY particle spectra using flat scans of 
the 19-parameter pMSSM phase space. 

• Apply 2σ constraints from flavour physics, g-2, dark matter and earlier LEP and 
Tevatron searches. 

• The sensitivity of the LHC SUSY searches with jets, leptons and missing energy is 
assessed by reproducing with fast simulation the recent CMS analyses after validation 
on benchmark points. 

• Present results in terms of the fraction of pMSSM points compatible with all the 
constraints which are excluded by the LHC searches with 1 fb-1 and 15 fb-1 as a 
function of the mass of strongly and weakly interacting SUSY particles. 

• Discuss the suppression of Higgs production cross sections for the MSSM points not 
excluded and contrast the region of phase space tested by the LHC data with the 
constraints from dark matter direct detection experiments.

31

“Implications of LHC Searches on SUSY Particle Spectra:
The pMSSM Phase Space with Neutralino Dark Matter”

A. Arbey, M. Battaglia, F. Mahmoudi

arXiv:1110.3726
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• Fraction of accepted points from flat random scan

32

arXiv:1110.3726
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• Fraction of accepted points excluded by CMS
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• Interplay with direct dark matter detection

34

black dots: accepted pMSSM points, 
grey dots: points not excluded by 1 fb-1 and the
light grey dots: points not excluded by 15 fb -1 of LHC data.
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• Prediction for light Higgs searches
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Natural SUSY endures
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M. Papucci, J.T. Ruderman, A.Weiler
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Conclusions

• LHC results are pushing squark and gluino mass limits to ~1 TeV; 
expectations for early discoveries were too optimistic 

• Current searches are not (yet) sensitive to

★ Small mass differences → soft jets, low ETmiss

★ Compressed spectra in general

★ Mainly electroweak production

★ Mainly stop/sbottom production

• Plenty of room where SUSY can hide
besides, EW fits and flavor physics actually prefer heavy SUSY

• SUSY DM stays compelling case 
interesting complementarity between LHC and DD

• We definitely need [the means] to interpret LHC results in terms          
of a wide range of models, including pMSSM. 
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Needs communication between experimentalists (collaborations!) and theorists

no SUSY 
signal

no need for this



Next plenary meeting after Moriond (week of March 26) at CERN
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ATLAS leptons+MET
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Requiring Ωh2<0.136
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