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•  Lecture 1: 
–  Introduction to “heavy flavour physics” 
–  The Experiments:  

Flavour physics at e+e- and at hadron colliders 
–  Precision measurements of the quark mixing matrix 

•  Lecture 2: 
–  “Golden modes for New physics searches” – loop zoology   

Contents 
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Loop zoology – map of this talk 

•  Map of flavour transitions and types of loop processes 

QCD penguin ΔF=2 box EW penguin Higgs penguin 

bàs bàd càu sàd 
QCD penguin ACP(Bsàhhh) 

	

ACP(B0àhhh) 

 
ΔaCP(Dàhh) Kàπ0ll 

ε’/ε	


ΔF=2 box ΔMBs 
ACP(BsàJ/ψφ) 

ΔMBd 
ACP(B0àJ/ψΚs) 

x,y, q/p ΔMK 
εK 

EW penguin BàK(*)µµ	

BàXsγ	


Bàπµµ	

BàXγ	


 

DàXul l Kàπ0ll 
Kàπ± νν	


Higgs penguin Bsàµµ	

 

B0àµµ	
 Dàµµ	
 K0àµµ	
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1)  
QCD penguins 

or 
Search for CP violation in charm decays 
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CP violation in charm 

•  Generally, 3 types of CP violation 
a)  In decay (direct CPV) 
b)  In mixing 
c)  In interference between mixing and decay 

•  No evidence yet on CP violation in b) or c) 
Could there be large direct CP violation in  
charm penguin decays? 

•  A priory, consensus was “no” 
–  CP violation O(1%) would be “sign for NP” 

31. August 2013 Johannes Albrecht 5/47 



CP violation in charm: ΔACP 
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CP violation in charm: ΔACP 
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Measure CP violation: D*+àD0 π+ 

•  LHCb performed two independent measurements 
–  “D* tagged”: D*± à D0 (à K+K- or π+π-) π±  

à pion charge determines D0 production flavour 
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Measure CP violation: D*+àD0 π+ 

•  LHCb performed two independent measurements 
–  “D* tagged”: D*± à D0 (à K+K- or π+π-) π±  

à pion charge determines D0 production flavour 

D0àK+K- 

2.24x106 
candidates 

D0àπ+π- 

0.69x106 
candidates 
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Measure CP violation: BàD0 µ+ X 

•  LHCb performed two (experimentally orthogonal) 
measurements 
–  “D* tagged”: D*± à D0 (à K+K- or π+π-) π± 	


–  “Muon tagged”: B± à D0 (à K+K- or π+π-) µ± ν X  

à muon charge determines D0 production flavour 
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Measure CP violation: BàD0 µ+ X 

•  LHCb performed two (experimentally orthogonal) 
measurements 
–  “Muon tagged”: B± à D0 (à K+K- or π+π-) µ± ν X  

à muon charge determines D0 production flavour 

D0àK+K- 

0.56x106 
candidates 

0.22x106 
candidates 

D0àπ+π- 
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Measure CP violation: BàD0 µ+ X 

•  LHCb performed two (experimentally orthogonal) 
measurements 
–  “D* tagged”: D*± à D0 (à K+K- or π+π-) π± 	


–  “Muon tagged”: B± à D0 (à K+K- or π+π-) µ± ν X  

 
ΔACP: world average 

 
LHCb results dominated by 
statistics. Situation should 

become more clear with the 
analysis of the full 3/fb 

 

31. August 2013 Johannes Albrecht 12/47 



ΔF=2 boxes: 
CP violating phase in  

Bs mixing 
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Bs mixing and CP violation 
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Bs mixing and CP violation 

CPV phase very small à basically a NULL test 
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Bs mixing and CP violation 
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Detour: Flavour tagging at hadron colliders 

•  Opposite side taggers 
–  Partially reconstruct second 

b in event 
à conclude on production 
flavour 

•  Same sign taggers 
–  Exploit hadronization 

remnants 

•  Combine all taggers 
–  Combined tagging power:  

LHCb:  εD2 ~ 3.5% 
ATLAS:        ~ 1.5% 
B-factories        ~ 30% 
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The decay BsàJ/ψφ  

27 617 
candidates 
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The decay BsàJ/ψφ  

27 617 
candidates 

31. August 2013 Johannes Albrecht 19/47 



The decay BsàJ/ψφ  

27 617 
candidates 

Need to measure three decay amplitudes and two strong phases 
 
Additionally: ΔΓ not negligible  

  è need to consider time evolution of ΓH and ΓL 
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Results of the Bs mixing phase 

Most precise analysis:  
combined 1/fb analysis of BsàJ/ψφ  and BsàJ/ψππ  by LHCb  
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Results of the Bs mixing phase 

Most precise analysis:  
combined 1/fb analysis of BsàJ/ψφ  and BsàJ/ψππ  by LHCb  
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Detour: The importance of flavour tagging 

The ATLAS collaboration managed to improve their sensitivity 
by 40% with the inclusion of flavour tagging 

(εD2=1.45%, cf. ~3.5% @ LHCb) 
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CPV in mixing I 
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CPV in mixing II 
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µ	

µ	


d d 
B0 

K* 

ΔF=1 Electroweak Penguins  

Golden ΔF=1 EW 
penguin decay:  
 B0 à K* µ+ µ-	
 M. Neubert 
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b à s transitions 

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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General description of Hamiltonian (see D. Straub): 

bàs transitions are sensitive to: O7
(‘), O9

(‘), O10
(‘)   

B0→ K* µ+µ- is the most prominent channel (large statistics & flavour specific) 
Studies with rarer Bs→ φ µ+µ-, Λb

0→ Λ µ+µ-, .. have started   
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Experimental overview of bàsll  

Experimental data: b Ñ s �`�´ – number of events

# of evts BaBar Belle CDF LHCb
2012 2009 2011 2011/12

471 M B̄B 605 fb´1 9.6 fb´1 1 fb´1

B0 Ñ K ˚0 ⇧⇧̄ 137 ˘ 44: 247 ˘ 54: 288 ˘ 20 900 ˘ 34
B` Ñ K ˚` ⇧⇧̄ 24 ˘ 6 76 ˘ 16
B` Ñ K ` ⇧⇧̄ 153 ˘ 41: 162 ˘ 38: 319 ˘ 23 1232 ˘ 40
B0 Ñ K 0

S ⇧⇧̄ 32 ˘ 8 60 ˘ 19
Bs Ñ ⇤ ⇧⇧̄ 62 ˘ 9 77 ˘ 10
Bs Ñ µµ̄ emerging

�b Ñ � ⇧⇧̄ 51 ˘ 7

B` Ñ ⇥` ⇧⇧̄ limit 25 ˘ 7

CP-averaged results
vetoed q2 region
around J{⌅ and ⌅1
resonances
: unknown mixture of
B0 and B˘

Babar arXiv:1204.3933

Belle arXiv:0904.0770

CDF arXiv:1107.3753 + 1108.0695
+ ICHEP 2012

LHCb LHCb-CONF-2012-008
(-003, -006),
arXiv:1205.3422 + 1209.4284

+ 1210.4492 + 1211.2674

Outlook / Prospects

Belle reprocessed all data 711 fb´1 Ñ final analysis ?

LHCb end of 2012 additional Á 2 fb´1 and p5 ´ 7q fb´1 by the end of 2017

ATLAS / CMS pursue also analysis of B Ñ K ˚µµ̄ and B Ñ Kµµ̄

Belle II / SuperB expects about (10-15) K events B Ñ K ˚⇧⇧̄ (Á 2020) [A.J.Bevan arXiv:1110.3901]
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•  Large variety of different final states accessible 
•  Decays defined in terms of decay angles and q2=mµµ

2 

–  typically, angular analyses are performed in 6-7 bins of q2 
–  No measurements can be made near the J/ψ and Y(2S) resonances   

ATLAS 
 

2012 
5/fb 

466±34 
 

CMS 
 

2012 
5/fb 

415±29 
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B0 à K* µ+ µ-  - Angular Analysis 

•  B0 à K* µ+ µ-  full decay rate is given as 

classical observable 
measured for the  
FIRST time by LHCb  

Experiments typically measure sub-set of these 
observables by integrating out some parts 
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B0 à K* µ+ µ-  - Angular Analysis 

•  B0 à K* µ+ µ-  full decay rate is given as 

  
Example mass:  

mid-q2 (4.3 < q2 < 8.7) 
Example mass:  

high-q2 (16 < q2 < 19) 

CMS LHCb ATLAS LHCb 

~Largest sample: 1000 events (LHCb)  à not enough for a full fit 

31. August 2013 Johannes Albrecht 30/47 



Simplifying the analysis 

•  Simpler expression remains, sensitive to FL, AFB, S3, A9 
–  Lost sensitivity to terms 4, 5 ,7 and 9 
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Forward-backward Asymmetry 
- 4

/3
  A

FB
 

Particularly interesting:  
zero crossing point of AFB 

 
 

q0= 4.0-4.3 GeV2 
 

(~independent from 
hadronic uncertainties) 

31. August 2013 Johannes Albrecht 32/47 



Forward-backward Asymmetry 

LHCb 2012:  
First measurement 

of zero-crossing 
point:  

q0=4.9±0.9 GeV2/c4 
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Forward-backward Asymmetry 

Generally very good agreement with SM in the  
observables FL, AFB, S3, A9 

LHCb 2012:  
First measurement 

of zero-crossing 
point:  

q0=4.9±0.9 GeV2/c4 
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B0 à K* µ+ µ- : Alternative transformation 
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B0 à K* µ+ µ- : Alternative analysis 

•  Extract four “transverse” observables: 

•  Local fluctuation in P5’ is 3.7σ from the SM prediction 
à is the “look elsewhere effect” applicable here?  
à Discussion session  

•  Significantly more data on tape already 
–  LHCb has three times this data on tape 
–  CMS + ATLAS can also measure P5’ 

Full angular 
analysis needed & 

planned 
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The interpretation of the anomaly …  
… has just started.  

•  Interesting local discrepancy in P5’  
–  few others tension less significant in other observables 

•  Possibly due to:  
–  statistical fluctuation 
–  SM theoretical prediction not fully correct  

(QCD effects not fully understood???) 
–  New Physics:  

different value for some Wilson coefficients, ex: C9, or C9 and C9’, 
including the possibility of Z' particle with a mass around few TeV 

Descotes-Genon, Matias, Virto arXiv:1307.5683  
Gauld, Goertz, Haisch arXiv:1308.1959 
Altmannshofer, Straub arXiv:1308.1501  
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ΔF=1 Higgs penguins 

 

Ks, D0, 
B0, Bs 

H0 / A0	
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Golden channel: Bs,d→ µ+µ- 

Theory prediction: Standard Model 

è Very sensitive to an extended  
scalar sector 
(e.g. extended Higgs sectors,  
SUSY, etc.) 

decay SM 
Bs→ µ+µ- 3.5±0.3  x 10-9 

B0→ µ+µ-  1.1±0.1  x 10-10 

SM: Buras, Isidori et al: arXiv:1208.0934 
Mixing effects: Fleischer et al, arXiv:1204.1737 

Left handed couplings 
à helicity suppressed 

e.g. SUSY 

Standard Model 

Discovery channel for New Phenomena 
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The Experimental Quest for B→ µ+µ- 

First search by CLEO in 1984: 
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The Experimental Quest for B→ µ+µ- 
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Search strategy: Example LHCb 

BDT
0 0.2 0.4 0.6 0.8 1

-410

-310

-210

-110

1

Signal

Background

LHCb

Figure 1: BDT PDF for the signal (black squares) and combinatorial background (blue
open points) (see also Sect. 3.4). Values are normalized to the bin size.

Table 1: BDT PDF estimation, normalized to bin size, for the 2012 dataset for signal and
combinatorial background (see also Sect. 3.4).

BDT range signal [%] comb. background [%]

[0.00, 0.25] 17.1+1.6
�1.6 94.16+0.25

�0.25

[0.25, 0.40] 16.5+1.7
�1.7 3.79+0.19

�0.18

[0.40, 0.50] 13.9+1.3
�1.3 1.31+0.14

�0.14

[0.50, 0.60] 13.37+0.88
�0.86 0.444+0.091

�0.081

[0.60, 0.70] 13.49+0.96
�0.94 0.211+0.068

�0.056

[0.70, 0.80] 13.3+1.2
�1.2 0.035+0.042

�0.023

[0.80, 1.00] 12.31+0.92
�0.91 0.020+0.017

�0.010

3.2 Calibration of likelihoods for signal: invariant mass112

The invariant mass distribution for the signal is described by a Crystal Ball function. The113

central value of the masses is obtained from the invariant mass distribution of B0
(s) � h+h�114

events separated into four di�erent decay channels following the m�+�� , mK�, m�K , and115

mKK mass hypotheses. These are shown in Fig. 2 and are used to determine the central116

value of the invariant mass for B0
(s) � µ+µ�.117

Table 2 summarizes the results for the central values. For mB0 we use a weighted118
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Figure 10: Simultaneous fit of the invariant mass distribution in the 8 BDT bins of
2011 (top) and 7 BDT bins of 2012 (bottom) data; black line is B0 � ⇥�µ+�µ, cyan is
B+(0) � ⇥+(0)µ+µ�, green dashed is B0

(s) � h+h� misID, red is B0
s � µ+µ� and, purple

is B0 � µ+µ�. The fit result is superimposed in blue.
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Figure 10: Simultaneous fit of the invariant mass distribution in the 8 BDT bins of
2011 (top) and 7 BDT bins of 2012 (bottom) data; black line is B0 � ⇥�µ+�µ, cyan is
B+(0) � ⇥+(0)µ+µ�, green dashed is B0

(s) � h+h� misID, red is B0
s � µ+µ� and, purple

is B0 � µ+µ�. The fit result is superimposed in blue.
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Measurement of exclusion limits or decay rates 
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New results for B→ µ+µ- 
•  Nov 2012:  

LHCb found the first evidence  
for Bs → µ+µ- using 2.1fb-1 
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New results for B→ µ+µ- 
•  Nov 2012:  

LHCb found the first evidence  
for Bs → µ+µ- using 2.1fb-1 

•  Update: full dataset: 3fb-1 

–  Improved BDT 
–  Expected sensitivity: 5.0σ	
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BR(Bs → µ+µ− ) = (2.9−1.0
+1.1 )×10−9 BR(Bs → µ+µ− ) = (3.0−0.9

+1.0 )×10−9

BR(B0 → µ+µ− ) = (3.7−2.1
+2.4 )×10−9

BR(B0 → µ+µ− )< 0.7×10−9@95%CL

BR(B0 → µ+µ− ) = (3.5−1.8
+2.1 )×10−9

BR(B0 → µ+µ− )<1.1×10−9@95%CL

•  Update to 25fb-1 
–  Cut based à BDT based 
–  Improved variables 
–  Expected sensitivity: 4.8σ	


Significance: 
4.0σ	


Significance: 
4.3σ	
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Combined LHCb + CMS result 

[see here [arXiv:1307.2448] for speculations about enhanced BR(B0) 
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Implications of Bs→ µ+µ- 

 

Strong constraints on many new 
physics models 

 

à together with direct 
searches: „Constrained MSSM“ 

models (almost) excluded 
 

Allowed parameter space 2011: 

•  Future key measurements:  
–  ratio of decay rates of B0→ µ+µ- / Bs→ µ+µ- 

àallows, e.g., test of „Minimal Flavour Violation“ hypothesis   
–  Lifetime of Bs→ µ+µ-   

à new, theoretically clean observable that is largely unconstrained 
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Summary 

•  Interest in flavour measurements stronger than ever 

•  Most generally, the agreement with the SM is excellent 
–  Large NP contributions O(SM) ruled out in many cases 

•  However, interesting anomalies start to emerge 
–  Assumptions are carefully re-assessed on the TH side 
–  Measurements need to be confirmed  

•  The search has just started 
–  With LHCb with (1+2)/fb at 7 and 8 TeV 

à not all recorded data is analyzed 
–  ATLAS and CMS have an growing heavy flavour programme 
–  Bright (near) future with Belle-II, LHC 2015++, LHCb-upgrade, … 
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l +

ν l

Questions ?  
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Status of Bs,d mixing and New Physics 

Perfect agreement 
à within experimental precision, no 

hint for New Physics 

Bs: 
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1.5σ “tension” 
à need more data 

Status of Bs,d mixing and New Physics 

B0: 
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Angular analysis 
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B0 à K* µ+ µ-  - Angular Distributions 
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B0àK* µ+µ-  - Angular Distributions 

Generally very good agreement in these “classical observables” 
à bounds on the New Physics scale between 0.5 and ~15TeV are set  
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New observables in B0àK* µ+µ-   
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