
1/37 High Energy Frontier - Recent Results from the LHC, 2013 Jeroen van Tilburg 

Recent results from rare decays 
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Recap of last weeks 

What we have learned before: 
•  Neutral mesons (K,D,Bd,Bs) mix and oscillate. 

•  Beautiful example of (fast) Bs oscillations: Δms=17.77 ± 0.10(stat) ± 0.07 (sys) ps−1  
•  Requires good proper time resolution and tagging of B flavour at production. 

•  There are three types of CP violation: 
•  CPV in mixing 

•  Small in SM (<1%), only observed so far in kaon decays 
•  CPV in decay 

•  Often difficult to extract weak phases due to unknown strong phases and T/P 
ratio. 

•  CPV in interference between mixing and decay 
•  Large effects and clean determination of weak angles possible. 

•  Example: LHCb’s measurement of sin(2βs) 
•  Measured value: 2βs=0.002 ± 0.087 
•  SM value: 2βs=0.036 ± 0.002 
•  No large phase from new physics… 
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Probes for New Physics searches 

Requirements to look for New Physics effects: 
•  Should not be ruled out by existing measurements. 
•  Prediction from SM should be well known. 
 
These requirements are fulfilled for these processes: 
•  CP violation 
•  Rare decays 

The aim of heavy flavour physics is to study B and D decays 
and to look for anomalous effects beyond the Standard Model. 

→  CP violation and rare decays of B and D hadrons 
are the main focus of LHCb. 

Today: Rare decays 
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Introduction to rare decays 
•  Flavour changing neutral currents (FCNC) forbidden in SM at tree level. 

•  Suppressed at higher-order due to GIM mechanism 
•  FCNC decays good testing ground for SM. 

•  Corresponding decays are always rare (B-mesons < 10-5) 
•  New particles can appear as virtual particles in box and penguin diagrams. 

•  Indirect searches have a high sensitivity to effects from new particles. 
•  Good testing ground: b → s transitions. 

•  Bs oscillations 
•  Bs →  γ 
•  Bd,s → µ+µ− 

•  Bd → K*µ+µ− 
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→ Penguin diagrams 

→ box diagram 
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Example: Box diagrams (recap) 

2βs = -0.002 ± 0.083(stat) ± 0.027 (sys) 
SM: 2βs = 0.036 ± 0.002 

New particles could enter in the Bs box diagram 

` ? 

Δms=17.725 ± 0.041(stat) ± 0.025 (sys) ps−1  
Preliminary 

SM: Δms=17.3 ± 2.6 ps−1  

No hints (yet) for new 
physics in box diagrams, 
but still some room left. 

? 

Could affect both amplitude and phase: 
   Δms = Δms

SM + Δms
NP 

  βs =βs
SM + 2βs

NP 

LHCb’s measurements: 
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But there are penguins on the horizon! But there are penguins on the horizon! 
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The story about penguins 

Don’t try to beat Melissa Franklin at darts… 

Quo$ng	  John	  Ellis	  (Wikipedia):	  

Nucl. Phys. B131:285 1977 
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Rare decays 
Just as in the box diagram, new particles can easily enter in the penguin diagram. 
We can measure branching ratio, polarization, angular distributions. 
→ compare with theoretical prediction from SM (if deviation: NP) 

→ cannot use perturbation 
theory to calculate the 
(soft) QCD effects 
(hadronic effects) 

No problem to calculate the SM Feynman diagrams 
at quark level, so what is the problem? 

We don’t measure 
the individual quarks: 
we measure only 
hadrons. 
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OPE 

Basic idea: 
Energy scale of weak decays is low compared to mass of W (propagator). 
→ Absorb W exchange in effective Fermi theory (expansion of W propagator) 

Theoretical approach: Operator Product Expansion + renormalization group equations 

Effective four-
fermion operator 

Full theory (W exchange) Fermi theory 

Allows to separate low-energy effects (non-pertubative QCD) and  
high-energy effects (pertubative QCD + weak interactions + new physics). 
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Effective Hamiltonian 

CKM elements: 
for b→s : Vts

* Vtb 

Wilson coefficients 
(high energy) 

Low-energy 
operators 

Energy scales: 

Renormalization scale (µ) 
(Unphysical) border between the two regimes 
→ for B decays: a few GeV (around b-quark mass) 

Wilson coefficients 

Operators: 
decay constants, form factors 
(large theory uncertainties) 
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Ordering the diagrams 
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16 CHAPTER 1. THEORY

Figure 1.3: Left: Penguin diagram of a Standard ModelB0
s → µ+µ− decay. Rigth:

Example of possible new physics contributions: chargino (χ̃± anti-stop (t̃) loop and
neutral Higgs boson interaction (H0, A0).

Figure 1.4: Left: O7 Photon penguin. Center: O9,10 Electroweak penguin. Right:
OS,P Higgs scalar and pseudo-scalar penguin.

coefficients Ci and operators Oi as shown in Equation (1.7).

Heff = −
4GF√

2
V ∗
tsVtb

∑

i

Ci(µ)Oi(µ)






i=1,2 Tree

i=3−6,8 Gluon penguin

i=7 Photon penguin

i=9,10 Electroweak penguin

i=S Higgs (scalar) penguin

i=P Pseudoscalar penguin

(1.7)

The Wilson coefficients relate to short-distance effects and the operators to long-
distance effects. Figure 1.4 shows the diagrams for the operators of the photon
penguin, the electroweak penguin and the scalar and pseudo-scalar Higgs pen-
guin. New physics can modify the Wilson coefficients Ci or introduce new op-
erators Oi. That affects observable quantities such as: branching ratios (for ex-
ample BR(B0

s → µ+µ−) (CS , CP )), angular distributions (for example in B0
d →

K∗µ+µ−, (C9, C10, C7)) or polarisation (for example in Bs → ϕγ). The MSSM
proposes the Wilson coefficients CS,P to be proportional to tan3 β:

CMSSM
S,P ∝

mµ tan3 β

M2
A

(1.8)

(Lorentz structure) 
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New physics in b → s 

•  Modified Wilson coefficients  
→ new particles in the penguin loop 

•  New operators  
→ e.g. right-handed currents 

SM operators BR (SM) BR (exp) @ LHCb 

Bs →  γ Q7γ (5.7±2.0)x10-5 γ polarisation 

Bd → K*µ+µ− Q7
γ ,Q9 ,Q10 (1.05±0.15)x10-6 Angular distributions 

Bs → µ+µ− QS,QP (3.2±0.2)x10-9  < 1.1x10-9 (95%) BR 

Large theory 
uncertainties 
O(20%) 

Three interesting channels: 

→ Focus of today 

New physics could show up as: 
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Search for Bd,s → µ+µ− 

Numbers not up-to-date 

Decays are helicity suppressed. 

Increasing BR 

Expected BRs 

Why is the BR for taus so much larger than for electrons? 

Why are the Bd decays suppressed relative to Bs? 

Why is the search for Bd,s→µ+µ− most popular? 

Muons are easiest to reconstruct (taus always give a neutrino) 

Top quark is dominating in the loop. 
Cabibbo suppression by factor |Vtd/Vts|2 
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Helicity suppression 
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µ−L µ+
L 

Bd,s (J=0) 
µ−R µ+

R 

Two decay options: 
(Spin of B is zero. Total spin is conserved) 

Bd,s (J=0) 

No right-handed particles or left-handed anti-particles produced in weak interaction. 
à One lepton has to undergo a helicity flip. 
à This is easier have the heavy tau than for the light electron. 

In other words, this decay can only happen due to the Higgs field 

In the mass-less 
limit this would be a 
left-handed anti-
muon. 

µ−L 

µ+
R 
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Search for Bd,s → µ+µ− 

→ New physics could modify Wilson coefficients C10, CS, CP (or introduce new operators). 

BR(Bd,s → µ+µ− ) ~ tan
6 β

MA
4

The decay Bd,s → µ+µ− provides sensitive probe for New Physics 

SM diagrams: Only semi-leptonic operator Q10 (CS and CP are suppressed): 

Operators QS, QP will enhance BR: 

NP example: MSSM 

b 

d,s 

µ+ 

µ− 

C10 
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Search for Bd,s → µ+µ− 

Compare BR(Bs → µ+µ−)SM = (3.54 ± 0.30)x10−9 

In 2011 there was some excitement from CDF: 
BR(Bs → µ+µ−) = (18     )x10−9       arXiv:1107.2304 +11 

−9 

Slight excess of events in two bins 
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Figure 2: BDT PDF for the 2012 dataset, for the signal (black squares) and combinatorial
background (blue open points) (see also Sect. 3.4). Values are normalized to the bin size.

mass hypotheses, as shown in Fig. 3. Table 2 summarizes the results. For mB0 we use
a weighted average between the B0 ! K⇡ and B0 ! ⇡+⇡� decay modes. The peak
positions are about 0.1 % above the nominal PDG value for the B0 and B0

s mass, as in the
2011 analysis.

Table 2: Summary of Crystal Ball function parameters measured on data.

Channel Peak position Resolution

B0 (5284.36± 0.26
stat

± 0.13
syst

) MeV/c2 (24.63± 0.13
stat

± 0.36
syst

) MeV/c2

B0

s (5371.55± 0.41
stat

± 0.16
syst

) MeV/c2 (25.04± 0.18
stat

± 0.36
syst

) MeV/c2

The B0

s and B0 invariant mass resolutions are estimated by two methods. The
first, interpolating the resolution measured using dimuon resonances (J/ , (2S) and
⌥(1S, 2S, 3S)), the second measuring the resolution from fits to the invariant mass distribu-
tions of exclusive B0 ! K+⇡� and B0

s ! K+K� decays. Figure 4 shows the charmonium
and bottomonium resonances while Fig. 5 shows the interpolation of the invariant mass
resolution.

The second methods uses the B0

(s) ! h+h
0� sample and a technique quite similar to

that used to calibrate the BDT. Combining the two results for the invariant mass resolution
by taking the weighted average we get the values summarized in Table 2, which are used

in the extraction of the results.

5

Next: Look at invariant mass 
spectrum in each of the 7 bins 

Most sensitive bin Least sensitive bin 
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Search for Bd,s → µ+µ− 

Evaluate signal/background in a 2D-space of 
•  Invariant mass mµµ 
•  MVA classifier BDT combining kinematic and geometrical variables 

Back to the analysis in LHCb: 
Remember 
the elephant 
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Search for Bd,s → µ+µ− 
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In addition a maximum likelihood fit in a wider mass range has been performed to determine
the branching fraction. The normalization factors in this case have been updated to:

↵noMW

B0

s!µ+µ� = (2.52± 0.23)⇥ 10�10 ,

↵noMW

B0!µ+µ� = (6.45± 0.30)⇥ 10�11 .

Given these measured normalization factors and assuming the SM rates, the 1.1 fb�1

2012 data sample is expected to contain 14.1 B0

s ! µ+µ� and 1.7 B0 ! µ+µ� decays.

5 Results

The unblinded distribution of events in the invariant mass–BDT plane is shown in Fig. 10
separately for 2012 and 2011 data sets.

The compatibility of the distribution of the observed events with that expected for a

given branching fraction hypothesis is computed using the CL
s

method [7]. This provides
CL

s+b

, a measure of the compatibility of the observed distribution with the signal plus
background hypothesis, CL

b

, a measure of the compatibility with the background-only
hypothesis, and CL

s

=CL
s+b

/CL
b

. As input to this computation we use the expected
number of combinatorial background events, peaking background events, and signal events
assuming the SM branching fractions, together with the number of observed events for
each of the 63 bins, 7 bins in BDT and 9 bins in invariant mass, of the 2012 signal regions.

The systematic uncertainties on the signal predictions in each bin are computed by
fluctuating the mass parameters, the BDT fractional yields and the normalization factors
within Gaussian distributions defined by their associated uncertainties. The systematic

uncertainty on the estimated number of combinatorial background events is computed
by fluctuating within a Poissonian distribution the number of events measured in the
sidebands, and by varying within 1 � the value of the exponent.

The above signal and background expectations, integrated over all mass bins, are listed
for 2012 data in Table 7, for each of the 7 BDT bins separately, and for both B0

s and B0

signal mass regions. The same information is also reported for 2011 data in Table 8 (where
8 BDT bins are considered).

Table 4: Summary of the factors and their uncertainty entering in the normalization for

the two normalization channels considered. The value of fd/fs = 0.256± 0.020 is used.

B ✏rec
norm

✏
sel|rec
norm

✏rec
sig

✏
sel|rec
sig

✏
trg|sel
norm

✏
trg|sel
sig

N
norm

↵norm

B0!µ+µ� ↵norm

B0

s!µ+µ�

(⇥10�5) (⇥10�11) (⇥10�10)

B+ ! J/ K+ 6.01± 0.21 0.548± 0.018 0.932± 0.012 424 200± 1500 7.24± 0.39 2.83± 0.27

B0 ! K+⇡� 1.94± 0.06 0.908± 0.031 0.057± 0.002 14 600± 1100 6.93± 0.67 2.71± 0.34

13

B+ → J /ψ(µ+µ− )K +

B0 → K +π −

Two complementary 
normalization channels with 
very different systematics: 

BR(Bq
0 → µ+µ− ) = BRcal ×

εcal
εsig

×
fcal
f
Bq
0

N
Bq
0→µ+µ−

Ncal

=αcal ×NBq
0→µ+µ−

Search for Bd,s → µ+µ− 

The final branching ratio can be calculated as: Normalization 

Values for α very 
compatible 



20/37 

]9) [10µ +µ  s
0BB(

2 4 6 8
s

C
L

0

0.2

0.4

0.6

0.8

1
LHCb

(8TeV)1(7TeV) +1.1 fb11.0 fb

]9) [10µ +µ  0BB(
0.2 0.4 0.6 0.8 1 1.2 1.4

s
C

L

0

0.2

0.4

0.6

0.8

1
LHCb

(8TeV)1(7TeV) +1.1 fb11.0 fb

Figure 11: CL
s

as a function of the assumed B for B0

s ! µ+µ� (upper panel) and
B0 ! µ+µ� (lower panel) decays for the combined 2011+2012 dataset. The long dashed
gray curves are the medians of the expected CL

s

distributions if background and SM
signal were observed. The yellow area covers, for each B, 34% of the expected CL

s

distribution on each side of its median. The solid red curves are the observed CL
s

. For the
B0

s ! µ+µ� (upper panel), the long dashed gray curve in the green area is the expected

CL
s

distribution if background only was observed; the green area covers 34% of the
expected CL

s

distribution on each side of the median.
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Bs → µ+µ− 

Bd → µ+µ− 

Standard Model + 
background 

Only background 

Bd 
Exclusion limit at 95% CL: 
 
 

TABLE II. Expected combinatorial background, B0
(s) ! h+h0� peaking background, cross-feed, and signal events assuming the

SM prediction, together with the number of observed candidates in the B0
s

! µ+µ� and B0 ! µ+µ� mass signal regions, in
bins of BDT for the 2011 (top) and for the 2012 (bottom) data samples. The quoted errors include statistical and systematic
uncertainties.

Mode BDT bin 0.0 – 0.25 0.25 – 0.4 0.4 – 0.5 0.5 – 0.6 0.6 – 0.7 0.7 – 0.8 0.8 – 0.9 0.9 – 1.0

B0
s

! µ+µ� Exp. comb. bkg 1880+33
�33 55.5+3.0

�2.9 12.1+1.4
�1.3 4.16+0.88

�0.79 1.81+0.62
�0.51 0.77+0.52

�0.38 0.47+0.48
�0.36 0.24+0.44

�0.20

(2011) Exp. peak. bkg 0.13+0.07
�0.05 0.07+0.02

�0.02 0.05+0.02
�0.02 0.05+0.02

�0.01 0.05+0.02
�0.01 0.05+0.02

�0.01 0.05+0.02
�0.01 0.05+0.02

�0.01

Exp. signal 2.70+0.81
�0.80 1.30+0.27

�0.23 1.03+0.20
�0.17 0.92+0.15

�0.13 1.06+0.17
�0.15 1.10+0.17

�0.15 1.26+0.20
�0.17 1.31+0.28

�0.25

Observed 1818 39 12 6 1 2 1 1

B0 ! µ+µ� Exp. comb. bkg 1995+34
�34 59.2+3.3

�3.2 12.6+1.6
�1.5 4.44+0.99

�0.86 1.67+0.66
�0.54 0.75+0.58

�0.40 0.44+0.57
�0.38 0.22+0.48

�0.20

(2011) Exp. peak. bkg 0.78+0.38
�0.29 0.40+0.14

�0.10 0.31+0.11
�0.08 0.28+0.09

�0.07 0.31+0.10
�0.08 0.30+0.10

�0.07 0.31+0.10
�0.08 0.30+0.11

�0.08

Exp. cross-feed 0.43+0.13
�0.13 0.21+0.04

�0.04 0.16+0.03
�0.03 0.15+0.03

�0.02 0.17+0.03
�0.03 0.17+0.03

�0.02 0.20+0.03
�0.03 0.21+0.05

�0.04

Exp. signal 0.33+0.10
�0.10 0.16+0.03

�0.03 0.13+0.02
�0.02 0.11+0.02

�0.02 0.13+0.02
�0.02 0.13+0.02

�0.02 0.15+0.02
�0.02 0.16+0.03

�0.03

Observed 1904 50 20 5 2 1 4 1

Mode BDT bin 0.0 – 0.25 0.25 – 0.4 0.4 – 0.5 0.5 – 0.6 0.6 – 0.7 0.7 – 0.8 0.8–1.0

B0
s

! µ+µ� Exp. comb. bkg 2345+40
�40 56.7+3.0

�2.9 13.1+1.5
�1.4 4.42+0.91

�0.81 2.10+0.67
�0.56 0.35+0.42

�0.22 0.39+0.33
�0.21

(2012) Exp. peak. bkg 0.250+0.08
�0.07 0.15+0.05

�0.04 0.08+0.03
�0.02 0.08+0.02

�0.02 0.07+0.02
�0.02 0.06+0.02

�0.02 0.10+0.03
�0.03

Exp. signal 3.69+0.59
�0.52 2.14+0.37

�0.33 1.20+0.21
�0.18 1.16+0.18

�0.16 1.17+0.18
�0.16 1.15+0.19

�0.17 2.13+0.33
�0.29

Observed 2274 65 19 5 3 1 3

B0 ! µ+µ� Exp. comb. bkg 2491+42
�42 59.5+3.3

�3.2 13.9+1.6
�1.5 4.74+1.00

�0.89 2.10+0.74
�0.61 0.55+0.50

�0.31 0.29+0.34
�0.19

(2012) Exp. peak. bkg 1.49+0.50
�0.36 0.86+0.29

�0.22 0.48+0.16
�0.12 0.44+0.15

�0.11 0.42+0.14
�0.10 0.37+0.13

�0.09 0.62+0.21
�0.15

Exp. cross-feed 0.63+0.10
�0.09 0.36+0.07

�0.06 0.20+0.04
�0.03 0.20+0.03

�0.03 0.20+0.03
�0.03 0.20+0.03

�0.03 0.36+0.06
�0.05

Exp. signal 0.44+0.06
�0.06 0.26+0.04

�0.04 0.14+0.02
�0.02 0.14+0.02

�0.02 0.14+0.02
�0.02 0.14+0.02

�0.02 0.26+0.04
�0.03

Observed 2433 59 19 3 2 2 2

at 90% CL (95% CL), where the lower and upper limit
are the branching fractions evaluated at CL

s+b

= 0.95
(CL

s+b

= 0.975) and CL
s+b

= 0.05 (CL
s+b

= 0.025),
respectively. These results are in good agreement with
the lower and upper limits derived from integrating the
profile likelihood obtained from the unbinned fit.

In summary, a search for the rare decays B0

s ! µ+µ�

and B0 ! µ+µ� is performed using 1.0 fb�1 and 1.1 fb�1

of pp collision data collected at
p
s = 7 TeV and

p
s = 8

TeV, respectively. The data in the B0 search window
are consistent with the background expectation and the
world’s best upper limit of B(B0 ! µ+µ�) < 9.4⇥10�10

at 95% CL is obtained. The data in the B0

s search
window show an excess of events with respect to the
background-only prediction with a statistical significance
of 3.5�. A fit to the data leads to B(B0

s ! µ+µ�)
= (3.2+1.5

�1.2) ⇥ 10�9 which is in agreement with the SM
prediction. This is the first evidence for the decay
B0

s ! µ+µ�.
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CLs exclusion limits 
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First evidence of Bs → µ+µ− 
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[arXiv:1211.2674] 

TABLE I. Expected and observed limits on the B0 !
µ+µ� branching fractions for the 2012 and for the combined
2011+2012 datasets.

Dataset Limit at 90% CL 95% CL

2012 Exp. bkg+SM 8.5⇥ 10�10 10.5⇥ 10�10

Exp. bkg 7.6⇥ 10�10 9.6⇥ 10�10

Observed 10.5⇥ 10�10 12.5⇥ 10�10

2011+2012 Exp. bkg+SM 5.8⇥ 10�10 7.1⇥ 10�10

Exp. bkg 5.0⇥ 10�10 6.0⇥ 10�10

Observed 8.0⇥ 10�10 9.4⇥ 10�10

nents is also evaluated for the 2011 dataset, modifying
the number of expected combinatorial background in the
signal regions. The results for the B0

(s) ! µ+µ� branch-
ing fractions have been updated accordingly. We ob-
tain B(B0

s ! µ+µ�) < 5.1 ⇥ 10�9 and B(B0 ! µ+µ�)
< 13⇥10�10 at 95% CL to be compared to the published
limits B(B0

s ! µ+µ�) < 4.5⇥ 10�9 and B(B0 ! µ+µ�)
< 10.3⇥10�10 at 95% CL [8], respectively. The (1-CL

b

)
p-value for B0

s ! µ+µ� changes from 18% to 11% and
the B0

s ! µ+µ� branching fraction increases by ⇠ 0.3�
from (0.8+1.8

�1.3) ⇥ 10�9 to (1.4+1.7
�1.3) ⇥ 10�9. This shift

is compatible with the systematic uncertainty previously
assigned to the background shape [8]. The values of the
B0

s ! µ+µ� branching fraction obtained with the 2011
and 2012 datasets are compatible within 1.5�.

The 2011 and 2012 results are combined by computing
the CL

s

and performing the maximum-likelihood fit si-
multaneously to the eight and seven BDT bins of the 2011
and 2012 datasets, respectively. The parameters that
are considered 100% correlated between the two datasets
are fs/fd, B(B+ ! J/ K+) and B(B0 ! K+⇡�), the
transition point of the Crystal Ball function describing
the signal mass lineshape, the mass distribution of the
B0

(s) ! h+h0� background, the BDT and mass distri-

butions of the B0 ! ⇡�µ+⌫µ and B0(+) ! ⇡0(+)µ+µ�

backgrounds and the SM predictions of the B0

s ! µ+µ�

and B0 ! µ+µ� branching fractions. The distribution of
the expected and observed events in bins of BDT in the
signal regions obtained from the simultaneous analysis of
the 2011 and 2012 datasets, are summarized in Table II.

The expected and observed upper limits for the B0 !
µ+µ� channel obtained from the combined 2011+2012
datasets are summarized in Table I and the expected
and observed CL

s

values as a function of the branching
fraction are shown in Fig. 1. The observed CL

b

value
at CL

s+b

= 0.5 is 89%. The probability that back-
ground processes can produce the observed number of
B0

s ! µ+µ� candidates or more is 5 ⇥ 10�4 and corre-
sponds to a statistical significance of 3.5�. The value of
the B0

s ! µ+µ� branching fraction obtained from the fit
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FIG. 1. CLs as a function of the assumed B0 ! µ+µ� branch-
ing fraction for the combined 2011+2012 dataset. The dashed
gray curve is the median of the expected CLs distribution if
background and SM signal were observed. The shaded yellow
area covers, for each branching fraction value, 34% of the ex-
pected CLs distribution on each side of its median. The solid
red curve is the observed CLs.
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FIG. 2. Invariant mass distribution of the selected B0
s

!
µ+µ� candidates (black dots) with BDT > 0.7 in the com-
bined 2011+2012 dataset. The result of the fit is over-
laid (blue solid line) and the di↵erent components detailed:
B0

s

! µ+µ� (red long dashed), B0 ! µ+µ� (green medium
dashed), B0

(s) ! h+h0� (pink dotted), B0 ! ⇡�µ+⌫
µ

(black short dashed) and B0(+) ! ⇡0(+)µ+µ� (light blue
dot dashed), and the combinatorial background (blue medium
dashed).

is

B(B0

s ! µ+µ�) = (3.2+1.4
�1.2(stat)

+0.5
�0.3(syst))⇥ 10�9

and is in agreement with the SM expectation. The in-
variant mass distribution of the B0

(s) ! µ+µ� candidates
with BDT > 0.7 is shown in Fig. 2.

The true value of the B0

s ! µ+µ� branching fraction is
contained in the interval [1.3, 5.8]⇥10�9([1.1, 6.4]⇥10�9)
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TABLE I. Expected and observed limits on the B0 !
µ+µ� branching fractions for the 2012 and for the combined
2011+2012 datasets.

Dataset Limit at 90% CL 95% CL

2012 Exp. bkg+SM 8.5⇥ 10�10 10.5⇥ 10�10

Exp. bkg 7.6⇥ 10�10 9.6⇥ 10�10

Observed 10.5⇥ 10�10 12.5⇥ 10�10

2011+2012 Exp. bkg+SM 5.8⇥ 10�10 7.1⇥ 10�10

Exp. bkg 5.0⇥ 10�10 6.0⇥ 10�10

Observed 8.0⇥ 10�10 9.4⇥ 10�10

nents is also evaluated for the 2011 dataset, modifying
the number of expected combinatorial background in the
signal regions. The results for the B0

(s) ! µ+µ� branch-
ing fractions have been updated accordingly. We ob-
tain B(B0

s ! µ+µ�) < 5.1 ⇥ 10�9 and B(B0 ! µ+µ�)
< 13⇥10�10 at 95% CL to be compared to the published
limits B(B0

s ! µ+µ�) < 4.5⇥ 10�9 and B(B0 ! µ+µ�)
< 10.3⇥10�10 at 95% CL [8], respectively. The (1-CL

b

)
p-value for B0

s ! µ+µ� changes from 18% to 11% and
the B0

s ! µ+µ� branching fraction increases by ⇠ 0.3�
from (0.8+1.8

�1.3) ⇥ 10�9 to (1.4+1.7
�1.3) ⇥ 10�9. This shift

is compatible with the systematic uncertainty previously
assigned to the background shape [8]. The values of the
B0

s ! µ+µ� branching fraction obtained with the 2011
and 2012 datasets are compatible within 1.5�.

The 2011 and 2012 results are combined by computing
the CL

s

and performing the maximum-likelihood fit si-
multaneously to the eight and seven BDT bins of the 2011
and 2012 datasets, respectively. The parameters that
are considered 100% correlated between the two datasets
are fs/fd, B(B+ ! J/ K+) and B(B0 ! K+⇡�), the
transition point of the Crystal Ball function describing
the signal mass lineshape, the mass distribution of the
B0

(s) ! h+h0� background, the BDT and mass distri-

butions of the B0 ! ⇡�µ+⌫µ and B0(+) ! ⇡0(+)µ+µ�

backgrounds and the SM predictions of the B0

s ! µ+µ�

and B0 ! µ+µ� branching fractions. The distribution of
the expected and observed events in bins of BDT in the
signal regions obtained from the simultaneous analysis of
the 2011 and 2012 datasets, are summarized in Table II.

The expected and observed upper limits for the B0 !
µ+µ� channel obtained from the combined 2011+2012
datasets are summarized in Table I and the expected
and observed CL

s

values as a function of the branching
fraction are shown in Fig. 1. The observed CL

b

value
at CL

s+b

= 0.5 is 89%. The probability that back-
ground processes can produce the observed number of
B0

s ! µ+µ� candidates or more is 5 ⇥ 10�4 and corre-
sponds to a statistical significance of 3.5�. The value of
the B0

s ! µ+µ� branching fraction obtained from the fit
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FIG. 1. CLs as a function of the assumed B0 ! µ+µ� branch-
ing fraction for the combined 2011+2012 dataset. The dashed
gray curve is the median of the expected CLs distribution if
background and SM signal were observed. The shaded yellow
area covers, for each branching fraction value, 34% of the ex-
pected CLs distribution on each side of its median. The solid
red curve is the observed CLs.
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FIG. 2. Invariant mass distribution of the selected B0
s

!
µ+µ� candidates (black dots) with BDT > 0.7 in the com-
bined 2011+2012 dataset. The result of the fit is over-
laid (blue solid line) and the di↵erent components detailed:
B0

s

! µ+µ� (red long dashed), B0 ! µ+µ� (green medium
dashed), B0

(s) ! h+h0� (pink dotted), B0 ! ⇡�µ+⌫
µ

(black short dashed) and B0(+) ! ⇡0(+)µ+µ� (light blue
dot dashed), and the combinatorial background (blue medium
dashed).

is

B(B0

s ! µ+µ�) = (3.2+1.4
�1.2(stat)

+0.5
�0.3(syst))⇥ 10�9

and is in agreement with the SM expectation. The in-
variant mass distribution of the B0

(s) ! µ+µ� candidates
with BDT > 0.7 is shown in Fig. 2.

The true value of the B0

s ! µ+µ� branching fraction is
contained in the interval [1.3, 5.8]⇥10�9([1.1, 6.4]⇥10�9)

4

3.5σ significance 

Compare BR(Bs → µ+µ−)SM = (3.54 ± 0.30)x10−9 

Measurement puts strong constraints on SUSY models. 

Small peak already visible! 
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Bd → µ+µ−K* rare decay in the SM. 
•  BR (Bd → l+l−K*)  ~ 1.0 x 10−6 

Angular distributions in Bd → µ+µ−K* 

Example of SM diagram: 
W exchange 

Example of NP diagram: 
Charged Higgs exchange 

W± is spin 1 particle, while H± is spin 0. 
→ Modifies the angular distributions of the muons. 

Generally, angular distributions contain a lot of information. 
•  Sensitive to SUSY, graviton exchanges, extra dimensions…  
•  Many observables which probe helicity structure of NP 
•  Best known example:  AFB (see next slide) 
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Idea: Measure AFB as a function of invariant mass of muon pair (q2). 
→ Zero crossing point of AFB(q2) well predicted in SM 

•  Hadronic uncertainties are minimized 
•  Measures ratio Wilson coefficients C9/C7. 
•  C7γ constrained by Bs →  γ but not its sign. 

Angular distributions in Bd → µ+µ−K* 

AFB: µ forward-backward asymmetry 

Definition: 
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Angular distributions in Bd → µ+µ−K* 
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Figure 1: The K+⇡�µ+µ� versus µ+µ� invariant mass distribution for candidates in
the data. The solid-red lines indicate the cc resonance regions that are removed in the
analysis. The dashed-yellow line indicates the low-mass region that is contaminated by
partially-reconstructed backgrounds and removed in the analysis. The black lines indicate
a ±50 MeV/c2 window around the recostructed B0 mass.

q2 ( GeV2/c4) range Signal Yield Background Yield

4m2
µ < q2 < 2.00 162.4± 14.2 27.7± 3.8

2.00 < q2 < 4.30 71.4± 10.7 37.1± 4.1

4.30 < q2 < 8.68 270.5± 18.8 58.8± 5.5

10.09 < q2 < 12.90 167.0± 14.9 41.7± 4.5

14.18 < q2 < 16.00 113.0± 11.7 17.1± 3.0

16.00 < q2 < 19.00 115.0± 12.4 23.9± 3.6

1.00 < q2 < 6.00 195.2± 16.9 75.8± 6.0

4m2
µ < q2 < 19.00 900.0± 34.4 206.2± 10.3

Table 1: The signal and background yields resulting from a fit to the K+⇡�µ+µ� invariant
mass distributions of B0! K⇤0µ+µ� candidates in the six q2-bins used in the analysis,
the theoretically ‘favoured’ 1 < q2 < 6 GeV2/c4 range and in the full q2-range.
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Figure 4: The K+⇡�µ+µ� invariant mass distribution of B0! K⇤0µ+µ� candidates, in
the range 4m2

µ < q2 < 19 GeV2/c4, in the data after the full selection has been applied.
The fitted signal (green-long-dashed line) and background shapes (dashed-red line) are
described in the text.
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Figure 5: Di↵erential branching fraction as a function of q2. Points include both statistical
and systematic uncertainties. The theory predictions are described in Ref. [15].

9

J/ veto 

(2S) veto 

Bd mass window 

900 signal events 

High Energy Frontier - Recent Results from the LHC, 2013 Jeroen van Tilburg 

Event selection 

1.0 fb-1 in 2011 
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Figure 6: Di↵erential branching fraction as a function of q2. BABAR [21], Belle [6]
and CDF [7] data points are included for reference. Points include both statistical and
systematic uncertainties. The theory predictions are described in Ref. [15].
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Figure 7: Lepton forward-backward asymmetry, AFB, as a function of q2. Points include
both statistical and systematic uncertainties. The theory predictions are described in
Ref. [15].
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Angular distributions in Bd → µ+µ−K* 

High Energy Frontier - Recent Results from the LHC, 2013 Jeroen van Tilburg 

Still many more angular distributions to analyse 

Angular Analysis: AFB 
Angular Analysis Results : AFB 

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

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

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

2, at 
q0

2 = 4.9+1.1
-1.3 GeV2/c4 – again completely consistent with SM 

!"#
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Theory prediction from C. Bobeth et al. [arXiv:1105.0376] (and ref. therein)  
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Angular Analysis Results : AFB 

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

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

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

2, at 
q0

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

eff 

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

2 = 4.9 +1.1 
-1.3 GeV2 

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

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

LHCb: LHCb-CONF-2012-008 

see R. Vazquez’s talk 
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LHCb has performed the world’s first measurement of the zero-crossing point: 
                                                 q0

2 = 4.9 +1.1 
-1.3 GeV2 

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

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

LHCb: LHCb-CONF-2012-008 

see R. Vazquez’s talk 
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LHCb-CONF-2012-008 

FL and S3 observables also measured to be consistent with the SM 

In the SM, AFB varies with q2 and changes sign at a well defined point where 
leading uncertainties from the B → K* form-factors cancel. 

7/22 
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Cartoon 
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Concluding slides 

What is the minimum you should 
take home from these 4 lectures? 
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Tracking 
stations Velo 

RICH1+2 

Muon 

Calo 

LHCb detector 

•  Good vertex resolution 
•  Time-dependent measurements. 
•  Suppress background from prompt decays.  

•  Good particle identification  
•  Important for trigger, flavour tagging  
•  Suppress background. 

•  Good momentum resolution 
•  Mass resolution of heavy flavours. 
•  Suppress background. 

LHCb made for Heavy Flavour physics 
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The power of indirect searches 
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C, P and CP in weak interactions 

The weak interaction violates C and P maximally. 
But CP was thought to be a good symmetry, until 1964 
when it was experimentally found to be broken. 
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Where did we see that before? 

Escher’s (Dutch artist) impression of C, P and CP violation. 

C C 

P 

P 

Where is the CP violation? 

C
olor  

 →
 anti-color 

Left   →  right 
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CP violation in the weak interaction 

CP violation requires complex matrix elements. 
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Mixing of neutral mesons 

D0 meson 
K0 meson 

B0 meson Bs meson 
The 4 different neutral 
meson systems have 
very different mixing 
properties. x ≡ Δm

Γ
≈ 0.7

y ≡ ΔΓ
2Γ

≈ 0

x ≡ Δm
Γ

≈ 26

y ≡ ΔΓ
2Γ

≈ 0.1

x ≡ Δm
Γ

≈ 0.01

y ≡ ΔΓ
2Γ

≈ 0.01

x ≡ Δm
Γ

≈1

y ≡ ΔΓ
2Γ

≈ −1
Kaon system: large 
decay time difference. 

Charm system: 
very slow mixing 

Bs system: very 
fast mixing 
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•  Three	  types	  of	  CP	  viola$on	  (always	  two	  amplitudes!):	  

1.  CP	  viola$on	  in	  mixing	  (“indirect”	  CP	  viola$on):	  

2.  CP	  viola$on	  in	  decay	  (“direct”	  CP	  viola$on):	  

3.  CP	  viola$on	  in	  the	  interference:	  	  

Overview: Types of CP violation 

q
p
≠1

Af ≠ Af

argλ f + argλ f ≠ 0

Tree Penguin 

Note	  that	  in	  the	  SM	  all	  these	  effects	  
	  are	  caused	  by	  a	  single	  complex	  
parameter	  δ	  in	  the	  CKM	  matrix!	  
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TABLE I. Expected and observed limits on the B0 !
µ+µ� branching fractions for the 2012 and for the combined
2011+2012 datasets.

Dataset Limit at 90% CL 95% CL

2012 Exp. bkg+SM 8.5⇥ 10�10 10.5⇥ 10�10

Exp. bkg 7.6⇥ 10�10 9.6⇥ 10�10

Observed 10.5⇥ 10�10 12.5⇥ 10�10

2011+2012 Exp. bkg+SM 5.8⇥ 10�10 7.1⇥ 10�10

Exp. bkg 5.0⇥ 10�10 6.0⇥ 10�10

Observed 8.0⇥ 10�10 9.4⇥ 10�10

nents is also evaluated for the 2011 dataset, modifying
the number of expected combinatorial background in the
signal regions. The results for the B0

(s) ! µ+µ� branch-
ing fractions have been updated accordingly. We ob-
tain B(B0

s ! µ+µ�) < 5.1 ⇥ 10�9 and B(B0 ! µ+µ�)
< 13⇥10�10 at 95% CL to be compared to the published
limits B(B0

s ! µ+µ�) < 4.5⇥ 10�9 and B(B0 ! µ+µ�)
< 10.3⇥10�10 at 95% CL [8], respectively. The (1-CL

b

)
p-value for B0

s ! µ+µ� changes from 18% to 11% and
the B0

s ! µ+µ� branching fraction increases by ⇠ 0.3�
from (0.8+1.8

�1.3) ⇥ 10�9 to (1.4+1.7
�1.3) ⇥ 10�9. This shift

is compatible with the systematic uncertainty previously
assigned to the background shape [8]. The values of the
B0

s ! µ+µ� branching fraction obtained with the 2011
and 2012 datasets are compatible within 1.5�.

The 2011 and 2012 results are combined by computing
the CL

s

and performing the maximum-likelihood fit si-
multaneously to the eight and seven BDT bins of the 2011
and 2012 datasets, respectively. The parameters that
are considered 100% correlated between the two datasets
are fs/fd, B(B+ ! J/ K+) and B(B0 ! K+⇡�), the
transition point of the Crystal Ball function describing
the signal mass lineshape, the mass distribution of the
B0

(s) ! h+h0� background, the BDT and mass distri-

butions of the B0 ! ⇡�µ+⌫µ and B0(+) ! ⇡0(+)µ+µ�

backgrounds and the SM predictions of the B0

s ! µ+µ�

and B0 ! µ+µ� branching fractions. The distribution of
the expected and observed events in bins of BDT in the
signal regions obtained from the simultaneous analysis of
the 2011 and 2012 datasets, are summarized in Table II.

The expected and observed upper limits for the B0 !
µ+µ� channel obtained from the combined 2011+2012
datasets are summarized in Table I and the expected
and observed CL

s

values as a function of the branching
fraction are shown in Fig. 1. The observed CL

b

value
at CL

s+b

= 0.5 is 89%. The probability that back-
ground processes can produce the observed number of
B0

s ! µ+µ� candidates or more is 5 ⇥ 10�4 and corre-
sponds to a statistical significance of 3.5�. The value of
the B0

s ! µ+µ� branching fraction obtained from the fit
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FIG. 1. CLs as a function of the assumed B0 ! µ+µ� branch-
ing fraction for the combined 2011+2012 dataset. The dashed
gray curve is the median of the expected CLs distribution if
background and SM signal were observed. The shaded yellow
area covers, for each branching fraction value, 34% of the ex-
pected CLs distribution on each side of its median. The solid
red curve is the observed CLs.
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FIG. 2. Invariant mass distribution of the selected B0
s

!
µ+µ� candidates (black dots) with BDT > 0.7 in the com-
bined 2011+2012 dataset. The result of the fit is over-
laid (blue solid line) and the di↵erent components detailed:
B0

s

! µ+µ� (red long dashed), B0 ! µ+µ� (green medium
dashed), B0

(s) ! h+h0� (pink dotted), B0 ! ⇡�µ+⌫
µ

(black short dashed) and B0(+) ! ⇡0(+)µ+µ� (light blue
dot dashed), and the combinatorial background (blue medium
dashed).

is

B(B0

s ! µ+µ�) = (3.2+1.4
�1.2(stat)

+0.5
�0.3(syst))⇥ 10�9

and is in agreement with the SM expectation. The in-
variant mass distribution of the B0

(s) ! µ+µ� candidates
with BDT > 0.7 is shown in Fig. 2.

The true value of the B0

s ! µ+µ� branching fraction is
contained in the interval [1.3, 5.8]⇥10�9([1.1, 6.4]⇥10�9)
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Figure 6: Di↵erential branching fraction as a function of q2. BABAR [21], Belle [6]
and CDF [7] data points are included for reference. Points include both statistical and
systematic uncertainties. The theory predictions are described in Ref. [15].
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Figure 7: Lepton forward-backward asymmetry, AFB, as a function of q2. Points include
both statistical and systematic uncertainties. The theory predictions are described in
Ref. [15].

10

In FCNC decays new particles can enter at same level as SM particles. 
→ Sensitive probes for new physics. 

BR(Bs → µ+µ−) Zero crossing point of AFB(q2) 

Two examples of quantities which can be well-predicted in SM: 

FCNC penguin decays 
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It’s all about imaginary numbers 
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Conclusion 

 LHCb has just collected 3.2 fb-1 of data. 
 Waiting for you to be analysed! 


