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Abstract

In this analysis we use the Runl-5 dataset to measure some parameters which determine CP viola-
tion in B°BY mixing and decay. BY — D**¢~ 1 decays are selected by using partial reconstruction
of the D** while the flavor of the un-reconstructed B is tagged from the charge of a kaon identified
among its decay products. Detector related charge asymmetries are measured on data using the
kaons coming from the partially reconstructed D**. The effects of Doubly Cabibbo Suppressed
Decays on the tag side are also measured, along with the B lifetime 750 and the mixing frequency
Amg. We get the results |q/p| = z.xzz £+ y.yyy...
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1 Introduction

Of the three types of C'P-Violation possible in the B’B? system, C'P-Violation in Mixing is the
only one which is yet to be discovered.

In the usual formalism, the effective Hamiltonian which describes mixing and decay of B
mesons is written in terms of 2 x 2 hermitian matricess H = M — i/2T". In terms of the flavor
eigenstates, B® and B, the two eigenstates of the Hamiltonian, carrying mass my, and mp, are
written as:

|Br) = plB%) +4q|B%)
|Bu) = p|B°) —4q|B°).
The quantity |q/p| drives C' P-Violation in Mixing, and is exactly equal to 1 in the C'P-conserving

scenario. Given its closeness to 1, and the fact that the quantity I'io/Mj2 is O(m3/m?) it can be
expressed, neglecting terms O(mj/m}), as:

2
I'i2

1—%<Ml2> (1)

One of the most recent theoretical calculations [1], which takes into account NLO QCD correc-
tions, predicts:

‘q
p

C_ | [Miy—i/2T

lg/p| =1 = (2.9640.67) x 10~*

The interest in measuring this quantity relies on the fact that New Physics could enter the mixing
amplitudes, potentially enhancing the amount of C'P-violation predicted by the Standard Model
by one order of magnitude (see e.g. [2]).

Therefore, measuring an amount of C'P-violation in Mixing significantly higher than Standard
Model predictions, would be a clear indication of new particles and phases contributing to B°B°
Mixing.

1.1 Previous Measurements

Recent measurements on the magnitude of ¢/p have been performed at the B-factories and by the
D{) Collaboration, using high momentum leptons to tag the flavor of the two B® mesons.

If CP is violated in Mixing, the probability of a BY to oscillate to a B is different from the
probability of a BY to oscillate to a BY and thus we expect to observe a different number of B® B°
events with respect to BY BY. |q/p| is related to the asymmetry Agy, through:

_ N(B°B%) = N(B°B°) N({T4*)=N({7) _ g
Ast = N(BOBY) + N(B°B0)  N({H{t) + N(0—¢-) — 2 (1 ‘pD (2)

The Belle [3] and BABAR [4] Collaborations presented a measurement based on the analysis of
dilepton events. This method benefits from the high statistics achievable at the B-factories, but
heavily relies on data control samples to determine detector related charge asymmetries.

The D{) Collaboration [5] can reach a precision comparable to the B-factories but the final
result is an average on the mixing parameters of both B} and BY mesons. All the above results
are summarized in table 1.



Table 1: Recent results on |g/p| or Agr. The first quoted error is the statistical one, while the
second is the systematic.

Analysys ‘ Luminosity ‘ Result
Belle dileptons 78 fb 1 Asp = (1.1 £7.94+9.5) x 1073
BABAR dileptons 210 b=t |lg/p| —1=(-08+274+1.9) x 1073
DO () | 1067 | Asp = (—9+4+3) x 1073

BABAR PR D*(v leptonic tag | 200 fb=' [ [¢/p]—1=(6.5+£3.4+2.0) x 1073

A novel approach to the measurement of |¢/p| has been carried out in BABAR, by taking advan-
tage of the large sample of partially reconstructed B® — D*~¢*v events. Here the flavor of one B
meson is determined by the charge of the lepton and the flavor of the other B can be measured
either by searching for one more high momentum lepton or for a charged kaon.

The lepton tag has been used to get the preliminary result [6] presented at ICHEP06. Though
based on a selected sample (one partially reconstructed B® — D*+¢~1, decay versus inclusive lep-
ton) several times smaller than the one used in the dilepton analysis, the statistical error is still
competitive with that result.

In this BAD, we will use the same reconstruction technique, exploiting the kaon tag in order
to increase the statistical significance. Besides the higher mistag rate, the kaon tag analysis differs
from the lepton tag for the presence of Doubly Cabibbo Suppressed decays, which will be measured
in this analysis, and for the presence of significantly higher detector related charge asymmetries.

The latter is a crucial issue; charge asymmetries will be measured on data, exploiting the
technique described in section 4.

Finally, the large sample of B°B° events studied in our analysis allows us to perform a mea-
surement of the B lifetime 750 and the mixing frequency Amy.

2 Theoretical B decay rates

Throughout this analysis we will always assume that CPT is conserved.

The two B mesons produced by the decay of the 7' (4S) evolve coherently until one of them
decays. Throughout this note, the B which undergoes the semileponic decay B? — D*~ /(v will
be referred to as By while the other (not reconstructed) B will be called Byqg.

In our analysis, the flavor of the latter is inferred through the charge of a kaon originating from
its decay, either directly (e.g. B — KX, or indirectly, through an intermediate charmed meson
B —DWY, D® - KZ). A Kt tags a B while a K~ is likely to come from a B°.

Uncorrect assignments could arise from wrong particle identification, (doubly) Cabibbo sup-
pressed Decays of a charm meson (e.g. B — DX, D° — K+*K~ 7~ K™, ...) or doubly Cabibbo
suppressed decays of the BY meson, as depicted in fig. 1. In the following, we will focus on B-meson
Doubly Cabibbo Suppressed (DCS) decays.

The effects of the presence of DCS decays in the tag side have been studied in [7] and are taken
into account in our analysis.

Having defined At = t,cc — tiag, Where trec (tiag) is the decay time of By (Biag), the B-meson
decay rate can be written as [8]:
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Figure 1: Example of intefering amplitudes for the D7~ final state.

aN
dt

—R(a’a—)sinh(AT'At/2) + S(ala—) sin(AmgAt) (3)

1 1
e~T1A 5(ya+|2 + |a—|?) cosh(ATAt/2) + 5(\a+\2 — la_|?) cos(AmgAt) —

where:

a/_l,_ - _AtagZTec - ztagATeC
a_ = g.AtagArec - %Ztagjrec (4)

Given the smallness of the difference of decay widths of the light and heavy eigenstates AL, we
will neglect the R(a*a_) term from now on. A and A are the amplitudes for a B and B°
decay respectively. In our case, Ay = A(B? — D* {*tv) = Aee and Atag is the sum of all
the amplitudes with one (or more) charged kaons in the final state. Without taking into account
experimental effects for now, DCS decays would cause a fraction of BY to be wrongly tagged as B
and vice versa in a time integrated analysis. The study of the time dependent asymmetry permits
to disentangle the effects due to DCS decays from those induced by mixing.

We define Acr the amplitude for a BY to undergo a Cabibbo favored (CF) decay and thus be
correctly tagged as a B® and Apcg the amplitude of a BY decaying into a DCS final state and
thus being tagged as a BY. We accordingly define Acr and Apcg for BY CF and DCS decays
respectively. Taking r’ = ’ZDCS JAc F’, the modulus of the ratio between DCS and CF amplitudes,
the following relations hold:

Acr = Acr = |Acr| e

ZDCS =7’ | Acr| i0u gty (5)
Apcs = r! ‘ACF| 615”6717

where §. and §,, are the strong phases of the CF b — ¢ and the DCS b — u transitions respectively,
while v is the relative weak phase between the two processes. Taking the weak phase of the ratio
of the mixing parameters as —2/:
q| —2ip
=||e (6)
;

4
p
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we can finally define the two parameters governing the DCS decays effects on the tag side:

b= 2r"sin(283 + ) cos &’
c=—2r"cos(28 + v)sin§’ (7)
where ¢’ = 6, — 0.
We are now ready to define our signal pdf’s. The four possible final states are distinguished by
the two indexes s; and s,,; s¢ is equal to 1 (-1) when By, is a BY (BY), and s,y is 1 (-1) in case of
an unmixed (mixed) state. This is summarized in table 2.

Table 2: Value of s; and s, indexes for the four possible signal final states.
Brecis a | Bigg is a ‘ St ‘ Sm

BY BY 1] -1
BY BY 1|1
BY BY 11
BY BY 1] -1

The signal pdf’s are then the following;:

s =1, sy =—1:

I -I'A
F(A) = 5y 5 At

_ 1_‘q
p

st=1, s;p =1

(s

2
m) cos(AmaAt) + ‘ Z’(b +0) sm(AmdAt)}

27“'2) cosh(AT'At/2) — (8)

r _TIA q 2 2
F(At) = me |At] [ (1 + ‘p 7% | cosh(ATAt/2) + (9)
q|? q
n <1 _ ’ 7"2> cos(AmgAt) — “(b +¢) sin(AmdAt)]
p b
St = _17 Sm = L:
F(At) = Le—rmﬂ [ 14+ ‘p 27“'2 cosh(AT'At/2) + (10)
2(1+1r2) q
p[? p
n <1 _ ’ r’2> cos(AmgAt) + H(b —0) sin(AmdAt)]
q q
St =—1, sy = —1:
FA) = — L oriad qﬂ 1+ 'p "2 cosh(ATAL/2) — (11)
2(1 +r'2) P q

_ 1_‘1?
q

2
7“'2> cos(AmgAt) — ‘2‘(1) ) sin(AmdAt)}

6



Figures 2 and 3 show the effect of the parameters (|¢/p| - 1) and b and ¢ being different from 0
for mixed and unmixed s; = +1 events.
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Figure 2: At pdf’s with |¢/p| = 1 (black curve), 1.05 (red) and 0.95 (blue) for s; = +1 unmixed
(left plot) and mixed (right) events. The values of |¢/p| plotted are un-realistically large and are
used here for the only purpose of highlighting the effects of |¢/p| # 1 on the mixed and unmixed
pdf’s.

3 Data Sets and Sample Selection

The current analysis is based on analysis-31, 32 releases and includes all Runl-Runb datasets.
Root-uples have been produced over the R18 InclSemiLept skim, which pre-selects events with at
least one partially reconstructed B® — D**¢~ 1, candidate.

The full integrated luminosity of on-peak data used is equal to 348.1 fb~!, equivalent to about
383 million BB pairs. Details on data samples are summarized in Table 3.

Table 3: Integrated luminosities of data samples

Data set | off-peak (fb') | on-peak (fb~') | N5 (10°)
Runl 2.5 20.3 22.0
Run2 6.9 60.7 67.0
Run3 2.5 32.3 35.7
Run4 9.9 100.9 110.5
Runb 14.1 134.0 147.5

| Total | 35.9 348.1 382.7
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Figure 3: At pdf’s for the Doubly Cabibbo Suppressed parameters being (b,¢) = (0,0) (black),
(b,¢) = (0.15,0) (red) and (b,c) = (0,0.05) (blue). Again, the values of b and ¢ used for these plots
are much larger than expectations and are used here just to displaying the distortions on the pdf’s
caused by these effective parameters being different from 0.

This analysis has been set up using mainly the available SP generic BB Monte Carlo simulation.
Again, simulated events are requested to pass the InclSemiLept skim criteria; the number of BB
events is about 3 times larger than the one expected on data. Details can be found in Table 4.

Table 4: Number of Generic Monte Carlo generated events

Data set | B’BY (10°%) | BTB~(10%)
Runl 35.8 35.6
Run2 103.5 102.9
Run3 50.6 46.1
Run4 167.1 168.3
Runb 166.4 168.8
Total 523.4 521.7

3.1 Selection of partially reconstructed B — D**/~ i, events

The technique for selecting partially reconstructed BY — D**¢~1, decays is thoroughly described
in [9].

We reconstruct the B® — D*T¢~ 1, (charge conjugation is always implied in this section) decay
using only the information coming from the £~ and the charged pion originating from the D*~ —



D7~ decay which, due to the kinematics of the decay, will be referred to as Tsoft hereafter.

The momenta of the two particles are requested to satisfy the following cuts: 0.06 < [px,, | <
0.20 GeV/c and 1.40 < [py| < 2.30 GeV/c. The 7y, and £ are selected from the ChargedTracks
list, and the PID selectors used for the lepton are PIDLHElectrons and muNNLoose.

The vertex of the £, my,s; pair is computed constraining the x-y coordinates to the beamspot
position (the width of the beamspot is enlarged to 50 um, to account for the B-motion in the
transverse plane). The momenta of the two particles and their probability to originate from a
common vertex are combined in a Likelihood Ratio variable y, which can vary from 0 (background
like) and 1 (signal like). Events with y < 0.3 are rejected. Figure 4 shows the plot of the difference
between the measured and the true z coordinate for B,.. mesons and the relative pull distribution
at the end of our selection.
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Figure 4: Measured z - true z (left plot) and pull (right) distributions for By, mesons.

Given the limited phase-space of the D*~ — D7~ decay, the flight direction of the Tsoft
is roughly coincident with the one of the D*, and the magnitude of the D* momentum can be
computed with good approximation as a (polynomial) function of the 74, momentum.

Neglecting the small momentum of the candidate B® meson in the 7(45) rest frame, we compute
the quantity:

m2 = (Pgo — Pp+ — Py)?, (12)

where P, indicates the four-momentum of particle x.

The squared neutrino invariant mass, m?2, peaks at 0 GeV/c? for signal events, while for back-
ground it is roughly uniformly distributed between -10 and +2.5 GeV/c2. We define a MassBand
region, —2.5 < m2 < +2.5 GeV/c?, which includes most of the signal and a SideBand region,
m?2 < —2.5 GeV/c?, dominated by continuum and combinatorial background. More details on the
selection and the composition of our sample can be found in [9].

Figure 5 shows the m2 distribution for events with at least one tag kaon candidate. The plot
has been made using the whole Runl-5 data and MC dataset; continuum events are taken from

off-resonance data and are scaled with the appropriate luminosity factor with respect to BB Monte



Carlo. The resulting MC + off-resonance distribution has been normalized to on-resonance data
in the region —8 < m2 < —4 GeV?/c%.
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Figure 5: m?2 distribution for data and the different components of Monte Carlo in events with at
least one tag kaon candidate. Continuum events are taken from off-resonance data. No corrections
have been applied, besides taking into account the appropriate luminosity factors and normalizing
MC + off-resonance to on-resonance data in the region —8 < m?2 < —4 GeV'2/c*.

3.2 Selection of charged kaons

The sign of a charged kaon identified as a decay product of the By, is used to determine the flavor
of the By,g itself. The z coordinate of the By, decay vertex is computed by extrapolating the
K track to the z, y coordinates of the beamspot. The extrapolation is performed assuming that
the particle which gave that track has the pion mass; this causes a dependence of some of the
parameters entering the resolution model on the kaon momentum, as discussed in section 5. In
figure 6 we show the dependence of the width of the narrow component in the resolution function
for Byyg signal events for genuine K * and pions faking kaons.

Figure 7 shows the distribution of the difference of the measured z coordinate and the true one
along with its pull for B,y mesons.

The separation between the two B vertices Az is defined as Az = 2(Byee) — 2(Btag) and its

uncertainty o(Az) is computed by propagating the uncertainties on the determinations of the two
vertices.
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K* tracks are selected from ChargedTracks and are requested to pass the LooseKaonMicro
PID selector. Furthermore, we request |Az| < 0.3 cm and o(Az) < 0.05 cm.

The proper time difference At between the decays of By.. and By,g is computed in the boost
approximation: At = Az/Bye.

4 Measurement Technique

In case of CP Violation in B°BY Mixing, the probability of oscillation of a B? state into a B® would
be different from the probability of the inverse process. Therefore the number of B°BY decays,
integrated over the decay times, would be different from the number of B°B° events.

Tag K

Figure 8: Schematic drawing of a possible signal event

Figure 8 shows a schematic picture of a possible signal event. B,.. is partially reconstructed by
using only the information coming from the 7., £ pair.

Charged kaons may originate from the decay of the unreconsctructed B,y and are used to tag
its flavor; we will call them By,, kaons. Kaons could also come from the decay of the DO on the Byee
side (Dyqg kaons); most of them have the same charge of the lepton coming from B,.... The small
fraction of Dyq4 kaons having opposite charge with respect to the lepton originate from (doubly)
Cabibbo Suppressed decays (D° — K* K~ K*x~,...), mistags (D° — K~ 7t X, 7+ — fakeK ™).

Given the difference between D° and B lifetimes and the fact that the Bi,y decay vertex is
computed by using only the K track, D,y and By,g kaons exhibit different Az distributions, the
former being much narrower than the latter (see figure 9). Moreover, the flight direction of a Dyqg
kaon is correlated to the flight directions of B, side £ and 7, t; and those correlations can be used
to extract the fractions of Dy4y kaons as a function of the angles of its trajectory with respect to
the Bi.e. pair.

The presence of the D;,, K sample allows us to measure directly on data the detector related
charge asymmetries which give a higher probability of reconstructing a B°B° event rather than a
B°BY one. In section 4.2 some results, based on Monte Carlo studies, on this method of measuring

12
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the charge asymmetries will be given, prior to the description of the whole Probability Density
Function (PDF) to be used in the nominal fit.

4.1 Fitting technique

The main physics parameters, along with the ones related to detector response and resolution are
fitted simultaneously in a binned Maximum Likelihood fit on the variables At, o(At). In the fit,
we account explicitly for the dependence of At and o(At) on the kaon momentum |pk|.

We use 100 bins for At, 25 bins for o(At) and 5 bins for |p|. The Likelihood value is computed
at the center of each bin. Several constraints (e.g. that the fraction of mixed events should be
equal to x3/[2(1 + x3)], where x4 = Amgy7po) are applied to the Likelihood; this is equivalent to
the use of an Extended Maximum Likelihood formalism.

The fractions of Signal, Combinatorial, Peaking and Continuum are determined from a fit to
the m2 distribution.

The fraction of Dy,, kaons is extracted by exploiting their correlation with the B, side ¢ flight
direction. Figure 10 shows the cosine of the angle between the candidate K and the ¢ (cos(0xy))
for signal and background Bi,y and Dyqg events.
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Figure 10: cos(fk¢) for Byag (left plots) and Dy,g (right) events. Top plots show the distributions
for events where the ¢, pair is a signal one, while bottom plots show BB combinatorial events
in four different ranges of m?2. All distributions have been normalized to the same arbitrary area.
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As the kaon and the lepton originate from different B-mesons in By, events, their flight direc-
tions are un-correlated and thus the cos(fy) distributions are roughly flat.

On the other side, for D,y events, K and ¢ tracks originate from the decay of the same B
meson, which has a very little momentum in the 7(45) rest frame. The kinematics of the B —
D*(Tvy, D*~ — Doﬂ's_oft, DY — K7TX decay chain is such that the angle between the kaon and
the lepton is preferentially large. Figure 10 shows that cos(fky) peaks towards -1 for both signal
and background events and that there is a negliglible dependence on the value of m?2.

The Dyqq4 fraction is determined from a polynomial fit to the cos(fk,) distribution.

4.2 Charge Asymmetries

Detector related charge asymmetries on the Bi,y and Dyqy samples can be measured on generic
Monte Carlo (which is generated with no physical charge asymmetry) by simply counting K+ and
K~ and using the MC truth.

The results for this test, run over Runl-4 generic B°BY MC, are presented in table 5, where we
show the quantity:

A NUTKT)—N{~K™)
KT NUFKY) + N(-K-)
separately for K from the tag side and from the decay side. Only signal events and true kaons are

considered and events where the B¢, lepton is identified as a muon are separated from the electron
case (Ag includes also the asymmetry in the reconstruction of Bye.).

Table 5: Results of the test of charge asymmetries on Runl-5 generic B°B° MC. Only true kaons
have been selected.

‘ Electrons Muons

Aic(Biag) | 0.0149 % 0.0013 | 0.0196 + 0.0016
Ay (Dyag) | 0.0152 £ 0.0009 | 0.0205 + 0.0010

There is a very good agreement between the charge asymmetries measured in Bi,g and Digq
samples for separately electrons and muons, so the method of constraining the detector related
asymmetries to the ones found on the Dy,, sample looks feasible.

As the momentum (|pr|) and the polar angle (J1,) spectra are different for By and D,y kaons
(see figures 11 and 12) and charge asymmetries depend on those variables, we need to check that
there is not a strong dependence of the asymmetries on small variations of the spectra predicted
by our Monte Carlo.

First of all we check that the charge asymmetry for B,y and Dy,y detection is the same in a
given (small) range of |pz| and ¥. We divide the (|pL|, ¥1) 2-dimensional spectrum in 400 squared
bins and for each of them (if it contains at least 50 events), compute the quantity:

ABtag - ADtag

pull(Asy) = .
Vo2 (ABtag) + 0% (ADta)

The result is shown in figure 13; it can be seen that, as expected, the two charge asymmetries are
well compatible with each other within statistical uncertainties.
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Figure 11: Distributions of By and Diey momenta in the laboratory frame, separately for KT
(left plot) and K~ (right). D,y spectra have been normalized to By, ones.
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K™ (left plot) and K~ (right). Dyeq spectra have been normalized to Bygg ones.
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kaons is shown in the right plot.
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To check the dependence of charge asymmetries on the shapes of |pr| and ¥ spectra, we
generate a few datasets with modified spectra, according to the following procedure. To generate
datasets with modified |p7| spectra, we randomly select, from the initial sample, Dy, kaons with
a probability:

prob(pLl) = 0.9 +m(lpz| —2),

(with |pr| in GeV/c) and m € [-0.5,...,40.5], independently of ¥ and regardless of the kaon
charge. We do the same generating datasets with ¥'f, spectra modified according to the probability:

prob(¥r) = 0.9+ m(¥y — 1.575),

and m in the same range as before. Figure 14 shows the modified [pr| and ¥ spectra for the
extreme cases and the unmodified shapes.
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Figure 14: Modified |p| (left plot) and 9, (right) spectra for the extreme cases (m = £0.5) and
the original shape (m = 0).

For each generated dataset, we compute the charge asymmetries (separately for electrons and
muons). The results are reported in figure 15.

No sizable deviations appear on the modified spectra with respect to the original case. We
conclude that the method of constraining detector related charge asymmetries to the ones measured
on the Dy,, sample is reliable, within the uncertainties on the Monte Carlo which are covered by
our modified datasets.

5 Signal and Background description

As stated in section 4, CP violation in mixing would manifest itself giving a number of B°B° events
different from the one of B°BP.

The flavor of B,.. is given by the sign of the lepton: a positive (negative) lepton tags a B (BY).
The same happens for B;,y, where (a part for much larger dilution effects) a positive (negative) K
tags a B (BY).

In this analysis we plan to fit simultaneously the following four subsamples:

o Unmized positive (UP): By,g kaon is a positive one and the lepton on By, side is negative
(K, £7);

e Unmized negative (UN): (K, £T);
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Figure 15: Charge asymmetries for modified |p| spectra (left plot) and ¥y (right) separately for
electrons (red squares) and muons (blue triangles).

e Mized positive (MP): (K, £1);
o Mized negative (MN): (K—, £7);

Before describing in detail signal and background pdf’s, we will summarize in section 5.1 the
main detector related contributions affecting our analysis.

5.1 Reconstruction and tagging asymmetries

Theoretical signal and background pdf’s have to be properly modified in order to take into account
physical and detector related asymmetries. These can be schematically grouped as follows:

1. Reconstruction Asymmetry. If p is the reconstruction efficiency of a £Tm; pair and p is the
reconstruction efficiency for its conjugate, we define the reconstruction asymmetry A,.. =
(p—p)/(p+ p) and the average reconstruction efficiency R = (p+ p)/2. p and p can then be
expressed as:

p=R(1+ Ae)
p= R(l - Arec) (13)

Given that the reconstruction efficiencies for e* 7T pairs is different from the ones for p*r7,
we will distinguish the two lepton flavors in the fit and quote Ayec(e) and Apec(p).

2. Tagging Asymmetry (Physics). We define w™ the probability for a B® to have among its
decay products the hadron A~ and w™ the probability for a B? to decay to ht. We have
Aw=wt—w and w = (Wt +w™)/2.

18



3. Tagging Asymmetry (Detector). If T is the probability that the hadron h™ is identified as a
K and 7 the probability that A~ is identified as K, we define: Ayqq = (1 —7)/(7 + 7) and
T = (7+7)/2. 7 and T can be written as:

T = T(l + Atag)
T(1— Atag) (14)

71

We will assume that By and Dy,y samples share the same A,.. and Ayqy asymmetries, while
w and Aw are kept separated because they originate from different underlying physical processes.

Because of these effects, the theoretical pdf’s F, (s¢, sm), where x defines the different compo-
nents (signal Biag, signal Di.g, combinatorial Biagy, combinatorial Dyag, peaking and continuum),
are related to measured pdf’s F;”eas(st, Sm), in this way:

Freos(sy=1Lism =—1) = pr|[(1—wh)F (1, -1) +wy F(-1,1)] = (15)
= RT(1+ Aree) (1 + Asag) [(1 = ) (1, =1) + wi F(—1,1))

Fres(si=TLsm=1) = pr[(1—w)F11) +wiFl-1,-1)] = (16)
= RT<1 - Arec)(l + Atag) {(1 - w;)]:x(lv 1) + w;fx(_lv _1)}
Freos(s = —1,sm=—1) = p7[(1—w)F(=1,-1) +wf F(1,1)] = (17)

= RT(1 = Aree) (1 = Atag) |(1 — ) (=1, —1) + wf Fy(1,1)]

];-;(neas(st = —1,8, = 1) = pT {(1 — w;)fx(—l, 1) —i—w;]-"x(l, —1)} = (18)

= RT(1+ Aree) (1 = Atag) [(1 = w) (=1, 1) + wf Fy(1, 1))

where s; and s, have been defined in section 2.
The resolution functions convoluted with the F*“**(s;, s,,) defined above will be discussed in
the following sections 5.2- 5.9 for each component of the global pdf.

5.2 Signal By,

The theoretical pdf’s F Biag.si g(st, sm) for signal By, events are those described in section 2.

The resolution model we need to use is complicated by the fact that a large fraction of Biq
kaons originate from cascade decays (b — ¢ — K); the effect of the finite lifetime of the charmed
meson and the experimental boost cause a distortion towards negative values of the At distribution.
This effect is accounted for by using gaussians convoluted with a decaying exponential (Gexp’s)
instead of simple gaussians in the resolution model.

Moreover, the dependence on |pk| of the resolution function has to be parameterized. The
resolution model, for signal By, events, is defined as follows:

(6AL — 0,)? ) N
(sn(lPk|) o AL)?

RBtag,sig (6At7 UAt7 ‘ﬁK’) = fn exrp (— 5
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At — 0y)?
+ ll_fn_fo|exp<_2((5 ! 0 ) >+

sw(|Pk|) o At)?
(6AL — 00)2>

252 (19)

+ foexp (
where 0At = Atypye — Atmeqs and s, and o, (x = n,w, o) are the offsets and widths, respectively,
of the gaussian components.

R Biag.si g(éAt, oAt, |pk|) is convoluted with two decaying exponentials:

) ) 3 St
R By AL AL = (1= feaPcl)) B g (588 oM i) @ eop (0 ) 4
b fea]) R, 08t o8 [fic) © eop (—— ) (20
a2(IPk|) BB, sig(0AL, 0 AL [Pk P\ e (k)

The dependence on |px| of some of the parameters entering the resolution model is

Sx,1

s+(|[PK]) = Sz0+ —F= r=n,w (21)
1Pk |
— TG 3
ra2(Px|) = Tao0+ ——2 (22)
Pk |
fa2(IPk]) = fao0+ fao1|PK| (23)

The left plot of figure 16 shows the resulting resolution model for a kaon with |px| = 1 GeV/c.
The mistag probability wt (w™) of incorreclty tagging a B® (B°) reduces the statistical signif-
icance of our measurement by the dilution factor D = (1 — 2w). The dilution is also dependent

linearly on |pk|:
D(|pk|) = Do + D1 [Pk| (24)

5.3 Signal Dy,

Signal Dy,g events are parameterized by using a double exponential with an effective DY lifetime
Tpo. This pdf is convoluted with the following resolution model:

RDtag,Sig((SAt’ oAt, |Pk])

2
fon exp <—(5At — o) ) +

2(8pn o AL)?

(6At — 0,)?
+ Jfnewxp <_2(sn(!ﬁz<\) UAt)2> +

(SAL — 0,,)?
+ L= fan = fo = fol exp (‘2(sw(!ﬁzd) aAt>2> !
W)

542 (25)

+ foexp <—

The resolution function R Dyqg, sig(0At, 0 At, [Pk |) is computed by convoluting each of the gaus-
sian components with a Gexp with lifetimes 7y, 7, 7 and 7,(|Pk|)-
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As in the By, case, we allow a dependence on |pk| for the widths of the narrow and the wide
components; moreover we allow the lifetime of the outlier Gexp to have a dependence on the kaon
momentum:

. Se1

se([PK|) = Sz0+ ’;LK‘ T =n,w (26)
. Tod

To(IPxl) = Top+ = (27)
|pK’

The right plot of figure 16 shows the resulting resolution model for a kaon with |px| =1 GeV/c.
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Figure 16: Resolution models for Byqg (left plot) and Dy, (right) signal events. The models shown
are referred to a kaon with [px| = 1 GeV/c.

5.4 Combinatorial By, (B'B’)

For this category of events, the same pdf and resolution model described in section 5.2 is used.
Given that in this case the /,my,s; are uncorrelated the parameters 7go and Amg have no direct
physical interpretation but are used as two effective parameters.

5.5 Combinatorial By,, (B*B™)

The pdf is a double exponential, decaying with an effective lifetime 7. pig-
The resolution model is defined as follows:

sn(|PK]) oAt
SAt — 0y)?
+ 1= fu— fol exp <_2(s(w(|ﬁz<\) U)At)2> +

2
+ foexp <_(5At_00)> (28)

2
2s;

e SAL — 0y,)?
Risenong (G0L oL IF]) = fo cap <_2(< ) )2> N
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RpBenprg(0AL, 0 AL, |PK|) is convoluted with an exponential:

- . OAL
Rocn kg (O AL IFicl) = Rionng (G0t 0 [icl) @ eap (-
The only parameters depending on |pk| are:
S 53,1
sz([PK|) = 33:,0"‘% r=nw
Pk |

5.6 Combinatorial D,,,

We use the same pdf found for signal Dy,, events for both BYBY and B*B~ combinatorial events.
While for BYB~ the parameters are the same we use, for signal Dyq, we use independent parameters
of B°BY combinatorial events.

5.7 Peaking B,
The same pdf and resolution model used in 5.5 is also used for peaking background By, events,
with the same dependence on |pi| for s, and s,.

5.8 Peaking D,

The same resolution model used for signal Dyq4 is used (see section 5.3), forcing all the parameters
to be the same for the two samples.

5.9 Continuum background

The pdf used for modeling the background originating from continuum events is a decaying expo-
nential with effective lifetime 7, .
The resolution model is very similar to the one used for signal Byqg:

(6At — 0,)? ) N
sn([PK|) o At)?

(6At — 0y)? ) N
sw(|Pk|) o At)?

Rorr(0AL, oAt |pK|) = fnexp (2(

+ ’1 - fn - fo| ExTp <_2(

(6At — 0)*
+ fo ETp <_23(2) (29)
R, (0At, 0 At, |pk|) is convoluted with two exponentials:
. . AN
Rop (60,004 [pcl) = (1 fau) Rogs(0At o8t fic)) @ exp (20 ) +
" AL
+ far Rupg(68t, 0, [pis]) @ ap (- (30)

The basical difference with respect to the resolution model used in signal By,, events is that
the only parameters depending on |pk| are the widths of the narrow and wide gaussians:
Sz,1
|PK|

Pk

se([Pxl) = 20+ T =n,w
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5.10 ('P-eigenstates

A small subsample (of the order of 3 %) of our selected events originate from B® decays to C'P-
eigenstates (mostly BY — D*D*). Given that the probability of having a K+ is equal to the one
of having a K~ and that there is interference between mixing and decay, these events need to be
treated separately from the rest of By, B decays.

We model these decays with the usual pdf:

T
Fop—cigen = Ze—mtl (14 S.ppsin(AmgAt) £ Cepf cos(AmgAt)] (31)

where the + sign applies to By. tagged as a BY and - to B, tagged as a B°.

We take the same resolution model we use for the other BY By,q events.

Given the smallness of this sample, we fit the C.ys and Sy parameters to the Monte Carlo
and fix their values on the nominal fit to the data.

6 Validation on generic Monte Carlo

In this section, we describe the different steps of the validation of our fit model on Monte Carlo.
Besides the last sub-section, the samples used in this section correspond to generic Runl-4 Monte
Carlo.

Throughout this section, every fit is performed keeping |¢/p| — 1, AT", b and ¢ fixed to 0, that
is to the value used in the generation of generic MC.

We also report the values of tagging and reconstruction asymmetries; for the latter, we separate
the cases when the B;... lepton is an electron from the muon case.

The purpose of some of the fits which are shown here, is just to debug our machinery, therefore
we report the results even if a fit has not properly converged and the errors associated to the
parameters are not realistic.

6.1 Signal By, - true At, true tag

As a first step of the validation process, we fit signal By, events using the Monte Carlo truth for
both At and the flavor of By,g.

Table 6: Results of the fit to generic Runl-4 MC, using true At and the true flavor of Bi,y.

Parameter Generated value Fit result
TRO 1.540 1.5385 4 0.0008
Amy 0.489 0.4834 + 0.0002
Atag - 0.0084 (fixed)

Arec(e) - 0.0070 (fixed)
Arec(pt) - 0.0129 (fixed)

We let 750 and Amy as the only free parameters in the fit. Results are in good agreement with
expectations and are reported in table 6 and in figure 17.
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Figure 17: Fitted distributions for the four samples (top plots). The generated At value has been
used and By, has been tagged using the MC truth. Black dots correspond to the whole Biq
sample, while blue ones show the cascades component. The asymmetry is shown in the bottom
plot.
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6.2 Signal B,,, - true At, experimental tag

Table 7 and figure 18 summarize the results of the fit on signal By,, sample, using the MC truth
for At, but considering the experimental dilution.

Besides 730 and Amyg only the parameters Dy, D7 and Aw are left floating in the fit. Again,
the fit results are consistent with expectations.

Table 7: Results of the fit to generic Runl-4 MC, using true At and the flavor of By,4is determined
considering the experimental dilution.

Parameter Fit result
TRO 1.5380 + 0.0009
Amy 0.4788 + 0.0006
Atag 0.0088 (fixed)

Arec(e) 0.0050 (fixed)
Apec(pt) 0.0092 (fixed)

Dy 0.3590 £+ 0.0019
Dy 0.2372 £+ 0.0024
Aw -0.0083 £ 0.0005

6.3 Signal By, - measured At, true tag

We repeat the fit by using the Monte Carlo truth information for the flavor of By,, and the measured
value of At, leaving the parameters of the resolution floating. Results are reported in table 8 and
figure 19

Due to some problems in the final stages of the fit, the errors associated to the output parameters
are unrealistically small, but the shapes are correctly reproduced by the global pdf.

6.4 Signal B,,, - measured At, experimental tag

We now fit the By,, sample using the reconstructed At and the realistic tagging. All the parameters
separately left free in the two previous stages of the validation are floating.
The results are reported in table 9 and figure 20.

6.5 Signal D,,, - measured At, experimental tag
We apply the pdf and the resolution model described in section 5.3 to fit only signal Dy, events.
The generic Run1-4 Monte Carlo has been used; results are shown in table 10 and figure 21.

6.6 BB combinatorial - measured At, experimental tag

In this section we show (without numerical outputs) the results of the fits of each background
components, using the pdf’s and the resolution models described in section 5.
Figures 22-25 show the fitted distributions for the various BB combinatorial samples.
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Figure 18: Fitted distributions for the four samples (top plots). The generated At value has been
used, while the flavor of By,g is determined with the experimental dilution. Black dots correspond
to the whole By,, sample, while blue ones show the cascades component. The asymmetry is shown
in the bottom plot.
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Table 8: Results of the fit to generic Run1-4 MC, using true At and the true of Byqyis determined
considering the experimental dilution.

Parameter Fit result
TRO 1.5269 + 0.0001
Amy 0.4849 + 0.0001
Atag 0.0088 (fixed)

Arec(e) 0.0050 (fixed)
Arec(pt) 0.0092 (fixed)

fn 0.8990 =+ 0.0001
fo 0.0451 =+ 0.0001
On 0.0062 =+ 0.0001
Ow -0.1033 + 0.0001
0, 0.0000 (fixed)

51,0 0.5653 £ 0.0001
Sn,1 0.4063 =+ 0.0001
Suw,0 1.2140 + 0.0001
Sw,1 1.0339 + 0.0001
S0 28.172 + 0.0001
fao 0.3580 + 0.0001
TG1 0.1152 + 0.0001

TG2,0 1.1102 £+ 0.0001
TG2,1 -0.1463 £ 0.0001
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Table 9: Results of the fit to generic Runl-4 MC, using measured At and realistic tagging.
Parameter Fit result
TRO 1.5322 + 0.0002
Amy 0.4838 + 0.0003
Atag 0.0088 + 0.0003

Arec(€)  0.0050 £ 0.0003
Apec(p)  0.0092 + 0.0003

Dy 0.3915 + 0.0005
D 0.1735 + 0.0003
Aw -0.0087 =+ 0.0003
fa 0.9018 + 0.0001
fo 0.0318 + 0.0001
On 0.0181 + 0.0009
Ow -0.1442 + 0.0008
0o 0.0000 (fixed)
5n,0 0.5656 + 0.0022
Sn,1 0.3997 + 0.0019
5,0 1.2346 + 0.0012
Sw,1 1.0370 + 0.0010
S0 28.415 + 0.0251
Ja2 0.3684 + 0.0015
TG1 0.1183 + 0.0035
TG2.0 1.1115 + 0.0048
TG2,1 -0.1892 =+ 0.0044
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Figure 20: Fitted distributions for the four samples (top plots). The measured At value has been
used and the flavor of By,q is determined with the experimental dilution. Black dots correspond to
the whole By,4 sample, while blue ones show the cascades component. The asymmetry is shown in
the bottom plot.
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Table 10: Results of the fit to signal Dyq4 on generic Runl-4 MC, using measured At and realistic
tagging.
Parameter Fit result
Atag 0.0071 + 0.0006
Aprec(e) 0.0062 =+ 0.0008
Apec(p) 0.0122 4+ 0.0010

Dg 0.4083 (fixed)

Dy 0.1961 (fixed)

Aw -0.0092 (fixed)

Jnn 0.0980 + 0.0002
In 0.9237 + 0.0003
fo 0.0351 + 0.0003
Onn 0.0714 £ 0.0048
On, -0.1051 £ 0.0013
Oy -0.3251 £ 0.0136
0o 1.4675 £+ 1.1398
Snn 0.7028 £ 0.0017
Sn,0 0.6044 + 0.0009
Sn,1 0.4330 £ 0.0006
Sw,0 1.0922 £+ 0.0113
Sw.l 1.2415 + 0.0097
So 24.212 4+ 0.0034
Tnn 0.0441 + 0.0006
Tn 0.3992 + 0.0012
Tw 0.8403 + 0.0103
To,0 1.6898 £ 0.0002
To,1 0.0029 + 0.0002
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Figure 22: Fitted distributions for BB combinatorial B4 events.
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Figure 23: Fitted distributions for BTB~ combinatorial Biag events.
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Figure 24: Fitted distributions for B°B° combinatorial Dyqq events.
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Figure 25: Fitted distributions for B¥B~ combinatorial Dyqq events.
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6.7 Peaking B'B~ - measured At, experimental tag

Figure 26 shows the fitted distributions of peaking BTB~ By, events.

We fit the distributions of Dy, events coming from BT decays using the same model which
describes the signal Dy,q sample.

Figure 27 shows the At distributions of peaking Dy, events with overlayed the fitting function
obtained for the signal D;,, sample. It can be seen that the agreement is pretty good and justifies
the choice of using the same model for the two parameters.

6.8 Continuum background

We use the off-peak data sample to study the contribution of continuum events.
Table 11 and figure 28 show the results of a fit to off-peak Runl-4 events, using the pdf and
the resolution model described in 5.9.

Table 11: Results of the fit to off-peak events.

Parameter Fit result
Toff 0.4431 + 0.0055
fn 0.8097 + 0.0087
fo 0.0200 + 0.0006
On -0.0249 + 0.0050
Ow -0.1442 + 0.0283

Op 0. (ﬁxed)
5n,0 0.5840 + 0.0200
Sn,1 0.3610 + 0.0167
Sw,0 2.1348 + 0.0263
Sw,1 0.0000 + 0.0006
S0 6.1610 + 0.0001
Ja2 0.2997 + 0.3856
TGl 0.0000 £ 0.0025
TG2 0.1000 + 1.1033

6.9 ('P-eigenstates

We select from our generic Runl-5 B°BY Monte Carlo sample every decay of a B meson on the
tag side to any C P-eigenstate.

We fit this sample, as usual separately for the four different combination of lepton and kaon
charges, using the pdf of section 5.10. We keep the same parameters of the resolutions found for
generic Biqq events, and leave free only the two effective parameter governing the C'P behavior.

Numerical results can be found in table 12, while the plots are shown in figure 29.

We fix in the nominal fit Cepy and Sepy to the values we find in this section. Systematic
uncertainties will be estimated by varying those parameters inside an interval which covers our
uncertainty in their determination.
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Figure 26: Fitted distributions for B°B® peaking B4 events.

Table 12: Results of the fit to C P-eigenstates.

Parameter

Fit result

Cery
Sery

-0.0619 £+ 0.0147
-0.0367 £ 0.0041
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Figure 28: Fitted distributions for the four samples and the asymmetry for off-peak events.
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6.10 Test on Fitted Asymmetries

We validate the test on charge asymmetries performed on section 4.2, by comparing the fit results
for Arec(e), Arec(pr) and Ayqg obtained by separately fitting each of the eight Monte Carlo samples.
Results are shown in figures 30 and 31. The agreement we find for every sample is impressively

good, with deviations with respect to the average well within 2.5 o.

A, - electrons A, - muons

F a.as{
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Figure 30: Reconstruction asymmetries A,..(e) (left plot) and Aye.(p) (right) for the 8 Monte Carlo
samples. The red line represents the weighted average of the asymmetries.

7 Validation on Toy Monte Carlo

Given the very large number of events we select in our analysis, it is not possible to generate signal
Monte Carlo samples of adequate size. The validation of the fitting technique therefore proceeds

on Toy Monte Carlo generated data samples.

7.1 Continuum
Monte Carlo samples of continuum events are generated from real off-peak data events according

to the procedure which is explained in the following.
For each event, we consider the variables: |px|, At, cos(fx¢) and m?2. For each of the above
variables z;, we define a gaussian pdf G;(z;,0;), with mean value x; and width o;. The value of
o; is fixed for every event and is chosen empirically as the bin width of a histogram where the
statistical fluctuations of z; become evident. Each G;(x;,0;) is used to generate the variable .
With this procedure, the generated event, with variables (|px|’, At/, cos(fx¢), m2'), is close
to the original one in the 4-dimensional parameter space and the correlations between the variables

are preserved.
Figure 32 shows the comparison between the original distributions got from off-peak data events

and the generated ones for the four variables of interest.
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7.2 Toy MC with non-zero C'P-violating parameters

We generate several samples of Monte Carlo events with non-zero CP-violating parameters by
selectively discarding events from the initial generic MC sample.

The probability of keeping a BB event with generated difference of decay times of the two B
mesons Aty is computed from the ratio of the At pdf with non-zero C'P-violating parameters
with the original one (|¢/p| = 1, b = ¢ = 0). In order to avoid the divergences which arise where
the original pdf is zero and the modified one is not, we compute the ratio of the integrals of the
two pdf’s in 0.5 ps wide bins (significantly smaller than our resolution in At).

8 Validation on exclusively reconstructed B’ — D* (Tv events

In this section, we will use a high purity sample of exclusively reconstructed B® — D*~¢*v events
to test on data the modeling of Dy, events.

8.1 Selection of B® — D* /Tv events

A subsample of exlusively reconstructed B® — D*~¢Tv events can be selected inside our sam-
ple of B,.. mesons by reconstructing the DY decaying into the final states K*7—, K*7~ 7% and
Ktn—ntm=.

The candidate K is requested to pass the same LooseKaonMicro PID selector used for the
standard selection of the main sample and to have opposite charge with respect to the my,r;. The
mass of the D* candidate has to satisfy the cut 2.008 < mp« < 2.012 GeV/c? and the probability
of the charged DY daughters to originate from a common vertex must exceed 1 %. A mode
dependent cut on the mass of the DY candidate is applied: 1.845 < mpo < 1.880 GeV/c? (K),
1.850 < mpo < 1.880 GeV/c? (K7n®) and 1.855 < mpo < 1.875 GeV/c? (K3m).

As in the partial reconstruction case, we compute m?2 using equation (12). Given that in this
case the D* is fully reconstructed, the resolution on m? is considerably better. We do not apply
any cut on m2.

Kaon tracks originating from the DY decay are treated in the same way of candidate tag K
tracks in the main sample; the variables At, o(At) and cos(fxy) are computed in the same way.

Figure 33 shows the m2 and At distributions for the selected events in generic B’B° Monte
Carlo; the contribution from background is of the order of a few percent in all the three samples.
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