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Outline 

 Introduction: SUSY primer 

 How to compare theory with data 

 Implications of mh~126 GeV for favored SUSY mass scale 

 Probe CMSSM with DM searches 

 Implications of BR(B_s to mu mu) 

 Beyond the CMSSM 

 Comments on g-2 

 Summary 
Based on:  
• Two ultimate tests of constrained SUSY, 1302.5956 
• The Constrained NMSSM with a 125 GeV Higgs boson -- A global analysis, 1211.1693 
• Constrained MSSM favoring new territories: The impact of new LHC limits and a 125 GeV Higgs boson, 1206.0264 

…with updates 
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BayesFITS group: A. Fowlie (UoS), M. Kazana, K. Kowalska, S. Munir, E. Sessolo, S. Tsai, S. Trojanowski, LR, plus 
external collaborators (M. Misiak, K. Turzyński, K. Jedamzik) 

http://arxiv.org/abs/1302.5956
http://de.arxiv.org/abs/1211.1693


Many open questions in particle physics 

• Origin of particle masses? 
• Origin of EWSB? 
• Origin and structure of flavor and CP X? 
• New physics beyond the Standard Model? 
• Dark matter in the Universe? 
• Why is the Universe made up of matter and not 

antimatter? 
• Unification of fundamental forces? 
• Role of gravity? 
• History of the early Universe? 
• … 
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LHC: chance to shed light on some of them 



Many BSM ideas waiting to be tested… 

• Supersymmetry of several sorts 

 

• Large/warped extra dimensions 

• Low-scale gravity, microscopic black holes 

• Little Higgs framework 

• Extra gauge bosons 

• Extra fermions 

• Extra interactions 

• … 
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…by far most attractive 
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Supersymmetry 

Symmetry among particles 

bosons <-> fermions 

www.timesofindiatravel.com 

http://www.timesofindiatravel.com/taj-mahal-agra-India.html


Supersymmetry 
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SUSY: superpartners of known SM particles;  
mass expected at ~1 TeV 



 Supersymmetry 
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SUSY: Constrained or Not? 
• Constrained: • Phenomenological: 
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Low-energy SUSY models with  
grand-unification relations among  
gauge couplings and (soft) SUSY mass 
parameters 

Many models: 
• CMSSM  (Constrained MSSM): 4+1 parameters 
• NUHM (Non-Universal Higgs Model): 6+1 
• CNMSSM (Constrained Next-to-MSSM) 5+1 
• CNMSSM-NUHM: 7+1 
• etc 

Virtues: 
• Well-motivated 
• Predictive (few parameters) 
• Realistic 

Many models:  
• general MSSM – over 120 params 
• MSSM + simplifying assumptions 
• pMSSM: MSSM with 19 params 
• p9MSSM, p12MSSM, pnMSSM, … 

figure from hep-ph/9709356 

Supersymmetrized SM… 

Features: 
• Many free parameters 
• Broader than constrained SUSY 

MSSM CMSSM 



Main news from the LHC so far… 

 Higgs(-like) particle at ~126 GeV  
 
 
 
 
 
 
 

 
 

 No (convincing) deviations from the SM 
 

 
 Stringent lower limits on superparner masses 
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…a BSM theorist’s perspective: 
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SUSY masses close to 1 TeV scale… 



…and from the media… 
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April 2012 



Increasing energy, 
luminosity and the 
number of physicist 
failing to find SUSY 
have increased by 
factor of 10...  

Nothing new… 
CDF 



Constrained SUSY – still alive? 
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Really? 

The constrained MSSM (CMSSM) 
paradigm is “hardly tenable” 

At Open Symposium of the European Strategy Preparatory 
Group, Krakow, Poland, 10-12 Sept. 2012 



Higgs discovery: ways to go 

• SM confirmed – end of the story (and collider 
physics?) 

• Higgs is fundamental - > SUSY 

• Higgs is composite -> effective theory 
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In this talk: explore implications of Higgs properties for SUSY 
 
Do not worry about theoretical and/or aesthetic arguments (fine-
tuning, naturalness, etc). 
 
See what the data says! 



126 GeV Higgs boson and SUSY 

• Is the discovered Higgs boson consistent with SUSY? 
Which SUSY model(s)? 

• What does the mass of ~126 GeV tell us about 
superpartner masses? 

• Is a SM-like Higgs boson a natural prediction of 
SUSY, or rather an oddity? 

• Is the found Higgs consistent with all other relevant 
observational constraints on SUSY? 

• … 
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SUSY - most important constraints:  
 

L. Roszkowski, 22/3/2013 15 

 Dark matter density 

 Higgs mass 

 B_s -> mu mu 

Direct search limits 
 
 
 

 
Positive measurement, inconsistent with SM 

Lower limit… 

 Other flavor (b to s gamma, etc) 
 

 EW observables (M_W,…) 
  
 (g-2)_muon 
 

   CMS:  mh ~ 125.8 GeV (in ZZ);  mh = 124.9. GeV (in γγ)

          ATLAS:   mh = 124.3 GeV (in ZZ);  mh = 126.8 GeV (in γγ)      

In the γγ channel       

Observation with a significance > 5 σ 

γ γ

“The” Standard Model Scalar Boson, or not ....

2012-2013: an amazing time for HEP: 

In the ZZ channel

µ= 0.91+ 0.3
− 0.24 CMSµ= 1.7+ 0.5

− 0.4 ATLAS

In the WW channel (mh ~ 125 GeV)

µ= 1.65± 0.24+ 0.25
− 0.18 ATLAS

µ= 1.5± 0.6 ATLAS µ= 0.76± 0.21 CMS

µ≈ 1.6± 0.4 CMS(July 4th)

Thursday, March 7, 2013

LHCb (Nov 2012) 



How to compare theory with 
experiment 

 Rigid step-function application of limits/allowed 
ranges (e.g. DM relic abundance, etc) 

 Frequentist (chi^2-based) 

 Bayesian 
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MasterCode, Fittino, … 

BayesFITS, Allanach, SuperBayes, Balazs,… 

Both F and B are based on the likelihood function. 

Mahmoudi et al,  
Hewett et al, … 



The Likelihood function 
Central object: Likelihood function 

• Limits: 

• Smear out bounds. 
• Add theory error. 

• Positive measurements: 

17 L. Roszkowski, 22/3/2013 

• LHC direct limits: 

• Need careful 
treatment. Typically 
use Poisson. 



Bayesian statistics 

Bayes theorem: 
 

• Prior: what we know about hypothesis BEFORE seeing the 

data. 
• Likelihood: the probability of obtaining data if hypothesis is true.  

• Evidence:  normalization constant, crucial for model comparison. 

• Posterior: the probability about hypothesis AFTER seeing the data. 

If hypothesis is a function of parameters, then posterior  
becomes posterior probability function (pdf). 

18 Leszek Roszkowski 22/03/2013 

Posterior   credible regions at chosen CL 

Minimum chi2 approach: find best-fit and draw confidence regions about it 



Bayesian Approach 

19 Leszek Roszkowski 

Likelihood (same as frequentist) 

Prior  
(info on model prior to 

seeing the data) 

Evidence  
(model likelihood) 

Posterior PDF 
(the main Bayesian quantity) 

Marginalization: 
 

Posterior   credible regions at chosen CL 
22/03/2013 
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Trotta 
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• Bayesian 
Best fit plays no special role. 

 

Central object: posterior probability 

 

• Frequentist 

Roberto Trotta 

Favoured regions:

Bayesian approach

• Use the prior to define a metric on parameter space. 

• Bayesian methods: the best-fit has no special status. Focus on region of large 

posterior probability mass instead. 

• Markov Chain Monte Carlo (MCMC) 

• Nested sampling

• Hamiltonian MC 

• Determine posterior credible regions: 

e.g. symmetric interval around the 

mean containing 68% of samples 

SuperBayeS
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24Thursday, 16 September 2010

Determine best-fit parameters:  
find minimum of -2Log(Likelihood)=chi^2 

Trotta 



The Likelihood function 
Central object: Likelihood function 

• Limits: 

• Smear out bounds. 
• Add theory error. 

• Positive measurements: 

22 L. Roszkowski, Moriond 9-16/3/13 22/03/2013 

• LHC direct limits: 

• Need careful 
treatment. Typically 
use Poisson. 



Constrained Minimal Supersymmetric  
Standard Model (CMSSM) 

G. L. Kane, C. F. Kolda, L. Roszkowski and 
J. D. Wells, Phys. Rev. D 49 (1994) 6173 

      

figure from hep-ph/9709356 

    

23 Leszek Roszkowski 22/03/2013 



Reproducing CMS limits on SUSY 
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Excellent agreement  
Applies to both signs of mu 
And to similar models: NUHM, CNMSSM,…  

We approximate CMS limits by deriving 
likelihood maps 

First, validate our method: 

Next, derive combined CMS limit 
based on datasets:  

Below will use combined CMS limit via likelihood function 
Specialty  
of BayesFITS 



CMSSM: numerical scans  

 Perform random scan 
over 4 CMSSM +4 SM 
(nuisance) parameters 
simultaneously 

 

 
 Use Nested Sampling  

 algorithm to evaluate  

 posterior 

 Use 4 000 live points 

• Very wide ranges: 

25 L. Roszkowski, 22/3/2013 

Use Bayesian approach (posterior) 



Hide and seek with SUSY 

  

26 L. Roszkowski, 22/3/2013 

10 dof 



SUSY - most important constraints:  
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 Dark matter density 

 Higgs mass 

 B_s -> mu mu 

Direct search limits 
 
 
 

 
Positive measurement, inconsistent with SM 

Lower limit… 

 Other flavor (b to s gamma, etc) 
 

 EW observables (M_W,…) 
  
 (g-2)_muon 
 

   CMS:  mh ~ 125.8 GeV (in ZZ);  mh = 124.9. GeV (in γγ)

          ATLAS:   mh = 124.3 GeV (in ZZ);  mh = 126.8 GeV (in γγ)      

In the γγ channel       

Observation with a significance > 5 σ 

γ γ

“The” Standard Model Scalar Boson, or not ....

2012-2013: an amazing time for HEP: 

In the ZZ channel

µ= 0.91+ 0.3
− 0.24 CMSµ= 1.7+ 0.5

− 0.4 ATLAS

In the WW channel (mh ~ 125 GeV)

µ= 1.65± 0.24+ 0.25
− 0.18 ATLAS

µ= 1.5± 0.6 ATLAS µ= 0.76± 0.21 CMS

µ≈ 1.6± 0.4 CMS(July 4th)

Thursday, March 7, 2013

LHCb (Nov 2012) 



~126 Gev Higgs in SUSY 
• In SUSY m_h is a calculated quantity. 

• 1-loop corr: positive, up to ~45 GeV  

 
 

 

• 2-loop corr: negative, ~3 GeV 
 two most complete calculations differ by a 2-5 GeV 

 (DR-bar (Slavich,…) used in SoftSusy, Spheno, 

 Suspect, and on-shell (Hollik,…) in FeynHiggs 
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Figure 1.4: The lighter MSSM Higgs boson mass as a function of X t in the DR scheme for

tanβ = 10 and MS = MA = 1 TeV with mt = 178 GeV. The full and dashed lines correspond,

respectively, to the two–loop and one–loop corrected masses as calculated with the program

SuSpect , while the dotted line corresponds to the two–loop Mh value obtained in the Feynman

diagrammatic approach with FeynHi ggs; from Ref. [121].

for tanβ = 2, 20 and MS = 1 TeV; the on–shell scheme has been adopted. While the one–

loop contribut ions increase M h by approximately 30 to 50 GeV depending on the mixing

in the stop sector, the inclusion of the QCD and leading logarithmic top Yukawa coupling

correct ions decrease the correct ion by ∼ 10–15 GeV. The full O(α2
t ) contribut ions increase

again the correct ion by a few GeV [in the DR scheme, the two loop correct ions are much

smaller; see Fig. 1.4 for instance]. The impact of the addit ional correct ions due to the

bot tom–quark Yukawa coupling at both the one–loop and two-loop levels, where in the

lat ter case only the O(αsαb) are included, is displayed in Fig. 1.6 for a large values of the

mixing parameter X b = Ab − µ tanβ ≈ − µ tanβ. For the chosen values, tanβ = 45 and

µ = − 1 TeV, they induce an addit ional negat ive shift of a few GeV. Smaller shifts can

also be generated by the O(αtαb) and O(α2
b) contribut ions which are not displayed. The

correct ions due to the τ–Yukawa coupling, which complete the set of correct ions due to

st rong interact ions and third generat ion Yukawa couplings, are negligibly small.

In Fig. 1.6, the impact of the radiat ive correct ions is also shown for the heavier CP–even

Higgs mass. For small M A values, MA
<∼ 100–140 GeV, the trend is very similar to what has

been discussed for the h boson. However for large M A values, when the decoupling limit is

reached, all the correct ions become very small and H and A stay almost degenerate in mass

even after including radiat ive correct ions. This is also the case of the lighter Higgs boson

for small MA values, in this case the roles of the H and h bosons are interchanged.

51

Djouadi, arXiv:hep-ph/0503173 

Substantial theory error! 

Two ways to obtain m_h~126 GeV: 
1. increase M_SUSY -> heavy superparners! 
or 
2.  take large |X_t|~|A_t|-> stop_1 at ~1TeV 

Applies to SUSY 
generally, not just 
constrained models. 

http://arxiv.org/abs/hep-ph/0503173
http://arxiv.org/abs/hep-ph/0503173
http://arxiv.org/abs/hep-ph/0503173


~126 GeV Higgs in the CMSSM 

• Include only m_h~126 GeV  

 and lower limits from direct  

 SUSY searches 
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~126 GeV Higgs mass implies multi-TeV SUSY 
masses 

NO tension with LHC direct lower limits 



~126 GeV Higgs in the CMSSM 

Include only m_h~126 GeV  

and lower limits from direct  

SUSY searches 
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~126 GeV Higgs mass implies multi-TeV SUSY 
masses 



SUSY - most important constraints:  
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 Dark matter density 

 Higgs mass 

 B_s -> mu mu 

Direct search limits 
 
 
 

 
Positive measurement, inconsistent with SM 

Lower limit… 

 Other flavor (b to s gamma, etc) 
 

 EW observables (M_W,…) 
  
 (g-2)_muon 
 

   CMS:  mh ~ 125.8 GeV (in ZZ);  mh = 124.9. GeV (in γγ)

          ATLAS:   mh = 124.3 GeV (in ZZ);  mh = 126.8 GeV (in γγ)      

In the γγ channel       

Observation with a significance > 5 σ 

γ γ

“The” Standard Model Scalar Boson, or not ....

2012-2013: an amazing time for HEP: 

In the ZZ channel

µ= 0.91+ 0.3
− 0.24 CMSµ= 1.7+ 0.5

− 0.4 ATLAS

In the WW channel (mh ~ 125 GeV)

µ= 1.65± 0.24+ 0.25
− 0.18 ATLAS

µ= 1.5± 0.6 ATLAS µ= 0.76± 0.21 CMS

µ≈ 1.6± 0.4 CMS(July 4th)

Thursday, March 7, 2013

LHCb (Nov 2012) 



Dark matter density 

• Unified SUSY: neutralino relic density is typically 1-2 orders of magnitude 
too large 

 

• Remaining mechanisms of reducing it to correct range: 

 

 

 

 

neutralino-stau coannhilation 

pseudoscalar Higgs A resonance 

focus point/hyperbolic branch region 

(~1 TeV higgsino LSP at larger MSUSY) 

Plus (very rare) LSP-stop coannihilation 
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CMSSM: these are the only DM-favored regions 

Scan with all other relevant  
constraints imposed 



 Light Higgs in the CMSSM 
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Likelihood  function 

~126 GeV Higgs at/near lowest chi2  (S.C./AF) and at X_SUSY>> 1TeV 

…with all relevant constraints imposed 



Higgs vs stop mass 
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Best fit to ~126 GeV Higgs  
-> M_SUSY~ or >> 1 TeV 

Dark matter relic density: selects some regions  

Stop_1 mass at  
or above 1 TeV 
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Can mulit-TeV ranges of parameters  
be experimentally tested? 



LHC? 
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…not guaranteed 

LHC reach: 
Gluino: ~2.7 GeV  
Squarks: ~3 TeV 



CMSSM and 1-tonne DM detectors 
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1-tonne DM detectors to cover most of CMSSM predictions 

…over ALL multi-TeV ranges of mass parameters 

Generic prediction of multi-TeV SUSY: 
~1TeV LSP (higgsino) 

LUX (2014) to improve sensitivity by ~1 decade 

(Except for some cases at mu<0) 



LHC: Impact on DM Searches 
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Before LHC 

LHC (1/fb) 

XENON(2011) limit not applied 

• extended ranges of SUSY parameters 
• no other SUSY regions exist 

After LHC Run I 



SUSY - most important constraints:  
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 Dark matter density 

 Higgs mass 

 B_s -> mu mu 

Direct search limits 
 
 
 

 
Positive measurement, inconsistent with SM 

Lower limit… 

 Other flavor (b to s gamma, etc) 
 

 EW observables (M_W,…) 
  
 (g-2)_muon 
 

   CMS:  mh ~ 125.8 GeV (in ZZ);  mh = 124.9. GeV (in γγ)

          ATLAS:   mh = 124.3 GeV (in ZZ);  mh = 126.8 GeV (in γγ)      

In the γγ channel       

Observation with a significance > 5 σ 

γ γ

“The” Standard Model Scalar Boson, or not ....

2012-2013: an amazing time for HEP: 

In the ZZ channel

µ= 0.91+ 0.3
− 0.24 CMSµ= 1.7+ 0.5

− 0.4 ATLAS

In the WW channel (mh ~ 125 GeV)

µ= 1.65± 0.24+ 0.25
− 0.18 ATLAS

µ= 1.5± 0.6 ATLAS µ= 0.76± 0.21 CMS

µ≈ 1.6± 0.4 CMS(July 4th)

Thursday, March 7, 2013

LHCb (Nov 2012) 



BR(Bs->mu mu) 
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2012/11/13 M. Palutan, Bsmumu at LHCb

Standard Model  prediction
FCNC process  !  very small branching fraction: 

5

Buras et al., arXiv:1208.0934

De Bruyn et al., PRL 109, 041801 (2012)

uses LHCb-CONF-2012-002

To compare with experiment need a time integrated branching fraction,   taking 

into account the finite width of the B0
s system:

The authors used fBs = (227±8) MeV,  averaging from recent lattice inputs

Na et al., arXiv:1202.4914

Mc Neile et al., PRD 85 (2012) 031503

Bazavov et al., arXiv:1112.3051
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M. Palutan (LHCb),  
13 Nov 2012 

2012/11/13 M. Palutan, Bsmumu at LHCb

Status of B0
s! μ+μ!  search

3

JHEP 1204 (2012) 033

PRL 108(2012) 231801

PLB 713 (2012) 387           

LHC combination (June 2012): B(B0
s! μ+μ! )<4.2" 10-9 at 95% CL

LHCb-CONF-2012-017

CMS-PAS-BPH-12-009 

ATLAS-CONF-2012-061

LHCb and CMS getting 

very close to get 

sensitivity for observing a 

SM rate...

March 2012

2012/11/13 M. Palutan, Bsmumu at LHCb

]
-9

) [10-m +m ! s
0
BB(

2 4 6 8

s
C

L

0

0.2

0.4

0.6

0.8

1

LHCb

B0
s! μ+μ!  : sensitivity

36

bkg only p-value:  5.3x10-4    

                      (3.5 σ excess)

observed

expected

bkg

expected

bkg+SM

double-sided limit: 

7 TeV (1 fb-1)+ 8 TeV (1.1 fb-1)

1.1"  10! 9  < B(B0
s→ μ+μ-) < 6.4" 10! 9 at 95% CL

where the lower and upper limits are evaluated at CLs+b = 0.975 and  CLs+b = 0.025, respectively

2012/11/13 M. Palutan, Bsmumu at LHCb
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bkg only p-value:  5.3x10-4    

                      (3.5 σ excess)

observed

expected

bkg

expected

bkg+SM

double-sided limit: 

7 TeV (1 fb-1)+ 8 TeV (1.1 fb-1)

1.1"  10! 9  < B(B0
s→ μ+μ-) < 6.4" 10! 9 at 95% CL

where the lower and upper limits are evaluated at CLs+b = 0.975 and  CLs+b = 0.025, respectively
Note this gives weaker upper bound than 
before. 

We approximate the signal  
with a Gaussian Note the Gaussian Like allows 

larger BR than 4.2 bound before. 

Mh ~ 125 GeV and flavor in the MSSM
           Bounds from Bs ! µ+µ-

Red solid line: Bs #  mu+mu- with low energy SUSY breaking effects

 Red dashed (dotted) line has high energy MFV with running of all (1st-,2nd vs 3rd gen.) parameters

 

Altmannshofer, MC, Shah,Yu ’12

Positive values of At  and µ less constraining for sizeable mA and large tan beta

!  

32

!  

tan²

Loop-induced 

A/H mediated 

FCNC’s

intimately connected 

to the structure of the

squark mass matrices

13

FIG. 6. Constraints in themQ3 –µ planefrom theBs →µ+ µ− decay, with fixed M3 = 3M2 = 6M1 = 1.5 TeV, MA = 800 GeV
and tanβ = 45. The solid bounded regions correspond to a degenerate squark spectrum. The dashed and dotted bounded

regionscorrespond to choosing thefirst two squark generations50%heavier than the third generation squark masses, with an
alignment of ζ = 1 and ζ = 0.5, respectively. The gray horizontal band corresponds to the constraint from direct searches of

charginosat LEP. Thevertical dotted linesshow contours of constant At such that Mh = 125 GeV. In thegray regions in the
lower left corners, the lightest Higgsmass isalwaysbelow Mh < 125 GeV, taking into account a 3 GeV theory uncertainty.

half of the squark mass splitting induces flavor viola-
tion in the down-sector. For negative At , the obtained
boundsshowastrongdependenceon thevalueof ζ. The
BR(Bs → µ+µ− ) bounds in Fig. 6 clearly display the
non-decoupling behavior mentioned above. Due to this
non-decoupling, the BR(Bs → µ+µ− ) results can con-
strain SUSY parameter spacein regionsthat arebeyond
thecurrent and expected futurereach of direct searches.

A crucial element of our analysisistheviability of the
cancellationof theSUSY contribution totheBs →µ+µ−

branching ratio. Thiscancellation isdriven by thepres-
enceof FC in (45), which isschematically given in (23)
and its various contributions are detailed in (21), (25)
and (26). First, in the following discussion, we neglect
the wino contribution given by (26), which is generally
smaller than thegluino contribution. This isdueto the
smallness of M2 and α in (26) compared to M3 and αs

in (25) (of course, our numerical analysisalwaysincludes
the wino contribution). Since each SUSY contribution
is proportional to µ, we see that switching the sign of
µ changes the relative sign between the SUSY and SM
amplitudes. Furthermore, by switching the sign of At ,
between the left and right panels of Fig. (6), wechange
therelativesign between thegluinocontribution and the
Higgsino contribution. Thus, for a particular choice of
sign(At ) and sign(µ), we can exploit a cancellation be-
tween thegluinovs. Higgsinoloop, diminishingthemag-
nitudeof theSUSY contribution, and a second cancella-
tion between theoverall SUSY contribution and theSM
amplitude. In particular, even if the magnitude of the

SUSY contribution is by itself larger than the SM con-
tribution, wecan exercisethesecond cancellation where
theSUSY amplitudeovershoots theSM one.

Thesecancellationsareclearly in effect in theleft and
right panels of Fig. 6. We first focus on the regions
bounded by solid lines, which correspond to degenerate
squark masses. Thisimpliesthat theSUSY contribution

dominantly arises from H̃
b in (21). In theupper half of

theleft panel correspondingtopositiveAt andpositiveµ,
theSUSY contribution cancelswith theSM contribution
andalwaysleadstoaBR(Bs →µ+µ− ) belowthecurrent
bound. In the lower half of the left panel, with positive
At and negativeµ, the Higgsino contribution adds con-
structively with the SM contribution, leading to signifi-
cant constraints. In theupper half of theright panel, the
Higgsino contribution also adds constructively with the
SM, leading again to a bound. This bound is less strin-
gent compared to the positive At and negative µ case,
because for positiveµ, the b and 0 terms in (45) lead
to a suppression of theSUSY amplitude. Finally, in the
lower half of theright panel, with negativeAt and nega-
tiveµ, theHiggsino contribution interferesdestructively
with the SM. The constraint is non-vanishing, however,
because for negative µ, the tanβ resummation factors,
given in (45), enhancetheSUSY amplitudesuch that it
can bemorethan twiceas largeas theSM amplitude.

When we include squark splitting, we further
strengthen the SUSY contribution for positive At , be-
cause the gluino and Higgsino contributions add con-
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LHCb result agrees with 
SM value => limits on 
SUSY 

SM value 
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Introduction Magnetic penguins Scalar penguins Z penguins Constraints on NP from B decays

David Straub (JGU Mainz) 11
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mu>0 

today 

projected 
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Ways to rule out the CMSSM: 
• No DM signal in 1-tonne 

detectors 
• DM signal at ~500 to 750 

GeV 

mu>0 

NUHM, CNMSSM: similar ranges of sigma_p 
but DM-favored regions overlap   



• Even the simplest unified SUSY model (CMSSM) is 
consistent with all data (Higgs mass, DM relic 
density, direct limits, flavor-violating processes, …) 

 

• M_SUSY >~ (or even >>) 1 TeV favored by ~126 GeV 
Higgs 

• In less unified models somewhat lower SUSY 
masses are allowed (but not by much)  

L. Roszkowski, 22/3/2013 44 

…except for very fine tuned corners 

…except for g-2, R(gamma gamma) 



~126 GeV Higgs in general MSSM 

• More free parameters, more freedom 

L. Roszkowski, 22/3/2013 45 

BayesFITS (in prep) 

~126 GeV Higgs still implies 
heavy superpartners 
 

…here 9 parameters 

…except for very fine tuned corners 
which allow much lighter staus, stops, 
charginos 



SUSY - most important constraints:  
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 Dark matter density 

 Higgs mass 

 B_s -> mu mu 

Direct search limits 
 
 
 

 
Positive measurement, inconsistent with SM 

Lower limit… 

 Other flavor (b to s gamma, etc) 
 

 EW observables (M_W,…) 
  
 (g-2)_muon 
 

   CMS:  mh ~ 125.8 GeV (in ZZ);  mh = 124.9. GeV (in γγ)

          ATLAS:   mh = 124.3 GeV (in ZZ);  mh = 126.8 GeV (in γγ)      

In the γγ channel       

Observation with a significance > 5 σ 

γ γ

“The” Standard Model Scalar Boson, or not ....

2012-2013: an amazing time for HEP: 

In the ZZ channel

µ= 0.91+ 0.3
− 0.24 CMSµ= 1.7+ 0.5

− 0.4 ATLAS

In the WW channel (mh ~ 125 GeV)

µ= 1.65± 0.24+ 0.25
− 0.18 ATLAS

µ= 1.5± 0.6 ATLAS µ= 0.76± 0.21 CMS

µ≈ 1.6± 0.4 CMS(July 4th)

Thursday, March 7, 2013

LHCb (Nov 2012) 



(g-2)_muon 
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The Muon Magnetic Moment and Supersymmetry 14

µ µν̃µ

χ+
k

µ µµ̃m

χ0
i

Figur e 3. The two SUSY one-loop diagrams, writ ten in terms of mass eigenstates.

The external photon line has to be at tached to the charged internal lines.

unconstrained MSSM [44] (see also [45,46] for related results on weak dipole moments

in the MSSM). We present the general result in the form given in [47]:

aSUSY ,1L
µ = aχ

0

µ + aχ
±

µ , (45)

with

aχ
0

µ =
mµ

16π2
i ,m

−
mµ

12m2
µ̃m

(|nL
im |2 + |nR

im |2)F N
1 (x im ) +

mχ 0
i

3m2
µ̃m

Re[nL
im nR

im ]F N
2 (x im ) , (46)

aχ
±

µ =
mµ

16π2
k

mµ

12m2
ν̃µ

(|cL
k |2 + |cR

k |2)F C
1 (xk) +

2mχ ±
k

3m2
ν̃µ

Re[cL
k cR

k ]F C
2 (xk) , (47)

where i = 1. . . 4 and k = 1, 2 denote the neutralino and chargino indices, m = 1, 2

denotes the smuon index, and the couplings are given by

nL
im =

1
√

2
(g1N i 1 + g2N i 2)U

µ̃
m1

∗ − yµN i 3U
µ̃
m2

∗, (48)

nR
im =

√
2g1N i 1U

µ̃
m2 + yµN i 3U

µ̃
m1, (49)

cL
k = − g2Vk1, (50)

cR
k = yµUk2. (51)

The kinemat ic variables are defined as the mass rat ios x im = m2
χ 0

i
/ m2

µ̃m
, xk = m2

χ ±
k

/ m2
ν̃µ

,

and the loop funct ions are given by

F N
1 (x) =

2

(1 − x)4
[1 − 6x + 3x2 + 2x3 − 6x2 logx], (52)

F N
2 (x) =

3

(1 − x)3
[1 − x2 + 2x logx], (53)

F C
1 (x) =

2

(1 − x)4
[2 + 3x − 6x2 + x3 + 6x logx], (54)

F C
2 (x) =

3

(1 − x)3
[ − 3 + 4x − x2 − 2logx], (55)

normalized such that F
j
i (1) = 1. The U(1) and SU(2) gauge couplings are given by

g1,2 = e/ { cW , sW } , such that the one-loop contribut ions are of the order α = e2/ (4π).

A class of large two-loop logarithms can be taken into account by the replacement

α → α(MSUSY ) (see later for more details).

For discussing theone-loop contribut ionsaχ
0,±

µ it isnoteworthy that theterms linear

in mχ 0,± are not enhanced by a factor mχ 0,± / mµ compared to the other terms. Rather,

The anomalous magnetic moment of the muon 

>3 sigma deviation 

New physics? 

Now more believable with recent results on 
hadr. contribution from Kloe and Kloe-2 

SUSY: 

Need sneutrino/chargino and/or 
smuon/neutralino in ~ few hundred GeV range 

This is the only result pointing 
towards low superparner masses!  

Unified SUSY: sleptons are unified with squarks and are too heavy  

General MSSM: if (g-2)_muon anomaly is true: expect light sleptons/chargino/neutralino 
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… a question on many people’s mind… 

But what about fine-tuning/naturalness?! 

• I prefer to follow what the data implies, rather than theoretical prejudice 
 

• Naturalness: fundamental Higgs -> SUSY 
• 126 GeV -> M_SUSY ~1TeV or >> 1TeV 

 
• Fine-tuning is needed at any scale above the EW scale! 

 
 

• If SUSY is discovered, the FT issue will have to be understood 
• If SUSY is not discovered, the issue will become irrelevant 

 
• There are ideas around of how to live comfortably with high fine-tuning 

1 TeV is not a magic number 



To take home: 
•  CMSSM: consistent with all experimental constraints. 
       except (g-2)_muon, R(gamma gamma)  

 

 

•  Higgs of 126 GeV --> typically M_SUSY at multi-TeV scale. 

 

 

•  1-tonne DM detectors to probe most CMSSM parameters. 

 

 

 

• 1TeV (higgsino) LSP DM – generic prediction of constrained 

SUSY models (and also MSSM) – look for it! 

 
•  precise determination of BR(B_s to mu mu) can be very 

helpful in CMSSM (but not beyond) 

 

• Lighter superpartners allowed in general MSSM 
49 L. Roszkowski, 22/3/2013 

Plus a window of light stop_1 (~1TeV) – best fit region (stau coann.) 

(Other simple constrained SUSY models: similar story.) 

Far beyond direct LHC reach. 

Other simple constrained SUSY models: similar story. 


