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Outline 
The Summer of 2011 has seen a giant leap in the flavour sector. 

Many new results presented by LHCb (& CMS/ATLAS) at EPS,        
Lepton-Photon & other conferences. 

It is a privilege to summarise some highlights here… 

•  Introduction 

•  The LHC(b) Experiments 

•  Flavour production 

•  Direct CP violation in B decays 

•  Mixing and CP violation in B decays 

•  Rare B decays 

•  Summary 

… at the expense of others e.g. EW physics, charm mixing and CPV etc 
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Flavour physics  
Flavour physics is highly successful. It has led the way to 
–  The 3 generation Standard Model (SM) 
–  The CKM picture of flavour 
–  CP violation (CPV) 
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EPS 2011 Prize: Glashow, Iliopolous, Maiani 
“For their crucial contribution to the theory of flavour.” 



Flavour physics  
Flavour physics is highly successful. It has led the way to 
–  The 3 generation Standard Model (SM) 
–  The CKM picture of flavour 
–  CP violation (CPV) 

Many open questions in SM found in the flavour sector 
–  Why are there 3 generations ? (and is it only 3?) 
–  What determines the hierarchy of the quark and lepton masses ? 
–  What determines the elements of the CKM matrix ? 
–  What is the relationship between the CKM matrix and the ν mixing matrix ? 
–  What is the origin of CP violation ?  

Precision studies of flavour observables are an excellent way to look for New 
Physics. 

Progress in flavour physics may help to understand open questions in 
cosmology – SM CPV insufficient to explain matter/antimatter asymmetry 
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The legacy of the B-factories & CDF/D0 
Fantastic achievement over the last decade to 
test the SM picture of quark couplings, 
especially CP Violation. 

The state of the art is encapsulated in the 
Unitarity Triangle. 

                  CKMfitter group EPS 2011 

But there are some intriguing signs of NP?  
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ρ = 0.144−0.018
+0.027 η = 0.343−0.014

+0.014

Eagerly await  
updated results  
& LHC & SuperB 

φs 
Bs→µ+µ-

 

Asl 

B→τν 

B*→K*µ+µ-
 



LHC flavour physics program 
Flavour physics is sensitive to New Physics through the indirect effects that the 
new degrees of freedom may have on flavour observables. 

The search is complimentary to direct searches and provides information on the 
masses, couplings, spins and CP phases. 
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Figure 1: Dominant Feynman diagram contribution to the Branching Ratio within the
SM and within the MSSM with R-parity conservation.

uncertainty. Alternatively, the dependence with the CKM parameters as well as the bulk136

of the hadronic uncertainty can be eliminated by normalizing to the now well-measured137

meson mass difference (∆Mq), thus trading the decay constant f 2
Bq

factor, for a less138

uncertain bag parameter Bq, see [2]. Using this approach the SM predictions have an139

uncertainty of ∼ 10%:140

B(B0
s→ µ+µ−)SM = (3.2± 0.2)× 10−9 (7)

B(B0→ µ+µ−)SM = (1.0± 0.1)× 10−10. (8)

Many alternatives to the SM predict a very different Higgs sector. For instance in141

generic 2HDM of type II (where the Higgs fields are different for up-type or down-type142

quarks), the BR is proportional to the fourth power of the ratio of the Higgs vacuum143

expectation values, tanβ. In this case the calculation of the (pseudo-)scalar Wilson144

coefficients gives:145

c2HDM−II
S = c2HDM−II

P ≈ mµ

4M2
W

tan2 β
log(

M2
H+

m2
t

)

M2
H+

m2
t
− 1

. (9)

A more popular scenario within the theory community will be the MSSM with R-146

parity conservation, where the inclusion of diagrams with charginos (see Fig. 1, right)147

introduces an extra tanβ factor proportional to the sixth power of this parameter:148

cMSSM
S,P ∝ mbmµ tan3 β

M2
A

. (10)

Hence if the mass of the new Higgses introduced by MSSM are not very large and accessible149

to the LHC energies, we expect to see large enhancements in the BR unless tanβ is small.150

6

Standard Model processes 
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LHC flavour physics program 
Flavour physics is sensitive to New Physics through the indirect effects that the 
new degrees of freedom may have on flavour observables. 

The search is complimentary to direct searches and provides information on the 
masses, couplings, spins and CP phases. 

New Physics needs to have a special flavour structure 

–  to provide the suppression mechanism for FCNC processes already 
observed. 

–  It may be too “special”… Minimal Flavour Violation (MFV) models in which 
the flavour structure of the NP is governed by the CKM matrix. 
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Figure 1: Dominant Feynman diagram contribution to the Branching Ratio within the
SM and within the MSSM with R-parity conservation.
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Large Br(Bs→µ+µ- ) possible in  
NP models 

Example: the discovery power of Bd,s→µ+µ-  
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Br Bd → µ+µ−( )
Br Bs → µ+µ−( )

=
Vtd

Vts
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Figure 2.1: Correlations between B(Bs → µ+µ−) and B(B0 → µ+µ−) in models respecting the MFV
hypothesis (straight line) and in a range of alternative models. From Ref. [23], which gives a full
definition of the various models. The vertical dashed line represents the experimental limit. The
allowed values in the SM are restricted to the region of the yellow star.

parameters, related to the fact that the four-family version of the CKM matrix has nine free
parameters instead of just four as in the SM. These five new quark-mixing parameters can be
written as three mixing angles plus two new CP -violating phases. The consistency of current
flavour measurements with the SM places limits on the sizes of the new mixing angles, while
direct searches and electroweak fits constrain the masses of, and the mass difference between,
the t′ and b′ quarks.

In contrast to models with MFV, in SM4 new CP -violating phenomena can be expected
due to the two new phases. Measuring the underlying parameters of the model becomes a
significant challenge due to their strong correlations in most observables. Particularly crucial
due to their relatively clean interpretations are theCP -violating asymmetries of D0, B0 and Bs

oscillations and the phase γ [25]. The latter, in particular, can be determined from B → DK
processes with negligible theoretical uncertainty—it yields the SM value of γ even in extended
models. Only the LHCb upgrade can make the complete set of these measurements with the
precision necessary to disentangle the underlying parameters of the model.

As an aside, we note that it is natural to expect that, if there is a fourth family of quarks,
the lepton sector will be similarly extended. This can lead to some interesting phenomenology
that the LHCb upgrade would be well-placed to explore, as discussed in Section 2.2.1.

2.1.3 CP violation

CP Violation in Bs Oscillations
One of the primary goals of LHCb is to probe NP in Bs mixing. The golden channel for
this analysis is Bs → J/ψφ, which is dominated by a b → cc̄s tree diagram, and therefore is

MFV 
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MFV would retain flavour universality 

Background contours : O.Buchmuller et al arXiv:0907.5568 
Blue regions :  allowed regions for given measurement 
SuperIso (F.Mahmoudi, arXiv:08083144) and  
SoftSusy (B.C.Allanach, Comp. Phys. Comm 143 (2002) 305-331) 



The LHC(b) 
Experiments !
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The LHC Experiments 
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The LHC Experiments 
ATLAS 



The LHCb experiment 

Interaction 
point 

Forward single arm spectrometer 
4% solid angle, 40% cross-section. 

Excellent tracking   
precision silicon detector (VELO) 
PV resolution σx,y=15 µm, σz=75 µm 

Excellent particle identification 
2 Ring-Imaging Cherenkov (RICH) detectors 
π-K separation over ~2-100 GeV/c 

             

Efficient Trigger 
low pT lepton, γ/π0 & hadron thresholds 

All B species produced : 
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LHCb is a dedicated experiment to study  

flavour physics at the LHC 

•! Search for New Physics in quantum loop processes 

•! CP violation and rare decays allowing to probe 

   beyond the LHC energy frontier 

Detector requirements 

•! Efficient trigger for both leptonic and  

 hadronic final states 

•! Excellent vertex finding and tracking efficiency 

•! Outstanding particle identification 

Primary vertex: 

many tracks ~50 

B decay vertices:  

a few tracks  

B- 

!- 

!+ 

!- 

D0 "! 

10 mm 

B0 

Introducing LHCb 

K/" separation  



Luminosity 
LHCb collected ~37 pb-1 integrated luminosity in 2010. 

Luminosity leveling introduced in 2011 to run at an optimal maximum 
luminosity of ~3-3.5x1032 cm-2s-1 and ~1.5 interactions per bunch crossing. 

LHCb expects to collect ~1 fb-1 in 2011 (and ≥ same in 2012)  

Many new results for EPS and Lepton-photon conferences with ~ 330 pb-1 
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Luminosity of LHCb levelled  
continuously 

GPD luminosity falls-off                     
 exponentially 

LHCb design luminosity 

Already ~690 pb-1 

recorded in 2011 



LHC re-discovers the b quark  
33 years after its initial discovery….  
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LHC re-discovers the b quark  
33 years after its initial discovery…. the b quark is still there….. 
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ϒ states




Flavour!
Production!
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Charmonium 
An important challenge is to understand the mechanism for onia production: 
colour singlet model, octet model, evaporation model…? 

Data more precise than theory (modulo polarization)! Need new observables: 
more studies of higher states, e.g. ψ(2S) & χc, and polarization measurements. 
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CMS PAS BPH-10-014 
LHCb-CONF-2011-026 

J/ψ 

ψ(2S) 

Good  
agreement 
with NRQCD 

Ψ(2S)→µ+µ- 
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Radiative decays of χc states 
First studies of radiative decays χc→J/ψγ. Challenge is to resolve χc1 and χc2 
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ATLAS-CONF-2011-136 
LHCb-CONF-2011-020 
CMS DPS-2011/011 

ECAL based  
approach 

Using tracks 
from γ→e+e- 

First results for relative production of 
χc2 vs χc1 are not in good agreement 
with NLO NRQCD predictions 

Data 

NLO  
NRQCD 

LO CSM 



ψ(2S) 

X(3872) 

Studies of exotics : X(3872) 
The LHC experiments are starting to study the X(3872) – observation, cross-
section and mass 

Perform precise mass and angular measurements (in Β+→X(3872)K+) with 
2011 data. Determine JPC of the X(3872). 
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LHCb-CONF-2011-021 
LHCb-CONF-2011-043 
CMS DPS-2011-009 

€ 

MX 3872( ) = 3871.96 ± 0.46 stat( ) ± 0.10 syst( ) MeV c2

σX 3872( ) × B X → J ψπ +π−( ) = 4.74 ±1.10 ±1.01nb

LHCb inclusive 2010 measurements  

CMS 2010 production analysis  

€ 

R =
σX 3872( ) × B X → J ψπ +π−( )
σψ 2S( ) × B ψ → J ψπ +π−( )

= 0.087 ± 0.017 ± 0.009

Β+→X(3872)K+ 



Search for the X(4140) 
Studies of other possible exotics are underway 
CDF reported observation of narrow structure, 
X(4140), in the m(J/ψK+K-)-m(J/ψ) spectrum in      
Β+→J/ψφΚ+ events. 
LHCb now has a large sample of these decays. 

LHCb does not confirm presence of X(4140). 
2.4σ tension with CDF 
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LHCb-CONF-2011-045 

CDF, arXiv:1101.6058 

LHCb  
preliminary 
376 pb-1 

Β+→J/ψφΚ+  
~360 decays 
(c.f. 115 for 
CDF in 6 fb-1) 



B production 
B production studied with detached J/ψ (ATLAS, CMS, LHCb), D+µ tag (LHCb), 
fully reconstructed J/ψX states (CMS, LHCb) and (di)lepton tags (CMS). 

All measurements reasonably described by theory (FONLL, MC@NLO). 
Quite an achievement ! 
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ATLAS NPB 850 (2011) 387 
CMS PAS BPH-10-015, arXiv:1106.4048 
LHCb-CONF-2011-033 

Βs production  
with Βs→J/ψφ 

Dimuon tag Non prompt 

J/ψs 

Β+
 production  

with Β+→J/ψΚ+ 



B fragmentation 
LHCb has measured the relative rates of B+, Bd, Bs, Λb… using two approaches: 

•  Semi-leptonic analysis with D0µX, D+µX, DsµX, ΛµX 
•  Ratio of related hadronic modes e.g. Bd→D-K+, Bs→Ds

-π+


Consistent results for Bs/Bd fragmentation ratio, fs/fd, therefore combine 

Necessary input for Bs branching ratio measurements, e.g. Bs→µµ 
18/54 

LHCb-CONF-2011-028 
LHCb arXiv:1106.4436 
LHCb-CONF-2011-034 

€ 

f s fd LHCb = 0.267−0.020
+0.021



Enter the heavies… Bc …  
LHCb has observed the decay Βc→J/ψπ+π-π+ for the first time 
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LHCb-CONF-2011-040 

Βc→J/ψπ+π-π+  

Βc→J/ψπ+  



Enter the heavies… Λb… 
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ATLAS-CONF-2011-124 
CMS DP-2011-007  
LHCb-CONF-2011-036 

Λb→J/ψΛ  

Λb→DpK-  Λb→Dpπ-  Λb→Λcπ-  

Ξb→DpK-  



…and excited B states 

LHCb takes exclusive Βd→J/ψΚ*, Dπ, 
D3π and combines them with a π or K 
from the same primary vertex. 

First observation of B**+ modes. 

Other modes already seen by CDF & D0 

LHCb-CONF-2011-053 

Β1,B2*→Β*π  

Βs2→Β+Κ- Βs1→Β*+Κ- 

B2*→Βπ  

Β1,B2*→Β*π  
B2*→Βπ  



Direct CP Violation 
in B decays!

b 
c 



The RICHness of “B→hh” (h=π, K, p) 
Two-body charmless B decays are a central goal of LHCb physics. 
Significant penguin diagrams provide an entry point for New Physics. 
Rely on good performance of trigger and RICH detectors. 
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LHCb-CONF-2011-042 



Direct CPV in B→Kπ Decays  
Ultimate goal is to perform time-dependent study, particularly Bs→KK: this will 
enable New Physics sensitive measurement of γ [e.g. Fleischer, PLB 459 (1999) 306] 

First step: look for direct CPV in flavour specific final states  
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LHCb-CONF-2011-042 

€ 

ACP Bd →K +π−( ) = −0.088 ± 0.011 stat.( ) ± 0.008 syst.( )

€ 

ACP Bs →π +K−( ) = 0.27 ± 0.08 stat.( ) ± 0.02 syst.( )

Existing world average 

€ 

ACP Bd →K +π−( ) = −0.098−0.011
+0.012

Most precise single 
measurement and first  
5σ observation of CPV  
at a hadron machine ! 

CDF result: 

€ 

ACP Bs →π +K−( ) = 0.39 ± 0.17

First evidence for 
CPV in Bs decays ! 



The next challenge: the measurement of γ 
CKM is a tour de force…progress needs improved 
knowledge of angle γ (a.k.a. φ3).


Look in B±→DK± decays using common mode for D0 

and D0.  

→ γ via interference. 

→  different rates for B+ & B-  
    (CPV!) 
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Favoured Suppressed 
γ


Time integrated methods: 

Time dependent analysis:  

€ 

D0 →K +K−

D0 →K +π−

D0 →Ks
0π +π−

CP eigenstate    “GLW” 

suppressed D0  & favoured D0     “ADS” 
Dalitz analysis       “GGSZ” 

€ 

B0 → D−π +, Bs → Ds
−K +

€ 

γ = 68−14
+13( )

o EPS 2011 
CKMfitter group 



Evidence for suppressed ADS mode 
Signal seen with 4.0σ significance, & hint of 
asymmetry, consistent with previous results 
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LHCb-CONF-2011-044 

€ 

RADS
DK = 1.66 ± 0.39 ± 0.24( ) ×10−2

€ 

AADS
DK = −0.39 ± 0.17 ± 0.02

Ratio to favoured mode:                              Asymmetry: 

World average 
(without LHCb) 

World average 
(without LHCb) 

€ 

1.6 ± 0.3( ) ×10−2

€ 

−0.58 ± 0.21



γ from Bs→DsK  
γ  can be extracted from time-evolution of Bs→DsK decays. 
First step : establish signals and measure branching fraction 
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LHCb-CONF-2011-057 

Expect to measure γ with an error of 5o with 2011/2012 data 

magnet down                                       magnet up 



B Mixing and CP 
Violation!



CP Violating Phase !s

2

Interference of mixing & decay:

" CPV phase

Standard Model:

+ small penguin 

pollution

Possible New Physics contribution:  

NP ?

Precise Standard Model prediction:

Bs Mixing 
Matter-antimatter oscillations are governed by 

Flavour of B hadron at production is  tagged by sign of µ, e, K and charge of 
tracks from other B hadron in event (OST) and by K from same side (SST). € 
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€ 

BL,H = p B0 ± q B0

€ 

Δm = mH −mL = 2M12

Worlds best measurement 

€ 

Δms =17.725 ± 0.041± 0.026 ps−1

€ 

Bs
0 → Ds

−π +(π−π +)
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LHCb-CONF-2011-050 

SST OST+SST 



CPV in Bd Mixing: Controlling Penguins 
Bd→J/ψKs is the “golden” mode to measure the Bd mixing phase φd 

NLO+NP : 

To search for NP need to control unruly penguins with Bs→J/ψKs + Uspin. 
Also possible to measure angle γ 

30/54 

€ 

φd = 2β + Δφd a,θ, γ( ) + φd
NP

LHCb-CONF-2011-038 

Fleischer et al, PRD 79 014030 

De Bruyn, Fleischer, Koppenburg, EPJ C70 1025. 

penguin amplitude, strong phase, weak phase 

€ 

B Bs → J ψKs( )
B Bd → J ψKs( )

= 0.0378 ± 0.0058(stat.)± 0.0020(syst.)± 0.003 fs fd( )

€ 

CDF : 0.0405 ± 0.0070(stat.)± 0.0041(syst.)± 0.005 fs fd( )

N=95±13 



CP Violating Phase !s
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CP Violating Phase !s

2

Interference of mixing & decay:

" CPV phase

Standard Model:

+ small penguin 

pollution

Possible New Physics contribution:  

NP ?

Precise Standard Model prediction:

Study the CP violation in interference between mixing and decay in Bs→J/ψφ


CP violating phase 

In the Standard Model φs is well determined 

Possible NP can modify the phase 

Since the decay is P→VV, the final state is a superposition of different CP 
states; the measurement requires a complex tagged, time-dependent, 
angular analysis. 

CPV in Bs Mixing : Bs→J/ψφ 
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Current status of φs from CDF&D0 
Constraints in (ΔΓs, φs) plane 
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Bs→J/ψφ 



LHCb essential ingredients to measure φs 
xx 
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LHCb-CONF-2011-049 

Bs→J/ψφ signal 
N=8276 ± 96 
L=337 pb-1 

Excellent proper time resolution 

Measure using 
prompt J/ψ

στ∼50 fs 

Flavour tagging 
OST, calibrate using  
B+→J/ψK+ 

Tagging power  
εD2=(2.08±0.41)%  

Resolution and tagging included in fit – no systematic 



Bs→J/ψφ 
ATLAS & CMS are also entering the game… 
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ATLAS-CONF-2011-092 
CMS arXiv:1106.4048v1 



LHCb 2011 measurement of φs   

35/54 

Bs→J/ψφ 
Standard Model 
(Lenz, Nierste : arXiv:1102.4274) 

LHCb-CONF-2011-049 

First point estimate  
of φs   

First evidence (4σ)  
for ΔΓs>0 
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LHCb & CDF & D0 Comparison   
Bs→J/ψφ 

LHCb public web-site 



Bs→J/ψf0 

f0(980) is a scalar with an ss component 
which decays predominantly to π+π-


The f0(980) signal region looks pure scalar→ 
pure CP odd → no angular analysis needed 

37/54 

LHCb-CONF-2011-051 

N=1428±47 
in Bs& f0  
mass window 



Bs→J/ψf0 
Maximum likelihood fit to signal+background time+mass distributions 
Use Γs and ΔΓ (+correlation) from Bs→J/ψφ analysis 

38/54 

LHCb-CONF-2011-051 

€ 

φs
J ψ f0 = −0.44 ± 0.44 ± 0.2 rad



LHCb φs combined prelim. result 
Simultaneous fit to both data sets taking all common parameters and 
correlations into account. Use largest systematic error. 

LHCb also has measured CPV in Bs penguins: Bs→φφ  
39/54 

€ 

φs = 0.03± 0.16 ± 0.07 rad

€ 

φs
SM = −0.0363−0.0015

+0.0016 rad CKMFitter group: arXiv:1106.4041 

LHCb-CONF-2011-052 



Rare B Decays!

b 
c 



Rare B Decays 
Some interesting examples of rare B decays; all b→s transitions 

41/54 

SM 

MSSM 

Bs → φγ B0 → K*µ+µ-
 Bs → µ+µ-


Br (SM) 

Br (exp.  
pre-LHC) 

! 

5.7"1.5"1.1
+1.8 +1.2( ) #10"5

! 

1.05"0.13
+0.16( ) #10"6

! 

< 43"10
#9

95% c.l.

! 

3.2 ± 0.2( ) "10#9Large theoretical uncertainties 

γ polarization
 angular distributions Branching ratio 



Bs → φγ and Bd → Κ*γ  
The measurement of b→sγ provides one of the strongest 
constraints in MSSM. 

LHCb reconstructs exclusive decays with broader signal 
peak (compared to all-charged final states); implies more 
work on backgrounds (Bd,s → Κ+π-π0, Bd→ Κ*e+e-,         
Bs→ Κ+π-γ and cross-feed)


Next : Measure CP asymmetries and γ polarization 
42/54 

Bd → Κ*γ  Bs → φγ 

Expect 1.0±0.2 

LHCb-CONF-2011-055 



Bd→Κ*µµ decays are very sensitive to the presence of NP. 

Described by three angles (θl, φ, θK ) and µµ invariant mass (q2) 

Angular distributions (1D) 

Bd →Κ*µµ  

49/37 



Bd →Κ*µµ  
Results from B-factories and CDF show intriguing behaviour in AFB at low q2 

44/54 

Precision too low yet to 
speak of an “anomaly” 



Bd →Κ*µµ at LHCb  
Select events using a Boosted Decision Tree from a sample of 309 pb-1. 

Veto decays in J/ψ and ψ(2S) regions 

Measure 

Measure in 6 q2 bins 
•  Differential branching fraction 
•  Longitudinal polarization, FL 

•  Forward-backward asymmetry, AFB 

45/54 

302±20 signal evts 
after mass cut 

LHCb-CONF-2011-038 

Simultaneous fit of 1D projections 
of helicity angles of kaon and muon 

Performance of fit validated on  
MC and Bd →J/ψΚ* decays  



Bd →Κ*µµ at LHCb  
Systematic uncertainties are small and generally statistics limited 

Data are consistent with predictions at present sensitivity 

Next : Determine AFB crossing-point: sensitive to NP, cleanly predicted in SM 
       Study other observables, e.g. AT

(2) sensitive to RH currents 
46/54 

LHCb-CONF-2011-038 



Very rare and golden FCNC b→d,s transition 

Strong enhancements in MSSM :


Bs → µ+µ-  
Spring 2011 

Recent exciting hint from CDF (7 fb-1) 

B→µ+µ-  

Bs,d! µ+µ- in the Standard Model  

22. March 2011 Johannes Albrecht 

A.J.Buras: arXiv:1012.1447 

E. Gamiz et al: Phys.Rev.D 80 (2009) 014503 

Mode SM 

Bs! µ+µ-  3.2 ± 0.2 10-9 

B0! µ+µ-  0.10 ± 0.01 10-9 

5/65 

Double suppressed decay:  FCNC process and helicity suppressed:  

!!very small in the Standard Model but well predicted: 

"! sensitive to contributions in the scalar/pseudo-scalar sector 

" highly interesting to probe extended Higgs models 

BR expressed Wilson coefficients: 

! 

B B
s
" µ+µ #( ) $

tan
6 %

M
A

4

47/54 

Experiment Data Upper Limit 
(95% C.L.) 

CDF 3.7 fb-1 < 4.3 x 10-8 
D0 6.1 fb-1 < 5.1 x 10-8 
LHCb 36 pb-1 < 5.6 x 10-8 

MSSM 

! 

B B
s
" µ+µ#( ) =1.8#0.9

+1.0
$10

#8

arXiv:1107.2304 



•  Selection variables well described by simulation 

•  Efficiency of variables                              
potentially sensitive to                                       
pile-up (e.g. isolation,                                       
flight length) checked                                           
on data 

•  Excellent stability                                    
observed – good news                                      
for higher luminosity ! 

CMS search for B→µ+µ-  

48/54 

CMS-BPH-11-002 

Dimuon trigger at L1 & track information  
added in HLT 

Cut based analysis: optimised on MC and 
verified on data using B+ →J/ψΚ+ &  Bs →J/ψφ 
prior to unblinding 



LHCb search for B→µ+µ-  
Signal and background events are discriminated using a 2D likelihood: 
Boosted Decision Tree (BDT) and invariant mass 

BDT trained on MC and calibrated on B →h+h- (signal) & sidebands (bkgd) 
Mass scale and resolution calibrated from data (µµ resonances & B →h+h-) 
Normalization using B+ →J/ψΚ+, Bs →J/ψφ & Bd →Kπ and LHCb result for fs/fd 

49/54 

LHCb-CONF-2011-037 

L=300 pb-1 



LHC search for B→µ+µ-  

Observations agree with expected bkgd+SM signal. 

Calculate upper limits using frequentist                      
CLS approach. 

50/54 

CMS-BPH-11-002 
LHCb-CONF-2011-037 

Experiment Data Upper Limit 
(95% C.L.) 

CMS 1.14 fb-1 <1.9 x 10-8 
LHCb 
(2011+2010) 

0.34 fb-1 <1.5 x 10-8 

Expected 
bkgd+SM signal 



•  m 
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LHCb Bs→µ+µ- ?  

52/54 



CMS+LHCb B→µ+µ- Combined Limit 

A preliminary CMS-LHCb combination on B(Bs→µ+µ-) has been performed, 
again using the CLS approach, & taking the LHCb value of fs/fd as common 
input. 

Observed limit  

 B(Bs→µ+µ-) < 1.08 x 10-8  95% C.L. 

A BR of 1.8 x 10-8 has a CLS value 
of ~0.3% 

The 95% C.L. limit is still 3.4 times the expected SM value, still plenty of room 
for New Physics…. 

53/54 

LHCb-CONF-2011-047 
CMS PAS BPH-11-019 



Summary 
•  Flavour physics @ LHC has evolved very quickly  in the last 18 months 

–  From start of data-taking… 
–  … to initial observations of 

    well-known modes…. 
–  … to benchmark measurements. 

•  No signs of New Physics yet… 

•  … but we have only just started and there is a lot to do. 

•  In particular, LHCb is expects 1 fb-1 by end of 2011 and 
 5fb-1 by 2017, followed by an upgrade to collect 5fb-1  
 per year 

Flavour physics is now at the forefront of a new era of  
discoveries (?) and precision measurements         

        Exciting times ahead ! 
62/37 



Thank you 



Questions? 

64/37 



High multiplicity events 
A big challenge for the detector operation, 
trigger, reconstruction and analysis. 
High track multiplicity and many vertices. 

Design : L=2x1032 cm-2 s-1,  
  nb=2600, <µ>~0.4 

2010 :    L=1.6x1032 cm-2 s-1,  
              nb=344, µmax=2.7 (6x expected!) 

typical event at µ~2.5 

design 

2010 

pp interactions/
crossing 

µ=2.7 

µ=0.4 

Also very useful to gauge 
LHCb upgrade performance 

65/37 



LHCb Particle Identification 

Without PID With PID 

φ→ Κ+Κ-


66/37 



B Mass and Lifetime 
LHCb has excellent mass resolution (6-10 MeV/c2) and proper time resolution 
(~50 fs) 

9/36 
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s → J/ψφ before applying the φ bias
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c → J/ψπ+ (right).
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B
s

0 " J #$

! 

B
s

0 " J #$

Channel LHCb Mass, stat and sys (MeV/c2) PDG (MeV/c2) 

B+→J//ψK+ 5279.27 ± 0.11 ± 0.19 5279.17 ± 0.29 

B0→J//ψK*0 

B0→J//ψKs 

5279.54 ± 0.15 ± 0.15 
5279.61 ± 0.29 ± 0.20 

5279.50 ± 0.30 

Bs→J//ψφ
 5366.60 ± 0.28 ± 0.20 5366.3 ± 0.60 

Λb→J//ψΛ
 5619.48 ± 0.70 ± 0.19 5620.2 ± 1.6 

Bc→J//ψπ+
 6268.0 ± 4.0 ± 0.5 6277 ± 6 

LHCb-CONF-2011-027 LHCb-CONF-2011-001 

Worlds best B mass  
measurements! (except Bc) 
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µ+µ- mass spectrum demonstrates the excellent LHCb performance  
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2011  L=70 pb-1 

Data collected with a    
neural network data stream 

Efficiency uncorrected 



Exotic states 
X(3872) discovered in 2003 by Belle in X(3872) →J/ψπ+π- decays. 
Since then observed in 4 experiments 
Nature still unclear 

•  tetraquark  ? 
•  Bound DD* molecule? 
•  ηc2(1D) charmonium state?


LHCb-CONF-2011-030 

€ 

MX 3872( ) = 3871.96 ± 0.46 stat( ) ± 0.10 syst( ) MeV c2

N=585 ± 74 

±0.14(stat) 
with 500 pb-1 

14/36 

ψ(2S) 
X(3872) 



Central Exclusive Production 
LHCb observes low-multiplicity events with large rapidity gaps. 
Exclusive events have no backward tracks and only 2µ (+1γ) in forward region.   

Conference Note Issue: 1
3 Selecting exclusive events Date: April 12, 2011
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Figure 6 Diffractive process which produces a non-exclusive J/ψ .
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Figure 7 Transverse momentum distribution for J/ψ candidates with no backwards tracks and pre-

cisely two forward tracks. The points are data. The green histogram is the exclusive signal as estimated
by Starlight, while the red histogram is the non-exclusive background as estimated from data.
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Figure 1 Feynmann diagrams for the production of exclusive dimuonfinal states: a) diphoton produc-

tion (left); b) photon-pomeron fusion (centre); c) double pomeron exchange (right).

The final state protons are only marginally deflected, go down the beam-pipe, and remain undetected.
The experimental signal therefore in LHCb is a completely empty event except for two muons and
possibly a photon. However, because LHCb is not hermetic, there will be sizeable backgrounds from
non-elastic processes where the other particles travel outside the detector acceptance.

Exclusive J/ψ has been observed in proton-anti-proton experiments by the CDF collaboration [1] and
in electron-proton collisions by Zeus [2] and H1 [3]. CDF have also observed the dimuon contin-
uum and made the first observation of exclusive χc , although the detector resolution precluded their
knowing which of χc0 ,χc1 ,χc2 were involved. This is the first measurement of exclusive processes in
proton-proton collisions, and the first to be able to separate the individual χc components.

2 Data Sets and Trigger Configuration

This analysis uses the complete data set from 2010 corresponding to a total integrated luminosity of
36 pb−1. However, because the analysis cuts essentially veto on events with multiple interactions, the
effective luminosity for this analysis is about 3 pb−1.

The LHCb trigger has a hardware and a software layer. For this analysis, a special low multiplicity
condition was applied at hardware level requiring less than 20 SPD hits and a single muon with a
transverse momentum above 400 MeV or two muons both with transverse momenta above 80 MeV.
One of two conditions was required in the software trigger: either the invariant mass of the muons
was above 1 GeV and the transverse momentum less than 900 MeV or the invariant mass was above
2.7 GeV. The latter trigger was prescaled during higher luminosity running.

DedicatedMonte Carlo generators have been used to produce the signal events which are then passed
through the full LHCb detector simulation.

• The diphoton produced dimuons have been generated using LPAIR [4].

• Two generators have been used to make samples of exclusive J/ψ and ψ′ : StarLight [5] and
SuperChic [6].

• The production of χc by double pomeron fusion has been performed with SuperChic.
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Figure 10 Transverse momentum distribution for dimuon events with invariant masses above 2.5

GeV which are greater than 100 MeV away from the J/ψ and ψ′ resonance. The points are data. Left:
Events with greater than two forward tracks. The histograms are the background expectations from

LPAIR and POMWIG. Right: Events with precisely two forward tracks and no photons. The histograms

are the signal expectation from LPAIR and the background template as provided by the lefthand plot.
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Figure 11 Left: Invariant mass of dimuon system when an additional photon is required. Right: In-
variant mass of dimuon plus photon system. The fit is to the shapes as predicted from the simulation

which from bottom to top come from ψ′ , χc0 , χc1 , χc2 .

as well as the feed-down from the ψ′ which can decay to χcγ, Jψη or Jψπ0π0 leading sometimes to
a single observed photon in LHCb. The ratio of χc0 :χc1 :χc2 is 1 : 2.2 ± 0.6 : 3.9 ± 0.7. To estimate a
systematic uncertainty coming from either a shift in the mass scale or a different mass resolution in
the data, the fits have been repeated fitting to three Gaussians plus a flat line. The central values of
the Gaussians are held to the PDG values and the widths are fixed to 35 MeV, as in the simulation.
As well as fitting for the overall proportions of χc0 ,χc1 ,χc2 , we also fit for a mass scale which shifts
all the resonances by the same amount, and for a scaling of the widths of each Gaussian. The amount
of χc0 predicted is insensitive to these changes, but the χc1 and χc2 , being unresolved, are correlated
to each other and to mass shifts. The best value for the mass shift is −7 ± 6MeV while the resolution
prefers a scaling of 0.94 ± 0.09. Both values are consistent with the simulation but we apply a conser-
vative systematic using the difference in the fitted χc1 and χc2 contributions. In this way the ratios are
estimated as 1 : 2.2 ± 0.8 : 3.9 ± 1.1.
To answer how much of this signal comes from a truly exclusive process, we fit the transverse mo-
mentum distribution of the J/ψ in these events. The exclusive spectrum is taken from the SuperChic
simulation while the same inelastic spectrum as in the exclusive J/ψ analysis is used, since when we
look for a χc signal in events with additional forward tracks, it is overwhelmed by background. The
fraction of exclusive events below 900 MeV is 0.39 ± 0.13. The inelastic contribution appears to be
much larger than for the exclusive J/ψ , which may be due to the different production mechanism
which increases the probability for an additional gluon radiation.

In summary, 194 events are observed between 3.3 and 3.7 GeV, with a background of 5 ± 1% coming
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Figure 1 Feynmann diagrams for the production of exclusive dimuonfinal states: a) diphoton produc-

tion (left); b) photon-pomeron fusion (centre); c) double pomeron exchange (right).

The final state protons are only marginally deflected, go down the beam-pipe, and remain undetected.
The experimental signal therefore in LHCb is a completely empty event except for two muons and
possibly a photon. However, because LHCb is not hermetic, there will be sizeable backgrounds from
non-elastic processes where the other particles travel outside the detector acceptance.

Exclusive J/ψ has been observed in proton-anti-proton experiments by the CDF collaboration [1] and
in electron-proton collisions by Zeus [2] and H1 [3]. CDF have also observed the dimuon contin-
uum and made the first observation of exclusive χc , although the detector resolution precluded their
knowing which of χc0 ,χc1 ,χc2 were involved. This is the first measurement of exclusive processes in
proton-proton collisions, and the first to be able to separate the individual χc components.

2 Data Sets and Trigger Configuration

This analysis uses the complete data set from 2010 corresponding to a total integrated luminosity of
36 pb−1. However, because the analysis cuts essentially veto on events with multiple interactions, the
effective luminosity for this analysis is about 3 pb−1.

The LHCb trigger has a hardware and a software layer. For this analysis, a special low multiplicity
condition was applied at hardware level requiring less than 20 SPD hits and a single muon with a
transverse momentum above 400 MeV or two muons both with transverse momenta above 80 MeV.
One of two conditions was required in the software trigger: either the invariant mass of the muons
was above 1 GeV and the transverse momentum less than 900 MeV or the invariant mass was above
2.7 GeV. The latter trigger was prescaled during higher luminosity running.

DedicatedMonte Carlo generators have been used to produce the signal events which are then passed
through the full LHCb detector simulation.

• The diphoton produced dimuons have been generated using LPAIR [4].

• Two generators have been used to make samples of exclusive J/ψ and ψ′ : StarLight [5] and
SuperChic [6].

• The production of χc by double pomeron fusion has been performed with SuperChic.
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Fit Elastic and Inelastic components
• Inelastic Background Pt Shape obtained from Data (no backward tracks, no photons 
and >2 Forward Tracks)

• Elastic Signal Pt Shape taken from LPAIR MC and full LHCb simulation 

• For DiMuon Pt < 100 MeV there is a Signal Purity of 97 +/- 1%

!S = 7 TeV Data

17

Exclusive  JPsi, Psi’ (-> !+!- ) 
Produced by photon pomeron fusion

Starlight: Models diphoton and photon pomeron fusion
(S.R.Klein and J.Nystrand, Phys. Rev. Lett. 92 (2004) 142003).

Exclusive ChiC ( -> !+!- + " ) 
Produced by double pomeron exchange

SuperChiC: MC for central exclusive production
(L.A. Harland-Lang, V.A. Khoze, M.G. Ryskin, W.J. Stirling,

arXiv:0909.4748 [hep-ph].).

Exclusive DiPhoton DiMuon   
Produced by DiPhoton fusion

LPAIR: Models EM production of lepton pairs
(A.G.Shamov and V.I.Telnov,! NIM A {\bf 494} (2002) 51).

      

 Exclusive Processes Considered

• Both Protons remain Intact

• Rapidity gaps

• Pt of central object is small

• Proton dissociation

• Rapidity gaps smaller than for elastic

• Pt of central object generally higher than for elastic

Elastic (Signal)   Inelastic (Background)   
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€ 

RKsππ
K /π = 12−5

+6 ±1( )%

The first step to a measurement of γ 
Measurement of RK/π = B(B±→DK±)/ B( B±→Dπ±) 

First γ sensitive measurements 
26/58 

GLW 

ADS 
(favoured) 

GGSZ 

€ 

RCP +
K /π = 9.31±1.89 ± 0.53( )%

€ 

RCF
K /π = 6.30 ± 0.38 ± 0.40( )%

L=35.6 pb-1 

€ 

D0 →K−π +π−π +includes 

€ 

RCP + =1.48 ± 0.31± 0.12
ACP + = 0.07 ± 0.18 ± 0.07

€ 

B→ Dπ

€ 

B→ DK

LHCb-CONF-2011-031 



CP angle γ 
The CS  decay B±→D0K±π+π- 
can also be used to 
determine γ. 

      First observation                                                                                   

LHCb-CONF-2011-024  

27/36 

First 

First 
Bs→D0K* decays may be a potentially 
dangerous background for the 
measurement of γ.


             First observation 

LHCb-CONF-2011-008 

€ 

B0 → D−K +π +π−

€ 

B+ → D0K +π +π−

€ 

Bs → D0K*



Bs CP Phase 
The measurement of φs is non-trivial. 

•  Bs→J//Ψφ admixture of CP even/odd eigenstates 
  3 polarization amplitudes  
   
  3 transversity angles  

•  Signal event distribution 

 Physics parameters 
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CPV in Bs Penguins: Bs→φφ  
A powerful tool for demonstrating CP violation 

 → triple product asymmetries  (T violation) 

41/58 

Gronau and Rosner, PLB 701(2011) 357 

€ 

Ω = θ1,θ2,Φ( )



CPV in Bs Penguins: Bs→φφ  
A powerful tool for demonstrating CP violation 

 → triple product asymmetries  (T violation) 

41/58 

Two observable  
triple products: 

Asymmetries                   : CP Violation, due to difference in weak phase for 
CP even/odd amplitudes → clear sign of NP  

€ 

AU , AV ≠ 0

Gronau and Rosner, PLB 701(2011) 357 

€ 

U = sin2Φ
V = sin ±Φ( )

€ 

Ω = θ1,θ2,Φ( )



CPV in Bs Penguins: Bs→φφ  

Measure            near φ mass


Result consistent with 0 and CDF 
(both fluctuating to negative values) 

Next: perform full angular analysis and 
add Bd→φK*   

42/58 

LHCb-CONF-2011-052 

N=326±19 
L=340 pb-1 

€ 

AU = −0.064 ± 0.057 ± 0.014

€ 

AU , AV

€ 

AU = −0.007 ± 0.064 ± 0.018
AV = −0.120 ± 0.064 ± 0.016

€ 

AV = −0.070 ± 0.057 ± 0.014

CDF: arXiv:1107.4999 



Bs→Κ+Κ- Lifetime 
Decay width difference between the heavy and light Bs states is sensitive to 
New Physics 

A single exponential fit to the Bs proper time                                     
distribution gives an effective lifetime measurement;                                      
Bs is almost a pure light state. 

With ~250 signal events, world’s best measurement 
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R.Fleischer, R.Knegjens, arXiv:1011.1096 
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Lepton Flavour Violation 
Search for B+→Κ-µ+µ+ and B+→π-µ+µ+


•  ΔL=2 tranistion, strictly forbidden in                                     
the Standard Model 

•  Sterile Majorana neutrinos of mass               
O(1 GeV/c2) enhance Br significantly 

Observation 

•  < 0.3 (0.1) background events expected in π-µ+µ+ (Κ-µ+µ+) mode 
•  Zero events observed in both signal regions and sidebands 

A factor 40(30) improvement compared to previous best limits (CLEO)! 
The limits are currently statistics limited, second publication later in the year. 
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Bd →Κ*µµ current status 
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Charge asymmetry ASL 
D0 : evidence for an anomalous like-sign dimuon charge asymmetry 

D0 measure 

D0 Collaboration, arXiv:1106.6308 
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Charge asymmetry ASL 
LHCb is catching up with D0 very quickly. 

Reconstruct                      and 
  

! 

B
d
" D

±µ!# B
s
" D

s

±µ!#

Current status 

! LHCb is reconstructing both                            and 

! LHCb is catching up with D! very quickly  

Rob Lambert, CERN Beauty, 7th April 2011 27 

~100k Ds in 5 fb-1 

"#"
$% !

ss DB0

"#"
$% !

dd DB0

~100k Ds in 0.2 fb-1 

After 1fb-1 of LHCb 

Rob Lambert, CERN Beauty, 7th April 2011 29 

! LHCb measurement cuts at right-angles to D! 

 

NB: This is MC,  
scaled to real data 
including an estimate 
of systematics! 

Current status 

! LHCb is reconstructing both                            and 

! LHCb is catching up with D! very quickly  

Rob Lambert, CERN Beauty, 7th April 2011 27 

~100k Ds in 5 fb-1 
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dd DB0

~100k Ds in 0.2 fb-1 

~100k Ds in 5 fb-1 

~100k Ds in 0.2 fb-1 
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LHCb sensitivities 

2.1. QUARK FLAVOUR PHYSICS 13

Table 2.1: Sensitivities of the LHCb upgrade to key observables. For each observable the current
sensitivity is compared to that expected after LHCb has accumulated 5 fb−1 and that which will be
achieved with 50 fb−1 by the upgraded experiment, all assuming

√
s = 14 TeV. (Note that at the

upgraded experiment the yield/fb−1 in hadronic B and D decays will be higher on account of the
software trigger.)

Type Observable Current LHCb Upgrade Theory
precision (5 fb−1) (50 fb−1) uncertainty

Gluonic S(Bs → φφ) - 0.08 0.02 0.02
penguin S(Bs → K∗0K̄∗0) - 0.07 0.02 < 0.02

S(B0 → φK0
S) 0.17 0.15 0.03 0.02

Bs mixing 2βs (Bs → J/ψφ) 0.35 0.019 0.006 ∼ 0.003
Right-handed S(Bs → φγ) - 0.07 0.02 < 0.01

currents A∆Γs(Bs → φγ) - 0.14 0.03 0.02

E/W A(2)
T (B0 → K∗0µ+µ−) - 0.14 0.04 0.05

penguin s0 AFB(B0 → K∗0µ+µ−) - 4% 1% 7%
Higgs B(Bs → µ+µ−) - 30% 8% < 10%

penguin B(B0→µ+µ−)
B(Bs→µ+µ−) - - ∼ 35% ∼ 5%

Unitarity γ (B → D(∗)K(∗)) ∼ 20◦ ∼ 4◦ 0.9◦ negligible
triangle γ (Bs → DsK) - ∼ 7◦ 1.5◦ negligible
angles β (B0 → J/ψ K0) 1◦ 0.5◦ 0.2◦ negligible
Charm AΓ 2.5 × 10−3 2 × 10−4 4 × 10−5 -
CPV Adir

CP (KK) − Adir
CP (ππ) 4.3 × 10−3 4 × 10−4 8 × 10−5 -

striking example is the branching fraction of the decay Bs → µ+µ−, which in the CMSSM at
large values of tanβ (the ratio of Higgs vacuum expectation values) is proportional to tan6 β [20].
Enhancements above the SM prediction ofB(Bs → µ+µ−) = (3.6± 0.3)× 10−9 [21] right up to
the current experimental upper limit of 5.1 × 10−8 [22] are therefore possible.

Although MFV can easily be disproved (for example by any measurement of CP violation
that is inconsistent with the SM), it will be difficult to establish for certain if it is an underlying
feature of nature. Yet if NP does respect MFV, it will be crucial to know this for sure, since
it will provide insight into the underlying physics at very high energies. For example, in
supersymmetry MFV is realised if the supersymmetry breaking terms are flavour-blind at the
appropriate scale. A proof of the MFV hypothesis can be achieved only by showing that physics
beyond the SM exhibits its characteristic flavour-universality pattern. In particular, it is crucial
to measure the ratio B(B0 → µ+µ−)/B(Bs → µ+µ−), since MFV predicts that this is given by
its SM value, |Vtd/Vts|2. This correlation is shown in Fig. 2.1, where MFV is contrasted against
a range of other NP models. Observation of B0 → µ+µ− requires huge statistics and excellent
control of backgrounds, and can only be made by the upgraded LHCb experiment.

As an alternative to MFV, we consider a model that has received a lot of attention in the
literature recently (see, for example, Refs. [24]), namely the Standard Model extended to four
families (SM4). In the quark sector, this model has an extra seven parameters compared to
the Standard Model: the masses of the two new quarks (t′, b′) plus five new quark-mixing
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