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Rare B decays
� Flavour changing neutral currents are forbidden at tree level in SM
� b → s(d) transitions mediated via a loop diagram
� In SM extensions, can receive contributions from new virtual particles
� New Physics can contribute at same level as SM giving possibility of

large NP effects

Introduction

Rare decay measurements at LHCb and their implications

for SUSY/EXOTICA searches.

�F = 1 FCNC
processes, forbidden at
tree level in the SM.

In extensions to the SM
these processes can
receive contributions
from “new” virtual
particles.

Mediated by EW pneguin and box

diagrams in the SM
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Theoretical Formalism
� Model independent approach
� “Integrate” out heavy (m ≥ mW ) field(s) and introduce set of

operators (Oi ) and Wilson coefficients (Ci )

Heff ≈ −
4GF√

2
VtbV

∗
ts(d)

10∑
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i + ∆CNP

i )Oi +
∑

NP

CNP

Λ2
NP

ONP

� c.f. Fermi interaction and GF

E↵ective field theory for b! s �F = 1 processes

Multi-scale problem :

mW � mB � ⇤QCD

Express the Hamiltonian as:

He↵ (µ = mb) ⇡ �4GFp
2

VtbV
⇤
ts

10X
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i + �CNP
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X
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c
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where Ci are (Wilson) coe�cients that contain information on the
heavy degrees of freedom and Oi are local “operators” with di↵erent
Lorentz structure.

c.f. Weak interaction and GF .
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Sensitivity to New Physics

� b → s(d)µ+µ− transitions probe a range of operators

Operator Oi Bs(d) → Xs(d)µ
+µ− Bs(d) → µ+µ− Bs(d) → Xs(d)γ

O7 ∼ mb(s̄Lσ
µνbR)Fµν X X

O9 ∼ (s̄Lγ
µbL)(¯̀γµ`) X

O10 ∼ (s̄Lγ
µbL)(¯̀γ5γµ`) X X

OS ,P ∼ (s̄b)S ,P(¯̀̀ )S,P X

� In SM CS,P ∝ m`mb/m
2
W ∼ 0

� In SM chirality flipped Oi suppressed by ms/mb
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Decays and observables studied in LHCb

Decay Observables
B0 → K ∗0µ+µ− FL,AFB ,S3,S9,ACP

B+ → K+µ+µ− B,FH ,AFB

B → K (∗)µ+µ− AI

B+ → π+µ+µ− B,|Vtd |/|Vts | (using B+ → K+µ+µ−)

Observables are functions of m2
µ+µ−(q

2)
FL: Longitudinal polarisation fraction of the K ∗

AFB : Di-muon forward-backward asymmetry
S3: Asymmetry in K ∗ transverse polarisation
S9: A T -odd CP asymmetry
ACP : CP asymmetry of B0 and B̄0 decays
FH : Contr. from (pseudo)-scalar/tensor to partial width (if mµ = 0)
AI : Isospin asymmetry of B0 and B+ decays
B: Branching fraction
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The LHCb detector and dataset

� LHCb is a forward detector (2 < η < 5) designed to study heavy flavour
physics

� Excellent vertex and momentum resolution, excellent particle identification
� Analyses presented today use 1 fb−1 of 2011 data at

√
s = 7TeV

� LHCb has recorded an additional 2 fb−1 of data in 2012 at
√
s = 8TeV

Typical performance:
� ∆p/p: 0.4%− 0.6% for

5 < p < 100GeV
� trigger eff for di-µ channels:

90%
� Kaon id eff: 95% for 5%

mis-id rate
� Muon id eff: 98% for 1%

mis-id rate
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Angular analysis of B0 → K ∗0µ+µ− [LHCb-CONF-2012-008]
• The angular distribution of B0 ї�<*0µµ is parameterised by six 

q2-dependent terms [ q2 = (mµµ)2 ] 

• It is described by three angles: ɽL, ɽ<, ʔ and q2  

 

 

 

 

 

 

 
 

• By fitting these angles gives sensitivity to theoretically clean 
and experimentally accessible angular observables 

Angular analysis 

21 Searching for New Physics with the Rare Decay B0 ї�<*0µµ, Chris Parkinson 
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� Decay described by three angles
θ`,θk ,φ and q2

� Angular distribution written in terms of six K ∗0 helicity amplitudes
(ignoring mµ and scalar contributions)

� Resulting expression depends on observables with small hadronic
uncertainties: AFB , FL, S3 and S9
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Figure 16: The observables S3 and A9 in the SM (blue band) and the two GMSSM scenarios
GMSSMI,II with large complex contributions to C ′

7 as described in the text.
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Figure 17: Several observables in the SM (blue band) and two selected GMSSM scenarios that show
large non-standard behaviour. See text for details.
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[arXiv:0811.1214]
� S s

6 ∝ −AFB

� Can discriminate between
NP models

� Zero crossing point largerly
free of form factor uncert.
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B0 → K ∗0µ+µ− Results [LHCb-CONF-2012-008]

� Observe ∼ 900 signal candidates in
1 fb−1 √s = 7TeV data

� More candidates than all
previous experiments combined

� Good agreement with SM prediction
of observables

� SM predictions from arXiv:1105.0376
and references therein )2 (MeV / cµµπKm
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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].
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B0 → K ∗0µ+µ− Results [LHCb-CONF-2012-008]

� The zero crossing point of AFB in the SM is at q2 = 4.0− 4.3GeV2

[arXiv:1105.0376]
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CDF [arXiv:1108.0695] Belle [arXiv:0904.0770] BaBar [arXiv:1204.3993]
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� The zero crossing point is measured to be at q2 = 4.9+1.1
−1.3 GeV

2

� World’s first measurement of AFB zero crossing point
� CDF [PRL 108 (2012) 081807], Belle [PRL 103 (2009) 171801],BaBar

[arXiv:1204.3993]
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Constraints on scale of New Physics

� Interpret measurements of angular observables in terms of Wilson
coefficients which in turn can be translated in scale of NP (ΛNP)

� arXiv:1111.1257 and updates from Altmannshofer, Paridisi and Straub
� Using B → Xsγ information as well

� Tree level O(1) couplings:

LNP ∼
e iφNP

Λ2
NP

ONP

ΛNP > O(15TeV)

� Loop and CKM like
couplings:

LNP ∼
VtbV

∗
ts

(4π)2
e iφNP

Λ2
NP

ONP

ΛNP > O(300GeV)

Constraints on NP models?

Can turn constraints on Wilson coe�cients in �F = 1 b! s into
constraints on the mass-scale of NP:

Tree level contribution with
O(1) couplings:

LNP ⇠ 1

⇤2
NP

ONP

! ⇤NP > O(15 TeV) � O(140 TeV)

Loop and CKM suppressed:

LNP ⇠ VtbV
⇤
ts

(4⇡)2
1

⇤2
NP

ONP

! ⇤NP > O(300 GeV) ! O(2 TeV)
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CP Asymmetry of B0 → K ∗0µ+µ− [arXiv:1210:4492]

ACP =
Γ(B̄0 → K̄∗0µ+µ−)− Γ(B0 → K∗0µ+µ−)

Γ(B̄0 → K̄∗0µ+µ−) + Γ(B0 → K∗0µ+µ−)

� ACP predicted to be O(10−3) in SM [JHEP07 (2008) 106,JHEP01(2009) 019]
� Use ratio between two magnet polarities to cancel detector related

asymmetries
� Use B0 → J/ψK∗ to account for production related asymmetries
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Figure 2: Fitted value of ACP in B0 ! K⇤0µ+µ� decays in bins of the µ+µ� invariant
mass squared (q2). The red vertical lines mark the charmonium vetoes. The points are
plotted at the mean value of q2 in each bin. The uncertainties on each ACP value are the
statistical and systematic uncertainties added in quadrature. The dashed line corresponds
to the q2 integrated value, and the grey band is the 1� uncertainty on this value.

7

� ACP =
−0.072± 0.040(stat.)± 0.005(syst.)

� Consistent with SM prediction
� World’s most precise measu-

rement
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The decay of B+ → K+µ+µ− [arXiv:1209.4284]

� Differential branching fraction as function of q2 is sensitive to the
combination of (C9 + C ′9), (C10 + C ′10) and (C7 + C ′7)

The B+! K+µ+µ� decay

The di↵erential branching fraction (as a function of q2) is given by:

dB[B+! K+µ+µ�]

dq2
/|(C10 + C0

10)f+(q2)|2+

|(C9 + C0
9)f+(q2) +

2mb

MB + MK
(C7 + C0

7)fT (q2)|2

Perform an unbinned maximum likelihood fit to the K+µ+µ�

invariant mass distribution in bins of q2 and normalise w.r.t
B+! K+J/ (J/ ! µ+µ�).
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World’s most precise measurement

Theory: [JHEP07 (2011) 067], [JHEP01
(2012) 107]

� Fit the K+µ+µ− invariant mass
distribution in bins of q2

� Normalize to B+ → K+J/ψ

� Low q2 measurement slightly below
SM prediction

� Large theoretical uncertainties
� Uncertainties Correlated across

q2 bins
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Angular analysis of B+ → K+µ+µ− [arXiv:1209.4284]
� Can describe decay with single angle θ`

dΓ

d cos θ`
∝ 3

4
(1− FH )(1− cos2 θ`) +

1
2
FH + AFB cos θ`

� In SM FH ≈ 0 and AFB = 0
� Theory: [JHEP07 (2011) 067], [JHEP01 (2012) 107]
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Figure 3: Dimuon forward-backward asymmetry, AFB, and the parameter FH for B+!
K+µ+µ� as a function of the dimuon invariant mass squared, q2. The SM theory prediction
(see text) for FH is given as the continuous cyan (light) band and the rate-average of this
prediction across the q2 bin is indicated by the purple (dark) region. No SM prediction is
included for the regions close to the narrow cc resonances.

Equation (1) is used to describe the signal angular distribution. The background
angular and mass shapes are treated as independent in the fit. The angular distribution
of the background is parameterised by a second-order Chebychev polynomial, which is
observed to describe well the background away from the signal mass window (5230 <
mK+µ+µ� < 5330 MeV/c2).

The resulting values of AFB and FH in the bins of q2 are indicated in Fig. 3 and in
Table 1. The measured values of AFB are consistent with the SM expectation of zero
asymmetry. The 68% confidence intervals on AFB and FH are estimated using pseudo-
experiments and the Feldman-Cousins technique [34]. This avoids potential biases in
the estimate of the parameter uncertainties that come from using event weights in the
likelihood fit or from the boundary condition (|AFB|  FH/2). When estimating the
uncertainty on AFB (FH), FH (AFB) is treated as a nuisance parameter (along with the
background parameters in the fit). The maximum-likelihood estimate of the nuisance
parameters is used when generating the pseudo-experiments. The resulting confidence
intervals ignore correlations between AFB and FH and are not simultaneously valid at the
68% confidence level.

6 Systematic uncertainties

For the di↵erential branching fraction measurement, the largest source of systematic
uncertainty comes from an uncertainty of ⇠ 4% on the B+! K+J/ and J/ ! µ+µ�

branching fractions [26]. The systematic uncertainties are largely correlated between the q2
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Figure 3: Dimuon forward-backward asymmetry, AFB, and the parameter FH for B+!
K+µ+µ� as a function of the dimuon invariant mass squared, q2. The SM theory prediction
(see text) for FH is given as the continuous cyan (light) band and the rate-average of this
prediction across the q2 bin is indicated by the purple (dark) region. No SM prediction is
included for the regions close to the narrow cc resonances.

Equation (1) is used to describe the signal angular distribution. The background
angular and mass shapes are treated as independent in the fit. The angular distribution
of the background is parameterised by a second-order Chebychev polynomial, which is
observed to describe well the background away from the signal mass window (5230 <
mK+µ+µ� < 5330 MeV/c2).

The resulting values of AFB and FH in the bins of q2 are indicated in Fig. 3 and in
Table 1. The measured values of AFB are consistent with the SM expectation of zero
asymmetry. The 68% confidence intervals on AFB and FH are estimated using pseudo-
experiments and the Feldman-Cousins technique [34]. This avoids potential biases in
the estimate of the parameter uncertainties that come from using event weights in the
likelihood fit or from the boundary condition (|AFB|  FH/2). When estimating the
uncertainty on AFB (FH), FH (AFB) is treated as a nuisance parameter (along with the
background parameters in the fit). The maximum-likelihood estimate of the nuisance
parameters is used when generating the pseudo-experiments. The resulting confidence
intervals ignore correlations between AFB and FH and are not simultaneously valid at the
68% confidence level.

6 Systematic uncertainties

For the di↵erential branching fraction measurement, the largest source of systematic
uncertainty comes from an uncertainty of ⇠ 4% on the B+! K+J/ and J/ ! µ+µ�

branching fractions [26]. The systematic uncertainties are largely correlated between the q2

6

World’s most precise measurements
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Isospin Asymmetries in B → K (∗)µ+µ− [JHEP 07 (2012) 133]

AI =
Γ(B0 → K (∗)0µ+µ−)− Γ(B+ → K (∗)0µ+µ−)

Γ(B0 → K (∗)0µ+µ−) + Γ(B+ → K (∗)0µ+µ−)

� Expect AI close to 0 in SM
� Measured in two modes

� B0 → K 0µ+µ− vs B+ → K+µ+µ− (K 0 recoed as K 0
s → π+π−)

� B0 → K∗0(K+π−)µ+µ− vs B+ → K∗+(K 0π+)µ+µ−
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LHCb-µ+µ0 K→ 0B

]4c/2 [GeV2q
0 5 10 15 20

]2
/G

eV
4 c × 

-8
 [

10
2 q

/d
Bd

0
2
4

6
8

10
12
14

16
18
20

Theory Binned theory Data

LHCb-µ+µ*+ K→ +B

� Theory: [JHEP07 (2011) 067], [JHEP01 (2012) 107]
� Deficit in B0 → K 0µ+µ−
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Isospin Asymmetries in B → K (∗)µ+µ− [JHEP 07 (2012) 133]
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LHCb-µ+µ K →B *

� B → Kµ+µ− asymmetry
systematically low. Naive average
over q2 gives 4.4σ deviation

� B → K ∗µ+µ− asymmetry agrees
with SM prediction

� No theoretical explanation yet
within SM or otherwise
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Consistent with existing hints 
from CDF, Belle, BaBar 

Unexpected effect, but quite significant. 
 

 Interpretation in SM or NP??? 
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B+ → π+µ+µ− [arXiv:1210.2645]

� b → d penguin, suppressed by |Vtd |2/|Vts |2 relative to b → s in SM
� SM prediction: B = 2.0± 0.2× 10−8 [PRD77(2008)014017]
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Figure 3: Invariant mass distribution of B+! ⇡+µ+µ� candidates with the fit projection
overlaid (a) in the full mass range and (b) in the region around the B mass. In the legend,
“part. reco.” and “combinatorial” refer to partially reconstructed and combinatorial
backgrounds respectively. The discontinuity at 5500 MeV/c2 is due to the removal of data
used for training the BDT.
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Figure 4: Invariant mass distribution of B+! K+µ+µ� candidates with the fit projection
overlaid (a) in the full mass range and (b) in the region around the B mass. In the legend,
“combinatorial” refers to the combinatorial background.

yields for the peaking background components are constrained to the expectations given in
Sect. 2.2. For both the M⇡+µ+µ� and MK+µ+µ� distributions, the exponential PDF used
to model the combinatorial background has a step in the normalisation at 5500 MeV/c2

to account for the data used for training the BDT.
The M⇡+µ+µ� and MK+µ+µ� distributions are shown in Figs 3 and 4, respectively. The

fit gives a B+ ! ⇡+µ+µ� signal yield of 25.3 +6.7
�6.4, and a B+ ! K+µ+µ� signal yield of

553 +24
�25.

7

� Normalize to B+ → J/ψK+

� Observe 25.3+6.7
−6.4 with 5.2σ

� Rarest B decay ever observed!

� BF = 2.3± 0.6(stat.)± 0.1(syst.)× 10−8

� Compatible with SM prediction
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B+ → π+µ+µ− [arXiv:1210.2645]

� Can measure R =
BF (B+ → π+µ+µ−)

BF (B+ → K+µ+µ−)
and tranlsate into |Vtd |/|Vts |

measurement from penguin decays
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“combinatorial” refers to the combinatorial background.

yields for the peaking background components are constrained to the expectations given in
Sect. 2.2. For both the M⇡+µ+µ� and MK+µ+µ� distributions, the exponential PDF used
to model the combinatorial background has a step in the normalisation at 5500 MeV/c2

to account for the data used for training the BDT.
The M⇡+µ+µ� and MK+µ+µ� distributions are shown in Figs 3 and 4, respectively. The

fit gives a B+ ! ⇡+µ+µ� signal yield of 25.3 +6.7
�6.4, and a B+ ! K+µ+µ� signal yield of

553 +24
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overlaid (a) in the full mass range and (b) in the region around the B mass. In the legend,
“combinatorial” refers to the combinatorial background.

yields for the peaking background components are constrained to the expectations given in
Sect. 2.2. For both the M⇡+µ+µ� and MK+µ+µ� distributions, the exponential PDF used
to model the combinatorial background has a step in the normalisation at 5500 MeV/c2

to account for the data used for training the BDT.
The M⇡+µ+µ� and MK+µ+µ� distributions are shown in Figs 3 and 4, respectively. The

fit gives a B+ ! ⇡+µ+µ� signal yield of 25.3 +6.7
�6.4, and a B+ ! K+µ+µ� signal yield of

553 +24
�25.
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� R = 0.053± 0.014(stat.)± 0.001(syst.)
� |Vtd |/|Vts | = 0.266± 0.035(stat.)± 0.007(syst.)
� Neglecting theoretical uncertainties
� Compatible with previous measurements in b → s(d)γ
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Summary

� Presented status of LHCb studies on b → s(d)µ+µ− EW penguins
� Using 1 fb−1 of

√
s = 7TeV data LHCb has an array of precision

measurements:
� Most precise determination of angular and CP observables in

B0 → K∗µ+µ− and B+ → K+µ+µ−

� Isospin asymmetry in B → Kµ+µ− decays resulting in ∼ 4σ deviation
from zero

� First b → dµ+µ− transition observed

� Bottom line: The SM is holding strong!
� LHCb has additional 2 fb−1 of

√
s = 8TeV on tape

� Updates of current analyses as well as new analyses are expected!
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Backup
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B0 → K ∗0µ+µ−results [LHCb-CONF-2012-008]
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B0 → K ∗0µ+µ− angular distribution

B0 ! K⇤0µ+µ� signal, but is o↵set in mass by the B0
s � B0 mass di↵erence. The76

signal line-shape is fixed to that of the B0 ! K⇤0J/ decay. The relative width of the77

B0! K⇤0µ+µ� line-shape with respect to B0! K⇤0J/ is varied as a source of systematic78

uncertainty. The result of the fits to the K+⇡�µ+µ� invariant mass distribution are shown79

in Fig. 3. A fit to the invariant mass distribution in the 4m2
µ < q2 < 19 GeV2/c4 range is80

shown in Fig. 4. The event yields are summarised in Table. 1. The observed di↵erential81

branching fraction is shown in Fig. 5.82

5 Angular analysis83

The full B0 ! K⇤0µ+µ� di↵erential decay distribution is parameterised by six q2 de-84

pendent amplitudes. Due to the low statistics, a symmetry of the system is exploited85

and � ! � + ⇡ when � < 0. This cancels terms with cos� and sin� dependences and86

decreases the number of parameters required to describe the signal. This “folding” leads87

to a reduced expression for the angular distribution:88

1

�

d4�

d cos ✓` d cos ✓K d�̂ dq2
=

9

16⇡


FL cos2 ✓K +

3

4
(1 � FL)(1 � cos2 ✓K) �

FL cos2 ✓K(2 cos2 ✓` � 1) +

1

4
(1 � FL)(1 � cos2 ✓K)(2 cos2 ✓` � 1) +

S3(1 � cos2 ✓K)(1 � cos2 ✓`) cos 2�̂ +

4

3
AFB(1 � cos2 ✓K) cos ✓` +

S9(1 � cos2 ✓K)(1 � cos2 ✓`) sin 2�̂
i

where �̂ is the result of folding the � angle: �̂ = �+ ⇡, if � < 0 and �̂ = �, if � � 0. The89

distribution is parameterised by the four observables: AFB, FL, S9 and S3. The notation90

of Ref. [2] is adopted for the sin 2�̂ term rather than 1
2
(1 � FL)A2

T , which often appears91

in literature [14]. S3 then appears in the angular distribution in a similar way to AFB92

and S9, i.e. not in combination with another observable2. To estimate the rate averaged93

values of FL, AFB, S9 and S3, an unbinned maximum likelihood fit is performed to the94

K+⇡�µ+µ� invariant mass and angular distribution of the candidates. A penalty term95

is included in the likelihood fit to force the PDF into the mathematically allowed region:96

|AFB|  3
4
(1 � FL), |S9|  1

2
(1 � FL) and |S3|  1

2
(1 � FL). The background angular97

model is parameterised by the product of polynomial distributions for cos ✓l, cos ✓K and98

�̂. The contribution of K⇤0 $ K⇤0 mis-id is accounted for in the fit and has the net99

impact of diluting AFB and S9. The analysis does not include any contribution from a100

2A rapid variation of both FL and A2
T with q2 could also result in a biased estimate of A2

T when
averaging over the large q2-bins used in the analysis.
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Bs → φµ+µ− [LHCb-CONF-2012-003]

� Observe 77± 10 signal candidates in 1 fb−1

� Measure B(Bs → φµ+µ−) relative to B(Bs → J/ψφ)

� B(Bs → φµ+µ−) = 0.78± 0.1(stat.)± 0.06(syst.)± 0.28(B)× 10−6
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