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1. B0
d → K∗µ+µ− decay in the Standard Model

The production of b-hadrons at the Large Hadron Collider (LHC) [1] provides excellent op-
portunities for indirect searches for new physics. The existing studies often include rare decays
of b-hadrons mediated by flavour-changing neutral currents (FCNC) which are forbidden at tree
level in the Standard Model (SM). They occur at higher orders as loop diagrams and therefore are
sensitive to contributions of physics beyond SM such as heavy particles in the loops.

The decay B0
d→K∗(892)µ+µ− is an example of an FCNC process with b→ sµ+µ− transition

at the quark level. The lowest order Feynman diagrams of this process in SM are shown in Figure 1.
Angular distributions of the decay products, together with differential branching fraction, isospin
asymmetry, and ratio of rates of the decay into dimuon and dielectron final states are all potentially
sensitive to different types of new physics. We present recent results of an angular analysis of
B0

d → K∗(892)µ+µ− decay performed by the ATLAS Collaboration [2]. Hereafter, the K∗(892) is
referred to as K∗, B0

d as B0 and charge conjugation is implied throughout, unless stated otherwise.
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5Figure 1: Box and penguin Feynman diagrams of the B0→ K∗µ+µ− decay in the SM.

The kinematics of B0 → K∗µ+µ− decay with subsequent K∗ → K+π− process can be de-
scribed by four variables: the invariant mass q2 of the dimuon system and three angles defining
configuration of the final state. Different conventions for angular observables are adopted in litera-
ture, this analysis uses a definition described by the LHCb Collaboration in Ref. [3] and illustrated
in Figure 2: θK is the angle between the K+ and the direction opposite to the B0 in the K∗ rest
frame, θL is the angle between the µ+ and the direction opposite to the B0 in the dimuon rest frame
and φ the angle between the two decay planes formed by the Kπ and the dimuon systems in the B0

rest frame. For B0 mesons the definitions are given with respect to the negatively charged particles.

φ

B0
d

µ+

µ−

K+

π−

θL θK

Figure 2: Definition of angular observables of the B0→ K∗µ+µ− decay: angles θK , θL and φ are measured
in the rest frames of K∗, dimuon system and B0, respectively.

The differential decay rate of B0→ K∗µ+µ− can be expressed as a function of angular coef-
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ficients Si and fraction FL of longitudinally polarised K∗ mesons as

1
dΓ/dq2

d4Γ

dcosθLdcosθKdφdq2 =
9

32π

[
3(1−FL)

4
sin2

θK +FL cos2
θK +

1−FL

4
sin2

θK cos2θL

−FL cos2
θK cos2θL +S3 sin2

θK sin2
θL cos2φ +S4 sin2θK sin2θL cosφ

+S5 sin2θK sinθL cosφ +S6 sin2
θK cosθL +S7 sin2θK sinθL sinφ

+S8 sin2θK sin2θL sinφ +S9 sin2
θK sin2

θL sin2φ

]
. (1.1)

All coefficients can be extracted from a fit to this function. However, this requires a minimum
signal yield and purity in order to avoid pathological fit behaviour. This issue can be mitigated
using trigonometric transformations to fold angular distributions and simplify Equation (1.1).

The folding schema used here was proposed by Ref. [4] and results in four sets of transforma-
tions, such that three parameters can be extracted from each of four fits: FL, S3 and one of the other
Si parameters. As a consequence, S6 and S9 cannot be extracted from the data. For example, the
folding schema for extracting S4 is defined by transformations

φ →−φ if φ < 0,

φ → π−φ , θL→ π−θL if θL > π/2

and results in new effective ranges of the angular variables, cosθL ∈ [0,1],cosθK ∈ [−1,1] and φ ∈
[0,π]. The differential decay rate can then be written as a function of FL, S3 and S4:

1
dΓ/dq2

d4Γ

dcosθLdcosθKdφdq2 =
9

8π

[
3(1−FL)

4
sin2

θK +FL cos2
θK +

1−FL

4
sin2

θK cos2θL

−FL cos2
θK cos2θL +S3 sin2

θK sin2
θL cos2φ +S4 sin2θK sin2θL cosφ

]
.

The Si parameters are very sensitive to a choice of hadronic form factors, and thus their pre-
dictions have significant theoretical uncertainties. To reduce these uncertainties and improve the
sensitivity to new physics, a set of optimised parameters Pi was proposed in Ref. [5] as following:

P1 =
2S3

1−FL
, P2 =

S6

2(1−FL)
, P3 =−

S9

1−FL
, P′i=4,5,6,8 =

S j=4,5,7,8√
FL(1−FL)

. (1.2)

The B0 → K∗µ+µ− decay is self-tagging, i.e. the flavour of the B0 meson can be inferred
from the charge of the kaon track. All angular parameters are defined such that they have the same
distribution for the B0 sample. Therefore it is possible to extract them from fits to data containing
both B0 and B0 decays.

2. Dataset and event selection

This study uses 20.3 fb−1 of pp collision data at a centre-of-mass energy
√

s = 8 TeV recorded
by the ATLAS detector [6] in 2012. Results are presented in six different bins of q2 in the range
0.04 to 6 GeV2, where three of these bins overlap.
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A number of Monte Carlo (MC) simulated event samples were generated and reconstructed
in the same way as data. Two samples contained signal decay simulated with angular distributions
following SM predictions and were used to study signal selection, mistagging and reconstruction
differences between B0 and B0 decays. The third sample had FL = 1/3 and uniform distributions of
cosθK , cosθL and φ to study the detector, reconstruction and selection acceptance. Several other
MC samples were generated to study backgrounds potentially contributing to the signal regions.

Data were combined from 19 trigger chains with various signatures and thresholds in order to
maximise the signal yield. The largest contribution came from chains requiring one muon with a
transverse momentum pT > 4 GeV and the other muon with pT > 6 GeV. The effective trigger
efficiency for the offline-selected signal events was about 29%.

Each signal candidate was reconstructed offline from a pair of oppositely charged muons and
a pair of tracks with |η | < 2.5 and pT > 3.5 (0.5) GeV for muon (pion and kaon) tracks. The
muon pair was accepted if the vertex fit quality was χ2/NDF < 10. The K∗ was required to have
invariant mass in the range [846, 946] MeV and pT > 3 GeV. Since ATLAS detector does not have
a dedicated charged-particle identification subsystem, K∗ candidates were reconstructed from pairs
of oppositely charged tracks with both possible Kπ mass hypotheses. If both candidates satisfied
all cuts, they were retained and one of them was selected in the next step.

The B0 candidates were constructed from K∗ and dimuon candidates by fitting the four tracks
in a common vertex. To suppress background, the fit quality was required to be χ2/NDF < 2
and the B0 lifetime significance τ/στ > 12.5, where the decay time uncertainty στ was calculated
from covariance matrices associated with fits of the secondary B0 and primary vertices. It was
required that the pointing angle Φ, defined as angle between the vector from the primary vertex
to the B0 vertex and the B0 momentum, should satisfy cosΦ > 0.999. It was observed that a
significant amount of background from partially reconstructed B→ µ+µ−X decays accumulates in
the invariant mass below the B0 mass. This contribution was partially suppressed by an asymmetric
mass cut around the nominal B0 mass, mKπµµ ∈ [5150,5700] MeV.

On average 12% of events in data had more than one reconstructed B0 candidate passing all
selection cuts. In the first step of best-candidate selection, the candidate with the smallest value
of the B0 vertex χ2/NDF was retained. However, in about 96% of cases the multiple candi-
dates arose from four-track combinations with swapped kaon and pion mass assignment. As these
candidates have the same value of B0 vertex χ2/NDF , the candidate with the smallest value of
|mKπ −mK∗ |/σmKπ

was selected. Here mKπ is mass of the reconstructed K∗ candidate, σmKπ
its

uncertainty and mK∗ is the world average value of K∗ mass [7].
After the selection, some of the B0 candidates had an incorrect flavour tag (mistag). The mistag

probability of B0 (B0) was determined from signal MC to be 0.1088 ± 0.0005 (0.1086 ± 0.0005).
This leads to changes in the values of measured decay angles, namely in swap of their signs. The
corresponding dilution of measured values of Si parameters was included as systematic uncertainty.

Events with q2 ∈ [0.98,1.1] GeV2 were vetoed in order to remove potential contamination
from φ(1020). The remaining data with q2 ∈ [0.04,6.0] GeV2 were analysed. Two control samples
containing B0 decays to J/ψ K∗ and ψ(2S) K∗ were defined in regions of q2 ∈ [8, 11] GeV2 and
[12,15] GeV2. As the background, including contributions from radiative decays of J/ψ , increases
above q2 of 6 GeV2, data in this region were not used in the analysis.

In total 787 events were selected and analysed in q2 bins [0.04,2.0] , [2.0,4.0] and [4.0,6.0]

3



P
o
S
(
F
P
C
P
2
0
1
7
)
0
4
3

Angular analysis of B0
d → K∗µ+µ− decay with the ATLAS detector Ina Carli

GeV2. To allow comparison with results of other experiments and with theoretical predictions,
additional fits were performed to wider bins of q2 ∈ [0.04,4.0] , [1.1,6.0] and [0.04,6.0] GeV2.

3. Fitting procedure

Extended unbinned maximum-likelihood fits of the signal decay were performed on the data
for each q2 bin. The likelihood is given by

L =
e−n′

n!

n

∏
k=1

∑
l

nlPkl(mKπµµ ,cosθK ,cosθL,φ ; p̂, θ̂),

where n is the total number of events, the sum runs over signal and background components, nl is
the fitted yield for the lth component, n′ is the sum over nl and Pkl is the probability density function
(pdf) evaluated for kth event and lth component. The discriminating variables are mKπµµ , cosθK ,
cosθL and φ . The p̂ are the parameters of interest FL and Si and the θ̂ the nuisance parameters.

The signal mass distribution was modelled by a Gaussian function with width scaled by the
per-event uncertainty of the reconstructed mass. The mass distribution of combinatorial back-
ground was described by an exponential function and second-order Chebychev polynomials were
used to model the angular distributions. The MC sample generated with uniform cosθK , cosθL

and φ distributions was used to study the signal reconstruction and acceptance. The acceptance
function was defined as the ratio of reconstructed and generated distributions in cosθK , cosθL and
φ . It was assumed to factorise for each angular distribution and it was described by sixth-order
(second-order) polynomial for cosθK and cosθL (φ ).

A two-step fit was performed for each q2 bin: in the first step the B0 invariant mass distribution
was fitted with mean values of the mass and the scale factor extracted from fits to data in the control
regions. In the second step the cosθK , cosθL and φ variables were included in the likelihood fit.
The nuisance parameters, i.e. mean mass, scale factor, signal and background yields and the shape
of the mass distribution of combinatorial background were fixed to the results of the first step.

3.1 Backgrounds

Several samples of background processes were studied in order to identify contributions to
be included in the fit model. Backgrounds included inclusive samples bb→ µ+µ−X and cc→
µ+µ−X , as well as number of exclusive samples. Decays possibly contributing to the signal region
were Λb → Λ(1520)µ+µ−, Λb → pK−µ+µ−, B+ → K(∗)+µ+µ− and B0

s → φ µ+µ−. However,
their contribution was small and thus they were not included in the fits and they were accounted for
as systematic uncertainties.

A background peaking in cosθK and cosθL distributions not considered above was observed
in data. A peak found around cosθK = 1 comes from two sources: one of them is B+ → K+µµ

or B+→ π+µµ decays with an additional track from the event, the second source are events with
two charged tracks reconstructed as a K∗ candidate passing all cuts. Another peak was found in
the region of cosθL = ±0.7 and was associated with partially reconstructed B→Dµ+µ−X decays.
MC simulated events containing D0→Kπ , D+→Kππ and D+

s →KKπ were found to accumulate
in this region due to the kinematics of the decays. Both these backgrounds were treated as sources
of systematic uncertainties and were not included in the fit.
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3.2 Systematic uncertainties

The treatment of systematic uncertainties of angular parameters was based on observed fit
biases in modified pseudo-experiments or on comparison of nominal and modified fit. The most
significant contributions were the following, in order of importance:

• Combinatorial Kπ background peaking at cosθK = 1: uncertainty was computed comparing
results of the nominal fit with that where data above cosθK = 0.9 were excluded from fit.
• Background peaking around values of |cosθL| = 0.7: a veto was implemented to remove

events, where after assigning two or three tracks mass hypotheses consistent with D0→ Kπ ,
D+ → Kππ and D+

s → KKπ decays, the reconstructed mass fell in a window of 30 MeV
around the D0,D+ or D+

s mass. A similar veto was implemented to reject B+→ K+(π+)µµ

candidates with mass less than 50 MeV from B+ mass. The results of the fit with and without
the veto were than compared.
• Background angular pdf shape: data were refitted using third-order Chebychev polynomials.
• Factorisation of acceptance function: uncertainty was computed as difference between the

generated angular parameter values and results of fitting MC signal sample with acceptance
function derived from it.
• Combinatorial background: nominal fit results were compared to those with a reduced mass

range of mKπµµ ∈ [5200,5700] MeV.
• Inner detector alignment and knowledge of magnetic field: track pT in data sample was

shifted according to uncertainties from biases in momentum scale.
• Intrinsic bias of the maximum-likelihood estimator: ensembles of MC simulated events were

used to estimate the bias in the extracted values of parameters.

Lower uncertainties arise from other sources, such as difference of the pT spectra of B0 can-
didates in data and MC simulation, S-wave contribution (candidates coming from non-resonant
B0→ Kπµ+µ− decay), nuisance parameters, exclusive peaking backgrounds and dilution of mea-
sured parameters due to flavour mistag. However, the systematic uncertainties are smaller than the
statistical ones for all measured parameters.

4. Results

The fitted event yields for all q2 bins are summarised in Table 1. Figure 3 shows an example
of fits to q2 bin of [0.04,2.0] GeV2 for folding scheme S4.

The distributions of FL and Si parameters as a function of q2 are shown in Figure 4. Dis-
tributions of Pi parameters computed from Si using transformations (1.2) are shown in Figure 5.
The figures also show results of theoretical predictions of SM by various groups: Ciuchini et al.
(CFFMPSV) [8], Descotes-Genon et al. (DHMV) [9] and Jäger and Martin Camalich (JC) [10].
Experimental results from LHCb [11], CMS [12], Belle [13, 14] and BaBar [15] are also shown.

There is a good agreement between theoretical predictions and the ATLAS measurement. The
exceptions are P′4 and P′5 measurements in q2 =[4.0,6.0] GeV2 and P′8 in q2 =[2.0,4.0] GeV2.
The observed deviation from the SM prediction in P′4 is approximately 2.5 standard deviations
from the DHMV calculation. The deviation of P′5 is consistent with the deviation reported by the
LHCb Collaboration [11] and is 2.7 standard deviations from the DHMV calculation, with lower
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q2 [GeV2] nsig nbck

[0.04,2.0] 128±22 122±22
[2.0,4.0] 106±23 113±23
[4.0,6.0] 114±24 204±26

[0.04,4.0] 236±31 233±32
[1.1,6.0] 275±35 363±36

[0.04,6.0] 342±39 445±40

Table 1: The values of fitted signal and background yields nsig and nbkg, uncertainties are statistical only [2].
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Figure 3: The fitted distributions of mKπµµ , cosθK , cosθK and φ obtained for q2 ∈ [0.04,2.0] in S4 folding
scheme [2]. The data uncertainties are statistical only. The blue solid line is a projection of the total pdf and
the black (red) dashed lines represent the signal (background) components.

significance for other calculations. However, all measurements are within three standard deviations
from quoted predictions and after including experimental and theoretical uncertainties are found in
agreement with the SM contributions to this decay.

5. Conclusions

The angular analysis of rare decay B0
d → K∗µ+µ− was presented using data collected by the

ATLAS experiment collected in 2012 at centre-of-mass energy of
√

s = 8 TeV with integrated
luminosity of 20.3 fb−1. Angular parameters FL, Si and Pi were extracted from the data using an
extended unbinned maximum-likelihood fit in six bins of q2, up to 6 GeV2. All results were found
to be within three standard deviation from theoretical predictions of the Standard Model.
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Figure 4: The measured values of FL, S3, S4, S5, S7 and S8 parameters compared with predictions from
theoretical groups and results from other experiments as discussed in the text [2]. Total uncertainties are
plotted for all measurements and theoretical predictions.
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Figure 5: The measured values of P1, P′4, P′5, P′6 and P′8 parameters compared with predictions from theoret-
ical groups and results from other experiments as discussed in the text [2]. Total uncertainties are plotted for
all measurements and theoretical predictions.
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