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1. Introduction

The Bg — K*utu~ decay is one of the exclusive final states of the b — s¢* ¢~ transition
that in lowest order occurs only via loop level diagrams within the Standard Model and therefore
has a small branching fraction of (1.0640.1)-107% [1]. The decay amplitudes and the angular
distributions of the 4-particle final state are sensitive to the effects of physics beyond the Standard
Model [2].

The B) — K*9(— K™~ )u" ™ process can be described by four kinematic variables. One is
the invariant mass ¢ of the di-muon system, the other three are the angles describing the kinemat-
ical configuration of the final state which are shown in Figure 1. These angles are 6y - the angle
between the u and the direction opposite to the Bg in the di-muon rest frame, O - the angle be-
tween the K™ and the direction opposite to the 32 in the K*° rest frame, and ¢ - the angle between
the di-muon plane and the plane defined by the kaon-pion system in the Bg rest frame. For the Eg
decay the angles 6;, and Ok are defined with respect to the y~ and the K~. The differential decay
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Figure 1: Definition of the kinematic angles in the decay Bg — K*%u*t . Figure taken from [3].

rate is a function of these four variables. In case of insufficient statistics two of the angles can
be integrated out, resulting in the 2-dimensional distributions d*I'/dg*>dcos 8, and d*I'/dg*>dcos 6.
This article describes the measurement of the forward-backward asymmetry of the muons Arp and
the fraction of the K** longitudinal polarisation F; obtained from the fits to 1-dimensional angu-
lar distributions, while the dependence on the ¢ is accounted for by performing the fit in several
ranges of di-muon mass and assuming that the Agp and F; values stay constant within each range
[3]. The forward-backward asymmetry is defined as Arg = (Np — Ng)/(NF + Ng), where Nf is the
number of muons going in the forward direction in the di-muon rest frame and Np is the number of
muons going in the backward direction, and the K* mesons with zero projection of the spin on the
direction of motion are referred to as "longitudinally polarised".

2. Event selection

For this analysis 4.9fb~! of data from pp-collisions at /s = 7 TeV collected by the ATLAS
detector at the LHC in 2011 were used. Samples of Monte Carlo events have been generated with
PYTHIA for the signal decay channel Bg — K*%u*tu~, the resonant background decay channel
BS — K*9J /y, Drell-Yan process and for bb — u*u~X and c¢¢ — p+ =X processes contributing
to the continuum background.

Several triggers, either single-muon or di-muon ones, were used to select the events. The
main triggers select di-muon events requiring both muons to have pr (i) > 4GeV, or alternatively
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pr(u1) > 6GeV and pr(uy) > 4GeV. Each of the events was required to be recorded by at least
one of the selected triggers.

Two sets of cuts are applied on the data — baseline cuts (general requirements to ensure
good measurement quality) and selection cuts, the values of which are optimised for the analysis.
Baseline cuts include the requirement for all four tracks to have pseudorapidity |n| < 2.5, transverse
momentum pr of muons to be above 3.5 GeV and pr of kaons and pions above 0.5 GeV. Two
muon tracks refitted to a common vertex must satisfy x2/ndf < 10. The mass of K*° candidates
must be between 846 MeV and 946 MeV.

The selection cuts are optimised by maximizing the estimator & = Nyig / \/Nsig + Npcig» Where
Njig is the number of selected signal events and Njc, the number of background events. The
optimization is performed using Monte Carlo events only. A cut on the lifetime significance of
7/0; > 12.75 is imposed to remove most of bb — u* =X, ¢ — p =X and Drell-Yan events.
A cut on the pointing angle cos 8 > 0.999 is effective against the combinatorial background. Here
0 is defined as the angle between the reconstructed 3-momentum vector of the Bg candidate and its
reconstructed direction of flight, i.e. the vector between the primary vertex and the reconstructed 32
vertex. A quality requirement is applied to the reconstructed Bg vertex, x2/ndf < 2. Background
events with K*¥ candidates which do not originate from a B decay are removed by the cut on the
K*0 transverse momentum, pr(K*%) > 3.0 GeV. To remove the B) — K*°J /y and B — K*Oy(2S)
events with the subsequent decay of the charmonium into a photon and two muons (e.g. J/y —
YU or w(28) = yut o), acut |(m(BY)ree — m(BY)ppG) — (m(W U )ree —m(J/W)ppG)| =
Am < 130 MeV is applied (similar to CDF [4]). This requirement was also found to be effective
against the remaining J/y and y/(2S) in the tails of the charmonium peaks.

The mass distribution of the events satisfying all these requirements is shown in Figure 2.
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Figure 2: Invariant mass distribution of Bg — K*%u*u~ candidates as data points after the full signal

selection. The solid blue (dark) line denotes the mass likelihood fit, the dotted red line - its background
component and the solid green (light) line - the signal component. Figure taken from [3].

3. Analysis strategy

Since the longitudinal polarisation fraction F;, and the lepton forward-backward asymmetry
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Aprp are the functions of di-muon invariant mass ¢, the data is separated into several regions of g2,
and the averaged F; and App values are obtained independently in each of the ¢? bins.

The values for App and Fy, are extracted by performing a sequential unbinned maximum like-
lihood fit, where in a first step the invariant Ky u mass distribution is fitted, then the resulting
parameters are fixed, and in a second step - where the number of signal events is fixed by the
previous fit - the angular distributions are fitted. The likelihood function for the invariant mass
distribution is written as

Z2

Z = [Ns1g v/lmg(mu 5m,) +Nbckg %bckg(mz)] 5 (3.1)
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where Ngo and Npcke are the number of signal and background events, .#;, and .#y are the
probability density functions for signal and background, respectively, and Ny, + Nji, is the Poisson
distributed expected number of total events. The probability density function for signal is described
by a Gaussian function with mass m; and per-candidate error 9,,, and for the background by an
exponential function.

The differential decay rate of Bg — K*%u*u~ is a function of the invariant di-muon mass ¢>
and the three helicity angles 6;, Ok and ¢ in the rest frame of the four particle final state. At a given
¢” its integration over Og and ¢ gives [5, 6]

1 d&r 3., 2
R 1—cos20
TFdgfdeoss, 4 1) (1 - cos™6r) +
3
3 (1—Fp(q%)) (1 +cos®6L) +Arp(g*) cos 6, (3.2)

and the integration over 8, and ¢ of the differential decay rate yields

ldzil" = §FL(qz)cos2 9K+§ (1—Fp(g%) (1 —cos® 6k) (3.3)

I'dg?dcosOx 2 4 ' ’
Fixing the parameters obtained in the invariant mass fit, the likelihood function for the angular
distributions is written as

L= H Nig sig (M3, Om; ) - 1 sig(COS OL ;) - 0. (Os O ;) - i ig (cOS O ;) - O (cOs Ok ;) +

N{:clig - Mockg (M;) - L pekg (€OS O i) - Uk bekg (€08 Ok )], (3.4

where the .7’s denote the probability density functions of the angular distributions of cos 6x and
cos 0, for the signal and the background. The angular distributions of the signal are given by Equa-
tions (3.2) and (3.3), and those for the background are modelled with the second order Chebyshev
polynomials. To take into account angular detector efficiencies due to trigger, event reconstruction,
detector effects and the selection cuts, the angular signal distributions are multiplied by acceptance
functions ax and ¢. To determine the acceptance functions a signal Monte Carlo sample with
full detector simulation and uniform distribution of helicity angles was generated. The acceptance
functions were obtained by the fit to cos O and cos 6, distributions in this sample after applying
all the baseline and selection cuts.
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4. Systematics

Various sources of systematic uncertainties are taken into account, evaluated for each ¢> bin
separately. The possible impact of the sequential fitting procedure on the final results was estimated
by comparing the sequential mass and angular unbinned maximum likelihood fit with the combined
mass-angular fit. Deviations in the Bg invariant mass fit due to the cut on Am < 130 MeV are
accounted for by varying the Bg mass fit region. Several possible effects of the angular acceptance
functions were studied. First, variations of the acceptance functions due to limited statistics of
the used Monte Carlo sample were investigated. Second, the effect of the correlations among the
full three angles using the angular distributions were studied with signal Monte Carlo samples
produced with the angular distributions predicted by the Standard Model [7] and measured by
LHCb [8]. Finally the effect of acceptance and resolution in the di-muon mass was estimated.
Next, two muons and each of the hadronic tracks were combined to test the hypothesis that they
originate from a B¥ — KT u*pu~ decay. All potential B* candidates were removed from the final
data sample, impact on the fit result is assigned as systematic uncertainty.

Several possible contributions to the systematic uncertainty were studied and found negligible.
One of them is the presense of S-wave ( i.e. B?z — K*tm—utu~ decays), which has a negligible
effect on the angular distributions, assuming an 8% S-wave contribution (estimated by BaBar [9]).
No events with K7y p invariant mass compatible with BY one were found, therefore the possible
contribution of BY — ¢utu~ decay is also negligible.

There is no common dominating source of systematic uncertainty for all of the g>-bins, the
largest contribution varies among the bins. For the 2.00 GeV? < ¢? < 4.30 GeV? range, the se-
quential fit procedure has the largest effect due to low statistics in this bin. The results in the central
bin are mostly affected by the choice of fit region, since the Am cut removes a lot of events in the
sidebands in this range of di-muon mass. In all of the ¢>-bins the statistical uncertainty dominates
over the systematical one.

Table 1: Summary of the fit results for the different bins of ¢g>. Number of signal events Njig from the
mass fit and its statistical uncertainty, forward backward asymmetry Arp and longitudinal polarisation F7, for

q2 range (GeVZ) Niig Arp F
200<¢g?>< 430 194+ 8 0.22+028+0.14 0.26+0.18+0.06
430 <g*>< 8.68 88+17 024+0.13+£0.01 0.37+0.11+0.02
10.09 < ¢> < 12.86 138431 0.0940.09+£0.03 0.5040.09+0.04
1418 <¢*<16.00 32414 0.484+0.1940.05 0.284+0.164-0.03
16.00 < ¢> < 19.00 149424 0.16+0.104£0.03 0.3540.08+0.02
1.00<¢*>< 6.00 42411 0.07+£0.20£0.07 0.184+0.1540.03

different bins in ¢* including statistical and systematic uncertainties.

5. Results

The parameters Arp and F;, are extracted in the six ranges of di-muon mass. The final re-
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sults of the unbinned maximum likelihood fit including statistical and systematic uncertainties are
summarised in Table 1. No results are present in 0.04 GeV? to 2.00 GeV? bin due to unsufficient
statistics. In Figures 3 and 4 the measurements of ATLAS are compared to the measurements of
other experiments and the Standard Model. The theoretical expectations have been calculated for
the limit of small [5] and large [6] vector meson energy, no prediction is given for the central ¢>
region. ATLAS results are in general agreement with those of the other experiments. A small de-
viation from the Standard Model prediction for Fy is observed in the first two bins of qz, but the
difference is not significunt.
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Figure 3: Forward-backward asymmetry of the Figure 4: Fraction of longitudinally polarised K*°
muons Arp, including statistical and systematic un- mesons, Fy, including statistical and systematic un-
certainties, compared to theoretical predictions [7] certainties, compared to theoretical predictions [7]
and results of BaBar [10], Belle [11], CDF [12] and and results of BaBar [10], Belle [11], CDF [12] and
LHCb [8]. Figure taken from [3]. LHCb [8].Figure taken from [3].
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