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Outline 

•  CPV measurements shown by M. Pepe Altarelli yesterday 

•  Use rare heavy flavor decays to search for  
–  an extended Higgs sector  

à BR(Bs,d→ µ+µ-  ) 

–  new vector or axial couplings 
à Angular analysis of Bd→ K* µ+µ- decays 
à Isospin asymmetry in B→ K(*) µ+µ- 

–  new Majorana neutrinos à B+→ h- µ+µ+ 

–  lepton flavor violation (τ-→ µ+µ-µ-)  

•  Outlook for LHCb: The detector upgrade 
Johannes Albrecht 13. June 2012 2/30 



Bs,d→ µ+µ- peak hunting I 

13. June 2012 Johannes Albrecht 

July 12th, 2011:  
CDF sends to archive the following paper: 

arXiv: 1107.2304 [hep-ex] 
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Search for Bs,d→ µ+µ-  

PLB 699 (2011) 330-340 

PLB 708 (2012) 55-67 

1fb-1  

1.1fb-1 

370pb-1 

PRL 107, 191802 (2011)  

LHCb, CMS, 

37pb-1 

2fb-1  

? 

4.9fb-1 JHEP, CMS-BPH-11-020 

PRL 108, 231801 (2012) 

2.4fb-1 

10fb-1 
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Bs,d→ µ+µ- in the Standard Model  

13. June 2012 Johannes Albrecht 

A.J.Buras: arXiv:1204.5064 and ref therein 
E. Gamiz et al: Phys.Rev.D 80 (2009) 014503 

Mode SM 
Bs→ µ+µ-  3.1 ± 0.2 10-9  
B0→ µ+µ-  0.10 ± 0.01 10-9 

Double suppressed decay:  FCNC process and helicity suppressed:  

è very small in the Standard Model but well predicted: 

à  sensitive to contributions in the scalar/pseudo-scalar sector 
à highly interesting to probe extended Higgs models 

Bs,d→ µ+µ- in NP models: e.g. MSSM 

 Proportional to tan6β	



 è  limit or measurement of Bs,dàµ+µ- 
  will strongly constrain parameter 
  space 

4/30 



Bs,d→ µ+µ- in the Standard Model  
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A.J.Buras: arXiv:1204.5064 and ref therein 
E. Gamiz et al: Phys.Rev.D 80 (2009) 014503 

Mode SM 
Bs→ µ+µ-  3.1 ± 0.2 10-9  
B0→ µ+µ-  0.10 ± 0.01 10-9 

Double suppressed decay:  FCNC process and helicity suppressed:  

è very small in the Standard Model but well predicted: 

à  sensitive to contributions in the scalar/pseudo-scalar sector 
à highly interesting to probe extended Higgs models 

Compare TH with experiment 
•  Recently, LHCb measured ΔΓs = 0.116±0.019ps−1  [LHCb-CONF-2012-002] 

à CP averaged and time averaged BR are different  
(as nicely explained by R. Fleischer some minutes ago) 

•  Adjust TH calculation:  

5/30 

BR(Bs ! µ+µ" )EXP =1.088 #BR(Bs ! µ+µ" )TH
De Bruin, R. Fleischer et al,  
[1204.1737] = 3.4 !10"9



•  Relative BR measurement using B+→ J/ψ Κ+
,
 Bs→ J/ψφ and 

Bd→ Κ+π- as control channels 
•  Perform analysis is 2D 

–  8 bins of BDT and 9 bins of mass 
•  Estimate compatibility with signal and background 

hypothesis using CLs 

 
 
 

 A hint of the Bs,d→ µ+µ- signal is emerging! 

Bs,d→ µ+µ- measurement at LHCb @ 1fb-1 
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Mass vs BDT : 
•  8 bins in BDT and 9 bins in mass 
•  Estimate signal and background 

events in each bin using CLs 
method. 
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Bs,d→ µ+µ- result from LHCb @ 1fb-1 
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•  Worlds best limits with 1 fb-1 @ 95% CL 
–  BR(Bs→ µ+µ-) < 4.5 10-9 

–  BR(BR(Bs→ µ+µ-) estimate: (0.8 +1.8
-1.3) 10-9 

–  BR(Bd→ µ+µ-) < 1.0 10-9 

•  Uploaded 21st of March 2012, ~0.5 citations per day since 

P
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L 108, 231801 (2012) [1203.4493] 
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−

−

•  Global fit to flavour and high PT observables 
–  Includes Higgs and SUSY direct searches, XENON100, EW and 

flavour measurements 

•  Done for constrained SUSY models, here CMSSM 
(NUHM1 similar) 

Impact of Bs→ µ+µ- on SUSY 

13. June 2012 Johannes Albrecht 8/30 

CMS with  
4.4fb-1 (1.1fb-1) 

−

−

LHCb+CMS  
(0.3+1.1) fb-1 

F. Mahmoudi, 
[1205.3099] 



LHCb results provide strong constraints on possible models for new physics 
Complementary to the direct searches at ATLAS/CMS 

Recent examples:  limit on Bs   constraining SUSY at high tan  
and combination of Bs   and s restricting various models: 

 

 

 

Roger Forty LHCb status and plans  19 

[D. Straub, arXiv:1107.0266] [N. Mahmoudi, Moriond QCD]  

Impact of results 

 

 
s  

Direct exclusion 
(CMS 4.4 fb-1) 

•  Global fit to flavour and high PT observables 
–  Includes Higgs and SUSY direct searches, XENON100, EW and 

flavour measurements 

•  Done for constrained SUSY models, here CMSSM 
(NUHM1 similar) 

Impact of Bs→ µ+µ- on SUSY 

13. June 2012 Johannes Albrecht 9/30 
Limits on Bs→ µ+µ- disfavour constrained SUSY at high tanβ	



CMS with  
4.4fb-1 (1.1fb-1) 

−

−

LHCb 1fb-1 

F. Mahmoudi, 
[1205.3099] 



Summary of experimental status 
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Experimental Status 
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LHC Combination 
•  (NEW) ATLAS, CMS and LHCb results have now been combined: 

 

 

B(Bs
0!µµ) < (3.7 (4.2))"10-9 at 90(95) % C.L. 

–  Excess over background at ~2! level (1-CLb (p-value)=5%) 
–  Compatible with SM at 1! (1-CLs+b=84%)   

B(B0!µµ) < (0.67 (0.81))"10-9 at 90(95) % C.L. 
!"

Bs
0!µ+µ-" B0!µ+µ#"
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B(Bs
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c.f. SM value: 
p5:  3.4 10-9 
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SM prediction 

LHC average (2.4+4.9+1 fb-1) 

LHCb-CONF-2012-017, also as CMS-PAS-BPH, ATLAS-CONF 

PRL 108, 231801 (2012)  

JHEP 1204 (2012) 033 

[1204.0735] 



Johannes Albrecht 13. June 2012 

Search for New Physics in  
(axial-) vector couplings in EW penguins ̀
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B0→ K* µ+µ-  
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•  Flavour changing neutral current à loop 

•  Allows to test Lorentz-structure: 

•  Angular analysis of B0→ K* µ+µ- 

–  K*→Kπ self tagging à allows to probe helicity structure 
–  Highly sensitive to C7

(‘), C9
(‘), C10

(‘) 

•  Can measure a variety of angular observables which have 
small hadronic uncertainties 
–  AFB, the forward-backward asymmetry and its zero crossing point 
–  FL, the fraction of K*0 longitudinal polarization 
–  S3 ~ A2

T (1-FL), the asymmetry in K*0 transverse polarization 

Strategies for indirect NP search 
!  Improve measurement precision of CKM elements 

— Compare measurements of same quantity,  
which may or may not be sensitive to NP 

— Extract all CKM angles and sides in many different ways 
•  any inconsistency will be a sign of New Physics 

!  Measure FCNC transitions, where New Physics is more likely to emerge, 
and compare to predictions 
— e.g. OPE expansion for b!s transitions: 

— New Physics may 
•  modify Ci

(’) short-distance Wilson coefficients  
•  add new long-distance operators Oi

(’) 
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•  Can measure a number of angular observables where the hadronic 

uncertainties are under control 
–  AFB, the forward-backward asymmetry – and zero-crossing point 
–  FL, the fraction of K 0 longitudinal polarisation  
–  S3 ∝ A2

T(1!FL), the asymmetry in K 0 transverse polarisation 

The interest in B0"K*0µµ  

!!"

S 6
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FB

 

•  Flavour changing neutral current " loop  

•  Highly sensitive to NP contributions to C7
(’), 

C9
(’), C10

(’)     

 
•  K*0"K! : self-tagging – angular analysis 

allows to probe helicity structure 

"#$%&'()*+*!,!-!./"



Angular Analysis: AFB Angular Analysis Results : AFB 

•  (Pre-LHC) measurements of ang. asymm. AFB but errors are such 
that there is no real discrimination between models 

 
•  LHCb measurements are the most precise to-date – completely 

consistent with the SM prediction 
•  Also make worlds first measurement of zero-crossing point q0

2, at 
q0

2 = 4.9+1.1
-1.3 GeV2/c4 – again completely consistent with SM 
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Theory prediction from C. Bobeth et al. [arXiv:1105.0376] (and ref. therein)  
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Angular Analysis Results : AFB 

•  (Pre-LHC) measurements of ang. asymm. AFB but errors are such 
that there is no real discrimination between models 

 
•  LHCb measurements are the most precise to-date – completely 

consistent with the SM prediction 
•  Also make worlds first measurement of zero-crossing point q0

2, at 
q0

2 = 4.9+1.1
-1.3 GeV2/c4 – again completely consistent with SM 
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Theory prediction from C. Bobeth et al. [arXiv:1105.0376] (and ref. therein)  
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Angular Analysis Results : AFB 

•  (Pre-LHC) measurements of ang. asymm. AFB but errors are such 
that there is no real discrimination between models 

 
•  LHCb measurements are the most precise to-date – completely 

consistent with the SM prediction 
•  Also make worlds first measurement of zero-crossing point q0

2, at 
q0

2 = 4.9+1.1
-1.3 GeV2/c4 – again completely consistent with SM 
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Theory prediction from C. Bobeth et al. [arXiv:1105.0376] (and ref. therein)  
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Measurement of the zero crossing of AFB gives access to ratio of Wilson coefficients C7
eff/C9

eff 

The zero crossing point is largely free from form-factor uncertainties 
Extracted through a 2D fit to the forward and backward-going m(B0) and q2 distributions  
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LHCb has performed the world’s first measurement of the zero-crossing point: 
                                                 q0

2 = 4.9 +1.1 
-1.3 GeV2 

consistent with SM prediction: 4-4.3 GeV2 [Eur. Phys. J C 41 (2005) 173-188] 

Search for NP in B!K(*)l+l- 

LHCb: LHCb-CONF-2012-008 

see R. Vazquez’s talk 
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Measurement of the zero crossing of AFB gives access to ratio of Wilson coefficients C7
eff/C9
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The zero crossing point is largely free from form-factor uncertainties 
Extracted through a 2D fit to the forward and backward-going m(B0) and q2 distributions  
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Preliminary
LHCb

LHCb has performed the world’s first measurement of the zero-crossing point: 
                                                 q0

2 = 4.9 +1.1 
-1.3 GeV2 

consistent with SM prediction: 4-4.3 GeV2 [Eur. Phys. J C 41 (2005) 173-188] 

Search for NP in B!K(*)l+l- 

LHCb: LHCb-CONF-2012-008 

see R. Vazquez’s talk 
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Angular Analysis: S3, FL Angular Analysis Results : S3, FL 

!"#
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•  Other observables show similarly spectacular agreement with SM 
predictions, again most precise measurements to-date 

 

•  FL, the fraction of K 0 longitudinal polarisation  
•  S3 ∝ A2

T(1!FL), the asymmetry in K 0 transverse polarisation 
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Impact on New Physics scale 
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Impact – with tree level FV 

!"#

!"# !$# !%&#

$%&'#(%)*+,!!!!-!./01#2345#!.6.,!67#

–  With coupling O(1) ! NP at mass scales > O(15 TeV) – O(140 TeV) 

Impact – with loop CKM-like FV 

!"#

!"# !$# !%&#

$%&'#(%)*+,!!!!-!."/0#1234#!.5.,!56#

–  With coupling O(loop, CKM supn) ! NP at > O(0.3 TeV) – O(2 TeV) 

Tree level flavour violation: 

Loop level flavour violation 
(CKM like): 

Couplings O(1) 
à NP at mass scales 

15-140TeV 

Couplings O(loop) 
à NP at mass scales 

0.3-2TeV 
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•  Isospin asymmetry  
expected to be close 
to zero in SM 

•  Hints of non standard AI from CDF, B-factories 

•  Very recently measured by LHCb in two modes: 
–  B0→ K0 µ+µ-  vs  B+→ K+ µ+µ- 

–  B0→ K0* (K+π-)  µ+µ-  vs  B+→ K*+ (K0π+) µ+µ-  

Isospin Asymmetries in B→ K(*) µ+µ-  
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[1205.3422] 

(K0 reconstructed  
as Ks

0→π+π-) 
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[1205.3422], TH
 from
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Consistent with existing hints 
from CDF, Belle, BaBar 

Unexpected effect, but quite significant. 
Need more statistics. 

 Interpretation in SM or NP??? 
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Lepton Number  

and Flavor Violation 
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Search for Majorana neutrinos Search for Majorana neutrinos 
•  Decays B+!h-µ+µ+ are (!L=2) strictly forbidden in SM 

–  Sterile Majorana " of mass O(1GeV/c2) could    
enhance branching fraction 

•  LHCb search for a wide range of such decay modes : 
D-µ+µ+, D*-µ+µ+, #-µ+µ+, Ds

-µ+µ+, D0#-µ+µ+$
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•  No signal found - results for B+!#-µ+µ+ : 
$%&'()#*+,)#-+.)#"/0#1!/"!2#"/"3/"##
4567,8"!/")93//:#

Factor >100 improvement over 
previous limits from CLEO 

Complementary to 0v%% 
which probes (Ve4, m4) plane 
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Search for τ-→ µ-µ+µ- 
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Introduction B → µµ D → µµ τ → 3µ B → 4µ Angular Isospin B → πµµ Conclusion

τ → µµµ

Introduction

� LFV decay extremely suppressed within SM and

beyond current experimental sensitivity’s scope.

� Largely enhanced in several NP scenarios:

B(τ → µµµ) < 10
−7

Little Higgs

[M. Blanke et al., Acta Phys. Pol B41 (2010) 657]

� Current limits at 90% CL:

Babar B(τ → µµµ) < 3.3× 10
−8

Belle B(τ → µµµ) < 2.1× 10
−8

[PDG, J Phys G37 (2010) 075021]

� Large σprod
τ = 21.6± 3.3 µb within LHCb

acceptance (B, D+
s , D0

)

! !

! !

Analysis

� Loose selection + further event classification:

� MVA BDT (geom and kinem info) to reduce combatorial background (5 bins).

� MVA BDT (PID) to estimate compatibility with µ hypothesis (5 bins).

� τ invariant mass (6 bins).

13 / 25
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•  Observation of n-oscillation implies (small) charged LFV 

•  Lepton flavour violating decay τ-→ µ-µ+µ-  

is predicted to have BR~10-54 in SM 
–  Many BSM predictions, e.g. 
–  Variants of SUSY  ~10-10 

non universal Z’  ~10-8 

•  Currently τ- LFV dominated by B-factories 
–  BaBar, 468pb-1:  BR(τ-→ µ-µ+µ-) < 3.3 10-8 @90% CL 
–  Belle, 782pb-1:  BR(τ-→ µ-µ+µ-) < 2.1 10-8 @90% CL 

•  Large τ-production rate at the LHC 
–  σ(τ) = 21.6 ± 3.3 µb within LHCb acceptance  

à ~1011 τ- in LHCb per year  (dominantly from D+
s decays) 

SM 

[PDG, J Phys G37 (2010) 075021] 



Search for τ-→ µ-µ+µ- in LHCb 
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•  Event classification in bins of   
–  BDT with geometric & kinematic info (5 bins) 
–  BDT with muon PID info (5 bins)  
‒  τ- invariant mass (6 bins) 

•  High Likelihood background composed 
of combinatorial and physical  
(dominant: Ds

+→η(µ+µ-γ) µ+νµ) 
 

•  Observed Limit:  
BR(τ-→ µ-µ+µ- ) < 6.3(7.8) 10-8 @ 90(95)% CL 

Introduction B → µµ D → µµ τ → 3µ B → 4µ Angular Isospin B → πµµ Conclusion

τ → µµµ

Results

! !

←(Highest 4 bins in BDT(Geo-Kin) and BDT(PID))
Total, Combinatorial, D−s → η(µµγ)µ−νµ

B(τ → µµµ) =

B(D−s → φ(µµ)π−)× f(τ−(D+
s ))

B(D−s →τ−νµ̄)
× �norm

�sig
× Nsig

Nnorm

Nnorm ≡ ND−s →φ(µµ)π− = 45515± 415± 822

! !

Expected CLs as a function of B(τ → µµµ)
under bkg-only hypothesis; 68% and 95%
compatible with expected value.

Observed:
B(τ → µµµ) < 6.3(7.8)× 10−8 at 90(95)% CL

14 / 25

•  Proof of principle – measurement can be  
made at hadron collider 

•  With 1fb-1 LHCb is close to B-factory sensitivity 
à excellent prospects for next years and LHCb upgrade! 

Mass of 4 highest LL bins 
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Upgrade of the LHCb detector 
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LHC(b) long term plan 
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LHC schedule assumptions 28 
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√s=7/8TeV; LLHCb= 3-4x1032 cm-2s-1 

à ~1.5fb-1/year 2.5/fb 

Ldt!

5-7/fb 

50/fb 

50
ns

 
25

ns
 

25
ns

 
?n

s 

√s=13/14TeV; LLHCb= 4x1032 cm-2s-1 

à 1.5-2fb-1/year 

√s=14TeV; LLHCb= 1-2x1033 cm-2s-1 

à >5fb-1/year 

√s=14TeV; LLHCb= ~2x1033 cm-2s-1 
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LHCb Physics with 50fb-1 
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Selected list of key observables: 
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Type Observble Current 
precision 

LHCb  
2018 

LHCb 
50fb-1 

(pseudo)- scalar BR(Bsàµ+µ-) 1.5 10-9 0.5 10-9 
 

0.15 10-9 
 

MFV BR(Bsàµ+µ-)/
BR(Bdàµ+µ-) 

- 100% 35% 

Bs mixing 2βs 0.1 0.025 0.008 
EW penguins s0 AFB 25% 6% 2% 

AL  0.25 0.08 0.025 
UT triangle γ	

 ~12o ~4o <1o 



Conclusions 
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•  Search for Bsàµ+µ-: 
–  LHCb provides worlds best limit: BR(Bsàµ+µ-) < 4.5 10-9 @ 95% CL 

Dominates new LHC average: BR(Bsàµ+µ-) < 4.2 10-9 @ 95% CL 
–  ~2σ excess over background seen (LHC average) 
–  Existing results strongly constrain SUSY models,  

competitive with direct searches 

•  Angular analysis of the decay B0→ K* µ+µ-: 
–  With couplings O(1) à NP at mass scales >> O(10TeV) 
–  With couplings O(loop suppressed) à NP at mass scales O(0.3-2TeV) 

•  Isospin analysis in B→ K(*) µ+µ-: 
–  B→ K µ+µ-: Isospin asymmetry >4σ away from SM 

•  No evidence for Majorana neutrinos or LFV in τ-→µ-µ+µ- 

•  Upgrade of LHCb detector gives excellent prospects for 2018++ 
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Many interesting measurements not shown… 

•  D0→ µ+µ- : BR < 1.3 10-8 @ 95% CL (worlds best by factor 10) 

•  BR(B+→ π+µ+µ- ) = 2.4±0.6±0.2 10-8 

agrees with SM, rarest B decay observed 

•  BR(Bsàµ+µ-µ+µ-) < 1.3 10-8 @ 95% CL 
BR(Bdàµ+µ-µ+µ-) < 0.5 10-8 @ 95% CL 
worlds first limits, constrains light scalars 

•  Differential decay rate of Bs→ φµ+µ-  

•  Worlds most precise measurement of ACP(B0→ K* γ), BR(Bs→ φ γ) 

13. June 2012 Johannes Albrecht 

Introduction B → µµ D → µµ τ → 3µ B → 4µ Angular Isospin B → πµµ Conclusion

B+ → π+µ+µ−

Introduction

� b→ dµµ transition never observed before. SM prediction:

B(B+ → π+µ+µ−) = (1.96± 0.21)× 10
−8

[S. Hai-Zhen et al., CTP 50 (2008) 696]

Analysis

� MVA BDT to suppress combinat backg,

� yield extracted by means of EML fit:

� mis-identified B+ → K+µ+µ−,

� partially reconstructed background,

� combinatorial background,

� signal using B+ → J/ψK+
as proxy

� 25.3+6.7
−6.4 (syst uncert included),

5.2σ excess above background
! !

� Normalize to B+ → J/ψK+
:

B(B+ → π+µ+µ−) = (2.4± 0.6(stat) ± 0.2(syst))× 10
−8

.

Rarest decay ever observed.

24 / 25
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Isospin Asymmetry BàK*µµ	
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Isospin Asymmetry BàKµµ	
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LHCb upgrade physics reach 
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Type Observable Current LHCb Upgrade Theory
precision 2018 (50 fb−1) uncertainty

B0
s mixing 2βs (B0

s → J/ψ φ) 0.10 [9] 0.025 0.008 ∼ 0.003
2βs (B0

s → J/ψ f0(980)) 0.17 [10] 0.045 0.014 ∼ 0.01
Afs(B0

s ) 6.4× 10−3 [18] 0.6× 10−3 0.2× 10−3 0.03× 10−3

Gluonic 2βeff
s (B0

s → φφ) – 0.17 0.03 0.02
penguin 2βeff

s (B0
s → K∗0K̄∗0) – 0.13 0.02 < 0.02

2βeff(B0 → φK0
S) 0.17 [18] 0.30 0.05 0.02

Right-handed 2βeff
s (B0

s → φγ) – 0.09 0.02 < 0.01
currents τ eff(B0

s → φγ)/τB0
s

– 5% 1% 0.2%
Electroweak S3(B0 → K∗0µ+µ−; 1 < q2 < 6GeV2/c4) 0.08 [14] 0.025 0.008 0.02
penguin s0 AFB(B0 → K∗0µ+µ−) 25% [14] 6% 2% 7%

AI(Kµ+µ−; 1 < q2 < 6GeV2/c4) 0.25 [15] 0.08 0.025 ∼ 0.02
B(B+ → π+µ+µ−)/B(B+ → K+µ+µ−) 25% [16] 8% 2.5% ∼ 10%

Higgs B(B0
s → µ+µ−) 1.5× 10−9 [2] 0.5× 10−9 0.15× 10−9 0.3× 10−9

penguin B(B0 → µ+µ−)/B(B0
s → µ+µ−) – ∼ 100% ∼ 35% ∼ 5%

Unitarity γ (B → D(∗)K(∗)) ∼ 10–12◦ [19, 20] 4◦ 0.9◦ negligible
triangle γ (B0

s → DsK) – 11◦ 2.0◦ negligible
angles β (B0 → J/ψK0

S) 0.8◦ [18] 0.6◦ 0.2◦ negligible
Charm AΓ 2.3× 10−3 [18] 0.40× 10−3 0.07× 10−3 –

CP violation ∆ACP 2.1× 10−3 [5] 0.65× 10−3 0.12× 10−3 –

Table 1: Statistical sensitivities of the LHCb upgrade to key observables. For each observable the current sensitivity
is compared to that which will be achieved by LHCb before the upgrade, and that which will be achieved with 50 fb−1

by the upgraded experiment. Systematic uncertainties are expected to be non-negligible for the most precisely measured
quantities.

3
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