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Abstract. Angular distributions of the decay B® — K*°u 1~ are a clean probe of physics
beyond the standard model. In particular the forward-backward asymmetry and other variables
which can be determined as a function of ¢2, provide fruitful information from a single decay
channel. An angular and proper decay time analysis is applied to the B; — J/¢¢ decays. The
B, signal candidates are reconstructed and used to extract the mixing phase ¢,. The theoretical
prediction of the ¢s angle is particularly robust, thus any deviation from the prediction can be
a smoking gun signal of new physics.

1. Introduction

The flavor-changing neutral-current decays such as B® — K*%uT ™ are of particular interest for
new physics searches, since new physics phenomena beyond the standard model can be observed
indirectly through their influence in the loop diagram. The decay B® — K*9u* = can provide
many observables, such as the branching fraction, forward-backward asymmetry of the muons
(Apg), as well as the longitudinal polarization fraction of the K*O (Fp), and in particular these
observables can be measured as a function of ¢> = M?(u* ™). Theoretical calculations for these
observables are relatively robust, hence any deviation between experimental measurements and
the predictions can be interpreted as a hint of the new phenomena (See Ref. [1, 2, 3, 4, 5] for
example).

The weak phase ¢s arises from the interference between direct Bs; meson decays into a CP
eigenstate By — J/1¢ and decays through mixing to the exactly same state. The weak phase
¢s is related to the CKM matrix elements, where ¢3 ~ —20;, 85 = arg(—Vi,V; /VesVy). Within
the standard model, the ¢, is predicted to have a small value of —0.036370091% rad [6]. Since
the prediction is rather precise, any deviation of the measured value would be a hint of new
physics in the By mixing. In particular, many new physics scenarios may enhance the value of
65 [7, 8.

The analyses for B — K**uT = and for By — J/1¢ are performed using the data collected
by the CMS detector. The CMS detector is a general-purpose detector. A detailed description
can be found in Ref. [9]. The central feature of the detector is a superconducting solenoid that
provides an axial magnetic field of 3.8 T. Charged particle trajectories are measured within the
field volume by pixel and silicon strip tracker. The calorimeter enclosing the tracker includes
a lead tungstate crystal electromagnetic calorimeters (ECAL), which is composed of a barrel
part and two endcaps, a lead and silicon preshower detector in front of the ECAL endcaps, and
a brass/scintillator hadron calorimeter (HCAL) that together provide an energy measurement
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for electrons, photons, and hadronic jets. Muons are identified and measured in gas-ionization
detectors embedded in the steel return yoke outside the solenoid. The detector is nearly hermetic,
allowing accurate energy balance measurements in the plane transverse to the beam direction.
The direction of particles measured inside the CMS detector is described using the azimuthal
angle (¢) and the pseudorapidity (7), which is defined as n = — In[tan §/2], where € is the polar
angle relative to the counterclockwise proton beam direction, as measured from the nominal
interaction vertex.

2. Angular analysis of B® — K*0y*y~

In this section, the measurements of Arp, Fr, and the differential branching fraction dB/dq?
from B° — K*°utpu~ decays, using data collected from pp collisions at /s = 7TeV and
corresponding to an integrated luminosity of 5fb~!, are presented. The details of the analysis
can be found in Ref. [10].

The signal B — K*9* i~ decays are recorded with a trigger, which requires two identified
muons of opposite charge to form a vertex that is displaced from the beamspot. The trigger
configurations were updated during the data taking period with tightening requirements to
preserve an acceptable trigger rate. The signal decay mode used in this analysis require two
reconstructed muon candidates and two charged hadrons. The muon candidates are required to
match the triggered muon in the event and to pass several quality requirements. A muon track
must be matched with at least one muon segment, y? per degrees of freedom of track-fit must
be less than 1.8, and there must be at least 11 (2) hits in the tracker (pixel detector).

The charged hadron tracks are required to fail the muon selection criteria. The invariant
mass of the two charged hadrons, with either K7~ or K~ 7" hypothesis, must be within a £80
MeV mass window around the nominal K*° mass. If the invariant mass with a hypothesis of
two charged kaons is below 1.035 GeV, the pair of hadron tracks is rejected for possible ¢ meson
contributions. The B meson candidates are obtained by requiring the four charged tracks from
a common vertex with a constrained fit. The invariant mass of the B? candidate must be within
4280 MeV from the world-average mass of B meson. The candidate is identified as a BY or
B if the K7~ or K~ invariant mass is closer to the nominal K* mass, respectively. In
cases where both K- hypotheses are within £50 MeV from the K*° mass, the event is rejected
from the analysis. With the full selection criteria, there are 8% of the candidates with incorrect
b-flavor assignment.

Figure 1 shows the angular observables which define the decay: 0 is the helicity angle of
the K*9 candidate, 6; is the helicity angle for the dimuon system, and ¢ is the angle between
the K*9 and dimuon planes. Extraction of the physics parameters, including Arpp and Fy, do
not require the angle ¢ and therefore it is integrated out to reduce the complexity. The angular
distribution of B® — K*%u% 1~ can be expressed as:

1 d*r
I’ dcos O dcosOrdg?

x { {%FS + 3 Ag cos HK} (1 —cos?0) + (1 — Fg) |2F}, cos? Ok (1 — cos? 61
+2(1 = Fp)(1 — cos? O ) (1 + cos® 1) + 3 App(1 — cos? O ) cos HL} } , (1)

where the Fg and Ag are the S-wave faction and the interference amplitude between the S- and
P-wave decays, respectively. The result of the analysis is extracted from unbinned extended
maximum-likelihood fits in bins of ¢? to the invariant mass of the B® meson candidate, and
to the two angles 0 and 6;, using the angular distribution model introduced above. After
excluding the ¢? regions corresponding to J/v¢ and 1’ resonances, there are a total 415 4 30
signal events distributed in 6 ¢? bins.

The measured values of Fr, App, and differential branching fractions in bins of ¢® are
summarized in Fig. 2, along with the standard model predictions [11]. The results are found to be
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Figure 1. The definition of the angular
observables for the BY — K*Outu~
decay.

consistent with the predictions, as well as with measurements from other experiments [12, 13, 14].
The CMS results for this decay channel are competitive with other experiments, in particular
for the higher ¢ bins. The analysis with full 2012 data sets will provide further information in
this decay. These results can be used to constrain the new physics beyond the standard model
in the near future.
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3. Measurement of the CP-violating weak phase ¢; in By — J/¢¢ decays
The weak phase ¢ is measured with B; — J/1¢¢ decays, which is not a definite CP state
and an angular analysis is required to disentangle the CP-odd and CP-even components of the
final state. A time-dependent angular analysis is introduced by measuring the decay angles
of the final state particles and the proper decay length of the B,. In this analysis a dataset
corresponding to an integrated luminosity of 20 fb~! collected from pp collisions at Vs =8TeV
is used. The details of the analysis can be found in Ref. [15].

The Bs; — J/1¢ signal events are triggered with a J/1 candidate displaced from the primary
vertex. In the offline section, the muons are required to have a minimum pt of 4 GeV. Two
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oppositely charged muons are paired and form a common decay vertex. Dimuon pairs are
selected if the invariant mass is within +£150 MeV of the average J/1 mass. The ¢ — KK~
candidates are reconstructed using pairs of oppositely charged tracks with nominal kaon mass
assumed. The invariant mass of the K™K~ pair is required to be within a £10 MeV mass
window around the nominal ¢ mass.

The Bs candidates are reconstructed from the J/1v candidate and ¢ meson candidates. A
common vertex position and its associated uncertainty are determined from a fit to all four final
state charged tracks, constraining the dimuon invariant mass to the J/v mass. For events with
multiple By candidates, the candidate with the best vertex fit quality is selected. The proper
decay length, ct, is calculated based on the vertex position of By candidate. The proper decay
length is required to be larger than 200 pym in order to avoid a bias due to the inefficiency from
the trigger.

In this analysis, the angular distribution is defined in the transversity basis [16]. The
definitions of the three angles ® = (f7,¢7, ¢r) are illustrated in Fig. 3. The angle 67 (¢7)
is the polar (azimuthal) angle defined of the u* in the J/v rest frame, while the angle 17 is
the helicity angle of ¢ meson defined by the direction of K. The differential decay rate for
Bs — J/1¢ can be expressed as:

d'T[B(t)]

dOdt = Zzlgl Oi<a7t) : gz(@) ) (2)

where O; are the time-dependent functions and g¢; are the angular-dependent functions for i*®
angular and CP states. The « are the physics parameters of interests; the ©® and ¢ represent the
measured angles and proper decay time of the B, decay. The function O; can be expanded as:

Oi(a,t) oce st [ai cosh (%AFJ) + b; sinh (%Afst) + ¢; cos (Amgt) + d; sin (Amst)} , (3)
where the parameters b; and d; contain the contribution from the weak phase ¢, and are

summarized in Tab. 1 together with the g; functions. The details of the description of the
time-dependent decay rate can be found in Ref. [17].

Table 1. Angular and time-dependent terms of the signal model for the By — J/1¢ decays,
p .
where the C, S, and D parameters are defined by C' = =2 ¢ = _2Qsinés "y 2Alcosds

THAPR EPIE THAP
respectively.

i gi (01, Y, o) \ a; ‘ bi | Ci | d;
1 2 cos? Yr(l — sin? 01 cos? or) 1 D C -5
2 sin® Pr(l — sin? 07 sin® or) 1 D C -S
3 sin? U sin? Op 1 -D C S
4 — sin? 47 sin 207 sin ¢ Csin(6L —0y) Scos(6L —9)) sin(6L — 0y) D cos(01 — §))
5 % sin 247 sin? 07 sin 2¢7 cos(d) — do) D cos(d) — do) Ccos(d) — do) | —Scos(d) — do)
6 % sin 2¢7 sin 207 sin ¢ C'sin(d,. — do) Scos(dL — do) sin(d1 — do) D cos(d1 — do)
7 %(1 — sin? O cos? o) 1 —-D C S
8 1V6sin 1y sin® 7 sin 2¢7 C cos(d) — 0s) Ssin(d) — ds) cos(d) — ds) Dsin(4) — ds)
9 % 6 sin 97 sin 207 cos ¢ sin(d1 — ds) —Dsin(6 — ds) | Csin(dL — ds) Ssin(d, — ds)
10 % 3costr(l — sin” @7 cos® ¢r) C cos(dp — ds) S'sin(do — ds) cos(dp — ds) Dsin(éo — ds)

Another important ingredient of this analysis is the capability of flavor tagging. If the other
b-hadron opposite to the signal B candidate decays in one of the semileptonic channels, the
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Figure 3. Definition of the three
angular observables, 0, ¥, and ¢p for
the By — J/¢¢ decays.

charge of the opposite-side muon or electron is used to derive the flavor of the signal Bs meson
at its production time. In practise the lepton with the highest pr in the event is used as
the tagging lepton. The tag lepton selection is optimized to reach the best tagging power,
Prag = €rag(1 — 2w)?, where the €tag 1s the tagging efficiency and w is the mis-tag probability.
The performance of the tagging is measured from the data with the self-tagging BT — J/¢yp K+
decays. The measured average tagging performance with electron and muon taggers combined is
w = (32.3£0.3)%, €tag = (7.67£0.04)%, and resulting Ps = (0.9740.03)%. The performance
evaluated for simulated Bt and B, events are found to be consistent with each other.

An unbinned maximum likelihood fit is introduced to extract the physics parameters: the
weak phase ¢, the lifetime difference AI's, the mean lifetime of B; meson, the decay amplitudes
and the corresponding strong phases. The fit is performed by including information on the
candidate By invariant mass, proper decay length, and the three decay angles. The per-event
proper decay length uncertainty is included in the proper decay time resolution model. The fit
sample contains around 49,000 signal events and 21,000 background events. The projections of
the three decay angles are shown in Fig. 4, and the resulting physics parameters are summarized
in Tab. 2. The value of the weak phase ¢ and the lifetime difference AI's are in good agreement
with the previous measurements and with the standard model predictions. Our measurements
are the second best measurements to date and will improve the world averages. The uncertainties
of the measurements are still dominated by statistical uncertainties and can be reduced further
with upcoming new data from LHC run II.

Parameter Result
| Ao|? 0.511 £ 0.006 + 0.012 Table 2. The measured physics parame-
’ASP 0.015 £ 0.016 + 0.022 ters of interests from the unbinned max-
|AL? 0.242 4 0.008 £ 0.012 imum likelihood fit to the By — J/¢¢
9 3.48 + 0.09 £+ 0.68 rad candidates.
051 0.34 +0.24 +1.12 rad
0 2.73 £ 0.36 = 0.66 rad
cT 447.3 £3.0 £ 3.5 pm

AT, 0.096 4 0.014 4 0.007 ps~!
bs —0.03 £0.11 £ 0.03 rad
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Figure 4. The measured angular distributions (67, ¥, and ¢7) for the By — J/1¢ candidates.
The solid lines are the result of the fit to the data, while the green (red) dashed lines represent
the signal (background) components.
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