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b → s(d)µ+µ−

� Measure the decay rates, asymmetries and angular distributions of final state
products

� Different final states sensitive to different combinations of Wilson
coefficients

� Allows for precise extraction of LH and RH Wilsons
� b → d vs b → s allows to test Minimal Flavour Violation of new

physics
� Observables built out of ratios of angular coefficients reduce theory

uncertainties due to hadronic form factor

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) X

In SM CS,P ∝ m`mb/m2
W

In SM chirality flipped Oi suppressed by ms/mb
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Suite of LHCb measurements

World’s most precise measurements
channel Lint (fb−1) Publication

dB/dq2 B → K ∗+µ+µ− 3 [1403.8044]
dB/dq2 B → K 0µ+µ− 3 [1403.8044]
dB/dq2 B → K+µ+µ− 3 [1403.8044]
dB/dq2 B0 → K ∗0µ+µ− 1 [JHEP08(2013)131]
dB/dq2 B0

s → φµ+µ− 1 [JHEP07(2013)084]
dB/dq2 Λb → Λµ+µ− 1 [PLB725(2013)25]
B B0 → K ∗0e+e− 1 [JHEP05(2013)159]
B B+ → π+µ+µ− 1 [JHEP12(2012)125]
AI B → K (∗)µ+µ− 3 [1403.8044]
ACP B+ → K+µ+µ− 1 [PRL111,151801(2013)]
ACP B0 → K ∗0µ+µ− 1 [PRL110,031801(2013)]

Angular B+ → K+µ+µ− 3 [JHEP05(2014)082],[PRL111,112003(2013)]
Angular B0 → K 0µ+µ− 3 [JHEP05(2014)082]
Angular B0 → K ∗0µ+µ− 1 [JHEP08(2013)131],[PRL111,191801(2013)]
Angular B0

s → φµ+µ− 1 [JHEP07(2013)084]
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Branching fraction measurements
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dB/dq2 of B → Kµ+µ− [1403.8044]

Left: B+ → K+, Right: B0 → K 0
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� Reconstruct K 0 as Ks → π+π− and K∗+ → Ksπ
+

� Large lifetime of Ks means reduction in reconstruction efficiency
� Normalise to corresponding B → J/ψK mode
� dB/dq2 for K+µ+µ− is becoming systematic dominated

� Dominant systematic is value of B(B → J/ψK (∗))

Theory: Khodjamirian et al. [JHEP09(2010)089], Buchard et al. [PRL111(2013)162002]
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dB/dq2 of B0
d(s) → K ∗(φ)µ+µ−

Left: B+ → K∗+, Middle Bs → φ, Right: B0 → K∗0,
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Figure 3. Di↵erential branching fraction dB(B0
s ! �µ+µ�)/dq2. Error bars include both statis-

tical and systematic uncertainties added in quadrature. Shaded areas indicate the vetoed regions

containing the J/ and  (2S) resonances. The solid curve shows the leading order SM prediction,

scaled to the fitted total branching fraction. The prediction uses the SM Wilson coe�cients and

leading order amplitudes given in ref. [2], as well as the form factor calculations in ref. [17]. B0
s mix-

ing is included as described in ref. [1]. No error band is given for the theory prediction. The dashed

curve denotes the leading order prediction scaled to a total branching fraction of 16 ⇥ 10�7 [19].

Many of the systematic uncertainties a↵ect the relative e�ciencies ✏J/ �/✏�µ+µ� that

are determined using simulation. The limited size of the simulated samples causes an

uncertainty of ⇠ 1% on the ratio in each bin. Simulated events are corrected for known

discrepancies between simulation and data. The systematic uncertainties associated with

these corrections (e.g. tracking e�ciency and performance of the particle identification)

are typically of the order of 1–2%. The correction procedure for the impact parameter

resolution has an e↵ect of up to 5%. Averaging the relative e�ciency within the q2 bins

leads to a systematic uncertainty of 1–2%. Other systematic uncertainties of the same

magnitude include the trigger e�ciency and the uncertainties of the angular distributions

of the signal decay B0
s ! �µ+µ�. The influence of the signal mass shape is found to be

0.5%. The background shape has an e↵ect of up to 5%, which is evaluated by using a

linear function to describe the mass distribution of the background instead of the nominal

exponential shape. Peaking backgrounds cause a systematic uncertainty of 1–2% on the

di↵erential branching fraction. The size of the systematics uncertainties on the di↵erential

branching fraction, added in quadrature, ranges from 4–6%. This is small compared to the

dominant systematic uncertainty of 10% due to the branching fraction of the normalisation

channel, which is given separately in table 1, and the statistical uncertainty.

5 Angular analysis

The angular observables FL, S3, A6, and A9 are determined using unbinned maximum likeli-

hood fits to the distributions of cos ✓K , cos ✓`, �, and the invariant mass of the K+K�µ+µ�

– 7 –

Table 1: Signal yield (Nsig) and di↵erential branching fraction (dB/dq2) of the B0! K⇤0µ+µ�

decay in the six q2 bins used in this analysis. Results are also presented in the 1 < q2 < 6 GeV2/c4

range where theoretical uncertainties are best controlled. The first and second uncertainties are

statistical and systematic. The third uncertainty comes from the uncertainty on the B0! K⇤0J/ 
and J/ ! µ+µ� branching fractions. The final uncertainty on dB/dq2 comes from an estimate

of the pollution from non-K⇤0 B0! K+⇡�µ+µ� decays in the 792 < m(K+⇡�) < 992MeV/c2

mass window (see Sec. 7.3.2).

q2 ( GeV2/c4) Nsig dB/dq2 (10�7 GeV�2c4)

0.10 � 2.00 140 ± 13 0.60 ± 0.06 ± 0.05 ± 0.04 +0.00
�0.05

2.00 � 4.30 73 ± 11 0.30 ± 0.03 ± 0.03 ± 0.02 +0.00
�0.02

4.30 � 8.68 271 ± 19 0.49 ± 0.04 ± 0.04 ± 0.03 +0.00
�0.04

10.09 � 12.86 168 ± 15 0.43 ± 0.04 ± 0.04 ± 0.03 +0.00
�0.03

14.18 � 16.00 115 ± 12 0.56 ± 0.06 ± 0.04 ± 0.04 +0.00
�0.05

16.00 � 19.00 116 ± 13 0.41 ± 0.04 ± 0.04 ± 0.03 +0.00
�0.03

1.00 � 6.00 197 ± 17 0.34 ± 0.03 ± 0.04 ± 0.02 +0.00
�0.03

corresponds to a measurement of the decay B0 ! K+⇡�J/ over the same m(K+⇡�)
window used in this analysis.
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Figure 3: Di↵erential branching fraction of the B0 ! K⇤0µ+µ� decay as a function of the

dimuon invariant mass squared. The data are overlaid with a SM prediction (see text) for the

decay (light-blue band). A rate average of the SM prediction across each q2 bin is indicated by

the dark (purple) rectangular regions. No SM prediction is included in the region close to the

narrow cc resonances.

10

� Reconstruct K∗+ → Ksπ
+

� Normalise to corresponding B → J/ψK (φ) mode
� Hint that all BFs are at low side? (theory uncertainties correlated with q2)

Theory: Horgan et al. [PRL111(2013)162002], Bobeth et al. [JHEP07(2011)067], Altmannshofer et al.

[JHEP01(2009)019], Ball et al. [PRD71(2005)014029]
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dB/dq2 at low recoil of B+ → K+µ+µ−

34 of 34

BES collaboration results on  states

� BES results one of few who inculde an interference term
Phys. Lett. B660:315-319, 2008

� Figure shows fit to R values for high mass charmonium structure

R(q2) =
�(e+e� ! hadrons)

�(e+e� ! µ+µ�)
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Figure 1: The fit to the R values for the high mass charmonia structure. The dots
with error bars are the updated R values. The solid curve shows the best fit, and the
other curves show the contributions from each resonance RBW , the interference Rint, the
summation of the four resonances Rres = RBW + Rint, and the continuum background
Rcon respectively.
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Figure 2: (I) The comparison of R values between the values published in Ref. [14]
(triangles: Rold) and the updated values in this work (points: Rnow). (II) The relative
di�erences between the two sets of R values.
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S. Hall (ICL) LHCb results on rare decays

ICNFP 2013 Backups

Resonance Mass [ MeV/c2 ] Width [ MeV ]
 (3770) 3773.2 ± 0.3 27.2 ± 1.0
 (4040) 4039.6 ± 4.3 84.5 ± 12.3
 (4160) 4191.7 ± 6.5 71.8 ± 12.3
 (4415) 4415.1 ± 7.9 71.5 ± 19.0

Table 1: The relevant resonance parameters of the fit to the BES data [?]. Note the rather
misleading name of the  (4160).

of the ISR production and subsequent decay [?,?,?] the world average properties [?] are57

�(e+e�)�(J/ ⇡+⇡�)
�

= 5.9+1.2
�0.9 eV, m = 4263+8

�9 MeV/c2 and � = 95 ± 14 MeV.58

Care has to be taken in translating a yield of a peaking structure X into a measurement59

a product of branching fractions, B(B+ ! K+X)B(X ! µ+µ�). Even after taking60

interference with the nonresonant component into account, such an interpretation still61

makes an assumption of factorisation [?], i.e. that the K+ and the X can be treated62

independently. This assumption only strictly holds at high recoil.63

3 Strategy64

The majority of this analysis is very similar to other electroweak penguin analyses at65

LHCb. A boosted Decision Tree (BDT) is used as the selection. Candidates are required66

to be Triggered On Signal (TOS) on several lines, described in Sect. ??. The peaking67

backgrounds for this decay have been studied many times before in LHCb, here we assess68

them to be negligible (backgrounds considered are described in Sect. ??). The e�ciency as69

a function of mµ+µ� is calculated using the simulation, and is normalised to B+! J/ K+
70

decays. This has a small e↵ect on the analysis as we only rely on the shape of this e�ciency,71

the procedure is described in Sect. ??. In order to estimate the amount of background in72

the mµ+µ� spectrum we fit the B mass, which is described in Sect. ??.73

The main part of the analysis is the fit to mµ+µ� , which is described in Sects. ?? and74

??. The mµ+µ� mass is calculated with the K+ µ+ µ� mass constrained to the nominal75

B mass, which improves resolution considerably. We make various hypotheses for the76

resonance, which is modelled by a Breit-Wigner, and calculate the significance using toy77

datasets. The systematics associated with this analysis are very few, owing to the low78

reliance on the simulation and big statistical uncertainties. The dominant systematics79

are the possible interference with the  (3770) and background modelling. These are80

both absorbed into the statistical uncertainty by including them in the fit. Systematic81

uncertainties are described in Sect. ??.82

4

� Charmonium resonances 1−− above open charm (DD) threshold from BES

� Fits account for interference between states

� Watch out. PDG information is misleading!
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dB/dq2 at low recoil of B+ → K+µ+µ− [PRL 111, 112003 (2013)]

Resonant structures clear in 3 fb−1 at low recoil

25 of 34

Results of fit arXiv:1307.7595
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 (3770)

 (4040)

 (4160)

Constranied to BES

Unconstrained  (4160)

B[⇥10�9] 3.9 +0.7
�0.6 3.5 +0.9

�0.8

Mass [MeV] 4191 +9
�8 4190 ± 5

Width [MeV] 65 +22
�16 66 ± 12

Phase [rad] �1.7 ± 0.3 �1.8 ± 0.3

� Unconstrained resonance match
measurements of  (4160)

� Fit then allowed to float within
Gaussian uncertainties of BES
Phys. Lett. B660:315-319, 2008

� First observation of  (4160) ! µ+µ�

S. Hall (ICL) LHCb results on rare decays

ICNFP 2013 Observation of resonance in B ! Kµµ

� Difficult to quantify resonances
theoretically

� Predict rates and observables
integrated across resonances

� Sensitive due to interference with
large non-resonant component!

� Assume resonances are 1−− → only
V non-resonant interferes, universal
lepton couplings

� Take SM value for
|AV

nr |2/(|AV
nr |2 + |AA

nr |2) = (45± 6)%
e.g Bobeth et al. [JHEP 01 (2012)107]

� B(B+ → K+ψ4160(µ+µ−)) =
3.9+0.7
−0.6 × 10−9!

� Presence of resonances has implications on bin choice and interpretation of
measurements in this region for all such decays
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Asymmetry measurements
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Isospin asymmetry measurements

AI =
B(B0 → K (∗)0µ+µ−)− τ0

τ+
B(B+ → K (∗)+µ+µ−)

B(B0 → K (∗)0µ+µ−) + τ0
τ+
B(B+ → K (∗)+µ+µ−)

J. Lyon, R. Zwicky [1305.4797]
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Figure 6: (left(right),first row) Isospin asymmetry for B ! K(⇤)ll with green error bands.
(left(right),second row) Isospin asymmetry for B ! K⇤

k ll for the longitudinal (0-helicity L and k
mean the same in this context!) part of K⇤-meson denoted by subscript L as well as the three
previous graphs shown on one plot. Comments are deferred to the text. (left(right),third and
fourth row) Contribution of di↵erent SM operators to the isospin asymmetry in B ! K(⇤)ll.
The bottom ones are the sizeable contributions. The dominance of [C6 + (C5/3)] has been found
previously. Its decrease is due to the relevant operators OWA

1�4 entering at subleading twist in the
longitudinal part which is dominant at high q2. See appendix E.2 for details of the calculation of
the green error bands.

29

Isospin Asymmetry in B→K(�)µ+µ- 
•  The isospin asymmetry of B→K(�)µ+µ-, AI is defined as: 

 can be more precisely predicted than the branching fractions 

•  AI is expected to be very close to zero in the SM e.g. for B→K�µ+µ- : 
 

20"

[T."Feldmann"and"J."MaLas,"J."
High"Energy"Phys."01"(2002)"074]"

AI"

•  AI=(5.2±2.6)% has been measured in K*γ decay modes, agrees with SM  � More precise prediction than B
� In SM expected due to:

� Photon coupling to u and d
� Cuubs at tree level but Cddbs only loop level
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Isospin asymmetry measurements [JHEP 07 (2012) 133]

� LHCb’s 1 fb−1 analysis revealed a significantly negative AI in B → Kµ+µ−

� Measurements from B-factories also hint at low AI
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Consistent with existing hints 
from CDF, Belle, BaBar 

Unexpected effect, but quite significant. 
 

 Interpretation in SM or NP??? 

1fb-1 
JHEP 07 (2012) 133 

11/26 
� Significance from SM between 3 and 4 σ (depending on definition of test

statistic)
� Very difficult to accomodate in SM or NP models!
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Isospin asymmetry measurements

� Updating to full dataset (3 fb−1)
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� Assume AI in J/ψK∗ modes is zero
� Uncertainties related to B cancel

� Estimate p-value for difference from zero assuming data have a constant
non-zero value of AI

� Results consistent with SM, p-value of 11% (1.5σ) for B → Kµ+µ−
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CP asymmetry measurements

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

Γ(B̄0 → K̄∗0µ+µ−) + Γ(B0 → K∗0µ+µ−)

Left: B+ → K+, Right: B0 → K∗0
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Figure 2: Measured value of ACP in B+ ! K+µ+µ� decays in bins of the µ+µ� invariant mass
squared (q2). The points are displayed 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
excluded charmonium regions are represented by the vertical red lines, the dashed line is the
weighted average, and the grey band indicates the 1� uncertainty on the weighted average.
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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

� Expected to be small in SM (10−4)
� Sensitive to NP affecting imaginary part of Wilsons
� Extract detector and production asymmetries using B → J/ψK relative

mode
� Consistent with zero.
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Angular analysis of B+(0) → K
+(0)
(s) µ+µ−

1 Introduction1

The B+! K+µ+µ� and B0! K0
Sµ

+µ� decays are rare flavour changing neutral current2

processes that are mediated by electroweak box and penguin diagrams in the Standard3

Model (SM).1 In many well motivated extensions of the SM [1, 2], new particles can4

introduce additional amplitudes that modify the angular distribution of the dimuon5

system.6

The di↵erential rate of the B+ (B�) decay as a function of ✓l, the angle between the7

direction of the µ� (µ+) and the K+ (K�) in the rest frame of the dimuon system can be8

written [2, 3] as9

1

�

d�

d cos ✓l

=
3

4
(1 � FH)(1 � cos2 ✓l) +

1

2
FH + AFB cos ✓l , (1)

which depends on two parameters, the forward-backward asymmetry of the dilepton system,10

AFB, and a parameter FH describing a constant term in cos ✓l. The decay width, �, AFB11

and FH all depend on the squared dimuon mass, q2.12

The neutral B0 and B0 meson decays have the same K0
Sµ

+µ� final state and it is not13

possible to determine the flavour of the B0 from the decay. For this reason, cos ✓l is defined14

with respect to the µ+ for both the B0 and the B0 meson decay. As the B0-B0 production15

asymmetry at the LHC is small [4] the only way to create a significant forward-backward16

asymmetry in this case would be through a large CP violation in AFB. In the baseline17

measurement we measure the di↵erential decay rate folded about zero,18

1

�

d�

d|cos ✓l|
=

3

2
(1 � FH)(1 � |cos ✓l|2) + FH . (2)

where any residual asymmetry will cancel.19

In the SM, AFB of the dimuon system is zero within tiny corrections. Sizable AFB can20

only be generated in models that introduce large (pseudo)scalar- or tensor-like couplings [1,21

2]. The FH parameter is also close to zero in the SM, but similarly can be enhanced in22

SM extensions with (pseudo)scalar- or tensor-like couplings. For Eq. 1 and 2 to remain23

positive in all regions of phase-space, AFB and FH have to satisfy the constraints FH � 024

and |AFB|  FH/2.25

The paper describes a measurement of the angular distribution of B+! K+µ+µ� and26

B0! K0
Sµ

+µ� decays. The K0
S decays are reconstructed through the decay K0

S ! ⇡+⇡�.27

The decay B0! K0
Lµ

+µ� is not included due to the long lifetime of the K0
L meson.28

The angular distribution of B+! K+µ+µ� decays has previously been studied by the29

BaBar [5], Belle [6], CDF [7] and LHCb [8] experiments with more limited data sets. As a30

large and unexpected di↵erence in the decay rates of B+! K+µ+µ� and B0! K0µ+µ�
31

has previously been measured [9], a first measurement of the angular distribution of the32

B0! K0
Sµ

+µ� decay is highly interesting.33

1The inclusion of charge conjugated processes is implied throughout.

1

Left: 1.1 < q2 < 6.0GeV2, Right:15.0 < q2 < 22.0GeV2
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Figure 4: Two dimensional confidence intervals on AFB and FH for the decay B+! K+µ+µ�

in the q2 ranges 1.1 < q2 < 6.0GeV2/c4 (left) and 15.0 < q2 < 22.0GeV2/c4 (right). The
confidence intervals are purely statistical and are determined using pseudo-experiments and the
Feldman-Cousins technique. The shaded (triangular) region illustrates the range of AFB and FH

over which the signal angular distribution remains positive in all regions of phase-space.
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Figure 5: Dimuon forward-backward asymmetry, AFB, and the parameter FH for the decay
B+! K+µ+µ� as a function of the dimuon invariant mass squared, q2. The data points for FH

are overlaid with a SM theory prediction (narrow band). No SM prediction is included for the
regions close to the narrow cc resonances. Nor is one given for AFB, which is expected to be zero
within a tiny uncertainty in the SM.

uncertainties that might bias the angular acceptance, and uncertainties related to the209

background angular distribution. The background distribution is poorly known, due to210

the small number of background candidates that remain in the upper mass sideband after211

the multivariate selection.212

The samples of simulated events used to determine the detector acceptance are corrected213

such that the performance of the detector in the simulation matches the data by degrading214

the impact parameter resolution on the kaon and muons by 20%, re-weighting candidates215

8

� B → Pµ+µ− means only one angle of interest and two observables
� FH : “Flat” parameter sensitive to scalar and tensor contributions
� AFB : Forward-backward asymmetry of the muons. Deviation from zero

would indicate new physics with scalar or tensor couplings (sensitivity
to NP vector couplings suppressed by m`)

� Best fit point and SM lie at boundary of physical region
� Good agreement with SM
� Confidence intervals for 1 GeV q2 bins available in ascii format
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Angular analysis of B0
d ,sVµ

+µ−

� Vector meson described by 3 helicity amplitudes
(excluding S-wave and scalar contributions)

� Eight independent observables per B-flavour (Ji s)
� Can choose basis such that reduce dependence on FF’s

[2] has provided a measurement of the total branching ratio and AFB, while CDF [3] has

provided also measurements of FL as well as the observables A
(2)
T and Aim (see [4, 5]), with

a measurement of the q2 dependence in the form of 3 bins in the low-q2 region (below the

J/ψ resonance), a bin between the J/ψ and ψ′ resonances, and two bins in the high-q2

region (above the ψ′). The LHCb collaboration has also provided measurements of the

branching ratio, AFB and FL based on ∼ 300 pb−1 of data [6], while a larger data set

of 1 fb−1 is on tape. In order to cope with limited statistics, near future plans focus on

fully integrated observables, where the q2 dependence is lost, at least within the low- and

high-q2 regions.

On the theoretical side, the interest is focused on the tayloring of observables with

desired properties. These properties are: 1) a reduced hadronic uncertainty, and 2) an

enhanced sensitivity to short distance contributions from New Physics (e.g. right handed

currents, etc). Concerning hadronic uncertainties, the objective is to minimize the de-

pendence on the soft form factors, which are difficult to compute and are the source of

large theoretical uncertainties. This is achieved with the construction of ratios of angular

observables where a complete LO cancellation of the form factors occurs. The search for

observables with such desired properties has led to the formulation of a set of observables

called A
(2)
T [4], A

(3,4,5)
T [5, 7] and A

(re,im)
T [8] at low-q2, and an analogous set H

(1,2,3,4,5)
T [9]

at high-q2. These observables have been studied in detail and they indeed exhibit a low

theoretical uncertainty and a clean sensitivity to characteristic New Physics features.1

The source of experimental input is the differential decay distribution of the 4-body

final state K̄∗0(→ Kπ)#+#− . It is described by four independent kinematic variables,

which are traditionally chosen to be: the invariant squared mass q2 of the lepton pair; the

angle θK between the directions of flight of the kaon and the B̄ meson in the rest frame

of the K̄∗0; the angle θl between the directions of flight of the #− and the B̄ meson in

the dilepton rest frame; and the azimutal angle φ between the two planes defined by the

lepton pair and the Kπ system2. In terms of these kinematic variables, the differential

decay distribution can be written as

d4Γ

dq2 dcos θK dcos θl dφ
=

9

32π

[
J1s sin2 θK + J1c cos2 θK + (J2s sin2 θK + J2c cos2 θK) cos 2θl

+J3 sin2 θK sin2 θl cos 2φ+ J4 sin 2θK sin 2θl cosφ+ J5 sin 2θK sin θl cosφ

+(J6s sin2 θK + J6c cos2 θK) cos θl + J7 sin 2θK sin θl sinφ+ J8 sin 2θK sin 2θl sinφ

+J9 sin2 θK sin2 θl sin 2φ

]
, (1)

The explicit dependence of the coefficients Ji(q
2) in terms of transversity amplitudes (Ai)

is given in Section 2. The point to emphasize here is that only observables that respect

1For a representative set of references discussing the phenomenology of this decay mode see [10, 11,

12, 13, 14, 15, 16, 17, 18, 19, 20].
2This definition of the kinematic variables coincides exactly with that of Refs. [9, 21]

2

� O(1K ) stats for K∗0 and O(200) for φ means full angular fit not possible
� Either fit projections or use angle transformations to extract

observables from multiple fits
� Bs → φµ+µ− not self-tagging

� Sensitive to subset of observables
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Exclusive B ! K⇤(! K⇡)l+ l� New Physics
Extracting Maximal/Clean Information from Angular Distributions

Isospin Asymmetry
Geometrical Interpretation of Angular Distribution

Di↵erential decay distributions

The decay B̄d ! K̄⇤0(! K�⇡+)l+l� with the K⇤0 on the mass shell is
described by s and three angles ✓l, ✓K and �

d4�

dq2 d cos ✓l d cos ✓K d�
=

9

32⇡
J(q2, ✓l , ✓K ,�)

q2 = s square of the lepton-pair
invariant mass.

✓l angle between ~pl� in l+l� rest
frame and dilepton’s direction in rest
frame of B̄d

✓K angle between ~pK� in the K̄⇤0 rest
frame and direction of the K̄⇤0 in rest
frame of B̄d

� angle between the planes defined by
the two leptons and the K � ⇡ planes.

 −
φ

lθ θKB0

π

K

+

 −

µ+

µ

J(q2, ✓l , ✓K ,�) =

J1s sin2 ✓K + J1c cos2 ✓K + (J2s sin2 ✓K + J2c cos2 ✓K ) cos 2✓l + J3 sin2 ✓K sin2 ✓l cos 2�

+J4 sin 2✓K sin 2✓l cos� + J5 sin 2✓K sin ✓l cos� + (J6s sin2 ✓K + J6c cos2 ✓K ) cos ✓l

+J7 sin 2✓K sin ✓l sin� + J8 sin 2✓K sin 2✓l sin� + J9 sin2 ✓K sin2 ✓l sin 2� .

Joaquim Matias Universitat Autònoma de Barcelona PRD71 (2005) 094009, JHEP 0811:032, (2008), JHEP 1010:056 (2010),JHEP 0301 (2003) 074, J.M., F.Mescia, M.Ramon, J.Virto, arXiv 2011 CERNDiscussion on the exclusive B ! K⇤(! K⇡)l+ l�: complete basis of angular observables and isospin breaking



Results: New observables [PRL 111,191801(2013)]

Bs → φ Left: FL, Middle: S3, Right: A6
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Figure 4. a) Longitudinal polarisation fraction FL, b) S3, c) A6, and d) A9 in six bins of q2. Error

bars include statistical and systematic uncertainties added in quadrature. The solid curves are the

leading order SM predictions, using the Wilson coe�cients and leading order amplitudes given in

ref. [2], as well as the form factor calculations in ref. [17]. B0
s mixing is included as described in

ref. [1]. No error band is given for the theory predictions.

q2 bin ( GeV2/c4) FL S3 A6 A9

0.10 < q2 < 2.00 0.37 +0.19
�0.17 ± 0.07 �0.11 +0.28

�0.25 ± 0.05 0.04 +0.27
�0.32 ± 0.12 �0.16 +0.30

�0.27 ± 0.09

2.00 < q2 < 4.30 0.53 +0.25
�0.23 ± 0.10 �0.97 +0.53

�0.03 ± 0.17 0.47 +0.39
�0.42 ± 0.14 �0.40 +0.52

�0.35 ± 0.11

4.30 < q2 < 8.68 0.81 +0.11
�0.13 ± 0.05 0.25 +0.21

�0.24 ± 0.05 �0.02 +0.20
�0.21 ± 0.10 �0.13 +0.27

�0.26 ± 0.10

10.09 < q2 < 12.90 0.33 +0.14
�0.12 ± 0.06 0.24 +0.27

�0.25 ± 0.06 �0.06 +0.20
�0.20 ± 0.08 0.29 +0.25

�0.26 ± 0.10

14.18 < q2 < 16.00 0.34 +0.18
�0.17 ± 0.07 �0.03 +0.29

�0.31 ± 0.06 �0.06 +0.30
�0.30 ± 0.08 0.24 +0.36

�0.35 ± 0.12

16.00 < q2 < 19.00 0.16 +0.17
�0.10 ± 0.07 0.19 +0.30

�0.31 ± 0.05 0.26 +0.22
�0.24 ± 0.08 0.27 +0.31

�0.28 ± 0.11

1.00 < q2 < 6.00 0.56 +0.17
�0.16 ± 0.09 �0.21 +0.24

�0.22 ± 0.08 0.20 +0.29
�0.27 ± 0.07 �0.30 +0.30

�0.29 ± 0.11

Table 2. Results for the angular observables FL, S3, A6, and A9 in bins of q2. The first uncertainty

is statistical, the second systematic.

The measured angular observables are presented in figure 4 and table 2. The 68% con-

fidence intervals are determined using the Feldman-Cousins method [21] and the nuisance

parameters are included using the plug-in method [22].
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Figure 4. a) Longitudinal polarisation fraction FL, b) S3, c) A6, and d) A9 in six bins of q2. Error

bars include statistical and systematic uncertainties added in quadrature. The solid curves are the

leading order SM predictions, using the Wilson coe�cients and leading order amplitudes given in

ref. [2], as well as the form factor calculations in ref. [17]. B0
s mixing is included as described in

ref. [1]. No error band is given for the theory predictions.
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Table 2. Results for the angular observables FL, S3, A6, and A9 in bins of q2. The first uncertainty
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fidence intervals are determined using the Feldman-Cousins method [21] and the nuisance
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bars include statistical and systematic uncertainties added in quadrature. The solid curves are the

leading order SM predictions, using the Wilson coe�cients and leading order amplitudes given in

ref. [2], as well as the form factor calculations in ref. [17]. B0
s mixing is included as described in

ref. [1]. No error band is given for the theory predictions.

q2 bin ( GeV2/c4) FL S3 A6 A9

0.10 < q2 < 2.00 0.37 +0.19
�0.17 ± 0.07 �0.11 +0.28

�0.25 ± 0.05 0.04 +0.27
�0.32 ± 0.12 �0.16 +0.30

�0.27 ± 0.09

2.00 < q2 < 4.30 0.53 +0.25
�0.23 ± 0.10 �0.97 +0.53

�0.03 ± 0.17 0.47 +0.39
�0.42 ± 0.14 �0.40 +0.52

�0.35 ± 0.11

4.30 < q2 < 8.68 0.81 +0.11
�0.13 ± 0.05 0.25 +0.21

�0.24 ± 0.05 �0.02 +0.20
�0.21 ± 0.10 �0.13 +0.27

�0.26 ± 0.10

10.09 < q2 < 12.90 0.33 +0.14
�0.12 ± 0.06 0.24 +0.27

�0.25 ± 0.06 �0.06 +0.20
�0.20 ± 0.08 0.29 +0.25

�0.26 ± 0.10

14.18 < q2 < 16.00 0.34 +0.18
�0.17 ± 0.07 �0.03 +0.29

�0.31 ± 0.06 �0.06 +0.30
�0.30 ± 0.08 0.24 +0.36

�0.35 ± 0.12

16.00 < q2 < 19.00 0.16 +0.17
�0.10 ± 0.07 0.19 +0.30

�0.31 ± 0.05 0.26 +0.22
�0.24 ± 0.08 0.27 +0.31

�0.28 ± 0.11

1.00 < q2 < 6.00 0.56 +0.17
�0.16 ± 0.09 �0.21 +0.24

�0.22 ± 0.08 0.20 +0.29
�0.27 ± 0.07 �0.30 +0.30

�0.29 ± 0.11
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The measured angular observables are presented in figure 4 and table 2. The 68% con-

fidence intervals are determined using the Feldman-Cousins method [21] and the nuisance

parameters are included using the plug-in method [22].
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Theory: Altmannshofer et al. [JHEP01(2009)019], Ball et al. [PRD71(2005)014029]

� Si = (Ji + J̄i )/(dΓ + d Γ̄)

� Ai = (Ji − J̄i )/(dΓ + d Γ̄)

� P ′5 = (J5 + J̄5)/
√
FL(1− FL)

� 1 fb−1 of 2011 data

� 3.7σ local tension in P ′5

Theory: Descote-Genon et al. [JHEP 05(2013)137]

30 of 34

Results – P 0
5 arXiv:1308.1707
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� P 0
5 shows deviation of 3.7� for 4.3 < q2 < 8.68 GeV2/c4 from SM

predictions Descotes-Genon et al. JHEP 05 (2013) 137

� 2.5� in bins 1 < q2 < 6 GeV2/c4

S. Hall (ICL) LHCb results on rare decays

ICNFP 2013 B ! K⇤µµ

K.A. Petridis (ICL) EW penguins at LHCb b → s workshop in Paris 14 / 20



Hint of new physics?

� Combine Bs → µµ,B → K (∗)µµ,B → Xsγ,B → K∗γ measurements to
constrain New Physics

� Indicate significant deviation in di-leptonic vector operator (C9)

� Numerous theory papers: Descotes-Genon et al
[1307.5683], Beaujean et al [1310.2478], Gauld et al [1308.1959],
Hurth et al [1312.5267], Straub et al [1308.1501], Horgan et al
[1310.3887],Altmannshofer et al [1403.1269], Biancofiore et al
[1403.2944]...

� Consistent with Z ′ of mass:
∼ 35TeV for O(1) couplings (tree)
∼ 7TeV for CKM-like couplings (tree)
Straub et al [1308.1501]

� Demonstrates the power of these searches!
� Difficult to accomodate within MSSM

Descote-Genon et al. [arXiv:1307.5683]]
5
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FIG. 1: Fit to (CNP
7 , CNP

9 ), using the three large-recoil bins
for B ! K⇤µ+µ� observables, together with B ! Xs�, B !
Xsµ

+µ�, B ! K⇤� and Bs ! µ+µ�. The dashed contours
include both large- and low-recoil bins, whereas the orange
(solid) ones use only the 1-6 GeV2 bin for B ! K⇤µ+µ�

observables. The origin CNP
7,9 = (0, 0) corresponds to the SM

values for the Wilson coe�cients CSM
7e↵,9 = (�0.29, 4.07) at

µb = 4.8 GeV.

and dileptonic decays, lead to contours in the (CNP
7 , CNP

9 )
plane similar to Fig. 1.

We would like to understand whether this conclusion
is due to peculiarities of individual bins. For this pur-
pose we repeat the analysis restricting the input for the
B ! K⇤µ+µ� observables to [1, 6] GeV2 bins, exploiting
several theoretical and experimental advantages. Such
wider bins collect more events with larger statistics. Fur-
thermore, some theoretical issues are less acute, such as
the e↵ect of low-mass resonances at very low q2 . 1
GeV2 [36], or the impact of charm loops above ⇠ 6
GeV2 [37]. On the other hand, integrating over such a
large bin washes out some e↵ects related to the q2 depen-
dence of the observables, so that we expect this analysis
to have less sensitivity to NP [15]. This can be seen in
Fig. 1, where the regions in this case are indicated by
the orange curves, and as expected the constraints get
slightly weaker. In addition, due to the fact that the-
oretical uncertainties happen to increase moderately for
large negative NP contributions to C9, the constraints are
looser in the lower region of the (CNP

7 , CNP
9 ) plane. We

emphasise that even in this rather conservative situation
the main conclusion (a NP contribution CNP

9 ⇠ �1.5)
still prevails, whereas the SM hypothesis has still a pull
of 3.2�.

We illustrate the improvement gained by shifting C9 in
Fig. 2, where we show the predictions for CNP

9 = �1.5

(and other CNP
i = 0) for the observables P2, P 0

4 and P 0
5,

together with the experimental data and SM predictions.
In particular, we observe how the various observables de-
scribed in Sec. 1 change for CNP

9 < 0. If the data is in
general well reproduced in this scenario, there are still a
few observables di�cult to explain theoretically. Looking
at Fig. 2, the most obvious cases are hP 0

5i in the first and
third bins. One can see there is a tension between these
two bins: more negative values for CNP

9 reproduce bet-
ter the third bin, but drive the first bin upwards, whose
experimental value is consistent with the SM. A similar
situation happens with the second and third bins of hP2i,
although in this case a good compromise is achieved.

Concerning the individual constraints to the fit, the
large-recoil bins for P2 and P 0

5 both favour the same
large region away from the SM in the (CNP

7 , CNP
9 ) plane,

providing a negative correlation between CNP
7 and CNP

9 .
B ! Xs� selects values of CNP

7 close to the SM value,
leading to the combined (smaller) region shown in Fig. 1.
To be more quantitative, we have considered the pulls
obtained by removing in turn one or two observables
from the fit. We find that the largest pulls are as-
sociated to hP 0

5i[4.3,8.68], B ! Xs�, hP2i[14.18,16] and
hP 0

4i[14.18,16]. B ! Xs� has a large pull because it plays a
very important role in disfavouring a scenario with large
and negative CNP

7 , which can mimic the CNP
9 scenario in

B ! K⇤µ+µ� observables. The observables hP 0
5i[4.3,8.68]

and hP2i[14.18,16] pull in di↵erent directions: the former
favours more negative and the latter less negative values
for CNP

9 , while the best fit point lies somewhat in the
middle, with or without these observables. On the other
hand hP 0

4i[14.18,16] has a marginal e↵ect on the results of
the fit.

The role of individual observables is confirmed by
comparing our analysis with the preliminary results in
Ref. [25], performed in the same framework, but with
only P1,P2 and AFB as inputs for B ! K⇤µ+µ�, lead-
ing to a 3� deviation from the SM in the (CNP

7 , CNP
9 )

plane (in our present analysis, this e↵ect is magnified by
the addition of P 0

4,5,6,8 [20] among the observables). We
emphasise the importance of choosing the right set of ob-
servables among the three correlated inputs AFB, P2, FL:
FL has a very significant dependence on the choice of
form factors (Fig. 5), which is less acute in the case of
AFB and P2, so that the choices (FL, P2) or (FL, AFB)
[38] lead to results that are more biased by the specific
parametrisation of form factors considered and less sen-
sitive to NP compared to (AFB, P2) [25]. For this rea-
son, we use AFB instead of FL in our analysis. We have
checked by two di↵erent procedures (NLO QCD factori-
sation and naive factorisation) that the 3� deviation re-
ported in Ref. [25] using [1-6] bins gets reduced to around
1 � if FL is used as an input instead of P2 or AFB (in
agreement with Ref. [38], where FL is used).
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Theory uncertainties

� Unfortunately not that simple...Observables
are theoretically clean at leading order

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

'
5

P

-1

0

1

SM arXiv:1303.5794

SM arXiv:1212.2263

-1LHCb 1fb

� But! Uncertainties of higher order corrections
can potentially dilute the significance

� Lattice QCD predictions can help clarify
situation at high q2 → picture consistent with
other interpretations!
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FIG. 1. Observables for the decays B0 ! K⇤0µ+µ� (upper two rows) and B0
s ! �µ+µ� (bottom row; untagged averages

over the B̄0
s and B0

s distributions). The solid curves show our theoretical results in the Standard Model; the shaded areas give
the corresponding total uncertainties (with and without binning). The dashed curves correspond to the new-physics fit result
C9 = CSM

9 � 1.1, C0
9 = 1.1 (the uncertainties of the dashed curves are not shown for clarity). We also show our averages of

results from the CDF, LHCb, CMS, and ATLAS experiments [26, 50–52, 54] (note that S
(LHCb)
4 = �S4 and P

0(LHCb)
4 = �P 0

4).

CNP
9 + C 0

9 < 0. For our analysis, the problem is that
resonant contributions have non-zero phases and could
in principle also interfere destructively with the nonres-
onant amplitude, perhaps causing the observed deficit in
the B0 ! K⇤0µ+µ� and B0

s ! �µ+µ� branching frac-
tions. More precise experimental results for these decays,
with smaller bin sizes, could help clarify this situation.
The baryonic decay ⇤b ! ⇤(! p+⇡�)µ+µ� [62–64] can
also provide new constraints on C9 and C 0

9.
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A consistent picture emerging?
Branching Fraction measurements at high q2 in tension with SM predictions from
the Lattice, but consistent with best fit point for NP from low q2 data! → NP or
unaccounted QCD effects? Something new to understand!

Measurement/SM
0 0.5 1 1.5 2

arXiv:1306.0434

-µ+µSM K
arXiv:1310.3887

-µ+µ)φ(*0SM K
arXiv:1307.5683

=-1.5 EOS*NP
9C

)-µ+µ+ K→+ BF(B-13fb

)-µ+µ0 K→0 BF(B-13fb

)-µ+µ*+ K→+ BF(B-13fb

)-µ+µ*0 K→0 BF(B-11fb

)-µ+µφ →s
0 BF(B-11fb

JHEP 1007 (2010) 098
*arXiv:1111.2558,

Low recoil

K.A. Petridis (ICL) EW penguins at LHCb b → s workshop in Paris 17 / 20

3 fb−1: q2 > 15GeV2, 1 fb−1:q2 > 16GeV2

B → K prediction,
O1..6,O8 @ 1-loop.
2-loop moves B
closer to experiment



A consistent picture emerging?

Branching Fraction measurements at high q2 in tension with SM predictions from
the Lattice, but consistent with best fit point for NP from low q2 data! → NP or
unaccounted QCD effects? Something new to understand!

� Perform measurements in related channels (e.g b → dµ+µ− reveal
information on MFV nature of NP)

� The data can help us understand QCD effects (e.g cc̄ contributions)
� Fit entire q2 spetrum of B → K∗`` including light and charm

resonances
� Test extent of applicability of OPE and factorisation

� Measurements quantities with prestine theory predictions
� Inclusive B → Xs,d`

+`− c.f Belle [1402.7134], BaBar [1312.5364]
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An example: B+ → π+µ+µ−

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

� 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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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.
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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 FF uncertainties
� Compatible with previous measurements in b → s(d)γ (0.177± 0.043)

[PRL102,161803(2009)]
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So what is next

Full exploitation of available data:
� Update of B0 → K∗0µ+µ− measurements with 3 fb−1 in preparation

(including S-wave extraction)
� New and updates of all analyses to 3 fb−1: Bs → φµ+µ−, B+ → π+µ+µ−,

Bs,d → ππµ+µ−, Λb → Λµ+µ−, Λb → pKµ+µ−, B → K∗0e+e−,
Bd → 3hµ+µ−

RunII data means ∼ 5 fb−1 expected to be collected
� Large datasets open up precision era in B → d transitions and

measurements of |Vtd/Vts | (requires precise FF calculations for b → d``)
� Look at higher J K∗ states (e.g increase sensitivity to tensor NP)
� Look for final states with τ ’s B → K∗0τ+τ−

� Perform fully inclusive measurements

Post 2020 data means experiment catches and surpases current theory
precision
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Backup
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Flavour measurements are critical
� NP at ΛNP ∼ 1TeV motivated to tame fine tuning in Higgs sector
� NP at ΛNP ∼ 1TeV refuted by flavour measurements (pre LHC)
→CKM-like NP couplings (MFV)

� As LHC pushes ΛNP to >> 1TeV lift MFV constraints
� increase chances to see NP in flavour
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Experimental aspects
Selection:

� Reduce combinatorial background using Multivariate classifiers,
(typically Boosted Decision Tree)

� Using kinematic and topological information
� Variable choice based on minimising correlation with mass

� Reduce “peaking” backgrounds using particle-ID information
� Exclusive decays with final state hadron(s) mis-Id
� Estimate by mixture of MC and data-driven studies

Ulrik EgedeAugust  2013 16/42

B→µ+µ-

Topology of decay simple

● Challenge is to keep trigger and selection efficiency high, 

while rejecting combinatorial background

Signal

Rare decays

Ulrik EgedeAugust  2013 17/42

B→µ+µ-

Topology of decay simple

● Challenge is to keep trigger and selection efficiency high, 

while rejecting combinatorial background

Combinatorial

background

Rare decays
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Experimental aspects

Normalisation:
� Make use of proxy-decay (same topology) of known B to normalize against

B(sig) =
Nsig εsig

Nprxεprx
B(prx)

� Reduces experimental uncertainties
Acceptance correction:

� Efficiency parametrised depending on type of measurement of B
� Differential with respect to di-muon mass squared (q2) or angular

distribution of decay products of the b-Hadron
� Efficiency (ε) obtained from MC corrected from data
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Figure 1. Angular acceptance as derived from simulation in the dimuon mass squared ranges

(a) 1.1 < q2 < 6.0 GeV2/c4 and (b) 15.0 < q2 < 22.0 GeV2/c4. The dip in the acceptance for

B+ → K+µ+µ− decays results from the veto used to reject B+ → D0π+ decays (see text). The

acceptance is normalised to unit area to allow a comparison of the shape of the distributions.

acceptance seen in figure 1. The impact of the veto is approximated as a step function in

the acceptance model and determined using a SM-like sample of simulated events.

5 Angular analysis

The m(K+µ+µ−) and m(K0
Sµ+µ−) invariant mass distributions of candidates that pass the

full selection procedure are shown in figure 2, for two q2 intervals. The long and downstream

categories are combined for the decay B0 → K0
Sµ+µ−. The angular distribution of the

candidates is shown in figure 3.

For the B+ → K+µ+µ− decay, AFB and FH are determined by performing an unbinned

maximum likelihood fit to the m(K+µ+µ−) and cos θl distributions of the candidates in bins

of q2. The signal angular distribution is described by eq. (1.1), multiplied by the acceptance

distribution described in section 4. The signal mass distribution is parameterised by the

sum of two Gaussian functions with power-law tails, with common most probable values and

common tail parameters, but different widths. The parameters of the these signal functions

are obtained fitting the m(K+µ+µ−) distribution of B+ → J/ψK+ candidates in data. The

peak position and width parameters are then corrected, using simulated events, to account

for kinematic differences between the decays B+ → K+µ+µ− and B+ → J/ψK+. The

m(K+µ+µ−) distribution of the combinatorial background is parameterised by a falling

exponential function. Its angular distribution is parameterised by a third-order polynomial

function multiplied by the same angular acceptance function used for the signal.

Decays of B0 and B0 mesons to the K0
Sµ+µ− final state cannot be separated based on

the final-state particles. The angular distribution of |cos θl| is described by eq. (1.2), which

depends only on FH. Simultaneous unbinned maximum likelihood fits are then performed

to the |cos θl| and m(K0
Sµ+µ−) distributions of the two categories of K0

S meson (long and

downstream). The only parameter that is common between the two simultaneous fits is FH.

The m(K0
Sµ+µ−) shape parameters of the two categories are determined in the same way as

that of the decay B+ → K+µ+µ−, using B0 → J/ψK0
S decays. Information on the angular

– 6 –
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Theoretical Formalism
� Model independent approach
� “Integrate” out heavy (m ≥ mW ) field(s) and introduce set of Wilson

coefficients Ci , and operators Oi encoding long and short distance
effects

Heff ≈ −
4GF√

2
VtbV

∗
ts(d)

10,S ,P,T∑

i=1

(CSM
i + ∆CNP

i )Oi

� 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

i=1

(CSM
i + �CNP

i )Oi +
X

NP

c

⇤2
NP

ONP

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 .

B̄0B̄0

b

d̄

b

d̄

c

c̄

s

d̄

c

c̄

s

d̄

W� GF

T. Blake Rare B decays at LHCb 3 / 21� New physics enters at the ΛNP scale
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Experimental concerns

∼1K reconstructed/selected B0 → K∗0µ+µ− candidates in 1 fb−1 (more than all
B-factory experiments combined!), not enough to perform full angular fit in
infinitesimally small bins of q2

� Notice that can simplify angular
distribution by “folding” angles

� e.g φ→ φ+ π for φ < 0,
removes cosφ and sinφ terms

� Different foldings can give access to
different observables

7 Angular analysis242

The B0! K⇤0µ+µ� angular distribution is reduced to243

1

d�/dq2

d4�

dq2 d cos ✓` d cos ✓K d�̂
=

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 ✓` +

A9(1 � cos2 ✓K)(1 � cos2 ✓`) sin 2�̂
i

(4)

after requiring that q2 � 4m2
µ and applying the transformation from �! �̂ described by244

Eq. 2. The parameters AFB, FL, S3 and A9 must satisfy the constraints245

|AFB|  3

4
(1 � FL) , |A9| 

1

2
(1 � FL) and |S3| 

1

2
(1 � FL)

for Eq. 4 to remain positive in all regions of the allowed phase space. These relationships246

are automatically taken into account in the transformations247

AFB =
3

4
(1 � FL)ARe

T and S3 =
1

2
(1 � FL)A2

T ,

which map AFB and S3 to the theoretically cleaner transverse observables, ARe
T and A2

T.248

There are less trivial relationships between S3, A9 and AFB, which all depend on the249

same underlying decay amplitudes (see for example Ref. [33]). These relationships are not250

reproduced here.251

In each of the q2 bins, AFB (ARe
T ), FL, S3 (A2

T) and A9 are estimated by performing252

an unbinned maximum likelihood fit to the cos ✓`, cos ✓K and �̂ distributions of the253

B0 ! K⇤0µ+µ� candidates. The K+⇡�µ+µ� invariant mass of the candidates is also254

included in the fit to separate between signal- and background-like candidates. The255

background angular distribution is described using the product of three second-order256

Chebychev polynomials under the assumption that the background can be factorised into257

three single angle distributions. This assumption has been validated on the data sidebands258

(5350 < m(K+⇡�µ+µ�) < 5600 MeV/c2). A dilution factor (D = 1 � 2!) is included in259

the likelihood fit for AFB and A9, to account at first order for the small probability (!) for260

a decay B0! K⇤0µ+µ� to be misidentified as B0! K⇤0µ+µ�. The value of ! is fixed to261

0.85% in the fit (see Sec. 4).262

Two fits to the dataset are performed: one, with the signal angular distribution263

described by Eq. 4, to measure FL, AFB, S3 and A9 and a second replacing AFB and S3264

10

� Perform fit in bins of q2.
� Bias from not accounting for S-wave in Kπ negligible with these stats.

Needs to be dealt with with 3 fb−1 Egede et al. [JHEP 03(2013)027]
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LHCb upgrade

25 

Run II and the upgrade road map 

Summary 

� Current conditions: Linst up to 4× 1032cm−2s−1, µ ∼ 1.7
� 2020 conditions: Linst = 2× 1033cm−2s−1, µ ∼ 5

Higher luminosities:
� More interactions per crossing, more vertices, higher track multiplicities,

more ghost tracks...
� Current trigger design has bottleneck at 1MHz of L0

� More flexible trigger, reading out full detector at 40MHz and HLT output at
20 kHz

� Upgrade VELO and tracking
� New photo detectors for RICH1,2 and re-optimise optics of RICH1

[LHCb-TDR-013], [LHCb-TDR-014], [LHCb-TDR-015]
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LHCb upgrade

Type Observable Current LHCb Upgrade Theory
precision 2018 (50 fb�1) uncertainty

B0
s mixing 2�s (B0

s ! J/ �) 0.10 [9] 0.025 0.008 ⇠ 0.003
2�s (B0

s ! J/ f0(980)) 0.17 [10] 0.045 0.014 ⇠ 0.01
Afs(B

0
s ) 6.4 ⇥ 10�3 [18] 0.6 ⇥ 10�3 0.2 ⇥ 10�3 0.03 ⇥ 10�3

Gluonic 2�e↵
s (B0

s ! ��) – 0.17 0.03 0.02
penguin 2�e↵

s (B0
s ! K⇤0K̄⇤0) – 0.13 0.02 < 0.02

2�e↵(B0 ! �K0
S) 0.17 [18] 0.30 0.05 0.02

Right-handed 2�e↵
s (B0

s ! ��) – 0.09 0.02 < 0.01
currents ⌧ e↵(B0

s ! ��)/⌧B0
s

– 5 % 1 % 0.2 %
Electroweak S3(B

0 ! K⇤0µ+µ�; 1 < q2 < 6 GeV2/c4) 0.08 [14] 0.025 0.008 0.02
penguin s0 AFB(B0 ! K⇤0µ+µ�) 25 % [14] 6 % 2 % 7 %

AI(Kµ+µ�; 1 < q2 < 6 GeV2/c4) 0.25 [15] 0.08 0.025 ⇠ 0.02
B(B+ ! ⇡+µ+µ�)/B(B+ ! K+µ+µ�) 25 % [16] 8 % 2.5 % ⇠ 10 %

Higgs B(B0
s ! µ+µ�) 1.5 ⇥ 10�9 [2] 0.5 ⇥ 10�9 0.15 ⇥ 10�9 0.3 ⇥ 10�9

penguin B(B0 ! µ+µ�)/B(B0
s ! µ+µ�) – ⇠ 100 % ⇠ 35 % ⇠ 5 %

Unitarity � (B ! D(⇤)K(⇤)) ⇠ 10–12� [19, 20] 4� 0.9� negligible
triangle � (B0

s ! DsK) – 11� 2.0� negligible
angles � (B0 ! J/ K0

S) 0.8� [18] 0.6� 0.2� negligible
Charm A� 2.3 ⇥ 10�3 [18] 0.40 ⇥ 10�3 0.07 ⇥ 10�3 –

CP violation �ACP 2.1 ⇥ 10�3 [5] 0.65 ⇥ 10�3 0.12 ⇥ 10�3 –

Table 1: Statistical sensitivities of the LHCb upgrade to key observables. For each observable the current sensitivity
is compared to that which will be achieved by LHCb before the upgrade, and that which will be achieved with 50 fb�1

by the upgraded experiment. Systematic uncertainties are expected to be non-negligible for the most precisely measured
quantities.

3
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