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The LHCb Experiment

Experiment dedicated to the search for rare b decays and CP violation
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Theoretical Motivation for B0
(s) → µ+µ−

In the Standard Model (SM) the decays B0
(s) → µ+µ− are only allowed via

Penguin- and Box-diagrams and in addition helicity suppressed.
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(s) → µ+µ− are only allowed via

Penguin- and Box-diagrams and in addition helicity suppressed.
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ū, c̄, t̄
γ, Z0

s

b̄

µ+

µ− ⇒ very small branching fractions
predicted by SM

B(B0
s → µ+µ−) = (3.23± 0.27) · 10−9

B(B0 → µ+µ−) = (1.07± 0.10) · 10−10

arXiv:1208.0934v1 [hep-ph]
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Theoretical Motivation for B0
(s) → µ+µ−

In the Standard Model (SM) the decays B0
(s) → µ+µ− are only allowed via

Penguin- and Box-diagrams and in addition helicity suppressed.

⇒ Measurement of B tests
parameter space of New Physics
models.

B(B0
(s) → µ+µ−) ∝ tan6 β
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Pre-LHC Aera

CDF
B(B0

s → µ+µ−) < 4.3 · 10−8 at 95% CL with 3.7 fb−1

B(B0 → µ+µ−) < 7.6 · 10−9 at 95% CL with 3.7 fb−1

Public CDF note 9892 (2010)

D0
B(B0

s → µ+µ−) < 5.1 · 10−8 at 95% CL with 6.1 fb−1

Phys. Lett B 693, 593 (2010)

space
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Pre-LHC Aera

CDF
B(B0

s → µ+µ−) < 4.3 · 10−8 at 95% CL with 3.7 fb−1

B(B0 → µ+µ−) < 7.6 · 10−9 at 95% CL with 3.7 fb−1

Public CDF note 9892 (2010)

D0
B(B0

s → µ+µ−) < 5.1 · 10−8 at 95% CL with 6.1 fb−1

Phys. Lett B 693, 593 (2010)

space⇒ Significant amount of space left to see a larger branching fraction than
predicted by the SM
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Analysis Strategy at LHCb

Whole data sample collected in 2011⇒ ∼ 1 fb−1

1. Loose pre-selection and blinding of signal region

2. Separation of signal and background by invariant Dimuon mass and
a multivariate classifier

3. Normalization of the branching fraction to branching fractions of
well-measured B decays

4. Extraction of the branching fraction (or its upper limit) by a binned
CLs method
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1. Loose Pre-selection and Blinding

B0(s)

μ+

μ-

PV

SV

PV: Primary vertex
SV: Secondary vertex

– Muon candidates:
– Track reconstruction quality
– Impact parameter

– p and pT
– Particle identification

– Closest approach of the two muons
– B0

(s) candidates:
– Impact parameter
– Flight direction

– Decay vertex quality
– τB0

(s)
, Flight distance significance

– Blinding window: |mµµ −mB0
(s)
| < 60 MeV/c2
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2. Signal-Background Separation: Invariant Mass

Distribution of signal described by a Crystal Ball function
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Figure 52: Mass distributions for K⇡ combinations (left: ⇡+K�, right: K+⇡�).
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Figure 53: Mass distributions for K+K� (right) and ⇡+⇡� (right) combinations.

⇡+⇡� one. The mass distribution is fit with a double-sided Crystal Ball function for the1129

signal, an Argus function for the physical background and an exponential function for1130

the combinatorial background. The values of the mass average for the four combinations1131

are listed in Table 27. Notice that there is a bias of 0.1 % above the PDG values. The1132

systematic uncertainties associated to the mass average are listed in Table 28. They have1133

been estimated varying the PID and BDTS cuts and performing the fit fixing or not the1134

tail parameter to the MC value.1135

9.3 Invariant mass resolution for signal with the B0
(s) ! h+h

0�
1136

exclusive samples1137

For a given DLL(K � ⇡) > k cut, a particle is identified as a kaon if DLL(K � ⇡) > k or1138

as a pion if �DLL(K � ⇡) > k. From the original sample, four disjunctive sets of events1139

for di↵erent mass hypotheses ⇡+⇡�, K+⇡�, ⇡+K� and K+K� are then built-up. To each1140

event the corresponding mass hypothesis is assigned and the event is weighted by:1141

79

LHCb Preliminary

B0
(s) → K +π−
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Figure 52: Mass distributions for K⇡ combinations (left: ⇡+K�, right: K+⇡�).

)2M(KK) (MeV/c
5000 5200 5400 5600

 )2
Ev

en
ts

 / 
( 2

0 
M

eV
/c

0

1000

2000

3000

4000

)2) (MeV/cππM(
5000 5200 5400 5600

 )2
Ev

en
ts

 / 
( 2

0 
M

eV
/c

0

1000

2000

3000

4000

Figure 53: Mass distributions for K+K� (right) and ⇡+⇡� (right) combinations.

⇡+⇡� one. The mass distribution is fit with a double-sided Crystal Ball function for the1129
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systematic uncertainties associated to the mass average are listed in Table 28. They have1133

been estimated varying the PID and BDTS cuts and performing the fit fixing or not the1134
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9.3 Invariant mass resolution for signal with the B0
(s) ! h+h

0�
1136

exclusive samples1137

For a given DLL(K � ⇡) > k cut, a particle is identified as a kaon if DLL(K � ⇡) > k or1138

as a pion if �DLL(K � ⇡) > k. From the original sample, four disjunctive sets of events1139

for di↵erent mass hypotheses ⇡+⇡�, K+⇡�, ⇡+K� and K+K� are then built-up. To each1140

event the corresponding mass hypothesis is assigned and the event is weighted by:1141

79

LHCb Preliminary

B0
s → K +K−

Distribution of background described by an exponential function
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2. Signal-Background Separation: Invariant Mass
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Figure 57: Dimuon invariant mass spectrum between (2.9 - 3.9) GeV/c2 (left) and (9-11)
GeV/c2 (right) range.

9.5 Calibration of the invariant mass for signal using the inter-1197

polation method1198

The mB0
s
and mB0 mass resolutions are extracted from data by performing an interpolation1199

from the measured resolutions of Charmonium and Bottomonium resonances decaying1200

significantly into two muons (i.e. J/ ,  (2S) and ⌥ (1S), ⌥ (2S), ⌥ (3S)).1201

The ⌥ resonances have been extracted from the Dimuon High Mass stripping line, the1202

J/ from the Jpsi2MuMuLine (that selects the mass region |mµµ � mJ/ | < 80 MeV/c2)1203

and the  (2S) from the Psi2MuMuLine (that selects the mass region |mµµ � m (2S)| <1204

100 MeV/c2). The Dimuon Low Mass stripping line that was used in the previous analysis1205

could not be used because it was prescaled to zero in Stripping 17. The same additional1206

cuts used in the previous analysis, pT (µ) > 1 GeV, �2

track/NDOF < 5 and �2

PV/NDOF <1207

10 have been added to the stripping selections to clean up the peaks.1208

As in the published analysis, the events in the data samples are weighted such that1209

the momentum spectra of the Charmonium and Bottomonium resonances are adjusted to1210

the momentum spectrum of selected B0
s ! µ+µ� simulated events from Stripping 17.1211

The mass lineshapes for charmonium and bottomonium resonances are shown in1212

Fig. 57. The resonances are fitted with a double-sided Crystal Ball (being the tail param-1213

eters fixed by Monte Carlo) with common resolution. The background is fitted with an1214

exponential function.1215

Di↵erently from the published analysis where a linear interpolation of the invariant
mass resolution was used, the interpolation has been done using a power-law function:

�µµ(mµµ) = a0 + a1 · m�
µµ � = 1.37 ± 0.08 (17)

In fact, the long range characteristics studied in simulated Drell-Yan events was found1216

to be not linear. The behaviour of the mass resolution in the extended mass range from1217

the J/ to the Z0 is shown in Fig. 59 (left): the power-law function (blue curve) nicely1218

predicts the measured Z0 mass resolution within 0.75 · �.1219

85

LHCb Preliminary

(J)/ψ(nS) → µ+µ−
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Figure 57: Dimuon invariant mass spectrum between (2.9 - 3.9) GeV/c2 (left) and (9-11)
GeV/c2 (right) range.
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s
and mB0 mass resolutions are extracted from data by performing an interpolation1199

from the measured resolutions of Charmonium and Bottomonium resonances decaying1200
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Fig. 57. The resonances are fitted with a double-sided Crystal Ball (being the tail param-1213
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Υ (nS) → µ+µ−

Distribution of background described by an exponential function
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2. Signal-Background Separation: MV Classifier

Boosted Decision Tree (BDT) based on topological and kinematical
variables and uncorrelated to the invariant mass

B0(s)

μ+

μ-

PV

SV

PV: Primary vertex
SV: Secondary vertex

Training on bb̄ → µ+µ−X MC for background and B0
(s) → µ+µ− MC for

signal
Calibration of signal on B0

(s) → h+h′− events (h = π,K )
Calibration of background simultaneous with calibration of invariant mass
on data side-bands
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2. Signal-Background Separation: MV Classifier

Boosted Decision Tree (BDT) based on topological and kinematical
variables and uncorrelated to the invariant mass
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Figure 62: BDT pdf’s for signal and background.

91

Calibration of signal on B0
(s) → h+h′− events (h = π,K )

Calibration of background simultaneous with calibration of invariant mass
on data side-bands
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3. Normalization of the Branching Fraction

Three normalization channels:

– B± → J/ψ(1S)(→ µ+µ−)K±

– B0
s → J/ψ(1S)(→ µ+µ−)φ(→ K +K−)

– B0 → K±π∓

Space

27/08/2012 Rare B Decays at LHCb Page 9
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3. Normalization of the Branching Fraction

Three normalization channels:

– B± → J/ψ(1S)(→ µ+µ−)K±

– B0
s → J/ψ(1S)(→ µ+µ−)φ(→ K +K−)

– B0 → K±π∓

αB0
(s)

=
B(B0

(s) → µ+µ−)

NB0
(s)
→µ+µ−

=
fcalib

fsig
· ε

tot
calib

εtot
sig
· Acalib

Asig
· Bcalib

Ncalib

– fs/fd,u = 0.268± 0.008 (stat.) +0.022
−0.020 (syst.)

Phys. Rev. D 85 (2012) 032008

– εtot: Combined reconstruction, selection and trigger efficiency

Result: αB0
s

= (3.19± 0.28) · 10−10, αB0 = (8.38± 0.39) · 10−11
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4. Extraction of the Branching Fraction
Invariant Dimuon mass vs BDT of events in B0

s mass windowBDT
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Figure 69: Unblinded data: 2D plot of mass versus BDT. Top: orange short-dashed (green
long-dashed) lines indicate the ±60 MeV/c2 search window around the B0

s (B0). Bottom:
zoom in the B0

s search window.

From the comparison of the expected limits in the background-only hypothesis evaluated1589

for 0.37 fb�1 and for 1 fb�1 we see that they scale as the luminosity: this behaviour was1590

expected only in absence of background as the normalization factors scale as ⇠ 1/L This1591

110

About 10 signal events are expected over the whole BDT range.
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Result for B0
s → µ+µ−

]-9) [10-µ +µ → 
s

0B(B
1 2 3 4 5 6 7 8 9

C
L

s

0

0.2

0.4

0.6

0.8

1

LHCb

Observed CLs

Expected CLs

±1σ region

at 90% CL at 95% CL
Observed limit 3.8 · 10−9 4.5 · 10−9

Expected limit: Bkg+SM 6.3 · 10−9 7.3 · 10−9

Expected limit: Bkg only 2.8 · 10−9 3.4 · 10−9
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Result for B0 → µ+µ−

]-9) [10-µ +µ → 0B(B
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

C
L

s

0

0.2

0.4

0.6

0.8

1

LHCb

Observed CLs

Expected CLs

±1σ region

at 90% CL at 95% CL
Observed limit 0.81 · 10−9 1.0 · 10−9

Expected limit: Bkg only 0.91 · 10−9 1.1 · 10−9
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Theoretical Motivation for B0 → K ∗0µ+µ−

In the Standard Model (SM) the decay B0 → K ∗0µ+µ− is only allowed via
Penguin- and Box-diagrams.
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Theoretical Motivation for B0 → K ∗0µ+µ−

In the Standard Model (SM) the decay B0 → K ∗0µ+µ− is only allowed via
Penguin- and Box-diagrams.

Created by FeynDiag v0.1�
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γ, Z0

W−

b̄

d
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s̄
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Theoretical Motivation for B0 → K ∗0µ+µ−

In the Standard Model (SM) the decay B0 → K ∗0µ+µ− is only allowed via
Penguin- and Box-diagrams.

q2 = m2
µµ

AFB(q2) = 1/ d(Γ+Γ̄)

dq2

(
∫ 1

0 d cos θl
d2(Γ+Γ̄)

d cos θl dq2 −∫ 0
−1 d cos θl

d2(Γ+Γ̄)

d cos θl dq2 )

Zero-crossing-point:

q2
0 s.t. AFB(q2

0) = 0
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µµ

AFB(q2) = 1/ d(Γ+Γ̄)

dq2

(
∫ 1

0 d cos θl
d2(Γ+Γ̄)

d cos θl dq2 −∫ 0
−1 d cos θl

d2(Γ+Γ̄)

d cos θl dq2 )

Zero-crossing-point:

q2
0 s.t. AFB(q2

0) = 0

q2
0,SM = (3.97± 0.03(F.F.)± 0.09(S.L.)+0.29

−0.27(S.D.)) GeV2/c4
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Theoretical Motivation for B0 → K ∗0µ+µ−

In the Standard Model (SM) the decay B0 → K ∗0µ+µ− is only allowed via
Penguin- and Box-diagrams.

2. Theory Measurement of the Zero-Crossing Point of AFB and S5 of B0 ! K⇤0µ+µ� at LHCb

where the angular coefficients Ii are functions of q2. The lepton mass is neglected in
this expression. For the B0 a similar expression involving Īi coefficients can be written.
This allows us to build CP-averaged (Si) and CP-violating (Ai) observables:

Si = (Ii + Īi)/
d(G + Ḡ)

dq2 (9)

and

Ai = (Ii � Īi)/
d(G + Ḡ)

dq2 . (10)

This thesis will concentrate on CP averaged quantities. Measuring the corresponding
CP-asymmetries is experimentally more challenging, for example the detector- and
production asymmetry for particles and antiparticles must be determined.
One of the popular observables in the B0! K⇤0µ+µ� decay is the forward-backward
asymmetry, AFB. It is defined as:

AFB =

✓Z 1

0
�

Z 0

�1

◆
d cos ql

d2(G + Ḡ)

d cos ql dq2 /
d(G + Ḡ)

dq2 =
3
8
(2Ss

6 + Sc
6). (11)

In words: AFB can be defined as the difference between the number of events in the
forward direction (µ+ is emitted in flight direction of the B0 (cos ql >0)) and the num-
ber of events in the backward direction (µ+ is emitted in the opposite direction of the
flight direction of B0 (cos ql <0)) normalized over the total number of events. Figure
6 shows the prediction for the SM and different NP models. The asymmetry vanishes
at a well defined value of q2. This zero-crossing point, q2

0, is sensitive to NP. At lead-
ing order the dominant hadronic uncertainties, coming from the form factors, cancels
out leading to a small theoretical uncertainty. In the SM, the zero-crossing point is
predicted to be: q2

0 = 4.97+0.03
�0.03|FF

+0.09
�0.09|SL

+0.29
�0.27|SD GeV2/c4[22]3.

SM SUSY-I

SUGRA

SUSY-II

q2

q0
2

Figure 6: Theoretical expectation for AFB for the SM and different SUSY models, taken from [25]. In the
figure are shown the curves for leading order calculation. The zero-crossing point prediction
cited in the text corresponds to next-to-leading order calculation.

3 (FF) are the form factor uncertainties, (SL) are the uncertainties from the L/mb corrections and (SD) are the uncertainty from short
distance parameters (mt , mW and the µ-scale)
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Unbinned Counting Method

Selection of signal event with a BDT and veto of decays
B0 → J/ψ(1S)/ψ(2S)K ∗0

AFB(q2) =
NF · PDFF (q2)− NB · PDFB(q2)

NF · PDFF (q2) + NB · PDFB(q2)

NF : Number of events with cos θl > 0

NB : Number of events with cos θl < 0

PDFF : Distribution of forward events in q2

PDFB : Distribution of backward events in q2

Signal PDF in q2 is a third order Chebychev polynomial.
Background PDF in q2 is a second order Chebychev polynomial.
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Forward Fit

Simultaneous fit to the B0 candidate mass and q2 to disentangle residual
background and signal for events with cos θl > 0
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Forward Fit

Simultaneous fit to the B0 candidate mass and q2 to disentangle residual
background and signal for events with cos θl > 0
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Figure 72: Fit to the invariant mass of the B-meson candidate, for forward and backward
going events in data.
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Figure 73: Fit to q2 distribution for forward and backward going events in data.

15.3 Zero crossing point extraction: Results1169

The procedure described in the previous sections for the extraction of the zero-crossing1170

point is here applied to data. The invariant mass of the Bd candidates is shown in1171

Fig 72 for forward- and backward-going events, the result of the fit is also shown. The1172

q2 distribution for forward- and backward-going events in the signal region is shown in1173

Fig. 73. After fitting separately forward and backward events the quality of the fit was1174

investigated with the point-to-point dissimilarity technique, the p-value obtained was 0.61175

for the fit to the forward events and 0.9 for the fit to the backward events.1176

Table 18 show the result of the fit for forward and backward events. It is indicate1177

which parameters are fixed in the fit, the correlation matrix is shown in Tables 16 and1178

17.1179

91

LHCb PreliminaryLHCb Unofficial
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Forward Fit

Simultaneous fit to the B0 candidate mass and q2 to disentangle residual
background and signal for events with cos θl > 0
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Figure 72: Fit to the invariant mass of the B-meson candidate, for forward and backward
going events in data.
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Figure 73: Fit to q2 distribution for forward and backward going events in data.
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Figure 73: Fit to q2 distribution for forward and backward going events in data.

15.3 Zero crossing point extraction: Results1169

The procedure described in the previous sections for the extraction of the zero-crossing1170

point is here applied to data. The invariant mass of the Bd candidates is shown in1171

Fig 72 for forward- and backward-going events, the result of the fit is also shown. The1172

q2 distribution for forward- and backward-going events in the signal region is shown in1173

Fig. 73. After fitting separately forward and backward events the quality of the fit was1174

investigated with the point-to-point dissimilarity technique, the p-value obtained was 0.61175

for the fit to the forward events and 0.9 for the fit to the backward events.1176

Table 18 show the result of the fit for forward and backward events. It is indicate1177

which parameters are fixed in the fit, the correlation matrix is shown in Tables 16 and1178
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Backward Fit

Simultaneous fit to the B0 candidate mass and q2 to disentangle residual
background and signal for events with cos θl < 0
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Backward Fit

Simultaneous fit to the B0 candidate mass and q2 to disentangle residual
background and signal for events with cos θl < 0
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Figure 72: Fit to the invariant mass of the B-meson candidate, for forward and backward
going events in data.

)4/c2 (GeV2q
2 4 6

 )4
/c2

Ev
en

ts
 / 

( 0
.2

 G
eV

0

5

10

15 Preliminary
LHCb

(a) Forward-going events

)4/c2 (GeV2q
2 4 6

 )4
/c2

Ev
en

ts
 / 

( 0
.2

 G
eV

0

5

10

15 Preliminary
LHCb

(b) Backward-going events

Figure 73: Fit to q2 distribution for forward and backward going events in data.

15.3 Zero crossing point extraction: Results1169

The procedure described in the previous sections for the extraction of the zero-crossing1170

point is here applied to data. The invariant mass of the Bd candidates is shown in1171

Fig 72 for forward- and backward-going events, the result of the fit is also shown. The1172

q2 distribution for forward- and backward-going events in the signal region is shown in1173

Fig. 73. After fitting separately forward and backward events the quality of the fit was1174

investigated with the point-to-point dissimilarity technique, the p-value obtained was 0.61175

for the fit to the forward events and 0.9 for the fit to the backward events.1176
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Backward Fit

Simultaneous fit to the B0 candidate mass and q2 to disentangle residual
background and signal for events with cos θl < 0
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15.3 Zero crossing point extraction: Results1169

The procedure described in the previous sections for the extraction of the zero-crossing1170

point is here applied to data. The invariant mass of the Bd candidates is shown in1171

Fig 72 for forward- and backward-going events, the result of the fit is also shown. The1172

q2 distribution for forward- and backward-going events in the signal region is shown in1173

Fig. 73. After fitting separately forward and backward events the quality of the fit was1174

investigated with the point-to-point dissimilarity technique, the p-value obtained was 0.61175

for the fit to the forward events and 0.9 for the fit to the backward events.1176

Table 18 show the result of the fit for forward and backward events. It is indicate1177

which parameters are fixed in the fit, the correlation matrix is shown in Tables 16 and1178
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Zero Crossing Point
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Figure 74: The AFB as a function of q2, that comes from the unbinned counting experiment
(blue dashed line) overlaid with the theory prediction from Ref. [26]. The data-points are
the result of counting forward- and backward-going events in 1 GeV2/c4 bins of q2. The
uncertainty on the data-points is statistical only. The red-hatched region is the 68%
confidence interval on the zero-crossing point observed in the data.
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Figure 75: Distribution of the zero-crossing point obtained by the MCMC (a). The
distribution of the zero-crossing point for toy experiments generated by assuming the Pdf
measured in data is shown in (b).

— b1 a1 b2 a2 a3 Nb Ns exp
b1 1.000 -0.248 0.023 -0.051 -0.023 0.082 -0.093 -0.040
a1 -0.248 1.000 0.001 0.099 0.519 0.095 -0.107 -0.037
b2 0.023 0.001 1.000 -0.317 -0.076 0.004 -0.005 -0.007
a2 -0.051 0.099 -0.317 1.000 0.222 0.062 -0.070 -0.023
a3 -0.023 0.519 -0.076 0.222 1.000 -0.013 0.015 0.013
Nb 0.082 0.095 0.004 0.062 -0.013 1.000 -0.328 -0.129
Ns -0.093 -0.107 -0.005 -0.070 0.015 -0.328 1.000 0.145

exp background -0.040 -0.037 -0.007 -0.023 0.013 -0.129 0.145 1.000

Table 16: Correlation matrix for the fit to forward-going events.

92

q2
0 = (4.9+1.1

−1.3) GeV2/c4

q2
0,SM = (3.97± 0.03(F.F.)± 0.09(S.L.)+0.29

−0.27(S.D.)) GeV2/c4

Error is only statistical (determined with Bootstrapping method)
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Summary

– Upper limit on B0
s → µ+µ− which is very close to the Standard Model

prediction⇒ not much space left to see signs of New Physics by an
enhanced branching fraction

– First measurement of the Zero Crossing Point for B0 → K ∗0µ+µ− ⇒
compatible with Standard Model

– Many other interesting analysis
– B0

s → φµ+µ−

– B± → K±/π±µ+µ−

– B0 → K∗0γ
– B0

(s)
→ µ+µ−µ+µ−
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Backup: Radiative B decays

ACP =
Γ(B̄0→K̄∗0γ)−Γ(B0→K∗0γ)

Γ(B̄0→K̄∗0γ)+Γ(B0→K∗0γ)

ACP,SM = (−6.1± 4.3) · 10−3

Phys. Rev. D 72 (2005) 014013

Large enhancement in physics
beyond the SM through additional
CP violating couplings arXiv:0710.3819

[hep-ph]

Correction of detection asymmetry
using B0/B̄0 → K±π∓ and
production asymmetry using
B0 → J/ψK ∗0
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Figure 9: Simultaneous fit of the full 2011 data for B0 ! K⇤0� (left) and B0
s ! �� (right) in

linear scale (top) and in log scale (bottom) to enhance the di↵erent background contributions.
The black points represent the data and the fit result is represented as a solid blue line. The signal
is fitted with a double-sided Crystal Ball function (dashed green line). The generic combinatorial
background is modelled with an exponential function (dashed red lines). In decreasing amplitude
order, the specific background contaminations to B0 ! K⇤0� are B ! K⇤0⇡� (dotted black),
B ! K⇤0⇡0X (dashed blue), B0

s ! K⇤0� (dotted green), ⇤0
b ! ⇤⇤� (dashed pink), B0! K+⇡�⇡0

(dashed black) and B0
s ! K+⇡�⇡0 (dotted blue). The background contributions to B0

s ! ��
are B ! �K� (dotted black), ⇤0

b ! ⇤⇤� (dashed pink) and B0
s ! K+K�⇡0 (dashed black).

No significant contribution to B0
s ! �� is found from the B ! �⇡0X partially reconstructed

channels. The middle histograms display the Poisson �2 residuals [23], with the ±2� limits
represented by solid red lines.

6.3 Validation of the fit346

In order to test the fitting procedure, toy Monte Carlo samples have been generated
following the values of the parameters extracted from the fit. In order to check the

21

ACP = (0.008± 0.017(stat)± 0.009(syst))
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Backup: B0
(s) → µ+µ+µ−µ−

BSM,non-reso ∼ 10−11 − 10−10

Phys. Rev. D 70, 114028, (2004)

BSM,reso = (2.3± 0.9) · 10−8

B0
s → J/ψ(µµ)φ(µµ)

Enhancement in physics beyond
the SM, especially models including
sgoldstinos arXiv:1112.5230 [hep-ph]

Cut based analysis with
normalization to B0 → J/ψK ∗0

Introduction Search for B0
(s)

! µ+µ� Search for B0
(s)

! µ+µ�µ+µ� Search for ⌧� ! µ+µ�µ� Summary

Results

Event distribution in the non-resonant mass window compatible
with background expectation

Preliminary upper limits (95%C.L. ) extracted with the CLs
method:

B(B0
s ! µ+µ�µ+µ�) <1.3 ⇥ 10�8

B(B0 ! µ+µ�µ+µ�) <5.4 ⇥ 10�9

First limits on these processes.
Mathieu Perrin-Terrin CPPM Rare decays to purely leptonic final states at LHCb July 6th, 2012 14 / 18

Bnon-reso(B0
s → µ+µ−µ+µ−) < 1.28 · 10−8 @ 95% C.L.

Bnon-reso(B0 → µ+µ−µ+µ−) < 0.54 · 10−8 @ 95% C.L.
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Backup: Theory Prediction

A. Buras & G. Isidori (3.23±0.27)·10−9 arXiv:1208.0934v1 [hep-ph]

A. Buras (3.2 ±0.2) ·10−9 arXiv:1012.1447v2 [hep-ph]

E. Golowich et al. (3.31±0.21)·10−9 arXiv:1102.0009v2 [hep-ph]

K. De Bruyn et al. (3.5 ±0.2) ·10−9 arXiv:1204.1737 [hep-ph]

F. Mahmoudi et al. (3.53±0.38)·10−9 arXiv:1205.1845v1 [hep-ph]

CKMfitter (3.64+0.21
−0.32) ·10−9 ckmfitter.in2p3.fr

UTfit (3.54±0.28)·10−9 www.utfit.org
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Backup: Restriction on Parameter Space

Figure 3: Constraints from flavour observables in CMSSM in the plane (m1/2, m0) for tan� = 50 and A0 = 0,
in the left with the 2010 results for BR(Bs ! µ+µ�), and in the right with the 2011 results. The black line
corresponds to the CMS exclusion limit with 1.1 fb�1 of data 18 and the red line to the CMS exclusion limit with

4.4 fb�1 of data 19 . The colour legend is given below.

Figure 4: Constraints from flavour observables in CMSSM in the plane (m1/2, m0) for tan� = 30 and A0 = 0.

respectively, including both theoretical and experimental errors (added in quadrature). As can
be seen from the figure, AFB is the most constraining observable and excludes Mt̃1

. 800 GeV.
On the other hand, with the current experimental accuracy 17, the isospin asymmetry does not
provide any information on the SUSY parameters.

A comparison between di↵erent flavour observables in the plane (m1/2, m0) is given in Fig. 3,
where we can also see the limits from B ! Xs�, B ! ⌧⌫, Rl23(K ! µ⌫µ), B ! D⌧⌫⌧ ,
B ! Xsµ

+µ� and Ds ! ⌧⌫⌧ . In the left hand side, the combined CMS+LHCb limit from the
2010 data (1.1 ⇥ 10�8 at 95% C.L.) is applied for BR(Bs ! µ+µ�), while this limit is updated
to the 2011 LHCb result (4.5 ⇥ 10�9 at 95% C.L.) in the right hand side. As can be seen, the
recent LHCb limit strongly constrains the CMSSM with large tan�. We also notice that, at large
tan�, the flavour constraints and in particular Bs ! µ+µ�, are superior to those from direct
searches. By lowering the value of tan�, Bs ! µ+µ� significantly loses importance compared
to direct searches as can be seen in Fig. 4. On the other hand, B ! Xs� and B ! K⇤µ+µ�

related observables and in particular the forward-backward asymmetry lose sensitivity in a less
drastic manner and they could play a complementary role in the intermediate tan� regime.

The study in constrained MSSM scenarios is very illustrative and allows to pin down the
most important e↵ects in a rather simple framework. However these scenarios are not represen-
tative of the full MSSM and by focussing only on the constrained scenarios one may miss some
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respectively, including both theoretical and experimental errors (added in quadrature). As can
be seen from the figure, AFB is the most constraining observable and excludes Mt̃1

. 800 GeV.
On the other hand, with the current experimental accuracy 17, the isospin asymmetry does not
provide any information on the SUSY parameters.

A comparison between di↵erent flavour observables in the plane (m1/2, m0) is given in Fig. 3,
where we can also see the limits from B ! Xs�, B ! ⌧⌫, Rl23(K ! µ⌫µ), B ! D⌧⌫⌧ ,
B ! Xsµ

+µ� and Ds ! ⌧⌫⌧ . In the left hand side, the combined CMS+LHCb limit from the
2010 data (1.1 ⇥ 10�8 at 95% C.L.) is applied for BR(Bs ! µ+µ�), while this limit is updated
to the 2011 LHCb result (4.5 ⇥ 10�9 at 95% C.L.) in the right hand side. As can be seen, the
recent LHCb limit strongly constrains the CMSSM with large tan�. We also notice that, at large
tan�, the flavour constraints and in particular Bs ! µ+µ�, are superior to those from direct
searches. By lowering the value of tan�, Bs ! µ+µ� significantly loses importance compared
to direct searches as can be seen in Fig. 4. On the other hand, B ! Xs� and B ! K⇤µ+µ�

related observables and in particular the forward-backward asymmetry lose sensitivity in a less
drastic manner and they could play a complementary role in the intermediate tan� regime.

The study in constrained MSSM scenarios is very illustrative and allows to pin down the
most important e↵ects in a rather simple framework. However these scenarios are not represen-
tative of the full MSSM and by focussing only on the constrained scenarios one may miss some

Constraints on m0 and m1/2 at A0 = 0 and tan β = 50 by different channels.
Left: data upto 2010; Right: data upto 2011; Yellow: B0

s → µ+µ−,
Black line: CMS exclusion with 1.1 fb−1, Red line: CMS exclusion with 4.4 fb−1

arXiv:1205.3099 [hep-ph]
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Backup: Distribution of Signal-like Events
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Figure 72: B0
s ! µ+µ� (left) and B0 ! µ+µ� (right) distribution of selected dimuon

events in the invariant mass plane for events with BDT> 0.5. The black dots are data,
the light blue histogram shows the contribution of the combinatorial background, the
green histogram shows the contribution of the B0

(s) ! h+h
0� background and the red

filled histogram the contribution of signal events according to the SM rate. The hatched
area depicts the uncertainty on the sum of the expected contributions; di↵erently from
what used for the limit evaluation, equally spaced mass bins are shown.

]-9) [10-µ +µ → 
s
0B(B

1 2 3 4 5 6 7 8 9

C
L

s

0

0.1

0.2

0.3
0.4

0.5

0.6

0.7
0.8

0.9

1

LHCb
Bkg Only

]-9) [10-µ +µ → 
s
0B(B

1 2 3 4 5 6 7 8 9

C
L

s

0

0.1

0.2

0.3
0.4

0.5

0.6

0.7
0.8

0.9

1

LHCb
Bkg+SM

Figure 73: B0
s ! µ+µ�: expected CLs (dashed black line) under the hypothesis to observe

background-only (left) and a combination of background-plus-signal events according to
the SM rate (right), with green area covering the region of ±1� of compatible observations;
in both plots the observed CLs is given by the blue dotted line; the expected (observed)
upper limits at 90% and 95% C.L. are also shown as dashed and solid grey (red) lines.
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Figure 72: B0
s ! µ+µ� (left) and B0 ! µ+µ� (right) distribution of selected dimuon

events in the invariant mass plane for events with BDT> 0.5. The black dots are data,
the light blue histogram shows the contribution of the combinatorial background, the
green histogram shows the contribution of the B0

(s) ! h+h
0� background and the red

filled histogram the contribution of signal events according to the SM rate. The hatched
area depicts the uncertainty on the sum of the expected contributions; di↵erently from
what used for the limit evaluation, equally spaced mass bins are shown.
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Figure 73: B0
s ! µ+µ�: expected CLs (dashed black line) under the hypothesis to observe

background-only (left) and a combination of background-plus-signal events according to
the SM rate (right), with green area covering the region of ±1� of compatible observations;
in both plots the observed CLs is given by the blue dotted line; the expected (observed)
upper limits at 90% and 95% C.L. are also shown as dashed and solid grey (red) lines.
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B0 → µ+µ−

Signal (SM)
Combinatorial background bb̄ → µ+µ−X semileptonic
Misidentification from B0

(s) → h+h′−

Cross-feed
Hatched area: the uncertainty on the sum of the expected contributions
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Backup: Implications for Theory 2010

arXiv:1107.0266v1 [hep-ph]NEW PHYSICS SEARCHES IN FLAVOUR PHYSICS 3

Fig. 1. – Correlation between the branching ratios of Bs ! µ+µ� and Bd ! µ+µ� in MFV, the
SM4 and four SUSY flavour models. The gray area is ruled out experimentally. The SM point
is marked by a star. Taken from [16].

several non-MFV models: four SUSY flavour models studied in [5] and the SM with 4
generations [12]. This highlights the power of the correlation between Bs ! µ+µ� and
Bd ! µ+µ� to discriminate between di↵erent NP models.

3. – CP violation in Bs mixing

In the SM, CP violation in Bs mixing is a small e↵ect since the relevant combination
of CKM elements has an accidentally small phase,

(2) �s ⌘ arg(M12) = 2�s ⌘ 2 arg

✓
� V ⇤

tsVtb

V ⇤
csVcb

◆
⇡ �0.04 .

Recently however, two experimental hints for a possibly large non-SM contribution to �s

have emerged. One concerns the mixing-induced CP asymmetry S � extracted from the
time-dependent CP asymmetry in Bs ! J/ � decays,

(3) As
CP( �, t) ⌘ �(B̄s(t) !  �) � �(Bs(t) !  �)

�(B̄s(t) !  �) + �(Bs(t) !  �)
⇡ S � sin(�Mst) ,

where S � = � sin�s. The other concerns the charge asymmetry ASL in dimuon events
at D0, which can be related to the semileptonic CP asymmetries in flavour-specific Bd

and Bs decays, ad,s
SL , as [17]

(4) ASL ⇡
�
ad
SL + as

SL

�
/2 ,

with O(10%) uncertainties on the coe�cients on the right-hand side of (4).
While 2009 results on S � showed a discrepancy with the SM somewhere in the

ballpark of 3 standard deviations [18], 2010 updates seem to be in agreement with the
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Backup: Implications for Theory 2011

arXiv:1205.6094v1 [hep-ph]

Figure 1: Correlation between the branching ratios of Bs ! µ+µ� and Bd ! µ+µ� in MFV, the SM4 and four
SUSY flavour models. The gray area is ruled out experimentally. The SM point is marked by a star.

2 The impact of Bs ! µ+µ�

The decay Bs ! µ+µ� is strongly helicity-suppressed in the SM. For this reason, its branching
ratio could be strongly enhanced in the presence of NP in the scalar or pseudoscalar operators,
which would lift this helicity suppression. A prominent example of a model predicting such
enhancement is supersymmetry with large tan� and sizable A terms, as motivated e.g. by grand
unification.

However, the recent upper bound on the branching ratio presented by the CMS collaboration1

and the very recent, even stronger bound by LHCb presented at this conference2, strongly limit
the size of such contributions. This constitutes a significant constraint for a large class of
NP models, as is exemplified in fig. 1, showing the correlation between BR(Bs ! µ+µ�) and
BR(Bd ! µ+µ�) in models with Minimal Flavour Violation (MFV 3), the Randall-Sundrum
model with custodial protection (RSc4), the Standard Model with a sequential fourth generation
(SM45) and four SUSY flavour modelsb A large part of the parameter space of the supersymmetric
models, where tan� can be large, is ruled out by the constraints, leading to a much more
constrained situation than one year ago6,7. However, it should be emphasized that models where

NP enters Bs ! µ+µ� via the semi-leptonic operators O
(0)
10 , like the SM4 or RSc in fig. 1, or

SUSY models with small tan�, are starting to be probed only now. Indeed, a model-independent
analysis of new physics in b ! s transitions has shown that NP in C10 or C 0

10 can only enhance
the branching ratio of Bs ! µ+µ� up to 5.6⇥10�9, using all the information on b ! s transitions
available before this conference13.

In any case, an important consequence of the strong new bounds is that the scalar and
pseudoscalar operators are irrelevantc for all the semi-leptonic b ! s decays, which are not
helicity suppressed. The following model-independent discussion will thus focus on the magnetic
and semi-leptonic operators.

bThe acronyms stand for the models by Agashe and Carone (AC 8), Ross, Velasco-Sevilla and Vives (RVV2
9), Antusch, King and Malinsky (AKM 10) and a model with left-handed currents only (LL 11). See the original
analysis12 for details.

cBarring a fortuitous cancellation in CS � C0
S and CP � C0

P , which are the only combinations entering the
Bs ! µ+µ� branching ratio.
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Backup: Event Selection for B0 → K ∗0µ+µ−

After a loose pre-selection a BDT selection based on kinematical,
topological and particle-identification variables (trained on B0 → J/ψK ∗0

for signal and side-bands for background) is applied.
(Results based on data sample of 2011→ ∼ 1 fb−1)
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Figure 3: The K⇡µ+µ� versus µ+µ� invariant mass distribution of B0 ! K⇤0µ+µ�

candidates that lie close to the J/ mass in the data (left) and in B0 ! K⇤0J/ MC
(right). The charmonium veto regions are indicated by the red lines. The yellow line
indicates the extent of the lower mass sideband used for the angular analysis.
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Figure 4: The q2 distribution for B0 ! K⇤0µ+µ� events in SM physics MC 11 MC. The
charmonium veto regions are indicated by the red lines.

J/ to low masses is clearly visible.194

Combinatorial background events are also removed by extending the veto regions. In195

order to correct for this, the remaining candidates in the bins of q2 just below the J/ and196

 (2S) at K+⇡�µ+µ� invariant masses below the signal mass window were re-weighted197

according to the fraction of the q2 bin removed by the extending the vetoes (to accoutn198

for the combinatorial background that has been removed). The weights applied to the199

remaining combinatorial background events are between 1.1 and 1.6.200

10

J/ψ(1S)

ψ(2S)

B0
LHCb Preliminary

The vetos on charmonium states J/ψ(1S) and ψ(2S) are shown in red.
27/08/2012 Rare B Decays at LHCb Page 27


	Backup

