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The branching fractions and CP asymmetries of B~ — D°K ™ modes allow a theoretically-clean
way of measuring the CKM angle v. The “ADS method”[1][2] makes use of modes where the D°
decays in a doubly Cabibbo-suppressed (DCS) channel: D® — K™ x~. This is a powerful method,
but the corresponding decay is very rare, with a BR less then 2.8-1077 [3], and a large background
is present.

Using a sample of about 5 fb™! of data, we reconstruct the B — D% ¢ K signal and we perform
a measurement of the direct CP asymmetry for the DCS modes BY — D°7* and B¥ — D°K®.

We obtain, for the usual ADS parameters (definitions in the text):

Raps(m) = (4.1 + 0.8(stat.) & 0.4(syst.)) - 1072
Raps(K) = (22.5 + 8.4(stat.) + 7.9(syst.)) - 107°
Aaps(m) = 0.22 £ 0.18(stat.) + 0.06(syst.)

Aaps(K) = —0.63 £ 0.40(stat.) £ 0.23(syst.)

This is the first measurement of these quantities at a hadron collider and the results are in
agreement and competitive with measurements from other experiments.



I. INTRODUCTION

The partial widths of B~ — DK~ modes allow a thoretically-clean extraction of the CKM [4, 5] angle v =
arg(—VuaV.}, /VeaVy) by a variety of methods, depending on the specific DY decay channel involved [1, 2, 6-8].

The precision of current experimental data [9] is still far from theoretical uncertainties and is statistics—limited, so
the current knowledge of v can be significantly improved by the addition of further data.

All mentioned methods for extracting « from B~ — D°K~ modes require no tagging or time-dependent measure-
ments, and many of them only involve charged particles in the final state. They are therefore particularly well-suited
to analysis in a hadron collider environment, where the large production can be well exploited.

In this note we describe the reconstruction and analysis of modes where the D° decays to either K~ (Cabibbo-
favored mode, CF) or Kt7~ (doubly Cabibbo-suppressed mode, DCS). These modes allow measuring the following
useful parameters for the determination of angle v (“ADS method” [1, 2]):

R BR(B™ = [Ktn7|poK™) + BR(BT — [K~ 7T |poK™) (1)
APS T BR(B- — [K—7t|po K—) + BR(BY — [K+tn|poKT)
A _ BR(B™ = [KTn |poK~) — BR(BT — [K 7t po K) @)
APS = BR(B- — [K+7|poK—) + BR(BY — [K-—nt|peK+)
Aaps and Rapg are related to the angle v through these relations:
Raps =15 + 1% + 2rprg cosycos (6p 4 6p) (3)
AADS:QTBTDSin'YSiH((;BﬁL(SD)/RADS (4)

where rg = |A(b — u)/A(b — ¢)|, dp = arg[A(b — u)/A(b — ¢)], rp and dp are the corresponding amplitude ratio
and strong phase difference of the D meson decay amplitudes

We also measure Raps and A4ps for the B — D%r decay mode. As can be seen from the expression (4), the
maximum size of the asymmetry, for given values of 75 and 7p, is given by: Aaps(maz) = 2rgrp/(r% +r%) [9].
Using rp(m) ~ 0.01, a maximum value for the asymmetry of the 7 mode of about 30% can be achieved, while for the
K mode, using rp(K) ~ 0.1, we can have a maximum value of the asymmetry of about 90%.

We reconstruct and separate the relevant modes for this analysis using a simultaneous Likelihood fit, exploiting
mass and particle identification information provided by the specific ionization (dE/dx) in the CDF central drift
chamber.

II. DETECTOR AND TRIGGER

The CDF II detector [10] is a magnetic spectrometer surrounded by calorimeters and muon detectors. It provides
a determination of the decay point of particles with 15 pum resolution in the transverse plane using six layers of
double-sided silicon-microstrip sensors at radii between 2.5 and 22 cm from the beam. A 96-layer drift chamber
extending radially from 40 to 140 cm from the beam provides excellent momentum resolution, yielding approximately
8 MeV/c? mass resolution for two body charm decays. A three-level trigger system selects events enriched in decays of
long-lived particles by exploiting the presence of displaced tracks in the event and measuring their impact parameter
with o7ine-like 30 pm resolution. The trigger requires presence of two charged particles with transverse momenta
greater than 2 GeV /¢, impact parameters greater than 100 microns and basic cuts on azimuthal separation and scalar
sum of momenta.

III. DATA SAMPLE AND EVENT SELECTION

The analysis is performed on a sample collected by the CDF detector between February 2002 and June 2009,
corresponding to an integrated luminosity of ~ 5 fb~!. The trigger is based on precision track impact parameters
measured by SVT [11], and is designed to select hadronic B meson decays by requiring the presence of at least two
charged particles with significant impact parameters with respect to the interaction region.

Candidates for modes B~ — D7~ with D° — K~7F (CF mode) and the B~ — D%~ with D° — KT~ (DCS
mode) were reconstructed from a sample collected with the request of at least two tracks with pr > 2 GeV/c, 120 um
< |dp] < 1 mm and AP < 90° (AP is the transverse opening-angle between tracks). Either the two tracks from the
DP, or one track from the D° and one from the B may satisfy the trigger requirements.



Candidates for each particle decay tree are reconstructed according to a bottom—up strategy. This means that, for
example, in the case of B~ — D%, with D® — K—x1, at first we look for a track pair vertex that is compatible
with a D° decay with an invariant mass of the track pair required to lie in a mass range centered in the D® mass.
This, typically, suppresses the combinatorial background. We then combine the given D candidate with an additional
charged track (new vertex) to reconstruct a new candidate compatible with a B~ — DYt~ decay. The tracks are
fitted to a secondary vertex by applying mass and pointing constraints, at the same time they are forced to comply
with the proper vertex topology.

The invariant mass distributions of CF and DCS modes, with a nominal pion mass assignment to the track from B,
are reported in Figs. 1 and 2, where an obvious CF signal is visible, while the DCS signal appears to be buried in the
combinatorial background. Due to the smallness of the DCS Branching Ratio (~ 3.5- 1072 times the CF Branching
Ratio), the main issue for this analysis is the suppression of the combinatorial background.

The cuts optimization is focused on finding an evidence of the B — DY ¢m mode. Since the B — DY 7 mode has
the same topology of the DC'S one, we performed the cuts optimization on CF mode.

We choose the B — D%r signal region between 420 around B mass (5.243 GeV/c? < M(B) < 5.315 GeV/c?),
sideband subtracted, and, as background region, the mass window 5.4 GeV/c?> < M(B) < 5.8 GeV/c?, where only

S
combinatorial and no physics background appears. We maximized the figure of merit m [12], where S is the
+

signal and B the background number of events in the CF sample.
The optimized cuts are listed in Table 1.
Offline cuts on the tridimensional vertex quality X% p and on the B isolation are very important handles to suppress

combinatorial background. The B isolation variable is defined as I = —22B).__
pr(B)+> pr

contained in a cone in the 7 - ¢ space around the B meson flight direction. We chose two cones, one at radius 1 and
one at radius 0.4, because they produce a better signal-background separation than using one alone.

The Pointing Angle is defined as the angle between the 3-dimensional momentum of B and the 3-dimensional decay
lenght. Signal events will have small pointing angles, while background events will have larger angles.

The angular distribution of D is defined as the cosine of the angle between the D in the Center of Mass frame (CM)
of the B, and the flight direction of B.

where the sum runs over all tracks

dE/dzmeas — AE /AT czp ()

dE[dxeyp(K) — dE/deyp(m)’
measured specific energy loss of the particle in the drift chamber and the dE/dzc.p(7(K)) is the expected value for
the energy lost in the drift chamber in a given particle hypothesis (7 (K)), given the particle momentum. The average
of k respectively in pion and kaon hypothesis is < x >,= 0 and < kK >g= 1. We cut on the difference between
the kaonness of the kaon from DY and of the pion from D° (k(Kp) — k(mp)), to select D° — K events rejecting
DY — 7 events.
We cut on the D° decay length measured with respect to the B decay vertex (Lzy(D)g), which is not included in
the optimization procedure, but its value is chosen to suppress the physics background coming from B to three body
decay.
We have also three cuts on D° mass. The first is on the “correct” mass assumption of the tracks (Km) at +2 o.
This value is obtained from the cuts optimization procedure. The second is a veto cut on the “wrong” sign mass
assignment (7K). For each CF and DCS event, we calculated both the correct mass and the wrong sign mass; the
veto removes, in the CF sample, events peaking at the DCS mass, and in the DCS sample, events peaking at the CF
mass. The third is a veto on the D° invariant mass constructed with one track from D and the track from B. This
cut ensures that CF events which can have a peaking value of the D° mass, constructed with a track from B and the
kaon from D, also passing the DCS selection, are removed. The vice versa is also applied.

The resulting invariant mass distributions of B~ — D%~ — [K~nT|pn~ (CF) and B~ — D%~ — [K*n~|pn~
(DCS), with pion mass assignment to the track from B, were reported in Figs. 3 and 4.

The combinatorial background is almost reduced to zero.

The variable k, called “kaonness”, is defined as k = where the dE/dxeqs is the

IV. SAMPLE COMPOSITION FIT

Our goal is to measure the relative yields of B~ — D%Csh_ with respect to B~ — D%Fh_ (h = K,7) and the
DCS charge asymmetries. To this purpose, we perform an unbinned maximum likelihood fit which combines invariant
mass and Particle IDentification (PID) information for all modes of interest simultaneously.

Fig. 5 shows the contribution to physics background from other B modes, obtained from a generic B Montecarlo
sample, in the CF reconstruction. A single component dominates the background in the mass region of the DK signal:
the mode B~ — D% 7~ where a soft v or ¥ from D% decay was lost. We use, as lower mass fit limit, 5.17 GeV/c?
in order to ensure that contributions other than B~ — D7~ and B~ — D% 7~ were negligible. The presence of a



pion in this background, allows exploiting the dE/dx information on the B track as a handle in separating them from
the DK signal.

Since the combinatorial background, after the optimization, is very low, we need a sufficient lever arm to model
correctly its slope and its normalization: so we choose 6.5 GeV/c? as maximum mass fit limit.

For what concern the DCS backgrounds, we find contributions coming from the following modes:

e B~ — D%, with D° — X;
e B~ — DK~ with D° = X;
e B- - K ntn—;
e BY - D" eTve.

We perform a simultaneous fit for the two channels, the Cabibbo Favored mode (B~ — D°K~ — [K~nt]K~) and
the Doubly Cabibbo Suppressed mode (B~ — D°K~ — [KTn~]K~). The structure of the Likelihood, described
below, is the same for both channels.

The fraction of the physics background (B~ — D% 7~) with respect to the B~ — D%z~ signal is common to the two
modes. The simultaneous fit allows us to take advantage of the higher statistics channel to constrain the common

parameters in a consistent way. Also signal and background templates are common.
The discriminating observables used in the fit are the following;:

e Mpo,: the invariant mass assigning the pion mass at the track from B.

e The “kaonness” k which contain the dE/dx information for the track from B. The particle identification in the
fit is used only for the track from B to distinguish between B — DK and B — D7 modes. The distribution of
kaonness  is crosschecked with the two tracks from the DY which are unambiguosly identified from kinematics.

The expression of the Likelihood is:
L=Lcr+ Lor--Lpes+ Lpos— (5)

where Lopy and Lop— are the components for CF sample, positive and negative charges respectively, while Lpcs+
and Lpcg— are the component for DCS sample, for positive and negative charges.
They are defined as:

Nevents
Lory = [ [ =bery) - (FE7F  pdfe(M, k) + <t - fE7F - pdfp.(M, k) +
+ (L= f7T0 =™ f7T) - pdfi (M k) + beps - pdfeomb(M, 1))
with a similar expression for Lop_, and:

Nevents
Lpcs+ = H [(1—bpest) - (fPO5T - pdfa(M, k) +ct - fPOST  pdfp. (M, k)+

+ (1 o fﬂl_)CSJr o c+ . f,?CSJr) ~pde(M, fi)) +
+bpos+ - (f[}rqﬁ pdfix) (M, K) + fix i - PAfix ) + Frenn - PAfcrn (M, 1)+
fgo 'pdeO(M, H) + (1 - f[-;qﬂ. - f&]K - f[-’(_ﬂ—ﬂ— - fgo) 'pdfcomb(M; H))i|

with a similar expression for the Lpcg—.

The parameters bopy, bor—, bpos+ and bpos— are the fractions of the background for each mode and charge. In
the CF likelihood the only background considered is the combinatorial, for which we use a single pdf.omp for both
positive and negative charges. For the DCS background we are considering the combinatorial (with the same pdf of
CF mode) plus B — Knn (of which the fraction is f%m and the pdf is pdfirr), plus B — D1 with D° — X (of
which the fraction is f[j)[(]w and the pdf is pdf(x|.), plus B — DYK with D° — X (of which the fraction is f[qu and
the pdf is pdfix)x), plus B — D~ et v, (of which the fraction is f§0 and the pdf is pdfpgo).

For the signal we are using the same functional expression for CF and DCS modes. fC¢#P¢9% is the fraction of

B — D°r CF, DCS, positive and negative charges. c¢* is the common parameter for CF and DCS likelihood and
corresponds to the ratio between B — D*m over B — DO,



The fraction of B — DK is written as (1 — fr — ¢+ fr). This expression means that we measure the DK fraction
starting from the D fraction.

The pdfs are functions of the Mass (M) in D%7 hypothesis and of Particle Identification (). They are different for
each decay, but equal in CF and DCS Likelihoods. The pdf (k) is obtained using a sample of kaons and pions from
D - K7t decays.

We describe the shape of the combinatorial background using an exponential. We verified that this parameterization
is correct in B events in the D° mass sidebands. The slope of the exponential is then determined by the fit.

The PID pdf for the combinatorial background was obtained in the assumption that it is dominated by pions and
kaons:

a - pdfz(k) + (1 — a) - pdfx (k) (6)

where a is the fraction of pions in the combinatorial background and is left free to float in the central fit.

V. FIT RESULT

The raw number of events obtained by the maximum Likelihood fit are reported in Tables II and III for the signals,
and IV and V for the backgrounds.

We report the plots of fit projections on Mpo, and  for the CF (Figs. 6 and 7) and DCS samples (Figs. 8 and 9).
In Figs. 10 the logarithmic scale of the DCS plots shows the backgrounds contributions.

The raw fit results are then corrected for detector effects. The only correction needed by the direct CP-asymmetry
Asps(K) and the branching fraction Raps(K) is due to different probability for K+ and K~ to interact with

the tracker material. This effect is reproduced rather well by GEANT [14]. The asymmetry %ﬁg = 1.0178 &+

0.0023(stat.) £ 0.0045(syst.) [15] is estimated with a careful study on a large Monte Carlo sample. The corrected
results are as follows:

Nraw(B™ = DYoo K—) - B0 4 N (BY = DY oK)

e(K-) -3
Raps(K) = = [22.5+ 8.4 (stat.)] - 1077, (7)
Nyaw(B™ = D&pK =) - S5 4 Ny (BY — DEpK )
Nyaw(B~ = DY oK) B N (B = DY K )
Aaps(K) = : e : — —0.63 % 0.40 (stat.). ®)
Nraw(B~ = DK ) - S5 + Neaw(B+ = DY gK¥)
The results for the other two observables are:
wa(37 — DODcsﬂi) + wa(BJr — DODCSWJF) -3
R — = [4.14+0.8 (stat.)] - 1072, 9
ADS() = TN (B = DL ) & Mol BF = DY) | ot ¥
Nraw(B™ = DY o) — Npaw(Bt — DY ont)
A = v DCS raw DCS =0.22 4+ 0.18 (stat.). 10
aps(m) = g B D% st ) + Nyaw(B+ — DO omt) (stat.) (10)

VI. SYSTEMATICS UNCERTAINTIES

We have considered the following sources of systematics uncertanties:

e dE/dx induced systematics. We have repeated the fit varying the parameters of the dE/dx templates used
in the fit, randomly in a 1o and 20-radius multidimensional sphere in the space of the parameters of dE/dx
calibrations. This method is described in [16], [17], [18].

e Combinatorial background mass model systematics. Our central fit assumes a mass-shape of the combinatorial
background events distributed as an exponential function. We verified that the shape is exponential also under
the B peaks, using B events in the D° sidebands (30). We varied the fit range from [5.17,6.5] to [5.17,5.8]
GeV/c2.



e Physics background mass model systematics. We varied the shape of the physics background.

— B~ — D% with D° =+ X
The mass shape is parametrized with a gaussian, we varied the mean and the width of +1o.

— B~ — DK with D° —+ X
We parametrized the mass shape with a gaussian, we varied the mean and the width of the gaussian of
+lo.

- B s K ntn~
We parametrized the mass shape with two gaussians. We varied the mean and the width of the second
gaussian, that is the one goes under the B signal peaks, of +10.

- B> Di"etr,
We parametrized the mass shape with two gaussians. We varied the mean and the width of the second
gaussian, that is the one goes under the B signal peaks, of +10.

— B~ — D0~
We parametrized the mass shape with three gaussians plus an exponential. We varied the slope of the
exponential of +1o.

e Uncertainty on the K~ /K™ efficiency. The uncertainty on the efficiency is used to evaluate a systematic error
on the observables.

e Fit bias. We found small biases in the maximum likelihood fit. We measured these biases by repeated fits on
simulated sample and we added the values as systematic errors.

A summary of all systematics is reported in Table VI. The total systematic uncertainty on each measurement is
determined as the sum in quadrature of all systematic uncertainties.

VII. RESULTS

We recontructed the DCS signals B — D7 and B — D°K with a total significance greater than 5 o.
Using 5 fb~! of data we measure:
BR(B~ — D%,c47") + BR(B* — D},ognt)

BR(B~ — D2pn~) + BR(B* — D% nt)

Raps(m) =

=[4.140.8 (stat.) + 0.4 (syst.)] - 1073

BR(B~ = D},osK ™) + BR(BY = D)o gK*) _

Raps(K) =
aps(K) BR(B- — D%, K~) + BR(BT — D%, K+)

= [22.5+ 8.4 (stat.) £ 7.9 (syst.)] - 107>

Anps(m) = BB~ = DY) — BR(BT — DY ont)
™) = =
ADS BR(B— — DY, ¢m~) + BR(B* — D% g7F)

=0.22+0.18 (stat.) £ 0.06 (syst.)

Aups(K) = BB~ = DbosK™) = BR(B* = DhosK*) _
BR(B~ — D%,sK~) + BR(B* — D}, sK")

= —0.63 £ 0.40 (stat.) £ 0.23 (syst.)

These quantities are measured for the first time in hadron collisions. The results are in agreement with existing
measurements performed at Y (45) resonance (Figs. 11-14). These measurements can be combined with other B~ —
DK~ decay parameters to improve the determination of CKM angle 7.
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Value

Parameter
B decay length significance: M > 12
0Ly (B)
B impact parameter: |do(B)| < 0.005 cm
B tridimensional vertex quality: x3p <13
B Isolation (Cone 1): Isol: >04
B Isolation (Cone 0.4): Isolo.4 > 0.7
B pointing angle: PA(B) <0.15
L.y(D)B >0.01
AR = \/A®? + An? between the track from B and the D°: AR <15
D angular distribution: |cos(85)| <0.6
Difference k(Kp) — k(D) > -1
D° mass in K7 hypothesis: 1.8495 < M (D) < 1.8815
D mass in 7K hypothesis: M(DYys) < 1.8245, M(DY,g) > 1.9045
D mass in K7p hypothesis: M(Dr,) < 1.8245, M(D%,,.) > 1.9045

TABLE I. Optimized cuts.

Decay | yield
Bt - D'nT CF [8872 + 103
B~ — D%~ CF |8804 + 103
BY DK+t CF | 727 +47
B~ - DK~ CF | 785+ 49
BY 5 D'zt DCS| 29+ 10
B~ — D%~ DCS| 44 +12
B* 5 D'K* DCS| 28+11
B~ - DK~ DCS| 6+8

TABLE II. Raw results from the maximum likelihood fit for the signal events, separated charge.

Decay | yield
Bt 5 D’nt e CF 17677 + 146
B* 5 D'K* +cec CF | 1513468
Bt = Dnt +ce. DCS| 73416
Bt 5 DK+ +ce. DCS| 34+14

TABLE III. Raw results from the maximum likelihood fit for the total signal events.



Decay | Yield

BT = D%xt CF 307 £ 30
B~ = D" x" CF 365 + 33
BT — D%zt DCS 1+1
B~ = D x~ DCS 241

BT - Dt with D° - X | 45+9
B~ - D%~ with D° - X | 45+9
Bt - DKt with D° = X| 2+1
B™ > DK~ with D° = X| 2+2

Bt - Ktn—nt 9+3
B™ - K nat 9+3
B = D} etrve 242
B = Dite v 242

TABLE IV. Raw results from the maximum likelihood fit for the background events, separated charge.

Decay | Yield
BT - D% nT +¢c.c CF 672 + 45
BT - D%zt 4+ c.c DCS 3+2

BT — D% ™" + c.c with D° — X | 90 + 13

BT - D°K* + cewith D° —» X| 443
Bt 5 Ktr nt +cec 18+4
B° = Dy etve+cec 4+3

TABLE V. Raw results from the maximum likelihood fit for the total background events.

Source Raps(m)|Raps(K)|Aaps(m)|Aaps(K)
dE/dx 0.0001 0.0050 0.0560 0.070
combinatorial background| 0.0003 0.0037 0.0073 0.153
B~ — [X]|pw~ shape 0.0002 0.0025 0.0067 0.057
B~ — [X|pK~ shape - 0.0001 0.0003 0.003
B~ = K~ r"rn~ shape | 0.0001 0.0004 0.0049 0.009
B® — D}~ eTv. shape - 0.0003 0.0020 0.007

B~ — D*°1~ shape - 0.0005 0.0009 0.013
efficiency - 0.0001 - 0.003

bias 0.0001 0.0042 0.0159 0.148

Total 0.0004 | 0.0079 0.059 0.232

TABLE VI. Systematics summary.
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FIG. 1. Invariant mass distribution of B~ — D%r~ with D® — K~ n" (Cabibbo-favored mode) before the optimized cuts.
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cuts.
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FIG. 6. Fit projection onto the mpo, variable for the Cabibbo-favored mode, positive charges (top) and negative charges

(bottom).
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FIG. 8. Fit projection onto the mpo, variable for the doubly Cabibbo-suppressed mode, positive charges (top) and negative

charges (bottom).
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