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Outline 
•  Introduction: 

– Relevance of Flavor Physics. 
– Flavor Physics Experiments. 

•  Physics Results: 
– CP violation. 
– Search for New Physics. 

• New Physics in Mixing. 
• New Physics in Rare Decays and More.  

• Conclusions. 
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Flavor Physics 
•  Standard Model (SM) describes 

a lot in flavor physics. 
•  Still open issues:   

– Why 3 generations in nature?  
– Extreme hierarchy of fermion 

masses. 
– What determines the elements of 

the CKM matrix? 
– Origin of the matter-antimatter 

asymmetry (CP violation)? 
[measured SM CP-violation 
insufficient].  
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Flavor Physics (2) 
•  History: flavor often gives first 

evidence:  
–  Kaon mixing, BR(K0

L→µµ) & GIM 
→ prediction of charm. 

–  CP violation→prediction of 3rd 
quark family.  

–  B mixing → mass of top is very 
heavy. 

–  Rare B-decays → SUSY 
parameter space constrained. 

•  Progress in flavor physics may 
also help understand open 
questions in cosmology: 
–  Dark Matter? 
–  Hierarchy Problem? 
–  Dark Energy?  
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Flavor Physics (3) 
•  New physics (NP):  

– as virtual particles  
•  Loop processes more 

sensitive.  
•  Seek deviations from the pure 

SM expectations. 

•  CP violating phases in 
mixing and decay.  

•  Rare Decays of heavy 
quarks (s, c and b). 
– extend to mass scales not 

directly available at the LHC 
centre-of-mass energy. 
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Penguin diagram 



Who is who in Flavor 
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CDF 
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LHCb 
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Who is who in Flavor 
•  B-factories. 
•  Produce            pairs in e+e- 

colliders resonating at ϒ states. 
•  Belle: in KEK (Japan).  

–  Stopped June the 30th 2010. 
–  Belle-II work in progress. Restart 

2014-2015. 
•  BaBar at SLAC (USA).  

–  Stopped data taking April the 7th 
2008.  
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B − B̄



Tevatron General Purpose 
•  D0 and CDF. 
•  p-p collider. 
•  Hermetic geometry. 
•  Stopped Data Taking on 

September the 30th 2011. 
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LHC General Purpose 
•  ATLAS and CMS (LHC general purpose). 
•  This includes B-physics. 
•  Production of B-mesons in p-p collisions. 
•  Hermetic geometry. 
•  Capable of coping with the nominal LHC luminosity.  
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LHCb •  Low angle production → LHCb spectrometer design:  
•  forward (operating in collider mode). 

•  LHC bb x-section = 284 ± 53 µb (pp at √s = 7 TeV).  [PLB 694 209] 
 ~ 100,000 bb pairs produced/second (104 × B factories) 

    Charm production factor 20 higher!  [CONF-2010-013] 
•  Main features: 

•  Decay time resolution. 
•  Particle ID. 
•  Trigger on hadronic channels. 
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LHCb (2) 
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•  Nominal luminosity = 2 × 1032 cm-2 s-1. Operating at 4 x 1032 cm-2 s-1. 

•  Accumulated data 2011: 1.0 fb-1. 2012: already 1.5 fb-1.   
•  Automatic adjustment of colliding beams offset: luminosity leveling. 

•  Sub-detectors all with > 98% active channels. 

•  Two level trigger. Rate reduction: 10 MHz input to 4 kHz. Event size ~35 kB. 
•  Data processing: GRID centers. 
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Physics Results 
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CP violation 
•  SM CPV arises in the weak decays of  

hadrons from a single phase in the quark 
mixing (CKM) matrix (testing the Yukawa 
couplings to the quarks).  

•  Necessary to generate matter-antimatter 
asymmetry. Size in the SM too small to 
account for observed baryon/photon ratio 
→ new physics expected. 

•  Direct CPV measurements. 

•  SM CPV precise determination. 

•   γ poorly known: depends on b → u 
decays. Higher statistics at LHC.  

•  Bs sector not explored in detail. 

•  CP violation in charm. V= 
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Determine γ •                        least well-known. 
•  Indirect: processes with large penguin 

contributions:  
–  Sensitive to New Physics. 
–  Potential polution. 

•  Bd → π+π– & Bs → K+K–(U-spin approach) 
•  Bd → K+π– 
•  Bd →Ks π+π– & Bd →K+π-π0 

•  Tree-level processes: clean extraction of γ.  
–  Sensitive to γ from b→c and b→u interference 

(Vub and Vcb). 
•  B→ D(*)h with: 

–  D → CP eigenstate (GLW) PLB 265, 172, PLB 253, 
483.  

–  D(*) → suppressed states (ADS) PRL 78 3257 
–   D → multi-body states (GGSZ) PRL D68, 054018.  

•  Bs → DsK (time dependent analysis!) 
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γ = (68+10
−11)

o

Expected precision on γ 
with 50 fb-1 LHCb-TALK-2012-261 



γ in trees from B± → D(πK)K± 

•  two interfering tree B-diagrams, one color-suppressed.  
•  two interfering tree D-diagrams, one Double Cabibbo-suppressed. 
•  Very good sensitivity. 
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4σ significance 
1st Observation 

•  2011 B±→DK± decays:  
–                                              

[43.9 - 98.8] @ 95% CL 
•  Including B±→Dπ± decays: 

– Maxima in the likelihood at 85.1 ̊ 

γ summary 
γ = (71.1+16.1

−15.2)
o

LHCb Preliminary 
LHCb-CONF-2012-032. 



• Complex Amplitudes: interference produces different effect in 
particle and antiparticle. 
• Decays with Tree and Penguin contributions: interference 
between two diagrams. 
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Direct CP Violation in Decays 

A1 = |A1|eiφ1eiθ1 A2 = |A2|eiφ2eiθ2

Ā1 = |A1|eiφ1e−iθ1

|A1 +A2|2 − |Ā1 + Ā2|2 = −4|A1||A2| sin(φ1 − φ2) sin(θ1 − θ2)

Ā2 = |A2|eiφ2e−iθ2
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Direct CP Violation in Decays (2) 

Most precise single 
measurement! 
HFAG: -0.098 ± 0.013  

ACP (B
0 → Kπ) =

Γ(B̄0 → K−π+)− Γ(B0 → K+π−)

Γ(B̄0 → K−π+) + Γ(B0 → K+π−)
= −0.088± 0.011± 0.0008

ACP (B
0
s → πK) =

Γ(B̄0
s → π−K+)− Γ(B0

s → π+K−)

Γ(B̄0
s → π−K+) + Γ(B0

s → π+K−)
= 0.27± 0.08± 0.02

First Evidence of 
CPV in Bs! 
HFAG: 0.39 ± 0.17  

PRL 108 201601 



17 Cibrán Santamarina 
U. Santiago de Compostela 

cH+/-arged 2012 Uppsala
8-11 October 2012

Direct CP Violation in Decays (2) 

Most precise single 
measurement! 
HFAG: -0.098 ± 0.013  

ACP (B
0 → Kπ) =

Γ(B̄0 → K−π+)− Γ(B0 → K+π−)

Γ(B̄0 → K−π+) + Γ(B0 → K+π−)
= −0.088± 0.011± 0.0008

ACP (B
0
s → πK) =

Γ(B̄0
s → π−K+)− Γ(B0

s → π+K−)

Γ(B̄0
s → π−K+) + Γ(B0

s → π+K−)
= 0.27± 0.08± 0.02

First Evidence of 
CPV in Bs! 
HFAG: 0.39 ± 0.17  

PRL 108 201601 



CPV in charmless B± → π±π+π-  and B± → π±K+K- 
•  Rare B±→π±π+π- and B±→π

±K+K- decays: 
–  Evidence of large CPV. 

•  CPV effects in regions not 
dominated by narrow 
resonances. 

•  B±→π±K+K- decays: 
–   B+ structure at low K+K- 

mass. 
•  Previously seen: BaBar   

[PRL 99 (2007) 221801]  
–  Absent in B- distribution. 

•  Points interesting hadronic 
dynamics that could generate 
direct CP violation. 
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B+ 
B- 

LHCb-CONF-2012-028 



Oscillations 
•  Flavor eigenstates ≠ mass 

eigenstates. 
•  Matter-antimatter oscillations. 
•  Frequency: mass eigenvalues 

difference. 
•  Measured with tagging. 
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Oscillations (2) 
•  As a function of the mass 

eigenstate amplitudes: 
–  Time dependent asymmetry in 

probability of finding a B and a 
B decay. 

–  CP violating amplitudes. 
•  Af

dir: direct CP violation 
amplitude. 

•  Af
mix: mixing CP violation 

amplitude.  
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B0 → ππ

LHCb 
Preliminary 

LHCb-CONF-2012-007 
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Mixing CP Violation 
• Two possible ways of accessing the same final   
state     with a relative phase: 

•  Direct decay. 
•  Decay after oscillation. 

|f�

B̄0
s

B0
s f

φM

φD

−φD

φs = φM − 2φD

φM � 2 arg(VtsV
∗
tb)
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W+ W−

• Deviation of ϕs from SM implies 
New Physics. 
• Time oscillation depends on ϕs, ΔΓs 
and Δms. 
• Requires tagging. 

φs = φSM
s + φ∆

s



Mixing induced CPV in dimuon charge asymmetry 

•  Without Mixing (t=0): Ab
Sl=0  

•  Events containing two muons: 
– One B mixed the other not. 

•  In the SM tiny: 
– ad

sl =-4.1x10-4 

– as
sl =+1.9x10-5 
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arXiv:1205.1444 [hep-ph] 

aqsl =
∆Γq

∆mq
tanφq



Mixing induced CPV in dimuon charge asymmetry 

•  D0 three measurements: 
– Dimuons (separate Bs and Bd 

with µ IP). 
–  as

sl using Dsµ-ν events, Ds→ϕπ± 

–  ad
sl using D+µ-ν, D+→Kπ+π-.  

•  as
sl =(-1.81±0.56)%.   

•  ad
sl =(-0.22±0.30)% 

•  3σ from SM. 
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arxiv.org:1106.6308  
PRD 84 052007 (2011) 

SM 

D0 as
sl 

D0 
 ad

sl 



Mixing induced CPV in dimuon charge asymmetry 

•  LHCb : 
–  as

sl=(−0.24±0.54±0.33)% 
•  B-factories: 

–  ad
sl= (−0.05±0.56)% 

• Consistent with SM. 
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•  VV final state: mixture of                                                                               
CP-odd and CP-even                                                                     
components. 

•  Separated using an angular                                                                 
analysis. 

•  Simultaneous 4D fit for decay 
time and 3 decay angles.  

[LHCb-CONF-2011-049] ϕs in Bs
0 → J/ψϕ  [LHCb-CONF-2012-002] 
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•  Early Tevatron: large values of 
φs~3σ discrepancy with SM. 

•  Final Tevatron: compatible 
with SM. 

•  LHCb-2011: 21k very clean 
signal events in 1.0 fb−1. 

•  Observation of non-zero ∆Γs. 

•  2-fold ambiguity resolved: 
[LHCb PRL 108, 241801 (2012)]. 

ϕs in Bs
0 → J/ψϕ  

SM PRD84 
033005 & arXiv:
1102.4274v1 

LHCb 
[prelim.] LHCb-
CONF-2012-002 

D0 PRD 85, 
032006 

CDF note 
10778 

ATLAS 
arXiv:
1208.0572 

CMS [NEW] 
Giacomo Fedi @ 
LHC days Split 

ϕs [rad] -0.036±0.002 -0.001± 0.105  -0.55±0.38 [-0.12,0.6] 0.22±0.42 - 

∆Γs [ps-1]   0.087±0.021 0.116 ± 0.019 0.163±0.035 0.068±0.027 0.053±0.022 0.048±0.024 
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ϕs in Bs
0 → J/ψ f0(980)(→ ππ)  

• Discovered by LHCb in February 
2011. 
• Promptly confirmed by Belle and 
CDF and D0. 
•  2011 data, LHCb: 7.500 J/ψππ 
candidates. 
• Flavor tagging based on decay 
of the other b-hadron: 
efficiency=2.13%. 
• Time dependent fit of the data: 

Combined Bs
0 → J/ψφ, Bs

0 → J/ψππ measurement [LHCb preliminary] 
LHCb-CONF-2012-002 



Rare Decays 
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Intersection Point 

29 Cibrán Santamarina 
U. Santiago de Compostela 

cH+/-arged 2012 Uppsala
8-11 October 2012

B0 →K*µ+µ- 

AFB(q
2 = m2

µ+µ−) =
NF −NB

NF +NB

LHCb-CONF-2012-008 

•  Only possible with loops in the SM. 
•  Small BR: (1.06±0.10)x10-6 [PDG PRD86 010001] 

•  NP: at the same level as SM. 
•  LHCb: 900±34 events with ~1 fb-1. 
•  AFB: sensitive to helicity structure. 
•  Old B-factories results: hint of possible 

discrepancy with SM. 
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B →Kµ+µ- Consequences 
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The B →Kµ+µ- together with inclusive measurements with two FS leptons and 
radiative decays constrain the effect of NP in some of the Wilson coefficients.   
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B(0+) →K(*)µ+µ- Isospin Asymmetry 
•  TH uncertainties of SM calculations: strongly reduced in asymmetries. 
•  Example: isospin asymmetry AI. 

–  Compares: B0 → K0(K*0)µ+µ– and B+ → K+(K*+)µ+µ–.  
–  In the Standard Model: 

•  AI~-1%, expected for decays into K*. 
•  AI~0 expected for decays into K. 

•  4.6σ deviation from 0 seen in Al for B → Kµ+µ– decays. 
•  No explanation. 
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JHEP 07 (2012) 133 



Bs
0 → µ+µ- 
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•  Strongly suppressed in SM: GIM & helicity. 
•  BSM (Bs

0→µ+µ−) = (3.5 ± 0.2) × 10−9. 
•  SUSY: enhancement of this decay by tan6β. 
•  Other possibilities: extra dimensions, little 

Higgs, Technicolor,… 
•  BLHCb < 4.5×10−9 @ 95% CL. (7.7  [CMS]). 
•  BLHC < 4.2×10-9 @ 95 % C.L. 
•  Squeezing New Physics. 

b
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W

W
νc/t
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µ−
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ATLAS+CMS+LHCb

JHEP 1010 009 & 
arXiv:1012.1447. 

LHCb: PRL 108 231801, 
CMS PAS BPH-12-009 
LHCb-CONF-2012-017 
ATLAS-COM-CONF-2012-090 



Bd
0 → µ+µ- 
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•  Also very suppressed in SM. 
•  BSM(Bd

0→µ+µ−) = (1.0±0.1)×10−10. 
•  BLHC < 8.1× 10−10 @ 95% CL. 
•  We might soon enter the regime where NP 

is searched in BNP< BSM.  

CMS PAS BPH-12-009 
LHCb-CONF-2012-017 
ATLAS-COM-CONF-2012-090 

• Worlds best limit on D0 → µ+µ− 
decay: B(D0 → µ+µ−) < 1.3 × 10−8 
at 95% C.L.  
• An order of magnitude improvement 
from previous experiments.  
• Consistent with the SM prediction. 

D0 → µ+µ- 

JHEP 1010 009 & 
arXiv:1012.1447. 
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Bs
0 → µ+µ- 

34 Cibrán Santamarina 
U. Santiago de Compostela 

cH+/-arged 2012 Uppsala
8-11 October 2012

Constrained MSSM exclusion plots. 
Plots from Nazila Mahmoudi  

tan β=50 

tan β=35 



sin(2β) versus B→τν 
before the summer 

•  Tension: sin(2β) and          
B(B→τν): 
– ~3σ effect. 
– B (B→τν) is too high or sin

(2β) too low. 
•  Enhanced BF: not 

explained by Bd decay 
constant fBd (10% LQCD). 

•  Charged Higgs contribution 
(sensitive to H-b-u)? 
[opposite to the data]. 
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sin(2β) versus B→τν 
after the summer 

•  A new value from 
Belle: decrease of 
the world average. 
– 1.6σ effect. 

• Hadronic τ decays. 
•  Improvement: 

treatment of peaking 
backgrounds. 
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Ratio  
B→D(*)τν/B→D(*)τl  

SM: R(D) = 0.297 ± 0.017   R(D*) = 0.252 ± 0.003 
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Vector Meson D* Charged Higgs 

• B-factory study (complex to perform in a collider). 
• Leptonic decays of the τ. 
• Full reconstruction of a tag B.  
• Identify e or µ and reconstruct a D meson. 

PRD 85 094025 



Ratio B→D(*)τν/B→D(*)τl  
BaBar: 
-3.4σ away from SM 
-Excludes 2HDM type II Model 

at 99.8% CL. 
Belle:  
-Supports indication of larger 
than expected rates. 
-Should be able to reduce 
uncertainties to the BaBar level. 
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R(D) → tanβ/mH = 0.44 ± 0.02  
R(D*)→ tanβ/mH = 0.75 ± 0.04 

PRL 109 101802 



• CP in charm mixing. Strategy:  search for a non-
zero asymmetry in: 

• Where: 

• If time acceptance is different indirect CP 
violation term remains. 

• Theoretically very interesting. 

CP violation in charm 
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LHCb  
PRL 108 111602 

CDF 
Note-10784 

Belle  
B R Ko @ ICHEP 2012 

ΔACP [%] -0.82±0.24 -0.62±0.23 -0.87±0.41 



Conclusions 
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•  A lot of very good challenging different 
measurements available. 
•  Some I showed many I did not. 

•  Exploring new energy scales. 
•  So far the Standard Model is enduring 

the bulk effect. 
•  We are entering the precision regime.   



Backup 

41 Cibrán Santamarina 
U. Santiago de Compostela 

cH+/-arged 2012 Uppsala
8-11 October 2012



Search for the Rare Decay Ks
0 → µ+µ- 
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arX
iv:1209.4029v2  

•  FCNC family :   
•  SM prediction B(KS

0 → µ+µ−) = (5.0 ± 1.5) × 10−12 

• Normalisation:   ππ  
hypothesis 

µµ  
hypothesis 

• We measure with 1.0 fb -1 :  
• B(KS

0→µ+µ−)<11(9)× 10−9 

• A factor 30 below the previous 
measurement !  
Dimuon decays of neutral flavored mesons 



More Resonances 
•  Properties of Excited B mesons 

predicted by Heavy Quark 
Effective Theory in the limit of 
infinite b-quark mass: 

–  Orbital angular momentum L. 
–  Angular momentum of the light quark 

jq=|L±1/2|. 
–  Total angular momentum J=|jq±1/2|. 

•  B1
+ discovered by LHCb and 

evidence of B2
+*. 

•  Mysterious charm resonance        
X(3872) already seen at Tevatron 
and b-factories detected. 

•  With mass: MX(3872) = 3871.96 ± 
0.46(stat) ± 0.10(syst) MeV/c2 . 
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B+π− 

[LHCb-CONF-2011-053] 

X(3872) 

ψ(2S) 

[LHCb-CONF-2011-021] 



CP violation in B± → K±π+π-  and B± → K±K+K- charmless decays 
•  Access to t → s (P) 

and the CKM phase  
b → u (T) transitions.  

•  γ at tree level. 
•  Direct CPV and from 

interference between 
resonances. 
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New Physics 
•  B-Physics very sensitive to indirect effects of such states on  

charm and beauty decays via virtual production in loop diagrams 

•  Such an approach can be very powerful:  
eg  B0–B0 mixing discovered at ARGUS (1987)  

 →  top quark unexpectedly heavy:  m(t) > 50 GeV/c2 
•  Bs →µµ: SUSY? B sensitive to large tanβ. 

•  Bd → µµK∗: Right-handed currents? 

•  Often searches of enhanced rare decays. 

•  Some cases NP also at Tree Level. 
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Bs → KK effective lifetime 

46 

•  Bs → K+K -  is a CP 
even eigenstate : 

•  Dominantly a penguin 
decay. 
•  Doubly Cabibbo 
suppressed tree decay. 

•     

τKK  =  1.455   ±  0.046 (stat) ±  0.006 (syst) ps 

HFAG Combination (ICHEP 2012)  

cH+/-arged 2012 Uppsala
8-11 October 2012 Cibrán Santamarina 

U. Santiago de Compostela 



Bs
0→φµ+µ- 

•  Bs
0 → φµ+µ- analysis reported at Moriond EW LHCb. 

– 2011 Data sample.  
•  Bs

0 → φµ+µ- : 77 ± 10 signal events.  
	
 B(Bs

0→φµ+µ-)=(0.778±0.097(stat)±0.061(syst)±0.278(B))×10−6. 

•  Consistent with SM expectations. 
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LHCb-CONF-2012-003 



B+→K+µ+µ−  
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Flavor Changing Neutral 
Current (FCNC)   

SM NP 

• ? 

Event yield 1232 ± 40  in 1.0  fb-1 

Extensions to SM: new particles modify dimuon BF or angular distribution. 

arXiv:1209.4284 



Angular analysis B+→K+µ+µ−  
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arXiv:1209.4284 

• FH and the Forward Backward asymmetry AFB null in the SM. 
• Non-zero value for AFB: contribution from new particles.  

• In models with (pseudo-)scalar or tensor-like couplings |AFB| up to 15%. 
• In NP with (pseudo-)scalar or tensor-like couplings, Fhup to 0.5. 

For the moment compatible with SM  
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• Penguin-mediated decays check “NP in ∆F = 2”. 
• Only penguin diagrams. No contrib. from W-exchange at first or second 
order.   Ā = A(B̄q → K0(∗)K̄0(∗)) = VubV

∗
uqT + VcbV

∗
cqP

A = A(Bq → K0(∗)K̄0(∗)) = V ∗
ubVuqT + V ∗

cbVcqP

• δ = T − P dominated by short-distance physics computed fairly accurately 
within QCD factorization (exp. in αs, 1/mb). 
• Vector mesons in the final state particularly interesting. 
• Access to angular variables.  

Pure Penguins 
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fL = |A0|2 = 0.31± 0.12(stat.)± 0.04(syst.)

Polarization and Triple Products 

• LHCb discovery. 
• Signal yield: N(K+π−K−π+) = 9.8 ± 7.5(stat.). 
• Significance: 10.9σ. 
• 1st test U-spin symmetry.   

B0
s → K∗0(→ K+π−)K̄0∗(→ K−π+)

B0
s → φφ Low 

Polarizations 
Stay Tuned for 
Other Channels 

PLB 713 369 

PLB 709 50 



T violation  
•  BaBar:  

– measured T -violating 
parameters in the time 
evolution of neutral B 
mesons, 

–   Comparing probabilities: 
•    
•    
•    
•    

•  Transitions to T-conjugate. 
•  2nd measurement of TV. 
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B(s)
0 → [φΚ*]γ 

53 Cibrán Santamarina 
U. Santiago de Compostela 

cH+/-arged 2012 Uppsala
8-11 October 2012

Dominant SM quark level 
diagram: left handed photons 

MSSM diagram with 
right-handed photons  

•  AΔ  sensitive to fraction of right-handed 
photons (even small φs)  

•  AΔ ~ 0 in SM, can be enhanced by NP with 
large RH currents. 

Bd → K*γ	


Bs → φγ	


1 fb−1 

[arXiv:1209.0313] LHCb: 

       SM:                                       HFAG: 
                                             BABAR+BELLE+CLEO Eur. Phys. J. C55 577 
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Dominant SM quark level 
diagram: left handed photons 

MSSM diagram with 
right-handed photons  

•  AΔ  sensitive to fraction of right-handed 
photons (even small φs)  

•  AΔ ~ 0 in SM, can be enhanced by NP with 
large RH currents. 

Bd → K*γ	


Bs → φγ	


1 fb−1 

[arXiv:1209.0313] World’s best 
measurements !  


