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LHCb Physics Program 
LHCb is designed to find evidence of New Physics through the indirect effect 
that the new degrees of freedom may have on heavy flavour (B and D) decays. 

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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2 CHAPTER 1. INTRODUCTION

Figure 1.1: The correlations between the preferred values of MA and tan β in the NUHM1 variant of
MSSM [3]. Superimposed are the contours indicating the value of B(Bs → µ+µ−) in this framework.
Also indicated are the 5σ discovery contours for observing the heavy MSSM Higgs bosons H, A in the
decay channels H,A → τ+τ− jets (solid line), jet + µ (dashed line), jet + e (dotted line) assuming
an analysis requiring 30 or 60 fb−1 collected with the CMS detector [2].

hitherto. These asymmetries are a priori very sensitive to the contribution from NP effects.
It is therefore surprising that the measurements of CP violation performed with B0 and B±

mesons at BABAR and Belle are broadly consistent with the CKM mechanism of the SM [5,6].
If new particles exist at the TeV mass scale, as is expected, then this is already an indication
that the flavour couplings of the NP have a very particular structure, so as not to have given
rise to effects inconsistent with the SM expectations. More precise measurements are needed to
test whether the CKM description remains successful at the sub-10% level. Even more exciting
is the possibility to extend this programme to the Bs sector, about which very little is known
and where more visible effects may be apparent. Recent measurements from the Tevatron
hint at larger than expected CP violation in Bs → J/ψφ [7, 8] and in Bs mixing [9, 10], but
measurements with higher precision are required to clarify the situation. This will only be
possible at the LHC.

1.2 LHCb goals with current and upgraded detector

LHCb is an experiment that has been designed to perform flavour physics measurements at the
LHC. Its physics programme will be executed in two phases. A full discussion of the goals of
each phase may be found in Chapter 2. Here a brief overview is given.

The aims of the first phase of the experiment can be achieved with around 5 fb−1 of data
and will take several years to accomplish, using the currentdetector. With this data-set, it will
be possible to extend significantly the precision of many key observables in B and D physics
beyond what was possible at the B-factories, and make the first exploration of the Bs system.

To exploit fully the flavour-physics potential of the LHC will then require an upgrade to the

Example: the discovery power of the measurement of B(Bd,s→µ+µ- ) 

              Large B(Bs→µ+µ- ) possible in NP models 

MFV would retain flavour universality  

New Physics in B→µ+µ-  
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14 CHAPTER 2. PHYSICS JUSTIFICATION
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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 the CP -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

CMS, 60 pb-1 
5σ contours 
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LHCb 
LHCb recorded ~38 pb-1 in 2010 with ~90% 
efficiency and is running smoothly in 2011. 

Expect ~200 pb-1 by summer conferences 
and ~1 fb-1 by end 2011. 

Collider Phenomenology 2011 

HV 0.8% 
VELO 2.3% DAQ 4.9% 

Deadtime 
1.7% 

Running 
90.3% 

- All detectors in data taking 
- HV powered on all detectors  
- VELO fully closed 
- Triggers accepted 

LHCb is already competitive with 
CDF/D0 who have 6000 pb-1 of data, 
even though the bb cross-section is 
only 3x higher… 

This is possible due to the LHCb 
acceptance, trigger and detector 
resolution. 

€ 

σ pp→ bb( ) = 284 ± 4 ± 48( ) µb

arXiv:1103.0423 (sub. EPJ C) 
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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!) 

Collider Phenomenology 2011 

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 
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Figure 13: Corrected reconstructed mass of B+ → J/ψK+ (left) and B0 → J/ψK∗0

(right).
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Figure 14: Corrected reconstructed mass of B0 → J/ψK0
S (left) and Λb → J/ψΛ (right).
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S (left) and Λb → J/ψΛ (right).
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c → J/ψπ+ (right).
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LHCb-CONF-2011-027 

LHCb momentum scale known 
to ~0.1 per mille 

Excellent mass resolution 
(6-10 Mev/c2) 

Worlds best B mass 
measurements! (except Bc) 

€ 

B+ → J ψK +

€ 

B0 → J ψK*0

€ 

B0 → J ψKs
0

€ 

Λb → J ψΛ

€ 

Bs
0 → J ψφ

€ 

Bc
+ → J ψπ +

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 
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B Lifetime Measurements 

Collider Phenomenology 2011 

Channel LHCb lifetime, stat and sys (ps) PDG (ps) 

B+→J//ψK+ 1.689 ± 0.022 ± 0.047 1.638 ± 0.011 

B0→J//ψK*0 

B0→J//ψKs 

1.512 ± 0.032 ± 0.042 
1.558 ± 0.056 ± 0.055 

1.525 ± 0.009 

Bs→J//ψφ
 1.447 ± 0.064 ± 0.056 1.477 ± 0.046 

Λb→J//ψΛ
 1.353 ± 0.108 ± 0.035 1.391 ±  0.038 

€ 

B+ → J ψK +

€ 

B0 → J ψK*0

€ 

Bs
0 → J ψφ

€ 

Λb → J ψΛ

Excellent proper time resolution ~50 fs 

LHCb-CONF-2011-001 

Using lifetime unbiased trigger and t > 0.3 ps 

19th April 2011 8/37 



Onia (J/Ψ, ϒ , χc)     X(3872)     Bc     B fractions      

Production Studies 



J/Ψ & ϒ 
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Inclusive prompt χc→J/ψγ production useful for testing NRQCD: colour singlet 
and octet mechanisms. 

Photon identification based on 
calorimeter and tracking information 

χc Production 

Collider Phenomenology 2011 

Ameasurement of the relative cross-sectionσ(χc2)/σ(χc1) for promptχc production at
√

s = 7 TeV in LHCbRef: LHCb-CONF-2011-011
Conference Note Issue: 3
8 Results and conclusions Date: April 12, 2011
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Figure 9 The ratio
σ(χc2)
σ(χc1) in bins of pJ/ψ

T ∈ [3; 15]GeV/c . The internal error bars correspond to the

statistical error on the χc1 and χc2 yields; the external error bars include the contribution from all the
systematic uncertainties. The shaded area around the data points (black) shows the maximum effect

of the unknown χc polarizations on the result. The upper limit corresponds to the spin state (χc1 :
mJ = 1; χc2 : mJ = 2) and the lower limit corresponds to the spin state (χc1 : mJ = 0; χc2 : mJ = 0).
The two other bands correspond to the ChiGen MC generator theoretical prediction [12] (in blue) and

NLO NRQCD [3] (in red).

We would also like to thank L.A.Harland-Lang, W.J.Stirling and K.Chao for supplying the theory
predictions for comparison to our data and for many helpful discussions.
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LHCb-CONF-2011-020 

Theory predictions: 
L.A.Harland-Lang and W.J.Stirling 
Y.Ma, K.Wang, K.Chao, arXiv:1002.3987 

Unknown χc polarization  
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Ameasurement of the relative cross-sectionσ(χc2)/σ(χc1) for promptχc production at
√

s = 7 TeV in LHCbRef: LHCb-CONF-2011-011
Conference Note Issue: 3
4 Experimental method Date: April 12, 2011
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Figure 3 The ∆M distribution for real data of selected candidates with p
J/ψ
T ∈ [3; 15] GeV/c and for which

the photon has not converted. The solid blue curve corresponds to the full fit function F described in Section 4.

The χc0, χc1 and χc2 peaks are shown respectively in orange, green and red from left to right. The background

distribution fbgd is shown as a dashed purple curve.
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Figure 4 The ∆M distribution for real data of selected candidates with p
J/ψ
T ∈ [3; 15] GeV/c and for which the

photon has converted. The solid blue curve corresponds to the full fit function F described in Section 4. The χc0,

χc1 and χc2 peaks are shown respectively in orange, green and red from left to right. The background distribution

fbgd is shown as a dashed purple curve.
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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.   

Collider Phenomenology 2011 

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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Conference Note Issue: 1
2 Data Sets and Trigger Configuration Date: April 12, 2011
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Figure 1 Feynmann diagrams for the production of exclusive dimuon final 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 dimuon final 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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γγ → µ+µ−

€ 

χc → J ψγ

€ 

J ψ → µ+µ−

19th April 2011 

χc0

χc1


χc2
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X(3872) 
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?


Collider Phenomenology 2011 

LHCb-CONF-2011-030 

€ 

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

N=585 ± 74 

19th April 2011 

±0.14(stat) 
with 500 pb-1 
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Bc Production 
Bc

+ is the heaviest heavy quark meson (cb) and is useful for constraining QCD. 
First observation at CDF in 1998. Only been seen in 3 decay modes : 
Bc

+→J/ψπ+ (~100 cands.), Bc
+→J/ψ µ+ ν and Bc

+→J/ψ e+ ν (~1k cands. each) 
At LHCb, we measure for pT(Bc

+ )>4 GeV/c: 

      59±18 events observed. 
      4.1σ statistical significance 

      Looks great for the LHCb Bc 

        physics program. 

Collider Phenomenology 2011 

€ 

Rc+ =
σ Bc

+( ) × B Bc
+ → J ψπ +( )

σ B+( ) × B B+ → J ψK +( )
= 2.2 ± 0.8 ± 0.2( )%

L~33 pb-1 
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fs/fd from hadronic decays
B0!D"#$ B0!D"%$

Nsig = 

4109 ! 75

Bs
0!Ds

"#$

Nsig = 

253 ! 21

Nsig = 

670 ! 34

World best:
40 10)12.017.002.2()( "$"

&''(! KDB!

][   016.0018.0024.0242.0 $"
'''( #D

f
f

d

s

][  025.0020.0013.0249.0 $"
'''( KD

[Average]  018.0018.0017.0245.0 '''(

(stat.)   (syst.)   (theo.)

LHCb-CONF-2011-013 

preliminary

!"#$"$%## #&"$'

f
!b/(fu+fd) 

!"#$%

f/\b/(fu+fd) not consistent with being flat over pT

If fit with straight line, we get for pT< 14 GeV

GeV/)0012.00025.00120.0(                    

)106.0019.0401.0(

Tp
ff

f

du

b

"##$

##%
&

!

!"#$%

CDF value                                         

LEP value 0.112!0.031

GeV 1.14
CDF

'Tp

GeV 40
LEP

'Tp

Systematic error: 

26% from !(!c(pK)), total 26.5%

&'%('()%% %*'(!

B fractions 
B fractions important input for all branching ratio measurements, in particular 
fs/fd for B(Bd,s→µ+µ- ). 

 Semi-leptonic decays       Hadronic decays 
         b→(D0/D+/Ds

+/Λc
+ ) + Xµν       Bd→D-K+, Bs→Ds

-π+,  Bs→Ds
-π+

Collider Phenomenology 2011 

€ 

fs fu + fd( ) = 0.136 ± 0.004−0.011
+0.012

fΛ b
fu + fd( ) = 0.401± 0.019 ± 0.106

− 12 ± 2.5 ±1.2( ) ×10−3 × pT GeV-1

€ 

fs
fd

= 0.245 ± 0.017 ± 0.018 ± 0.018

LHCb-CONF-2011-013 

€ 

Bd → D−K +

theory error 
6-10% CDF (La Thuile): 0.269±0.03 
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First Observation  
of new Bs decays 



Bs→J//Ψf0 and Bs→Ψ’φ  

Collider Phenomenology 2011 

1 Introduction

In B0
s decays some final states can be reached either by a direct decay amplitude or via

a mixing amplitude. For the case of B0
s → J/ψφ decays, the interference between these

two amplitudes allows observation of a CP violating phase. In the Standard Model (SM)
this phase is −2βs = −0.036+0.0020

−0.0016 radians, where βs = arg (−VtsV ∗

tb/VcsV ∗

cb), and the Vij

are CKM matrix elements [1]. This is about 20 times smaller in magnitude than the
measured value of the corresponding phase 2β in B0 mixing. Being small, this phase can
be drastically increased by the presence of new particles beyond the SM. Thus, measuring
βs is an important probe of new physics.

Attempts to determine βs have been made by the CDF and D0 experiments at the
Tevatron using the B0

s → J/ψφ decay mode [2]. While initial results hinted at possible
large deviations from the SM, recent measurements are more consistent [3, 4]. However,
the Tevatron limits are still not very constraining. Since the final state consists of two
spin-1 particles, it is not a CP eigenstate. While it is well known that CP violation can be
measured using angular analyses [5], this requires more events to gain similar sensitivities
to those obtained if the decay proceeds via only CP-even or CP-odd channels. In Ref. [6]
it is argued that in the case of J/ψφ the analysis is complicated by the presence of an
S-wave K+K− system interfering with the φ that must be taken into account, and that
this S-wave would also manifest itself by the appearance of f0(980) → π+π− decays. This
decay B0

s → J/ψf0(980) is to a single CP-odd eigenstate and does not require an angular
analysis. Its CP violating phase in the Standard Model is −2βs (up to corrections due to
higher order diagrams). In what follows, we use the notation f0 to refer to the f0(980)
state.

By comparing D+
s → f0π+ decays where the f0 was detected in bothK+K− and π+π−

modes it was predicted that [6]

Rf0/φ ≡
Γ(B0

s → J/ψf0, f0 → π+π−)

Γ(B0
s → J/ψφ, φ → K+K−)

≈ 20%. (1)

A decay rate at this level would make these events very useful formeasuring βs if back-
grounds are not too large.

The dominant decay diagram for these processes is shown in Fig. 1. It is important

b

W
+

c 

}

!

s

}c  J/

s

s
 " or f0

}

Bs
0

Figure 1: Decay diagram for B0
s → J/ψ(f0 or φ) decays.

to realize that the ss system accompanying the J/ψ is an isospin singlet (isoscalar), and

1

of π+π+ and π−π− like-sign event distributions. The fit gives a B0
s mass of 5366.1±1.1
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Figure 4: (a) The invariant mass ofJ/ψπ+π− combinations when the π+π− pair is required
to be with ±90 MeV of the f0(980) mass. The data have been fit with a signal Gaussian
and several background functions. The thin (red) solid curve shows the signal, the long-
dashed (brown) curve the combinatorial background, the dashed (green) curve the B+ →
J/ψK+(π+) background, the dotted (blue) curve the B0 → J/ψK∗0 background, the
dash-dot curve (purple) the B0 → J/ψπ+π− background, the barely visible dotted curve
(black) the sum of B0

s → J/ψη′ and J/ψφ backgrounds, and the thick-solid (black) curve
the total. (b) The same as above but for like-sign di-pion combinations.

MeV in good agreement with the known mass of 5366.3±0.6 MeV, a Gaussian width
of 8.2±1.1 MeV, consistent with the expected mass resolution and 111±14 signal events
within ±30 MeV of the B0

s mass. The change in twice the natural logarithm of the
fit likelihood when removing the B0

s signal component, shows that the signal has an
equivalent of 12.8 standard deviations of significance. The like-sign di-pion yield correctly
describes the shape and level of the background below the B0

s signal peak, both in data
and Monte Carlo simulations. There are also 23±9 B0 → J/ψπ+π− events.

5

€ 

Γ Bs → J ψ f0, f0 →π +π−( )
Γ Bs → J ψφ, φ →K +K−( )

= 0.252−0.032−0.033
+0.046+0.027

PLB 698 (2011) 115 

First Observation of Bs! J/" f0

15

Phys. Lett. B 698 (2011) 115.

J/" f0 is CP-odd (no angular analysis needed!)

Bs ! "# $

LHCb-Conf-Note-2011-024
new

B!J/"K+

B0!J/"K*

B0!J/"%%

LHCb-CONF-2011-024 

€ 

B Bs → ′ ψ φ( )
B Bs → J ψφ( )

= 0.68 ± 0.10 stat( ) ± 0.09 syst.( ) ± 0.07 B( )

First 

First 
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Bs→K*K* and Bs→J/ΨK*  First Observation of Bs! K*K*

16

Penguin decay,

similar to Bs!""

LHCb-Conf-2011-019

7.4#

Bs! K*K*

LHCb-Conf-2011-025

new

Measured for  |m(K$)-mK*| < 150 MeV,  

assuming that all events are K*!K$

Bs! J/%K*

Bs! J/%K*

Bd ! J/%K*

B0

B!J/%X

Collider Phenomenology 2011 

€ 

B Bs →K*K*( ) =

1.95 ± 0.47 stat( )
± 0.66 syst( )
± 0.29 fd fs( )

 

 

 
 
 

 

 

 
 
 
×10−5

LHCb-CONF-2011-019 

First Observation of Bs! K*K*

16

Penguin decay,

similar to Bs!""

LHCb-Conf-2011-019

7.4#

Bs! K*K*

LHCb-Conf-2011-025

new

Measured for  |m(K$)-mK*| < 150 MeV,  

assuming that all events are K*!K$

Bs! J/%K*

Bs! J/%K*

Bd ! J/%K*

B0

B!J/%X

Penguin decay, 
similar to Bs→φφ  

€ 

B Bs → J ψK*( ) = 3.5−1.0
+1.1 stat( ) ± 0.9 syst( )( ) ×10−5

LHCb-CONF-2011-025 

Assuming that all events are K*→Kπ 

First 

First 
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   CP angle γ 
   B→h+h-  

   Bs CP phase, φs 

Search for new CP phases in 
Bd and Bs mixing 



The Golden Triangle 
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  

Collider Phenomenology 2011 

4.1 Standard Model fit 37
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Figure 3: Constraint on the CKM (ρ̄, η̄) coordinates from the global Standard Model
CKM-fit. Regions outside the coloured areas have CL> 95.45 %. For the combined
fit the yellow area inscribed by the contour line represents points with CL < 95.45 %.
The shaded area inside this region represents points with CL< 68.3 %.

rameters. In Tables 8 and 9 we also show the result of the fit for observables that have
been individually excluded from the fit in order to quantify possible deviations between
the individual input values and their fit predictions. The good overall agreement of the
combined Standard Model fit mixes quantities that are in perfect agreement with their
fit prediction, with others that are individually at odds. Possible deviations between a
selection of measured observables and their Standard Model predictions are discussed in
more detail in the following.

One observes a sizeable discrepancy between the input value of B(B → τν) (see Ta-
ble 6) and its fit prediction (see Table 9) which is mainly driven by the measured value
of sin 2β, and was first discussed in Ref. [10]. Removing either B(B → τν) or sin 2β from
the list of inputs results in a χ2 change that corresponds to 2.9 standard deviations. This
discrepancy could arise either from a statistical fluctuation in the measured B(B → τν)
value, from too small (large) a value of fBd

(B̂Bd
), or from New Physics in the B → τν

and/or sin 2β measurements. There is a specific correlation between sin 2β and B(B → τν)

CKMfitter group, PRD 83 036004 (2011)  

€ 

VCKM =

1− λ
2

2 λ Aλ3 ρ − iη( )
−λ 1− λ

2

2 Aλ2

Aλ3 1− ρ − iη( ) −Aλ2 1

 

 

 
 
 
 

 

 

 
 
 
 

L.Wolfenstein PRL 51 (1983) 1945 

€ 

A = 0.815−0.029
+0.011 λ = 0.22543−0.00077

+0.00077

ρ = 0.144−0.018
+0.029 η = 0.322−0.016

+0.016

JCP = 2.98−0.18
+0.16( ) ×10−5
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The Golden Triangle 
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  
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rameters. In Tables 8 and 9 we also show the result of the fit for observables that have
been individually excluded from the fit in order to quantify possible deviations between
the individual input values and their fit predictions. The good overall agreement of the
combined Standard Model fit mixes quantities that are in perfect agreement with their
fit prediction, with others that are individually at odds. Possible deviations between a
selection of measured observables and their Standard Model predictions are discussed in
more detail in the following.

One observes a sizeable discrepancy between the input value of B(B → τν) (see Ta-
ble 6) and its fit prediction (see Table 9) which is mainly driven by the measured value
of sin 2β, and was first discussed in Ref. [10]. Removing either B(B → τν) or sin 2β from
the list of inputs results in a χ2 change that corresponds to 2.9 standard deviations. This
discrepancy could arise either from a statistical fluctuation in the measured B(B → τν)
value, from too small (large) a value of fBd

(B̂Bd
), or from New Physics in the B → τν

and/or sin 2β measurements. There is a specific correlation between sin 2β and B(B → τν)

CKMfitter group, PRD 83 036004 (2011)  
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rameters. In Tables 8 and 9 we also show the result of the fit for observables that have
been individually excluded from the fit in order to quantify possible deviations between
the individual input values and their fit predictions. The good overall agreement of the
combined Standard Model fit mixes quantities that are in perfect agreement with their
fit prediction, with others that are individually at odds. Possible deviations between a
selection of measured observables and their Standard Model predictions are discussed in
more detail in the following.

One observes a sizeable discrepancy between the input value of B(B → τν) (see Ta-
ble 6) and its fit prediction (see Table 9) which is mainly driven by the measured value
of sin 2β, and was first discussed in Ref. [10]. Removing either B(B → τν) or sin 2β from
the list of inputs results in a χ2 change that corresponds to 2.9 standard deviations. This
discrepancy could arise either from a statistical fluctuation in the measured B(B → τν)
value, from too small (large) a value of fBd

(B̂Bd
), or from New Physics in the B → τν

and/or sin 2β measurements. There is a specific correlation between sin 2β and B(B → τν)

CKMfitter group, PRD 83 036004 (2011)  
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Amazing consistency !  

Beautiful validation of CKM picture. 
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the individual input values and their fit predictions. The good overall agreement of the
combined Standard Model fit mixes quantities that are in perfect agreement with their
fit prediction, with others that are individually at odds. Possible deviations between a
selection of measured observables and their Standard Model predictions are discussed in
more detail in the following.

One observes a sizeable discrepancy between the input value of B(B → τν) (see Ta-
ble 6) and its fit prediction (see Table 9) which is mainly driven by the measured value
of sin 2β, and was first discussed in Ref. [10]. Removing either B(B → τν) or sin 2β from
the list of inputs results in a χ2 change that corresponds to 2.9 standard deviations. This
discrepancy could arise either from a statistical fluctuation in the measured B(B → τν)
value, from too small (large) a value of fBd

(B̂Bd
), or from New Physics in the B → τν

and/or sin 2β measurements. There is a specific correlation between sin 2β and B(B → τν)
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Any NP contributions are small. 
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for ∆ms. The constraint on New Physics in Bd-mixing relies thus on |Vub| on one hand
and γ on the other hand, the latter being currently dominated by the combination of the
sin 2φψK

d and α measurements which is independent of New Physics contributions in B-
mixing. The theory prediction for the oscillation frequency ∆md depends on the quantity
|∆d| ≡

√
(Re∆d)2 + (Im∆d)2. Without a good constraint on |∆d| from other observables

it can only be predicted with a very large uncertainty as observed in Table 9. The only
other observables that are sensitive to the modulus of ∆d are adSL and ASL but those are
measured with a precision that is significantly above the Standard Model prediction and
thus do no constrain very much the range of ∆md (even though they proved powerful in
eliminating the negative (ρ, η) solution) (the same statement holds for ∆ms).

Tables 11 and 12 show the fit results for various parameters and observables. We
also show the result of the fit for quantities that have been individually excluded from
the fit in order to quantify possible deviations between the individual input values and

4.2 Scenario I 47

)
s

(B
SL

) & a
d

(B
SL

 & aSLA

FSs! & s" #

sm# & dm#

s$-2s 
#%

SM point

s#Re 

-2 -1 0 1 2 3

s
#

Im
 

-2

-1

0

1

2

excluded area has CL > 0.68

Summer 10

CKM
f i t t e r  mixing sB - 

s
 New Physics in B

Figure 9: Constraint on the complex parameter ∆s from the fit in scenario I. For
the individual constraints the coloured areas represent regions with CL < 68.3 %.
For the combined fit the red area shows the region with CL< 68.3 % while the two
additional contour lines inscribe the regions with CL< 95.45 %, and CL < 99.73 %,
respectively.

their fit predictions. The corresponding pull values are listed in Table 10. Among other
things it is interesting to note that the indirect fit prediction for the dimuonic asymmetry
ASL = (−42+20

−19)×10−4 is consistent at 1.2 standard deviations with the DØ/CDF average
(−85±28)×10−4 used here, and remains more precise in spite of the uncertainties on the
theoretical and New Physics parameters. Hence future improvements of this measurement
are expected to give crucial information on the underlying physics.

Another important output of our global analysis is the prediction of the difference
asSL − adSL, that will be measured by the LHCb experiment in a close future [34]. It
reads asSL − adSL = (−39+31

−24) × 10−4 (−93 × 10−4 < asSL − adSL < 36 × 10−4 at the 3 σ
level), to be compared to the Standard Model result asSL − adSL = (7.93+0.66

−2.14) × 10−4

(4.5× 10−4 < asSL − adSL < 9.9× 10−4 at 3 σ).
In contrast to the Standard Model fit, our Scenario I relates the Bd and Bs anoma-

lies through the correlated determination of the ∆ parameters. Hence it is particularly

Is there room for NP in B mixing? 

Both Bd (due to the measurement of B+→τν) and Bs (due to the measurement 
of φs) disfavour the SM at 2.7σ. 
There is plenty of room for NP….. 
LHCb goals :  1. Precise determination of γ at tree level 

  2. Precise determination of φs 
Collider Phenomenology 2011 

CKMfitter, PRD 83 036004 (2011)  
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γ = 71−25
+21( ) deg.

Bd Bs 
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Prospects for γ from trees 
The theoretically cleanest method measures γ via the interference between                 

     and                  ; only affected by possible NP in D0 mixing. 

Reconstruct D in final states accessible to both      and 

•  Time integrated analysis   
 requires no tagging,  
 need to extract suppressed channels  
 or Dalitz analysis of 3-body D0 decays. 

•  Time dependent analysis  

Expect to measure γ with a combined precision of ~5o from 2011/2012 data. 
Collider Phenomenology 2011 

€ 

B→ D0K B→ D0K

colour allowed colour suppressed 

€ 

D0 D0

Similar diagrams  
for B0 

€ 

B0 → D−π +, Bs → Ds
−K + € 

B± → DK ± with D→πK
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Prospects for γ from trees 
In analogy to the decay B±→D0K±, the decay B±→D0K±π+π- can also be used 
to determine γ. 
LHCb has measured the CF multi-body B→Dπ±π+π- decays  
and for the first time observed the CS B±→D0K±π+π- decays. 

Collider Phenomenology 2011 

LHCb-CONF-2011-007 

LHCb-CONF-2011-018 

First First 
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Bs→D0K* 
This decay may be a potentially dangerous background for the measurement 
of the CP angle γ


Collider Phenomenology 2011 

LHCb-CONF-2011-008 

€ 

B Bs → D0K*( ) = 4.44 ±1.00 stat( ) ± 0.55 syst( ) ± 0.56 f s fd( ) ± 0.69 B
B
0
→D 0ρ 0( ) 

 
  

 
 ×10−4

First 
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Prospects for γ from loops 
Large penguin contributions are expected for 
Bs→K+K- and Bd→π+π-.


Assuming U-spin symmetry and using the  
known Bd mixing phase, the time-dependent 
CP asymmetry of these decays allows for a measurement of γ.


New measurement of the Bs→K+K- lifetime using two complimentary methods 
gives  

Collider Phenomenology 2011 

LHCb-CONF-2011-011 

€ 

Bd →π +π−

€ 

Bs →K +K−

N=275 ± 24 
N=333 ± 21 L=37 pb-1 

L=37 pb-1 

€ 

τ Bs
0 →K +K−( ) = 1.44 ± 0.096 ± 0.010( ) ps LHCb-CONF-2011-018 
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Observation of direct CP violation 
in B→Kπ 

Direct CP asymmetry in Bd→Kπ is well-established,  
but not yet  in Bs→πK. 

Detector asymmetries: use D* and D0→Kπ    AD=(-0.4±0.4)% 
Production asymmetries: use B±→J/ψΚ±     AP=(-2.4±1.7)% 
Aside: D0 production asymmetry               AP(D0)=(-1.08±0.32±0.12)% 

Collider Phenomenology 2011 

LHCb-CONF-2011-011 

€ 

ACP B0 →K +π−( ) = −0.074 ± 0.033± 0.008

ACP Bs
0 →π +K−( ) = 0.15 ± 0.19 ± 0.02

€ 

ACP B0 →K +π−( ) = −0.098−0.011
+0.012

ACP Bs
0 →π +K−( ) = 0.39 ± 0.17

€ 

ACP B0 →K +π−( ) ≈ AK +K −
dir

ACP Bs
0 →π +K−( ) ≈ Aπ +π −

dir
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Bs CP Phase 

Interference of mixing and decay in Bs→J/ψφ  

Standard Model 

Possible NP 
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Figure 3: Likelihood contours in the βs − ∆Γ plane from CDF (left, from [3]) and DØ
(right, from [4]) using data collected at the Tevatron until summer 2010. Note that DØ

expresses the result in φJ/ψφ
s which is −2βs.

difference, make the formalism substantially more complicated than for the B0 → J/ψK0
S40

case presented in Eq. 1.41

The Tevatron experiments CDF and DØ have, until summer 2010, collected about42

6500 [3] and 3400 [4] B0
s → J/ψφ candidates, respectively. Figure 3 shows likelihood43

contours in the βs − ∆Γs plane from both experiments. Without external constraints44

on ∆Γs, the experiments report an uncertainty in φJ/ψφ
s of about 0.5 and 0.4 radians,45

respectively.46

To demonstrate that LHCb can perform such a complicated measurement it is manda-47

tory to present simpler measurements first. With that in mind, 5 analysis topics have48

been defined, each worth a physics publication, but also covering an ingredient to the49

B0
s→ J/ψφ analysis. These analyses are now close to finalized and have been documented50

in analyses notes:51

LHCb-ANA-2011-001 [7] describes the selection of B0
s→ J/ψφ and other b→ J/ψX52

control channels, the measurement of lifetimes and relative yields. Understanding53

the decaytime resolution and acceptance is an important ingredient to the lifetime54

measurement and to the measurement of φJ/ψφ
s ;55

LHCb-ANA-2011-002 [8] describes the untagged angular analysis of B0 → J/ψK∗0
56

and B0
s→ J/ψφ . This analysis gives access to the decay angle amplitudes for both57

final states, as well as the lifetime and ∆Γs for B0
s→ J/ψφ . Due to its forward ge-58

ometry, the reconstruction efficiency for these decays is a non-trivial function of the59

decay angles. Understanding the acceptance is a crucial ingredient to these mea-60

surements and the measurement of φJ/ψφ
s . With current number of events LHCb61
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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 

Collider Phenomenology 2011 
€ 

S λ, t,Ω( ) = ε t,Ω( ) × 1+ qD
2

⋅ s λ, t,Ω( ) +
1− qD
2

⋅ s λ, t,Ω( )
 

  
 

  
⊗ Rt

€ 

λ = Γs,ΔΓs, A0
2, A⊥

2,δ||,δ⊥, φs,Δms( )

  

€ 

A⊥ CP odd  =1
A0, A|| CP even  = 0, 2

€ 

Ω = ϑ ,ϕ,ψ{ }

€ 

Δms =17.77 ± 0.12 ps−1

Figure 6: Angle definition: θ is the angle formed by the positive lepton ("+) and the z axis, in
the J/ψ rest frame. The angle ϕ is the azimuthal angle of "+ in the same frame. In the φ meson
rest frame, ψ is the angle between &p(K+) and −&p(J/ψ). The definition is the same whether a
B0

s or a B0
s decays.

The full expression for each of the time dependent B0
s amplitudes are:139
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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 
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Bs CP Phase 
The measurement of φs is core to the LHCb physics program 

1.  Select signal decay and cross-check channels 
 Determination of lifetimes (see slide 8) 
 Bs→J//Ψφ, Bd→J//ΨΚ*, B+→J//ΨΚ+



Bd→J//ΨΚs,,  Λb→J//ΨΛ 

2.  Angular analysis & determination of ΔΓs 

 Angular analysis of Bd→J//ΨΚ*



Untagged angular analysis of Bs→J//Ψφ 

3.  Determination of B production flavour 
 Determination of sin2β, Δmd, Δms 

4.  Determination of φs   
 Tagged analysis of Bs→J//Ψφ  decays 

Collider Phenomenology 2011 

LHCb-CONF-2011-001 

LHCb-CONF-2011-002 

LHCb-CONF-2011-003 
LHCb-CONF-2011-004,010,0 05 

LHCb-CONF-2011-006 
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Untagged Bs→J//Ψφ 

φs fixed to zero 

Collider Phenomenology 2011 

Untagged analysis of Bs!J/"#

11

Assuming  #s = 0
LHCb-Conf-2011-002LHCb-CONF-2011-002 
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sin2β, Δmd, Δms 

Collider Phenomenology 2011 

parameter results
∆md

[ps−1] 0.499± 0.032
εsig 0.3389± 0.0064
ωB 0.474± 0.016
εB 0.3287± 0.0086
p0 0.332± 0.016
p1 0.69± 0.16

< ηc> 0.343
εSSπ+OS
eff [%] 4.3± 1.0

Table 2: Fit results of the mixing fit using predicted event-by-event mis-tag probability
ηC to describe the tagging performance. The OST+SST tagging decision was used.
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Figure 4: Left: Proper time distribution for different event categories: “tagged as mixed”,
“tagged as unmixed” and “not tagged”. For illustration purposes the mass range was
limited to ±3σ around the reconstructed B0 mass. Right: Signal asymmetry as function
of proper time.

This range was determined by using Monte Carlo simulation with significantly too110

good and significantly too bad track parameter resolution.111

• Variation of the proper time acceptance according to different trigger scenarios.112

Extreme scenarios of triggers using no B0 displacement cut and very hard cuts have113

been studied.114

• Fit parameters fixed from the mass and lifetime fit, are floating in the mixing fit.115

• The PDF describing the probability distribution of ηc suffer from statistical uncer-116

tainties. A bias on the fit result is expected to be larger if the probability distri-117

butions are very different for signal and background. We therefore used as one test118

identical PDFs and as a second one exchanged the PDFs for signal and background.119
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Figure 1: Reconstructed mass (left) and proper time (right) distributions of B0→ J/ψK0
S

candidates. Overlayed are projections of the component p.d.f.s used in the fit: full p.d.f.
(solid black), signal (dashed blue), prompt background (dotted red), long lived back-
ground (dotted orange).
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s candidates as function of proper time

modulo 2π
∆ms

. The fitted signal asymmetry is superimposed. Right: Fitted amplitude as
a function of ∆ms. See the text for further explanation.

2.6 Evaluation of Systematic Uncertainties

The following sources of systematic uncertainties are considered:

• Variation of the proper time resolution scale factor in the range 1.2-1.4.
This range covers conservatively the variations on the proper time scale factor ob-
served in all phase space regions studied with the fake B0

s sample.

• In data, the observed proper time resolution is described well by a single Gaussian.
However, in B0

s signal Monte Carlo we find that a single Gaussian does not fit
the proper time resolution well. If we fit a double Gaussian to the Monte Carlo
distribution, we find that the wider Gaussian has twice the width of the narrow
Gaussian and contains 6 % of the events. We estimate the possible effect on the
measurement of ∆ms by adding to the proper time resolution model used in the
analysis a contribution of a second Gaussian with the parameters found from Monte
Carlo.

• Variation of the proper time acceptance according to different trigger scenarios.
Extreme scenarios of triggers using no B0

s displacement cut and very hard cuts have
been studied. Even these large variations have no impact on the final result.

• Fit parameters fixed from the mass and lifetime fit, are released and allowed to float
in the mixing fit.

• The shape of the combinatorial background in the mass fit is modified. The expo-
nential shape has been replaced by a linear one.

• The mass templates derived on generator level Monte Carlo for the physics back-
grounds is modified.
We apply harder and looser momentum cuts on the B0

s candidates relative to the

11

LHCb-CONF-2011-005 

€ 

Δms =17.63± 0.11± 0.04 ps−1
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World average Δmd=0.507±0.005 ps-1


World average Δms=17.77±0.10±0.07  ps-1


World average sin2β=0.672±0.023 
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Constraints on φs 

•  No meaningful point estimate 
–  Confidence contours using 

Feldman-Cousins method 
•  Statistical errors only: 

accounts for systematic 
uncertainty of tagging 

•  All systematic errors negligible 
compared with statistics 

•  SM p-value = 22% (1.2σ) 
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CL at the Standard Model point (blue square) is 0.785 which corresponds to a deviation
of “1.2σ”. Projected in one dimension, we find φs ∈ [−2.7, − 0.5] rad at 68% CL.
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φs ∈ −2.7, − 0.5[ ] rad @68% c.l.
φs ∈ −3.5, 0.2[ ] rad @95% c.l.

Constraints on phase !s

13

! No meaningful point-estimate                

" Confidence contours using 

Feldman-Cousins method.

! Statistical error only: Accounts 

for syst. uncertainty of tagging 

(small).

! Compared to statistical error all 

systematic effects are negligible 

LHCb-Conf-2011-006

new

!s # [ -2.7,  -0.5]  rad at 68% CL

!s # [ -3.5,  0.2 ]  rad at 95% CL

SM P-"#$%&'())*((+,-.)$/0

Standard Model:

%&s = 0.087 ' 0.021 ps-1                                 

(A.Lenz, U.Nierste. arXiv:1102.4274)

!s = -0.0363 ' 0.0017 rad (CKMfitter)
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                         Search for Bd,s→µ+µ-  

Search for NP contributions 
in Bd,s rare decays 



Search for B→µ+µ-  
Very rare and golden FCNC b→d,s transition 

Strong enhancements in MSSM :


Limits from the Tevatron @95% c.l.  

Collider Phenomenology 2011 

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 Bs → µ+µ −( ) ∝ tan
6 β

MA
4

Experimental status 

22. March 2011 8/65 Johannes Albrecht 

CDF, 3.7 fb-1  

               6.1 fb-1  

PLB 693,  

539 (2010) 

Limits from Tevatron @ 95% CL: 
!! CDF (~3.7 fb-1):  BS (Bd) ! µµ < 43 (7.6) !10-9 

!! D0   (~6.1 fb-1):  BS!µµ < 51!10-9 

factor ~13  from SM 

CDF public  

note: 9892 

€ 

B Bs → µ+µ−( ) < 43×10−9

B Bd → µ+µ−( ) < 7.6 ×10−9

 
 
 

  

B Bs → µ+µ−( ) < 51×10−9

CDF (~3.7 fb-1) 

D0 (~6.1 fb-1) 
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Expected  
limit 

Observed  
limit 

Search for B→µ+µ-  
Signal and background candidates are discriminated using a 2D likelihood: 
Multivariate variable (GL) and invariant mass, both obtained from data.  

Collider Phenomenology 2011 

arXiv:1103.2465 (acc PLB) 

L=37 pb-1 

Bs search window 

Bd search  
window 

€ 

B Bs → µ+µ−( ) < 4.3 5.6( ) ×10−8

B Bd → µ+µ−( ) <1.2 1.5( ) ×10−8

LHCb results @90(95)% c.l. 

The number of TIS B0
q → h+h

′− events in each GL bin is obtained from a fit to
the inclusive mass distribution [18] assigning the muon mass to the two particles. The
measured fractions in each GL bin can be seen in Fig. 1 and are quoted in Table 2. The
systematic uncertainties are included, estimated by comparing the results from the inclu-
sive B0

q → h+h
′− fit model with those obtained using a double Crystal Ball function [19]

and a simple background subtraction. The measured GL distribution obtained from TIS
B0

q → h+h
′− events is compatible with a flat distribution, as expected if the simulation

reproduces correctly the data.

GL
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

P
ro
b
a
b
il
it
y

-410

-3
10

-210

-110

1

LHCb

Figure 1: Probability of signal events in bins of GL obtained from the inclusive sample
of TIS B0

q → h+h
′− events (solid squares). The background probability (open circles) is

obtained from the events in the sidebands of the µµ invariant mass distribution in the B0
s

mass window.

6.2 Signal invariant mass likelihood

The signal mass lineshape is parameterized using a Crystal Ball function [19]. Two meth-
ods have been used to estimate the B0

q → µ+µ− mass resolution from data. The first of
these methods uses an interpolation between the measured resolutions for cc resonances
(J/ψ , ψ(2S)) and bb resonances (Υ (1S), Υ (2S), Υ (3S)) decaying into two muons. It has
been observed that over this mass range the dimuon invariant mass resolution depends
linearly on the invariant mass of the muon pair to good approximation. Events selected in
the mass ranges around the cc and bb resonances were weighted such that the momentum
spectra of these resonances reproduce the expected momentum spectrum of the b hadron
in the decay B0

q → µ+µ−. The mass resolutions of the cc and bb resonances were then

9

68% of toy exp 
compatible with 
cxpected limit 
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Search for Bd,s!!
+!- decays: 2010/2011 prospects 

Wenesday, March 23, 2011 Frederic Teubert 36 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

1

10

100

37 pb-1 500 pb-1 

!"#!$%&''

()#!$%&'

(#!$%&''

1 fb-1 

BS!µ+µ" exclusion @ 95% CL 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

1

10

100

 

 

B
R

(B
s->
µ
+
µ
!
) 

(x
1
0

-9
)

Luminosity(fb
-1
)

 3"

 5"

!" #$ % & ' (

5 ! discovery 
3 ! evidence 

LHCb projection 

from 37pb-1!s=7 TeV 
 

LHCb projection 

from 37pb-1!s=7 TeV 
 

"#!$%&''

1 fb-1 

BS!µ+µ" observation 

!"#$%&

'"#$%(

#"#$%&

!"#$%&'

*$#!$%&''

LHCb will either find signs of NP or 
exclude most of the tan! vs MA plane with 

the 2010/2011 data. 
 

Strong impact on viable SUSY scenarios 
 

Very exciting indeed!  

2 CHAPTER 1. INTRODUCTION

Figure 1.1: The correlations between the preferred values of MA and tan β in the NUHM1 variant of
MSSM [3]. Superimposed are the contours indicating the value of B(Bs → µ+µ−) in this framework.
Also indicated are the 5σ discovery contours for observing the heavy MSSM Higgs bosons H, A in the
decay channels H,A → τ+τ− jets (solid line), jet + µ (dashed line), jet + e (dotted line) assuming
an analysis requiring 30 or 60 fb−1 collected with the CMS detector [2].

hitherto. These asymmetries are a priori very sensitive to the contribution from NP effects.
It is therefore surprising that the measurements of CP violation performed with B0 and B±

mesons at BABAR and Belle are broadly consistent with the CKM mechanism of the SM [5,6].
If new particles exist at the TeV mass scale, as is expected, then this is already an indication
that the flavour couplings of the NP have a very particular structure, so as not to have given
rise to effects inconsistent with the SM expectations. More precise measurements are needed to
test whether the CKM description remains successful at the sub-10% level. Even more exciting
is the possibility to extend this programme to the Bs sector, about which very little is known
and where more visible effects may be apparent. Recent measurements from the Tevatron
hint at larger than expected CP violation in Bs → J/ψφ [7, 8] and in Bs mixing [9, 10], but
measurements with higher precision are required to clarify the situation. This will only be
possible at the LHC.

1.2 LHCb goals with current and upgraded detector

LHCb is an experiment that has been designed to perform flavour physics measurements at the
LHC. Its physics programme will be executed in two phases. A full discussion of the goals of
each phase may be found in Chapter 2. Here a brief overview is given.

The aims of the first phase of the experiment can be achieved with around 5 fb−1 of data
and will take several years to accomplish, using the currentdetector. With this data-set, it will
be possible to extend significantly the precision of many key observables in B and D physics
beyond what was possible at the B-factories, and make the first exploration of the Bs system.

To exploit fully the flavour-physics potential of the LHC will then require an upgrade to the

       LHCb will either find signs of NP or 
       exclude most of the tanβ vs MA plane with 
       the 2010/2011 data. 

       Strong impact on viable SUSY scenarios 

37pb-1  200pb-1             1fb-1 
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Prospects for B→µ+µ- 2010/2011  
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Summary 
•  LHCb is producing world-class measurements in flavour physics 

•  New avenues are being explored to search for NP in the Bs system with 
many new decay modes observed 

•  Many results not mentioned here and still in the pipeline for the 2010 data 
         e.g. W/Z production, D0 mixing  

•  LHCb is running very well in 2011 and expects to collect >200 pb-1 by 
~June and 1 fb-1 by end of 2011 

LHCb is now at the forefront of a new era of discoveries (?) and precision 
measurements in flavour physics !        Exciting times ahead ! 

19th April 2011 Collider Phenomenology 2011 
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e.g. Δms , φs , B Bd ,s → µ+µ−( ) …

€ 

e.g. Bs → J ψ f0, Bs →K*K*
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           Thank you ! 
Happy LHC Experimentalists ! 
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Questions? 
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Flavour Physics 
Flavour physics is highly successful. It has led the way to 
–  The 3 generation Standard Model  
–  The CKM picture of flavour 
–  CP Violation 
Flavour physics is a proven tool of discovery 

Many open questions found in the flavour sector 
–  Why are there 3 generations ? 
–  What determines the hierarchy of fermion 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 ?  
Flavour physics also helps to understand open questions in cosmology        
e.g. SM CPV insufficient to explain matter/antimatter asymmetry 

2008 

Br(K0
L→µµ) & GIM → prediction of charm 

CP violation → need for a 3rd generation 
B mixing → top quark is very heavy 
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LHCb Particle Identification 

Collider Phenomenology 2011 

Without PID With PID 

φ→ Κ+Κ-
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χc production
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B fractions 
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LHCb sensitive to unexplored regions of phase space (W&Z, low mass Drell-Yan). 

W charge asymmetry also sensitive to PDFs. 
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Figure 7: W charge asymmetry in bins of lepton pseudo-rapidity compared to the MCFM
prediction. The shaded area is the uncertainty arising from the MSTW08NLO PDF set.

ηµ AW

2.0 - 2.5 0.35± 0.04
2.5 - 3.0 0.25± 0.04
3.0 - 3.5 0.04± 0.05
3.5 - 4.0 −0.20± 0.055
4.0 - 4.5 −0.40± 0.065

Table 3: W charge asymmetry values for the lepton pseudorapidity bins considered.

the predictions for W and Z . Also tabulated for σZ are NLO predictions obtained using
the FEWZ [8], and MCFM generators using the CTEQ6.6 NLO [6] and NNPDF2.0 [7]
PDF sets in addition. The results agree well with NLO prediction in all cases.

The comparison is shown graphically in Figure 8. The precision of the inclusive cross-
section measurements will improve when a more precise determination of luminosity is
available. The cross-section ratios, which are independent of experimental luminosity, will
constitute a very sensitive test of the Standard Model with increased statistics.

Generator Order PDF Set σ(Z ) σ(W+) σ(W−) σ(W )/σ(Z ) σ(W+)/σ(W−)
FEWZ NLO MSTW08NLO 65.7+2.9

−2.5

CTEQ66NLO 66.6+2.6
−2.4

NNPDF2.0 65.0± 2.4
MCFM NLO MSTW08NLO 65.5+2.8

−2.5 851± 35 656± 30 23.1± 0.2 1.30± 0.04
Data 73± 4± 7.5 1007± 48± 101 682± 40± 68 23.1± 1.5 1.48± 0.11

Table 4: Summary of theoretical calculations for various generators and PDF sets where
the uncertainty quoted combines the precision of the calculation and the 90% PDF un-
certainty. The quoted cross-sections require that the leptons have pT > 20GeV and
pseudorapidities between 2 and 4.5.

W & Z Production 
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Figure 1: Invariant mass of selected Z candidates. The data points are fitted to a Crystal
Ball function to represent signal, on an exponential to represent background.

these muons are not isolated by asking that the vector summed pT of all tracks inside
a cone of radius r =

√
∆η2 + ∆φ2 = 0.5 surrounding the muon, rcone, should be more

than 5 GeV. We do not expect signal to contribute to this region. The invariant mass
distribution of these events is peaked at low values and falls rapidly. We take 1± 1 event
as an estimate of the heavy flavour contamination.

The generic QCD event background is determined by considering the rate at which
pions and kaons are falsely identified as muon candidates, as a function of momentum.
This muon misidentification rate is used to weigh the number of events in a minimum bias
triggered data sample, where all requirements are imposed aside from muon identification,
to derive an estimated number of candidates from this source. We find that the number
of candidates we expect is negligible. The total background estimate is taken as 1.2± 1.2
events.

3.2 W → µν

Candidate W events possess one well reconstructed isolated muon candidate with a pT

greater than 20 GeV within 2 ≤ η ≤ 4.5. As backgrounds to the W analysis are larger
than for the Z analysis we impose additional criteria on muon isolation, and ask that it is
consistent with the primary vertex. We also apply slightly harsher requirements on track
reconstruction quality. Isolation is imposed by requiring that rcone should be less than 2
GeV. The impact parameter significance, ipsig of the muon must be less than 2 to reduce
backgrounds from heavy flavour production.
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Figure 3: Distribution of muon pT for negative (left) and positive (right) charged leptons.
The estimated W contribution is in red, the Z background is in blue, the tau background
in yellow, and the QCD background in green.

(iii) W → τν where the tau decays leptonically to a muon and neutrinos;
(iv) b and c events containing semileptonic decays with a muon in the final state;
(v) generic QCD events where pions or kaons either decay in flight or punch through to
give muons.

The signal yield is estimated by fitting the lepton pT spectrum to the shapes expected
for signal (from simulation) and each background class. The shapes for backgrounds (i)
to (iii) are estimated using simulation, which is normalised and fixed to the rate observed
for Z → µµ in data. The shapes for backgrounds (iv) and (v) are found directly from
data by anti-cutting on selection variables to enrich these sources, and their normalisation
allowed to float in the fit.

The W selected data and the result of the fit is shown in Figure 3. The fit estimates
that 34± 1% of the sample comes from W+, 26± 1% comes from W− and 31± 1% is due
to the QCD background. The number of background events is given in table 1.

Figure 8: Z , W + and W - cross-section measurements and ratios compared to the
MCFM NLO prediction. The inner uncertainty combines the statistical and systematic
experimental uncertainties. The outer uncertainty bar includes the luminosity uncertainty.
The yellow bar is the theoretical uncertainty.

7 Conclusions

The cross-sections and ratios of W and Z bosons have been measured using 16.5pb−1

of data. The luminosity uncertainty of 10% dominates the precision of the cross-section
measurements. This luminosity uncertainty cancels in the cross-section ratios, which
provide a more precise test of Standard Model predictions and probe of parton density
functions. All results are consistent with NLO predictions.
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Prospects for φs 
Current performance  

With current performance, using only OS tagger, expected φs sensitvity for 
1 fb-1 at 7 TeV is 0.13 rad 

–  SS tagger will improve sensitivity significantly 
–  Decay modes with final states which are CP eigenstates 

Expect world’s best measurement with 2011 data 

Collider Phenomenology 2011 

Prospects for 2011

14

! Current performance:

! With current performance and only OS tagger 

expected !s sensitivity for 1 fb-1 at 7 TeV is          

0.13 rad (SM value for !s).                               

SS tagger will improve senitivity significantly. 

! LHCb precision on !s soon competitive!

! Expect world best measurement w/ 2011 data

LHCb w/ 2011 data ?
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Charge asymmetry ASL 
D0 : evidence for an anomalous like-sign dimuon charge asymmetry 

D0 measure 

19th April 2011 Collider Phenomenology 2011 

Surprise! 

Rob Lambert, CERN Beauty, 7th April 2011 25 

! 

See talks from 

Monday morning 

Hot Topic 

Rob Lambert, CERN Beauty, 7th April 2011 26 

Situation could 

really be cleared 
up by LHCb 

D0 Collaboration, arXiv:1005.2757v1 

€ 

Asl = −0.00957 ± 0.00251± 0.00146

€ 

Asl
SM = −2.3−0.6

+0.5( ) ×10−4 3.2σ 

€ 

Asl
SM ≈

afs
s + afs

d

2
where afs

q = Im Γ12
q

M12
q
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Charge asymmetry ASL 
LHCb is catching up with D0 very quickly. 

Reconstruct                      and 

19th April 2011 Collider Phenomenology 2011 

  

€ 

Bd → D±µν Bs → Ds
±µν

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 

"#"
$% !

ss DB0

"#"
$% !

dd DB0

~100k Ds in 0.2 fb-1 

~100k Ds in 5 fb-1 

~100k Ds in 0.2 fb-1 

€ 

ΔAsl ≈
afs
s − afs

d

2
= 2.1± 0.3( ) ×10−4 SM( )
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FIG. 1: Differential branching fractions for the (a) K∗!+!− and (b) K!+!− modes as a function
of q2. The two shaded regions are veto windows to rejectJ/ψ(ψ′)X events. The solid curves show

the SM theoretical predictions with the minimum and maximumallowed form factors [16]. (c) and
(d) show the fit results for FL and AFB in K∗!+!− as a function of q2, together with the solid

(dotted) curve representing the SM (C7 = −CSM
7 ) prediction [16]. (e) is the AI asymmetry as a

function of q2 for the K∗!+!− (filled circles) and K!+!− (open circles) modes.

with the same final states, B → J/ψK(∗) with J/ψ → "+"−. Other uncertainties such as
kaon and pion identification efficiencies, fitting PDFs, background contamination from J/ψ
decays and charmless B decays, and the number of BB pairs are found to be small. The
total systematic uncertainties in the branching fractions for different decay channels are
6.8%–12.2% and 5.2%–7.4% for the K∗"+"− and K"+"− modes, respectively.

The main uncertainties for angular fits are propagated from the errors on the fixed nor-
malizations and FL, determined from Mbc–MKπ and cos θK∗ fits, respectively. Fitting bias
and fitting PDFs are checked using large B → J/ψK(∗) and MC samples. The total un-
certainties for the FL and AFB fits depend on the q2 bin and range from 0.02–0.06 and
0.03–0.13, respectively. The systematic errors on ACP are assigned using the CP asymme-
try measured in sideband data without R and Rsl selections and are found to be 0.01–0.02.
The systematic error on RK(∗) (AI) is determined by combining the uncertainties from lep-
ton (K/π) identification, R and Rsl selections, fitting PDFs and background contamination.
The uncertainty in AI from the assumption of equal production of B0B̄0 and B+B− pairs
is also considered. The correlated systematic errors among q2 bins are negligible for all the
measurements.

In summary, we report the differential branching fraction, isospin asymmetry, K∗ longi-
tudinal polarization and forward-backward asymmetry as functions of q2, as well as total
branching fractions, lepton flavor ratios, and CP asymmetries for B → K(∗)"+"−. These
results supersede our previous measurements [3] and are consistent with the latest BaBar
results [4, 20] with better precision. The differential branching fraction, lepton flavor ratios,
and K∗ polarization are consistent with the SM predictions. No significant CP asymmetry
is found in the study. The isospin asymmetry does not deviate significantly from the null
value. The AFB(q2) spectrum for B → K∗"+"− decays tends to be shifted toward the pos-
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FIG. 1: Differential branching fractions for the (a) K∗!+!− and (b) K!+!− modes as a function
of q2. The two shaded regions are veto windows to rejectJ/ψ(ψ′)X events. The solid curves show

the SM theoretical predictions with the minimum and maximumallowed form factors [16]. (c) and
(d) show the fit results for FL and AFB in K∗!+!− as a function of q2, together with the solid

(dotted) curve representing the SM (C7 = −CSM
7 ) prediction [16]. (e) is the AI asymmetry as a

function of q2 for the K∗!+!− (filled circles) and K!+!− (open circles) modes.

with the same final states, B → J/ψK(∗) with J/ψ → "+"−. Other uncertainties such as
kaon and pion identification efficiencies, fitting PDFs, background contamination from J/ψ
decays and charmless B decays, and the number of BB pairs are found to be small. The
total systematic uncertainties in the branching fractions for different decay channels are
6.8%–12.2% and 5.2%–7.4% for the K∗"+"− and K"+"− modes, respectively.

The main uncertainties for angular fits are propagated from the errors on the fixed nor-
malizations and FL, determined from Mbc–MKπ and cos θK∗ fits, respectively. Fitting bias
and fitting PDFs are checked using large B → J/ψK(∗) and MC samples. The total un-
certainties for the FL and AFB fits depend on the q2 bin and range from 0.02–0.06 and
0.03–0.13, respectively. The systematic errors on ACP are assigned using the CP asymme-
try measured in sideband data without R and Rsl selections and are found to be 0.01–0.02.
The systematic error on RK(∗) (AI) is determined by combining the uncertainties from lep-
ton (K/π) identification, R and Rsl selections, fitting PDFs and background contamination.
The uncertainty in AI from the assumption of equal production of B0B̄0 and B+B− pairs
is also considered. The correlated systematic errors among q2 bins are negligible for all the
measurements.

In summary, we report the differential branching fraction, isospin asymmetry, K∗ longi-
tudinal polarization and forward-backward asymmetry as functions of q2, as well as total
branching fractions, lepton flavor ratios, and CP asymmetries for B → K(∗)"+"−. These
results supersede our previous measurements [3] and are consistent with the latest BaBar
results [4, 20] with better precision. The differential branching fraction, lepton flavor ratios,
and K∗ polarization are consistent with the SM predictions. No significant CP asymmetry
is found in the study. The isospin asymmetry does not deviate significantly from the null
value. The AFB(q2) spectrum for B → K∗"+"− decays tends to be shifted toward the pos-
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FIG. 2: K∗!+!− fits: (a) low q2 mES, (b) high q2 mES, (c)
low q2 cos θK , (d) high q2 cos θK , (e) low q2 cos θ!, (f) high
q2 cos θ!; with combinatorial (dots) and peaking (long dash)
background, signal (short dash) and total (solid) fit distribu-
tions superimposed on the data points.

tion results of |CNP
10 | <∼ 10 [18]. Our results are consistent

with measurements by Belle [19], and replace the earlier
BABAR results in which only a lower limit on AFB was
set in the low q2 region [20].
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FIG. 3: Plots of our results for (a) AF B and (b) FL for the
decay B → K∗!+!− showing comparisons with SM (solid);
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7 = −Ceff
7 (long dash); Ceff

9 Ceff
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10 (dash-dot). Statistical and
systematic errors are added in quadrature. Expected FL val-
ues integrated over each q2 region are also shown. The FL

curves with Ceff
9 Ceff = −Ceff

9 Ceff
10 are nearly identical to the

two curves shown.
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FIG. 7: FL and AFB fit results with respect to five q2 bin for B0 → K∗0µ+µ− and B+ → K+µ+µ−. From left to right, FL and
AFB for B0 → K∗0µ+µ− and AFB for B+ → K+µ+µ− are shown. Histogram is the fit result, solid (dotted) curve is the SM
(C7 = −C7

eff
SM) expectation [7], dashed line is the averaged expectation in each q2 bin, and hatched regions mean charmonium

veto.

q2 (GeV2/c2) Nsig B(10−7) FL AFB

0.00-2.00 8.52± 3.05 0.98± 0.40± 0.09 0.53+0.32
−0.34 ± 0.07 +0.13+1.65

−0.75 ± 0.25
2.00-4.30 8.91± 2.79 1.00± 0.38± 0.09 0.40+0.32

−0.33 ± 0.08 +0.19+0.40
−0.41 ± 0.14

4.30-8.68 16.86± 5.31 1.69± 0.57± 0.15 0.82+0.19
−0.23 ± 0.07 −0.06+0.30

−0.28 ± 0.05
10.09-12.86 25.71± 5.38 1.97± 0.47± 0.17 0.31+0.19

−0.18 ± 0.02 +0.66+0.23
−0.20 ± 0.07

14.18-16.00 21.91± 3.95 1.51± 0.36± 0.13 0.55+0.17
−0.18 ± 0.02 +0.42+0.16

−0.16 ± 0.09
16.00-19.30 19.78± 4.78 1.35± 0.37± 0.12 0.09+0.18

−0.14 ± 0.03 +0.70+0.16
−0.25 ± 0.10

0.00-4.30 17.43± 4.13 1.98± 0.55± 0.18 0.47+0.23
−0.24 ± 0.03 +0.21+0.31

−0.33 ± 0.05

TABLE IX: Summary of B0 → K∗0µ+µ− fit results. First (second) error is statistical (systematic). Last row shows the result
of combined first and second bin fit.

q2 (GeV2/c2) Nsig B(10−7) FL AFB

0.00-2.00 11.58± 4.60 0.38± 0.16± 0.03 - −0.15+0.46
−0.39 ± 0.08

2.00-4.30 18.02± 5.48 0.58± 0.19± 0.04 - +0.72+0.40
−0.35 ± 0.07

4.30-8.68 34.53± 8.87 0.93± 0.25± 0.06 - −0.20+0.17
−0.28 ± 0.03

10.09-12.86 29.15± 6.24 0.72± 0.17± 0.05 - −0.10+0.17
−0.15 ± 0.07

14.18-16.00 15.98± 4.64 0.38± 0.12± 0.03 - +0.03+0.49
−0.16 ± 0.04

16.00-23.00 13.94± 5.00 0.35± 0.13± 0.02 - +0.07+0.30
−0.23 ± 0.02

0.00-4.30 29.37± 7.15 0.96± 0.25± 0.06 - +0.36+0.24
−0.26 ± 0.06

TABLE X: Summary of B+ → K+µ+µ− fit results. First (second) error is statistical (systematic). Last row shows the result
of combined first and second bin fit.
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Observation of Bd→K*µ+µ- 
Clean observation of Bd→K*µ+µ- (23±6) events close to expectations. 

Also, observation of the rarest B decay at LHCb so far: B+→K+µ+µ- (35±7) 
events (Br~5x10-7). 
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Test of NP helicity structure: B ! K*µµ, K*ee, Bs!!" 

Forward backward asymmetry, AFB, is extremely  

powerful observable for testing SM vs NP 
Intriguing hint is emerging !!!  

•! With 1 fb-1 LHCb expects ~1400 events, and 

   should clarify existing situation.  Expected 
   accuracy in AFB zero crossing point is 

   ~0.8 GeV2 in 1 fb-1  

•! BELLE, BaBar and CDF consistent 

  with each other and SM 

•! Flipped C7 scenario looks however 
  more favoured from AFB data 

•! Signal region blinded but background level 
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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 of B(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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