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We live in a world where only 4% of the matter is known 
This tiny fraction of matter is  well described by  
the “Stardard Model” of particle physics…. 
..which nevertheless is not able to explain: 
        why 3 generations of quarks and leptons? 
         why so different masses ( m (e) ~0.5 eV   m(top) ~176 GeV )   
        why 4 fundamental interactions and why so different scales? 

….. And this is BIG PROBLEM! 
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Standard  model of particle physics 
(what we know today) 

The Standard Model cannot be the ultimate theory 
as it is incomplete and contains too many free  parameters 
like the fermion masses and couplings 
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Standard  model of particle physics 
(what we know today) 

What is hidden below? 
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Standard  model of particle physics 
(what we know today) 

The Standard Model is most likely only a partial view   
(= low-energy effective theory for experts) 
of a more fundamental theory with particles expected at the TeV scale 
and (in principle) accessible at the LHC 

What is hidden below? 
Super simmetry? Extra dimensions? 

Warped theories? 2 



The LHC was built to answer these questions…..	
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….with two giant (and beautiful) “general purpose” 
detectors: ATLAS….	
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….with two giant (and beautiful) “general purpose” 
detectors: …and CMS	
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….and a (small) detector, LHCb, mostly dedicated to	
  

 the study of  CP violation and rare decays in the b-system: 
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ATLAS and CMS mostly  (but not only) search for  
direct production of new particles 

Higgs observation , presented at CERN 
on July 4th, has been  one  of the most 
important discovery in the last decades 
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New physics footprints 

LHCb mostly (but not only) searches for quantum corrections  
in the decays of known particles and look for deviations  
from the SM predictions  (“indirect search”)….. 

..in particular in the branching fraction of the decay of the Bs 
meson into a muon pair (the topic of this talk)  
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These modes are a unique source of information about flavor physics 
 beyond the SM: 
        -  theoretically very clean (virtually no long-distance contributions) 
       -  particularly sensitive to FCNC scalar currents and FCNC Z-penguins 

Why the decays Bs→µµ  and B0→µµ are important ? 

Leading SM  
diagrams 

possible  non SM 
contributions 
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These decays are very rare : 
Theorists have calculated that, in the Standard Model, the  Bs→µµ decay 
should occur about 3 times in every billion total decays of the Bs meson and 
the B0→µµ , about 1 time every 10 billions: 

BR(Bs→µµ ) (t=0) = (3.54±0.30)  ×  10-9 

BR(B0→µµ ) (t=0) = (1.07±0.10)  ×  10-10 

Buras et al,  
arXiv:1208.0934 

De Bruyn et al., 

 PRL 109, 041801 (2012)

uses LHCb-CONF-2012-002




Standard Model predictions  (for experts) 

Latest  SM predictions : 

    BR(Bs→µµ ) (t=0) = (3.23±0.27)  ×  10-9 

    BR(B0→µµ ) (t=0) = (1.07±0.10)  ×  10-10 

where  f(Bs) = 227± 8 MeV has been used, averaging  
from recent lattice inputs: 

To compare with experiment we need a time integrated branching  
fraction, taking into account the finite width of the Bs system: 

Buras et al,  
arXiv:1208.0934 

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

uses LHCb-CONF-2012-002


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

Na et al., arXiv:1202.4919, Bazavov et al. arXiv 1112.3051




These modes are a unique source of information about flavor physics 
 beyond the SM: 
       -  theoretically very clean (virtually no long-distance contributions) 
       -  particularly sensitive to FCNC scalar currents and FCNC Z-penguins 

Why the decays Bs→µµ  and B0→µµ are important ? 

.. But new virtual particles present in the loops 
could enhance (or suppress) these branching fractions with 
respect to the SM predictions 

Leading SM  
diagrams 

possible  non SM 
contributions 

Non-SM  Higgs 
particles contribution 
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That is why the search for Bs→µµ  decay 
started more than 28 years ago…. 

Et	
  al..	
   Cleo experiment, PRL, 1984
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Bs→µµ : 1998-2010 – the Tevatron era 

CDF,	
  3.7	
  1-­‐1,	
  	
  
25	
  years	
  old	
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  2010: limits from Tevatron at 90% CL: 
◦  CDF (~3.7 fb-1) BR(Bs→µµ ) < 36×10-9 (@90% CL)  ~ 11 times SM 
◦  D0   (~6.1 fb-1)  BR(Bs→µµ ) < 42×10-9 (@90% CL 



winter conferences 2011:  
the new born LHCb enters in the game 

CDF,	
  3.7	
  1-­‐1,	
  	
  
25	
  years	
  old	
  

  2010: limits from Tevatron at 90% CL: 
◦  CDF (~3.7 fb-1) BR(Bs→µµ ) < 36×10-9 (@90% CL)  ~ 11 times SM 
◦  D0   (~6.1 fb-1)  BR (Bs→µµ ) < 42×10-9 (@90% CL) 
◦    LHCb (0.036 fb-1)   BR(Bs→µµ )< 40 x 10-9  @ 90%CL   

LHCb, 0.036 fb-1 

10 months old 
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winter conferences 2011:  
the new born LHCb enters in the game 

CDF,	
  3.7	
  1-­‐1,	
  	
  
25	
  years	
  old	
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From	
  Tevatron…..	
  

…..to	
  LHC!	
  



Bs→µ+µ-: 2011- june 2012 
experimental results from the LHC and Tevatron 

JHEP 1204, 033 (2012). 

Phys.Lett. B713 (2012) 387 

Phys. Rev. Lett. 108, 231801 (2012) 

Nice race all around the world to push down the limit: 
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LHCb and CMS very close to  
Have a  sensitivity to observe 
Bs→µ+µ- events with SM rates 

No big enhancements 
were allowed any longer 

LHC combination (June 2012): BR(Bs→µ+µ-)<4.2 x 10-9 @ 95% CL 

LHCb-CONF-2012-017

CMS-PAS-BPH-12-009

ATLAS-CONF-2012-061




20 March 2012:   
The Bs→µ+µ- result with 1fb-1 of 2011 data was just sent to PRL! 

BR(Bs→µ+µ-)< 4.5 x10-9 @ 95% CL Phys. Rev. Lett. 108, 231801 (2012) 



November 12th, HCP conference (Kyoto, Japan)  
November 13th , CERN seminar 
LHCb presents the new result…. 

arXiv: 1211.2674 
Submitted to Phys. Rev. Lett. 

Last week ….. 
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LHCb detector 
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The data sample 

1.0 fb-1 at 7 TeV  + 1.1 fb-1 at 8 TeV 
(the results based on 2011 dataset  already published have been re-evaluated  

and combined with those obtained with the 2012 dataset: 
 the result supersede the previous publication) 

2011 
2012 
(data collected 
until mid August) 
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      1) Constant luminosity: 4 x 1032 cm-2 s-1, 1262 colliding bunches,  
      number of pp interactions per crossing (8 TeV) ~ 1.8   

Bs,d →µµ @ LHCb: the four strong points 

Atlas	
  &	
  CMS	
  

LHCb 
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      1) Constant luminosity: 4 x 1032 cm-2 s-1, 1262 colliding bunches,  
      number of pp interactions per crossing (8 TeV) ~ 1.8   

       2)  Huge cross section:  
         σ(ppbbX) @ 7 TeV ~ 300 µb 
      at L = 4 x1032 cm-2 s-1 

        120,000 bb produced every second! 

       3) Large acceptance  
       ( bb are produced forward/backward): 
           LHCb acceptance  1.9<η<4.9  
         and very low trigger thresholds: 
          ε(acceptance x trigger) for Bsdµµ~ 10%  

      4) Large boost:     
      average flight distance of B mesons ~ 1 cm 

Bs,d →µµ @ LHCb: the four strong points 

Atlas	
  &	
  CMS	
  

LHCb 
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…. But in a harsh environment! 
- σ(pp, inelastic ) @ √s=7 TeV ~ 80 mb 
    - ~100 tracks per event  in LHCb pileup conditions 
    - only 1/300 event contains a b quark , and we are looking for  BR~3 10-9 

We expect 14 + 11  BS→µµ events triggered, reconstructed and  
selected in 1.1 (8 TeV) + 1.0 (7 TeV) fb-1 if BR = BR(SM):   
                Our problem is clearly the background…. 15 



1) Highly selective trigger 

2) Very good momentum resolution: 
→To have a narrow region where to look for the signal 
→ δp/p ~ 0.4% --0.6% for p = (5 -100) GeV/c 

3)  Good muon identification:  
→ To reduce the amount of hadrons misidentified as muons 
→ for this analysis: ε(µ→µ)~ 98%, επ→µ ~ 0.6%, ε(K→µ)~0.3%, ε(p→µ)~0.3% 

4) excellent vertex and IP resolution: 
→ To separate a displaced secondary vertex from the tracks coming from the  
Proton-proton interaction vertex 
→  σ(IP) ~ 25 µm @ pT = 2 GeV/c 

Bs,d→ µµ @ LHCb:  
how to reduce the background 

16 



LHCb trigger for Bs,d→ µµ   

17 

max	
  

max	
  

~4.5 kHz on tape 

L0 

HLT1 

HLT2 

10 millions of events/sec 

Single- µ:   pT> 1.76 GeV/c 
µµ: sqrt(pT1 x pT2)> 1.6 GeV/c 

1 million of events/sec 

4500 events/sec 

.. and we are looking for 
 ~14 Bs,→ µµ events !  

	
  add	
  impact	
  parameter	
  cuts	
  
add	
  invariant	
  mass	
  Mμμ	
  cuts	
  and/or	
  	
  
displaced	
  vertex	
  

~	
  1	
  kHz	
  to	
  muon	
  lines	
  

In 2012 (until mid of August) we collected   
about 2 billions of events ….. 

17 
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•  Soft selection:    
pairs of opposite charge muons making a vertex displaced with respect to the primary vertex &  
M(µµ) in the range [4900-6000] MeV/c2. The signal regions, defined by a window of  
± 60 MeV around the Bd and Bs mass peaks, have been blinded until the analysis was finalized 

After the selection still a lot of 
background fully dominated by random  
combination of real muons from  
semi-leptonic decays of two different b’s 

LHCb analysis strategy: selection 

Blind region 



LHCb analysis strategy: BDT 
•  Discrimination between S and B  via Multivariate Discriminant BDT 
      (Boosted Decision Tree ) with 9 input variables: 
     → B candidate: proper time, impact parameter, transverse momentum, B isolation 
     → muons: min pT, min IP significance, distance of closest approach, muon 

isolation, cosP 	
  

B

µ+

µ-
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Cook all together….. 19 



LHCb analysis strategy: BDT 
•  Discrimination between S and B  via Multivariate Discriminant BDT 
      (Boosted Decision Tree ) with 9 input variables: 
     → B candidate: proper time, impact parameter, transverse momentum, B isolation 
     → muons: min pT, min IP significance, distance of closest approach, muon 

isolation, cosP 	
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20 Crucial ingredient here are the IP and vertices resolutions 



Dimuon mass versus BDT 

The BDT is binned in 8 bins (for 2011 data) and 7 bins (for the 2012 data) 
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Blinded region 
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Dimuon invariant mass distributions in BDT bins 

•  Dimuon invariant mass distributions in BDT bins for the data 
sample collected at 7 TeV:  

The combinatorial background in the signal regions is interpolated from mass sidebands 
assuming an exponential shape  
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LHCb analysis strategy: exclusive background 

Several exclusive backgrounds pollute the low mass sidebands and have to be taken into 
account in order to not bias the evaluation of the combinatorial background in the signal 
regions. The B hh’ (h=π,K misidentified as µ) is the only background that pollutes 
the signal regions, namely the B0 one.	
  

Yields for Mµµ=[4900,6000] MeV/c2 

and BDT>0.8: 

Evaluated with high stat MC samples  
weighted by misID probability measured  
in data and normalized with B+→J/ψK+ 

23 



exclusive background: B→hh’ with double misID 

The B→ hh’ (h=π,K misidentified as muons) is the only background that pollutes 
the signal regions, mostly the B0 one. 

Tracking system 

Muon	
  system	
  

B→K π 

µ	
  	
  

µ	
  	
  

Calorimeters	
  

B→hh → µµ : 0.94 x 10-4 after muon chamber matching 
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exclusive background: B→hh’ with double misID 

The B→ hh’ (h=π,K misidentified as muons) is the only background that pollutes 
the signal regions, mostly the B0 one. 

Tracking system 

Muon	
  system	
  

B→K π 

µ	
  	
  

µ	
  	
  

Calorimeters	
  

RICH1	
  
RICH2	
  

B→hh → µµ : 0.94 x 10-4 after muon chamber matching 
                        0.18x10-4 after global likelihood cut 
 → 0.76+0.26

-0.18 in Bs  and 4.1 1.7
-0.8 in the B0 mass regions  8 TeV 24 
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 B→hh’ as calibration channel: mass peaks 

We use B→ππ, B→K π and Bs→KK decays to determine the position of  
the mass peaks and the mass resolution 

Peak positions at 7 TeV and 8 TeV agree better than 5x10-4 

8 TeV data 

B0→ππ	
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  K	
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  K	
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Compare with the resolution obtained from the  
B→hh’ sample. 26 
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The results of the two methods are in agreement:	
  

1% difference observed between 7 TeV and 8 TeV data 
The B(s) →µµ mass lineshape is parametrized as a Crystal Ball function with 
a transition point of the radiative tail determined from simulated events smeared 

to reproduce the measured resolution 
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Tired?  
We are almost there… 



Normalization strategy 
(or how to convert a number of events into a BR) 
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Normalization strategy 
(or how to convert a number of events into a BR) 

We use two normalization channels: B+→J/ψ K+ and Bd→ K π 
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Normalization strategy 
(or how to convert a number of events into a BR) 

Results for 8 TeV data (equivalent table for 7 TeV data) 

The two channels give consistent results hence we take the average (8 TeV data) 

In	
  ±60	
  MeV	
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Normalization strategy 
(or how to convert a number of events into a BR) 

In practice, if you divide the BR by alpha you will get 
the number of  events we expect in the dataset at 8 TeV… 
If BR(SM) = 3.5x10-10, which is the number? 

Results for 8 TeV data (equivalent table for 7 TeV data) 

In	
  ±60	
  MeV	
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Results 



 mass versus BDT 
2012 blinded data 
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The Bs,d→ µµ  group in the morning of October 25th…. 
32 
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Combined dataset: BDT>0.5 
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Combined dataset: BDT>0.7 
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Combined dataset: BDT>0.8 
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 Bs,d→ µµ  candidate 
LHCb event display 

	
  μ+	
  

	
  μ-­‐	
  

M(µµ) = 5353.4 MeV/c2, BDT = 0.826, τ=2.84 ps 
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  τ	
  =	
  2.84	
  ps	
  

pT(B)	
  =	
  4.1	
  GeV/c	
  

pT(μ-­‐)	
  =	
  4.2	
  GeV/c	
  

pT(μ-­‐)	
  =	
  2.3	
  GeV/c	
  

0.2	
  mm	
  

2	
  mm	
  

Bs,d→ µµ  candidate: zoom 
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Bs→ µµ: sensitivity	
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(8TeV)1!(7TeV) +1.1 fb1!1.0 fb

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

	
  	
  bkg-only p-value: 5.3 x 10-4 

 (3.5 σ signal significance) 

Double sided limit: 
1.1 x 10-9 < BR(Bs→ µµ)<6.4 10-9 @ 95% CL 

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

Expected limit 
in the background  

hypothesis 

Expected limit 
in the background  

hypothesis 

Observed limit 
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Bs→ µµ	
  branching fraction	
  
•  Unbinned maximum likelihood fit to the mass spectra: 
       - 8 BDT bins of 7 TeV and 7 BDT bins at 8 TeV are treated simultaneously 
           - fit mass range [4900-6000] MeV/c 

•  Free parameters: BR(Bs→ µµ), BR(Bs→ µµ) and combinatorial background 

•  The signal yield in each BDT bin is constrained to the expectation from  
       B→ hh’  calibration 

•  The yields and BDT and mass shapes for all the relevant exclusive 
background   are  constrained to their expectations obtained with simulated events 

      reweighted for the misidentification probability obtained with data 

•  Additional systematic studies on background composition/
parameterization: 

  -  Add the Bs→K µ ν component to the exclusive background 
  -  Change the combinatorial pdf from single to double exponential, to account for 
  -  Possible residual contributions from Λb and Bc decays 
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Combined dataset: BR(Bs→ µµ) 
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LHCb

(8TeV)1!(7TeV) +1.1 fb1!1.0 fb

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

                    BR(Bs→ µµ) = (3.2 +1.5
-1.2) × 10-9 

SM expectation: (3.54±0.30) x 10-9 

Systematics from nuisance parameters 
and background modes: 

BR(Bs→ µµ) = 3.2 +1.4 
-1.2 (stat) +0.5 

-0.2 (syst) × 10-9 

Fully dominated by statistical error 

Profile likelihood with nuisance  
parameters floated within their errors 

41 



BR(Bs→ µµ): 7 TeV vs 8 TeV results 

•  7 TeV (1.0 fb-1): 
          BR(Bs→ µµ) =  (1.4 +1.7

-1.3) x 10-9 

           p-value: 0.11 

•  8 TeV (1.1 fb-1): 
         BR(Bs→ µµ) = (5.1+2.4

-1.9)  x 10-9 

•  Results from 7 TeV and 8 TeV are compatible 
within 1.5 σ    
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B0→ µµ:	
  upper limit 
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Use CLs method to evaluate the compatibility with background-only (CLb) and 
Signal+background hypothesis (CLs+b): the 95% CL upper limit is defined at 
CLs = CLs+b/CLb = 0.05 

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

observed upper limit: 
BR(Bd→ µµ)< 9.4 x 10-10 at 95%CL 

Expected limit: 
BR(Bd→ µµ)<7.1x10-10 at 95% CL 

Compatibility with the background 
hypothesis:   p-value = 1-CLb = 11%  

Expected  
bkg+SM 

observed 
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Standard  model of particle physics 
(what we know today) 

What is hidden below? 
Super simmetry? Extra dimensions? 

Warped theories? 

How  this result can help in understanding New Physics? 



Standard  model of particle physics 
(what we know today) 

What is hidden below? 
Super simmetry? Extra dimensions? 

Warped theories? 

How  this result can help in understanding New Physics? 
                                  … let’s compute a χ2  !!! 



An example: MasterCode (J. Ellis et al.) (http://www.cern.ch//mastercode) 
Goal: perform global fits to measured quantities (including direct searches ) and 
build a χ2. compare with prediction from a given model (CMSSM, NUMH1, 
mSugra, etc.)  

 BR(Bs→µµ) and Global Fits 
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Impact of Bs → µ+µ– on global SUSY fits 
•  Global fit include many results: 

–  Higgs and SUSY searches at LHC, dark matter searches at XENON100,  
EW and B physics measurements (such as b → sγ, B+ → τν, Bs → µµ), g–2 

•  Two variants of the MSSM: 
–  Δχ2 profiles for Bs → µµ (state as of December 2011) 

O. Buchmueller et al. 
arXiv:1112.3564 
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Impact of Bs → µ+µ– on global SUSY fits 
•  Global fit include many results: 

–  Higgs and SUSY searches at LHC, dark matter searches at XENON100,  
EW and B physics measurements (such as b → sγ, B+ → τν, Bs → µµ), g–2 

•  Two variants of the MSSM: 
–  Δχ2 profiles for Bs → µµ (state as of December 2011) 

O. Buchmueller et al. 
arXiv:1112.3564 
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NP in Bs → µ+µ– : model dependent view  

LHC combination  
Exclusion @ 95% CL 
Exclusion @ 90% CL 

Correlation between BR(Bs→µµ) and BR(Bd→µµ) in MFV, SM4 and 4 SUSY models 
gray area + red area is ruled out experimentally at 95% CL, blue area at 90% 

D. Straub, arXiv 1205.6094 
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 CERN seminar, November 13th, 11 am… 



…few hours later the blogs! 
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Conclusions -1/2 
•  LHCb has presented an updated search for Bs→ µµ combining 

7 TeV (1.0 fb-1) and 8 TeV (1.1 fb-1) data 
•  The data in the B0 signal region are consistent with 

background expectation and we put the world’s best upper 
limit: BR(B0→ µµ)< 9.4 x10-10 @ 95% CL. 

•  We see an excess of Bs→ µµ signal above background 
expectation with p-value of 5.3x10-4 corresponding to 3.5σ 
signal significance and a branching fraction: 

                     BR(Bs→ µµ) = 3.2 +1.5 
-1.2  × 10-9 

•  This is the first evidence for the decay Bs→ µµ 



Conclusions -2/2 

•  But this is not the end! 
  - CMS is expected to present a new (and very competitive!) result 

very soon 
  - ATLAS will follow 
  - LHCb, CMS and ATLAS will combine the results and possibly 
reach a 5 σ observation in a few months.. 



 … and then we continue 
with the B0→ µµ! 

… to be continued…..	
  



The LHCb Bs→ µµ  group, 2012 

Thanks for your attention 
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LHCb projection from 2011 data 
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Global fits: input data 
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The Bsµµ signal was slowly emerging from data… 

….. But which is the BR? 3 σ observation possible if BR=BR(SM) at the LHC with 2011+2012 data 

Bs→µµ :LHC results on spring 2012 






