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Motivation/OutlineMotivation/Outline

● SupersymmetrySupersymmetry can not be excluded,  can not be excluded, 
SUSY can only be discoveredSUSY can only be discovered

● What if we find a heavier SUSY?What if we find a heavier SUSY?
● What kind of SUSY it is?What kind of SUSY it is?

● Use a SUSY golden decayUse a SUSY golden decay
● To recover masses of supersymmetric particlesTo recover masses of supersymmetric particles

● Bayesian fitBayesian fit to reconstruct SUSY parameters: to reconstruct SUSY parameters:

• • From golden decay onlyFrom golden decay only
• • Golden decay + HiggsGolden decay + Higgs
• • Golden decay + Higgs + Golden decay + Higgs + ΩΩhh22
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Bayesian theoremBayesian theorem
In Bayesian theory, our degree of  belief in the preposition In Bayesian theory, our degree of  belief in the preposition 
changes rationally the probability of the posterior observation.  changes rationally the probability of the posterior observation.  
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Focus on CMSSM Focus on CMSSM 
● CConstrained onstrained MMinimal inimal SSupersymmetric upersymmetric SStandard tandard MModelodel
● Might appear less natural than before, however:Might appear less natural than before, however:

● It correctly reproduces both the Higgs boson mass and the DM relic It correctly reproduces both the Higgs boson mass and the DM relic 
abundance in the “unnatural” multi-TeV regions of mass parametersabundance in the “unnatural” multi-TeV regions of mass parameters

● It also remains compatible with all experimental data, It also remains compatible with all experimental data, 
with the exception of (g-2)with the exception of (g-2)μμ

● Unification of MSSM soft masses at GUT scale:Unification of MSSM soft masses at GUT scale:
● m1/2 = M1 = M2 = M3m1/2 = M1 = M2 = M3   Common gaugino mass→   Common gaugino mass→

m0m0       Common scalar mass→       Common scalar mass→
A0     A0        Common trilinear→   Common trilinear→
tan βtan β      Ratio of Higgs vevs→  Ratio of Higgs vevs→
sgn μsgn μ

● Run parameters to low scale with renormalisation group Run parameters to low scale with renormalisation group 
equations to calculate masses at 1 TeV scaleequations to calculate masses at 1 TeV scale



55M. KazanaM. Kazana ““Reconstructing CMSSM parameters ”, SUSY'2015  28.08Reconstructing CMSSM parameters ”, SUSY'2015  28.08

SUSY must be heavierSUSY must be heavier

From our recent fit:From our recent fit:

● MMSUSYSUSY > than expected > than expected

● Decreased Decreased m0m0 in  in ~1TeV higgsino ~1TeV higgsino 
region region due to due to higgs correctionshiggs corrections

● Posterior in Posterior in A-funnel region A-funnel region 
increases due to better fit to increases due to better fit to 
higgs masshiggs mass

● Focus point region Focus point region disfavoured disfavoured 
by LUXby LUX

● Reduced posterior in Reduced posterior in stau-coannihilation stau-coannihilation 
regionregion  (Bino DM region) due to LHC constraints,(Bino DM region) due to LHC constraints,

but Mbut MSUSYSUSY < 1 TeV still probable < 1 TeV still probable

arXiv:1405.4289
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Signature of SUSY Signature of SUSY 

● Golden channel Golden channel 
● Allows to reconstruct sparticle Allows to reconstruct sparticle 

masses from kinematic edgesmasses from kinematic edges

● Many studies made in pre-LHC era for light SUSYMany studies made in pre-LHC era for light SUSY
● Our previous analysis Our previous analysis 

(arXiv:1106.5117, arXiv:0907.0594)(arXiv:1106.5117, arXiv:0907.0594)   

● Our goal: Our goal: check if we can check if we can 
recover  sparticles massesrecover  sparticles masses from  from 
kinematic edges for higher SUSY andkinematic edges for higher SUSY and
reconstruct model parametersreconstruct model parameters ? ?

Example from the past
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MethodologyMethodology

● Pick a CMSSM point allowed by experiments Pick a CMSSM point allowed by experiments 
(e.g. m(e.g. mhh, Planck relic density , Planck relic density ΩΩhh22, direct searches), direct searches)

● Monte Carlo analysis for CMSSM point at 14 TeVMonte Carlo analysis for CMSSM point at 14 TeV
● Perform MC simplified (Gen Level)  analysis to simulate Perform MC simplified (Gen Level)  analysis to simulate 

sparticle mass measurements from golden decaysparticle mass measurements from golden decay
● Bayesian reconstructionBayesian reconstruction of CMSSM parameters  of CMSSM parameters 

with simulated sparticle mass measurementswith simulated sparticle mass measurements
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CMSSM pointCMSSM point

● Golden decay requires hierarchy:Golden decay requires hierarchy:

● Actually, Actually, 
to avoid phase spaceto avoid phase space
suppression of BRsuppression of BR

  In CMSSM, →  In CMSSM, →
      it means m1/2 > m0      it means m1/2 > m0

● Stau-coannihilation region Stau-coannihilation region 
allowed in CMSSM with allowed in CMSSM with 
golden decaygolden decay
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Benchmark CMSSM pointBenchmark CMSSM point
CMSSM:CMSSM:
m1/2 = 900GeVm1/2 = 900GeV
m0 = 315GeV m0 = 315GeV 
tan β = 11tan β = 11
A0 = −2550GeVA0 = −2550GeV
sgn sgn μ = + 1μ = + 1

● Search for a good point with golden decaySearch for a good point with golden decay

● High mass, above LHC limits: High mass, above LHC limits: m1/2 = 900GeVm1/2 = 900GeV  
● MinuitMinuit to find the point with: to find the point with:

- m- mhh = = 125GeV  125GeV within errorswithin errors

- - ΩΩhh22 ≈ WMAP/PLANCK (0.1197) ≈ WMAP/PLANCK (0.1197)
- - Golden decayGolden decay

● The benchmark CMSSM point:The benchmark CMSSM point:
satisfies reasonable satisfies reasonable 
9 measurements:9 measurements:
mmhh, DM relic density,, DM relic density,

● ΩΩhh22 =0.1390 ~ agreement  =0.1390 ~ agreement 
with the Plack measurements with the Plack measurements 
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MC SimuationsMC Simuations

● MC Pythia (Gen Level) MC Pythia (Gen Level) simulation for simulation for @ 14 TeV@ 14 TeV
● Particle mass spectrum from SoftSUSYParticle mass spectrum from SoftSUSY

● CMSSM CMSSM σσ  = 34.5/fb= 34.5/fb
● Run III LHC Run III LHC L = 300/fbL = 300/fb  N→  N→ totaltotal = ~10.000 events = ~10.000 events

● Selection – classical SUSY with lepton cutsSelection – classical SUSY with lepton cuts
Very simplified assumptions:Very simplified assumptions:

●   Detector acceptance:Detector acceptance:

– Isolated leptons:   Isolated leptons:   
pt > 10 GeV, |pt > 10 GeV, |ηηee|< 2.4, ||< 2.4, |ηηµµ|< 2.4|< 2.4

– AntikT jets: pt > 50 GeV, |AntikT jets: pt > 50 GeV, |ηηjetjet|< 5|< 5
 Total selection efficiency: 0.10Total selection efficiency: 0.10

–
 Event selection:Event selection:
– At least 2 opposite sign leptonsAt least 2 opposite sign leptons
– At least 4 jetsAt least 4 jets
– pt pt 1st jet1st jet > 100 GeV > 100 GeV
– Z peak veto:  Z peak veto:  

89 GeV > minv_ll > 95 GeV 89 GeV > minv_ll > 95 GeV 
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EndpointsEndpoints

● Reconstruction of Reconstruction of mass invariant distribution with endpoints:mass invariant distribution with endpoints:

11 lepton pair (ℓℓ) OSSF (ee+ lepton pair (ℓℓ) OSSF (ee+μμ-μeμμ-μe))
2-32-3 each lepton with the jet (ℓq and ℓ q)′ each lepton with the jet (ℓq and ℓ q)′
44 the jet and both leptons (ℓℓq) the jet and both leptons (ℓℓq)
55 threshold ℓℓq, with θ > π/2 between  threshold ℓℓq, with θ > π/2 between 
  leptons in slepton frame  leptons in slepton frame

● To recover masses from functionsTo recover masses from functions

arXiv:0410303arXiv:0410303
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Sparticle mass recoverySparticle mass recovery

● Five mass invariant distribution fitted Five mass invariant distribution fitted 
to the get endpoint position with the error in Rootto the get endpoint position with the error in Root

● Fit unknown sparticle masses to five endpointsFit unknown sparticle masses to five endpoints with Root with Root

● Single solution for a sparticle mass with statistical errorsSingle solution for a sparticle mass with statistical errors
● Errors are correlated  covariance matrix⇒Errors are correlated  covariance matrix⇒

● C matrixC matrix basis in GeV basis in GeV22  
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Covariance matrixCovariance matrix

● Covariance matrix is diagonalised to find errors:Covariance matrix is diagonalised to find errors:

● Two (one very) well determined directions σ ≤ (1) 10 GeVTwo (one very) well determined directions σ ≤ (1) 10 GeV

0.30.3

5.65.6
7.57.5

22.322.3

[GeV][GeV]
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Statistical methodStatistical method
● To To recover original CMSSM parametersrecover original CMSSM parameters from simulated sparticle  from simulated sparticle 

mass measurementsmass measurements

● Use Bayesian statistics . Bayes theorem:Use Bayesian statistics . Bayes theorem:

● We want to find posterior density for CMSSM , given golden decay We want to find posterior density for CMSSM , given golden decay 
measurementsmeasurements

● Marginalise posterior, to remove parameter dependencies, e.g.,Marginalise posterior, to remove parameter dependencies, e.g.,

● Find Find “credible regions:”“credible regions:” Smallest region A such that Smallest region A such that
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Statistical methodStatistical method
● Priors reflect Priors reflect “prior belief”“prior belief” in parameter space in parameter space

● Choose Choose flat priorsflat priors, expect prior independence, expect prior independence

● LikelihoodLikelihood is a multivariate Gaussian from our golden decay simulations  is a multivariate Gaussian from our golden decay simulations 

● M is a functionM is a function of                                                          of                                                         
and C is a covariance matrix from our MCand C is a covariance matrix from our MC

● In the next step, applyIn the next step, apply Gaussian likelihoods Gaussian likelihoods for for

ΩΩhh22 = 0.1186 ± 0.0031 ± 10% and  = 0.1186 ± 0.0031 ± 10% and 
mmhh = 125.8 ± 0.5 ± 3GeV = 125.8 ± 0.5 ± 3GeV

● PosteriorsPosteriors are calculated with MultiNest are calculated with MultiNest
from all priors and likelihoods from all priors and likelihoods 
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Our methodOur method

[1][1]  AssumeAssume SUSY  SUSY CMSSM benchmark point is “true”CMSSM benchmark point is “true”

[2][2]  AssumeAssume sparticle  sparticle masses measured by golden decay masses measured by golden decay at LHC √s = 14 TeVat LHC √s = 14 TeV

[3][3]  FindFind expected errors ( expected errors (covariance matrixcovariance matrix) from MC) from MC

[4][4]  AssumeAssume  flat priorsflat priors for CMSSM parameters m0, m1/2, A0, tan β for CMSSM parameters m0, m1/2, A0, tan β

[5][5]  FitFit  CMSSMCMSSM  to golden decay measurements to golden decay measurements with Bayesian statisticswith Bayesian statistics

[6][6]  Afterwards, Afterwards, add informationadd information from m from mhh and  and ΩΩhh22 to see how much it to see how much it
 improves recovery improves recovery

● How well do we recover the original benchmark parameters?How well do we recover the original benchmark parameters?
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Results – CMSSM recoResults – CMSSM reco

● With the endpoint information With the endpoint information 
alone, alone,  recovered “true”  recovered “true” 
benchmark pointbenchmark point

● Single correct solution found, Single correct solution found, 
the benchmark point is in 68% the benchmark point is in 68% 
regionregion

● Two orthogonal directions in Two orthogonal directions in 
the parameter space are visible: the parameter space are visible: 
anti-diagonal m0-m1/2 anti-diagonal m0-m1/2 and and 
diagonal m0+m1/2diagonal m0+m1/2,,
which which correspond to the first  correspond to the first  
(0.3 GeV ) and second (5.6 GeV) (0.3 GeV ) and second (5.6 GeV) 
eigenvectors  of C matrixeigenvectors  of C matrix

m1/2 vs m0m1/2 vs m0
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tantanββ vs A0 vs A0
● Ao is not well reconstructedAo is not well reconstructed

● Broadened the credible region Broadened the credible region 
in the m0-m1/2 directionin the m0-m1/2 direction

● tan β determined to within tan β determined to within 
a few unitsa few units

CMSSM reconstructionCMSSM reconstruction
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Adding more data to fitAdding more data to fit

● The The credible regions shrink successively as the data is addedcredible regions shrink successively as the data is added , , 
though two orthogonal directions in the parameter space remain visible though two orthogonal directions in the parameter space remain visible 

● The diagonal The diagonal m0+m1/2 m0+m1/2 direction of the is direction of the is only marginally shrunk,only marginally shrunk,
whereas the anti-diagonal whereas the anti-diagonal m0-m1/2m0-m1/2 direction is  direction is squashed squashed for (A0, tan β) for (A0, tan β) 

● When we add When we add higgshiggs, A0 must be < 0.5 TeV to , A0 must be < 0.5 TeV to 
increase the Higgs boson mass via maximal mixingincrease the Higgs boson mass via maximal mixing
Increases in Higgs boson mass from increasing m1/2 and m0 to increase stop masses are negligibleIncreases in Higgs boson mass from increasing m1/2 and m0 to increase stop masses are negligible

● When we add When we add PlanckPlanck, we enforce mass degeneracy, we enforce mass degeneracy
so that staus and neutralinos coannihilate effectively and so that staus and neutralinos coannihilate effectively and 
reduce the relic density to the Planck valuereduce the relic density to the Planck value

● This is rather fortunate – This is rather fortunate –   higgshiggs and  and PlanckPlanck constrain the direction of  constrain the direction of 
parameter space that was poorly constrained by LHCparameter space that was poorly constrained by LHC
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Direct Dark Matter searchesDirect Dark Matter searches

Gold decay                 LHC+higgs                      LHC+higgs+PlanckGold decay                 LHC+higgs                      LHC+higgs+Planck

lo
g 

lo
g 

σσS
ISI
PP 

(c
m

 (c
m

22 ))
 v

s 
m

 v
s 

m
LS

P
LS

P (
G

eV
)

 (G
eV

)

● LHC prediction indicate that in our discovery scenario  LHC prediction indicate that in our discovery scenario  
the the DM might be within reach of direct detection experimentsDM might be within reach of direct detection experiments

● should be accessible at a 1-tonne detectors whose should be accessible at a 1-tonne detectors whose 
reach is expected to be < 10reach is expected to be < 10-46-46 cm cm22

● The resolution and bias of The resolution and bias of σσSISI improves slightly as data is added improves slightly as data is added, especially , especially 
Planck, but the resolution of the neutralino mass is not much improved Planck, but the resolution of the neutralino mass is not much improved 
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ConclusionsConclusions

● We demonstrated the possibility of reconstructingWe demonstrated the possibility of reconstructing
CMSSM parameters with Bayesian statistics CMSSM parameters with Bayesian statistics 

● If SUSY is found in the LHC, we can check existence If SUSY is found in the LHC, we can check existence 
of the golden decay of the golden decay 

● We found that sparticle masses can be measured with good We found that sparticle masses can be measured with good 
precision for high mass CMSSM benchmark pointprecision for high mass CMSSM benchmark point

● We found that CMSSM parameters can be well recoveredWe found that CMSSM parameters can be well recovered

● Improved when additional information Improved when additional information 
from from ΩΩhh22 is added, but less so for m is added, but less so for mhh



2323M. KazanaM. Kazana ““Reconstructing CMSSM parameters ”, SUSY'2015  28.08Reconstructing CMSSM parameters ”, SUSY'2015  28.08

References:References:

[1][1]   A. Fowlie, M. Kazana, L. Roszkowski, A. Fowlie, M. Kazana, L. Roszkowski, Reconstructing CMSSM parameters at the Reconstructing CMSSM parameters at the 
LHC with s√=14 TeV via the golden decay channel,LHC with s√=14 TeV via the golden decay channel,   arXiv:1106.5117, Dec 2014 arXiv:1106.5117, Dec 2014 


