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Measurements of branching fraction ratios and CP asymmetries in B* — Dop K™
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We reconstruct B¥ — DK™* decays in a data sample collected by the CDF II detector at the
Tevatron collider corresponding to 1 fb~! of integrated luminosity. We select decay modes where
the D meson decays to either K~ 7t (flavor eigenstate) or K~ KT m~ 7t (CP-even eigenstates),
and measure the direct CP asymmetry Acpy = 0.39 £0.17(stat) = 0.04(syst), and the double ratio
of CP-even to flavor eigenstate branching fractions Repq = 1.30 £ 0.24(stat) £ 0.12(syst). These
measurements will improve the determination of the Cabibbo-Kobayashi-Maskawa angle . They
are performed here for the first time using data from hadron collisions.
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The measurement of CP asymmetries and branch-
ing ratios of B~ — DK~ ﬂ] decay modes allows a
theoretically-clean extraction of the CKM angle v =
arg(—VuaV.h /VeaVy), a fundamental parameter of the
standard model [2]. In these decays the interference be-
tween the tree amplitudes of the b — cus and b — ucs
processes leads to observables that depend on their rela-
tive weak phase (7), their relative strong phase (0p), and

the magnitude ratio rp = ‘% . These quantities can

all be extracted from data by combining several experi-
mental observables. This can be achieved in several ways,
from a variety of D decay channels [315].

An accurate knowledge of the value of -y is instrumental
in establishing the possible presence of additional non-
standard model CP-violating phases in higher-order dia-
grams ﬂa, B] Its current determination is based on a com-
bination of several B — DK measurements performed in
ete collisions at the Y (4S) resonance [§10] and its un-
certainty is between 12 and 30 deg, depending on the
method ] This uncertainty is almost completely de-
termined by the limited size of the data samples avail-
able, with theoretical uncertainties playing a negligible
role (~ 1%). The large production of B mesons available
at hadron colliders could offer a unique opportunity to
improve the current experimental determination of the
angle v. However, the feasibility of this kind of mea-
surement in the larger background conditions of hadronic
collisions has never been demonstrated.

In this paper we describe the first measurement of
the branching fraction ratios and CP asymmetries of
B~ — DK™ modes performed in hadron collisions, based
on an integrated luminosity of 1 fb=! of pp collisions at
Vs = 1.96 TeV collected by the upgraded Collider Detec-
tor (CDF II) at the Fermilab Tevatron. We reconstruct
events where the D meson decays to the flavor-specific
mode K~n (DY), or to one of the CP-even modes

K Ktand 7" [Depy = (D° —1—50)/\/5]. From these

modes, the following observables can be defined:

8(37 — DCP+K7) — B’(BJr — DCP+K+)

8(37 — DCP+K7) + B’(BJr — DC’P+K+),
(1)

Acpt+ =
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B(Bi — DCP+K7) + B(lgJr — DCP+K+)
B(B~ — DYK~) + B(B*+ — D K*+) o
2

With the assumption of no CP violation in D° decays,

Repy =2

and neglecting pO-D’ mixing m], these quantities are
related to the CKM angle v by the equations B]

Repy = 1+ 1% 4 2rcosdp cos 7, (3)
Acpy =2rpsindpsiny/Ropy. (4)

For our measurements we adopt the usual approx-

imation Ropy ~ R—R+, which is valid up to a term
T |VUS‘/Cd/Vud‘/cs| ~ (.01 ], where

p . BB = DYKT) 4 BB - DyK™) -
B(B~ — D%n~) + B(B+ — Dyn+)
B(B~ — Dopy K~) + B(BY — Depr KT)

Ry = . (6
* B(B— — Dopyn—) + B(BT — Dopynt) ©)

The CDF II detector is a multipurpose magnetic spec-
trometer surrounded by calorimeters and muon detec-
tors. The components relevant for this analysis are briefly
described here. A more detailed description can be found
elsewhere [14]. Silicon microstrip detectors (SVX II and
ISL) [15] and a cylindrical drift chamber (COT) [16] im-
mersed in a 1.4 T solenoidal magnetic field allow recon-
struction of charged particles in the pseudorapidity range
| 7 |< 1.0 [17). The SVX II detector consists of mi-
crostrip sensors arranged in five concentric layers with
radii between 2.5 and 10.6 cm, divided into three con-
tiguous sections along the beam direction z, for a total
length of 90 cm. The two additional silicon layers of
the ISL help to link tracks in the COT to hits in the
SVX II. The COT has 96 measurement layers between
40 and 137 cm in radius, organized into alternating ax-
ial and +2° stereo superlayers, and provides a resolu-
tion on the transverse momentum of charged particles
opr/Pr =~ 0.15% pr/(GeV/c). The specific energy loss
by ionization (dE/dz) of charged particles in the COT
can be measured from the collected charge, which is en-
coded in the output pulse width of each sense wire.

Candidate events for this analysis are selected by a
three-level trigger system. At level 1, charged par-
ticles are reconstructed in the COT axial superlayers
by a hardware processor, the extremely fast tracker
(XFT) ﬂﬁ] Two oppositely charged particles are re-
quired, with transverse momenta pr > 2 GeV/c and
scalar sum pr1 +pra > 5.5 GeV/e. At level 2, the silicon
vertex trigger (SVT) [19] associates SVX II 7 — ¢ position
measurements with XFT tracks. This provides a precise
measurement of the track impact parameter, dy, which is
defined as the distance of closest approach to the beam
line. The resolution of the impact parameter measure-
ment is 50 pum for particles with py of about 2 GeV/e,
including a ~ 30 pm contribution due to the transverse
beam size, and improves for higher transverse momenta.
We select B hadron candidates by requiring two SVT



tracks with 120 < dy < 1000 pum. To reduce background
from light-quark jet pairs, the two trigger tracks are re-
quired to have an opening angle in the transverse plane
2° < A¢ <90°, and to satisfy the requirement L, > 200
pm, where L, is defined as the distance in the transverse
plane from the beam line to the two-track vertex, pro-
jected onto the two-track momentum vector. The level 1
and 2 trigger requirements are then confirmed at trigger
level 3, where the event is fully reconstructed.

Reconstruction of B~ hadrons begins by looking for a
track pair that is compatible with a D° decay. The in-
variant mass (Mp) of the pair is required to be close to
the nominal D mass (1.8 < Mp < 1.92 GeV/c?). Thisis
checked separately for each of the four possible mass as-
signments to the two outgoing particles: KTr—, K—7t,
K*K~ and 7t7~. The D° candidate is combined with
a negative charged track in the event with pp > 0.4 GeV
to form B~ candidates. A kinematic fit of the decay is
performed by constraining the two tracks forming the D
candidate to a common vertex and to the nominal D°
mass, the D candidate and the remaining track to a sep-
arate vertex, and the reconstructed momentum of the
B~ candidate to point back to the luminous region in
the transverse plane.

To complete the selection, further requirements are ap-
plied on additional observables: the impact parameter
(dp) of the reconstructed B candidate relative to the
beamline; the isolation of the B candidate (I5) [20]; the
goodness of fit of the decay vertex (x%); the transverse
distance of the D, both relative to the beam [L,,(D)]
and to the B vertex [L,,5(D)], and the significance of
the B hadron decay length [L.,(B)/or,,)]- We chose
the requirement L,,z(D) > 100 pm to reduce contami-
nation from (nonresonant) three-body decays of the type
BT — hTh™h™ (from here on, we will use h to indicate
either K or 7), in which all tracks come from a common
decay vertex. In addition, we reject all candidates com-
prising a pair of tracks with an invariant mass compatible
with a J/v — p*tp~ decay within 20. The threshold val-
ues for all other requirements, whose purpose is to reduce
combinatorial background, were determined by an unbi-
ased optimization procedure aimed at achieving the best
resolution on Acpy. This resolution was parametrized as
a function of the expected signal yield S and background
level B, by performing repeated fits on samples of sim-
ulated data extracted from the same multidimensional
distribution used as likelihood function in the fit [Eq.
[7]. For each choice of thresholds, the signal S was deter-
mined by rescaling the number of observed B~ — D?cﬂ",
and the background B was determined from the upper
mass sidebands of each data sample (5.4 < Mp < 5.8
GeV/c?). Based on this optimization procedure, we
adopted the following set of requirements: Ig > 0.65,
X5 < 13, dg < 70 pm, L.y(B)/or,, 8y > 12, and
L;y(D) > 400 pm.

For every B~ — Dh™ candidate, a nominal invariant
mass is evaluated by assigning the charged pion mass to

the particle A~ coming from the B decay. The distri-
butions obtained for the three modes of interest (D —
Kn, KK or 7r) are reported in Fig. [l A clear B~ —
Dn~ signal is seen in each. Events from B~ — DK~
decays are expected to form much smaller and wider
peaks in these plots, located about 50 MeV /c? below the
B~ — Dn~ peaks, and as such cannot be resolved. The
dominant residual backgrounds are random track combi-
nations that meet the selection requirements (combina-
torial background), misreconstructed physics background
such as B~ — D*O7~ decay, and, in the D° — KK fi-
nal state, the nonresonant B~ — KTK K~ decay, as
determined by a study performed on CDF simulation.

We used an unbinned likelihood fit, exploiting kine-
matic and particle identification information from the
measurement of dE/dz in a similar way to [21], to sepa-
rate statistically the B~ — DK~ contributions from the
B~ — Dz~ signals and from the combinatorial back-
ground. To make best use of the available information,
we fit the three modes simultaneously using a single like-
lihood function, to take advantage of the presence of pa-
rameters common to the three modes.

The likelihood function is

L= JJa-v)> fLLl™ +ockmci™ (1)

? J

where ¢ labels combinatorial background quantities, b
is the combinatorial background fraction, and £X" and
LPP are defined below. The index j runs over the
modes B~ — DK~, B~ — Dn~, nonresonant B~ —
KtK~-K~ and B~ — 77~ K~, and B~ — D*0r—
(where a soft v or 7° from the D*Y is undetected) and
f; are the fractions to be determined by the fit. The
fraction of the physics background (B~ — D*97~) with
respect to the signal is common to the three decays and
the fraction of the B~ — D¢gpym™ is common to the
two Dep modes. As determined from simulation, these
modes are the only significant contributions within the
mass range 5.17 < M < 5.60 GeV/c? chosen for our fit.

Kinematic information is given by three loosely cor-
related observables: (a) the mass Mp,, calculated by
assigning the pion mass to the track from the B decay;
(b) the momentum imbalance «, defined as

if Ptr < PD;
if pterD;

a = 1_ptr/pD>0
a = —(1—=pp/pu) <0

where py- is the momentum of the track from the B
candidate; and (c) the scalar sum of the D momentum
and the momentum of the track from the B candidate
(ptot = pir + pp). The above variables uniquely iden-
tify the invariant mass Mp g evaluated with a kaon mass
assignment to the track from the B decay, through the
(exact) relations [23)]
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FIG. 1: Invariant mass distributions of B~ — D7~ candidates for each reconstructed decay mode. The pion mass is assigned
to the charged track from the B candidate decay vertex. The projections of the common likelihood fit (see text) are overlaid

for each mode.

2 2 2 2 2 p%ot Prot(1 — ) ’ 2 prot(l — @) ’
MDK:MDﬂ+m,,—mK+2 mD+m msx + ﬁ — mK—|— ﬁ

if a > 0;

M2, = M2, 2 2 42 2
DK Dx +mM mg + mp + 2t a

if a <0.

Using these variables,
Pj(MDﬂ'|aapt0t)Pj(aaptot) and J
P;(dE/dx|o, prot), where P; is the probability den-
sity function for decay mode j. Distributions of the
kinematic variables for the signals are obtained from
samples of events from the full CDF simulation, while
for the combinatorial background they are obtained
from the mass sidebands of data. The shape of the mass
distribution assigned to each signal process (B~ — Dn~
and B~ — DK~ decays) has been modeled in detail
from a dedicated study including the effect of final
state QED radiation ﬂﬁ] The simulation results were
tested on high-statistics data samples of DY decays, in
order to ensure the reliability of the extraction of the
DK~ component in the vicinity of the larger D7~ peak.
Exponential functions were used to model the mass
distribution of combinatorial background for each mode.
The normalization and the slope of these functions are
independently determined in the maximum likelihood
fit.  The particle identification (PID) model of the
combinatorial background allows for pion and kaon
components, which are free to vary in the fit.

we can write E?i“ =
[PID

A large sample of D** — D%(— K~a )7 " decays was
used to calibrate the dF/dz response of the detector to

ptot(l + «

)) <\/(m$, + (ﬁ—;f _ \/mi(-i- (ﬁ—;)j

kaons and pions, using the charge of the pion in the D**
decay to determine the identity of the D° decay products.
The calibration includes the dependence of the shape and
the average of the response curve on particle momentum,
and the shape of the distribution of common-mode fluc-
tuations. The calibrated dE/dz information provides a
1.5 o separation power between pion and kaon particles
of pr > 2 GeV/c. Uncertainties on the calibration pa-
rameters are included in the final systematic uncertainty

of Acer and RC’PJr @]

The B~ — DK~ and B~ — D7~ signal event yields
obtained from the fit to the data are reported in Table[ll
The fraction of the B~ — 777~ K~ was set by the fit to
its lower bound at zero, compatible with the expectation
of a negligible contribution, and will be ignored in the
following. The uncorrected values of the double ratio
of branching fractions Rcp4 and of the CP asymmetry
Acpy obtained from the fit are Rep+ = 1.27£0.24 and
Acp+ = 0.39 £ 0.17. In the fit, Repy and Acpy are
functions of the fractions [f; in Eq. [ and the total
number of events in each subsample.

As a check of the goodness of the fit, and to visualize
better the separation between signal and background, we



TABLE I: B~ — DK~ and B~ — D7~ event yields obtained from the fit to the data.

D mode BY —» Dnt B~ — D~ BT - DK' B- - DK~ BT - [h hT]KT B~ — [h hT]K

K7t 3769 £68 3763+68 250+ 26
KTK~ 381425 399 +26 22+ 8
atnT  101+13 117+ 14 6+6

266 £ 27 - -
49+ 11 3£1 3£1
14£6 - -

plot distributions of the relative signal likelihoods:

B pdf(B — DK)
~ pdf(B — DK) + pdf (background)

RL (8)

where pdf (B — DK) is the probability density under the
signal hypothesis, and pdf (background) is the probability
density under the background hypothesis (including both
physics and combinatorial backgrounds, with their mea-
sured relative fractions). These distributions are com-
pared to the prediction of our fit in Fig. Bl showing a
very good agreement. In addition, we plot projections of
the fit on the invariant mass distributions, both for the
entire sample (Fig. [l), and for a kaon—enriched subsam-
ple, where the interesting B~ — DK~ components have
been enhanced with respect to the B~ — D7~ by means
of a dE/dx cut (Fig. ). All these projections show very
good agreement between our fit and the data.

Some corrections are needed to convert our fit re-
sults into measurements of the parameters of interest.
First, we correct for small biases in the fit procedure it-
self, as measured by repeated fits on simulated samples:
§(Rep+) = —0.027+0.005 and 6(Acpy) = 0.01540.003.
These biases are independent of the true values of Acpy
and Rcpy used in the simulated samples. Rgpy does
not need any further corrections because detector ef-
fects cancel in the double ratio of branching fractions.
The direct CP asymmetry Acps+ needs to be corrected
for the different probability for K™ and K~ mesons to
interact with the tracker material. This effect is re-
produced well by CDF II detector simulation (traced

by GEANT [24]), which yields an estimate :E%t; =
1.0178 4 0.0023(stat) + 0.0045(syst) [25] which has been
verified by measurements on data |26].

The corrected results are

Repy = 1.30 £ 0.24(stat),

Acpy = 0.39+ 0.17(stat), (10)

where Agpy was corrected using the following equation:

_ N e(KT
N(B™ = Dgp K )egi}i—;

— _\e(K+
N(B~ = D%, K- )<=

— N(BY = D¢p, KT)
+ N(Bt — DY K+)
(11)

Acpy =

Systematic uncertainties are listed in Table [Il They
were determined by generating simulated samples of

pseudoexperiments with different underlying assump-
tions, and checking the effect of such changes on the
results of our measurement procedure. The dominant
contributions are uncertainty on the dE/dz calibration
and parametrization, uncertainty on the kinematics of
the combinatorial background, and uncertainty on the
physics background (B~ — D*°7~) mass distribution.
Variations in the model of the combinatorial background
included different functional forms of the mass distribu-
tion, and alternative («, pior) distributions, constrained
by comparison with real data in the mass sidebands.

Smaller contributions are assigned for trigger efficien-
cies, assumed B~ mass input in the fit ﬂﬂ] and kinematic
properties of signal and physics background.

TABLE II: Summary of systematic uncertainties.

Source Rcp4+ Acr+

dE /dz model 0.056 0.030

D*°7 mass model 0.025 0.006

Input B~ mass to the fit 0.004 0.002
Combinatorial background mass model 0.020 0.001
Combinatorial background kinematics 0.100 0.020
D kinematics 0.002 0.001

DK kinematics 0.002 0.004

D*°7 kinematics 0.004 0.002

Fit bias 0.005 0.003

Total (sum in quadrature) 0.12  0.04

In summary, we have measured the double ratio of
CP-even to flavor eigenstate branching fractions [Eq. 2]
Repy = 1.30 + 0.24(stat) £ 0.12(syst) and the direct
CP asymmetry [Eq. 0 Acpy = 0.39 + 0.17(stat) +
0.04(syst). These results can be combined with other
B~ — DK~ decay parameters to improve the determi-
nation of the CKM angle . These measurements are
performed here for the first time in hadron collisions, are
in agreement with previous measurements from BaBar
(Repy+ =1.06+0.10£0.05, Acpq = 0.2740.0940.04 in
348 fb~! of integrated luminosity [d]) and Belle (R¢cpy =
1.13+£0.1640.08, Acp, = 0.06 £0.1440.05 in 250 fb~!
of integrated luminosity [10]) and have comparable un-
certainties.
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FIG. 2: Relative likelihood for B~ — DK~ candidates for each reconstructed decay mode. The points with the error bars
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FIG. 3: Invariant mass distributions of B~ — D7~ candidates for each reconstructed decay mode. The pion mass is assigned
to the prompt track from the B decay. A requirement on the PID variable was applied to suppress the D7 component and
favor the DK component. The projections of the likelihood fit for each mode are overlaid. The p—value for agreement of data
with the fit is 0.95

Acknowledgments tions. This work was supported by the U.S. Department

of Energy and National Science Foundation; the Italian

Istituto Nazionale di Fisica Nucleare; the Ministry of

We thank the Fermilab staff and the technical staffs Education, Culture, Sports, Science and Technology of
of the participating institutions for their vital contribu- Japan; the Natural Sciences and Engineering Research



Council of Canada; the National Science Council of the
Republic of China; the Swiss National Science Founda-
tion; the A.P. Sloan Foundation; the Bundesministerium
fir Bildung und Forschung, Germany; the Korean Sci-
ence and Engineering Foundation and the Korean Re-
search Foundation; the Science and Technology Facilities

Council and the Royal Society, UK; the Institut National
de Physique Nucleaire et Physique des Particules/CNRS;
the Russian Foundation for Basic Research; the Ministe-
rio de Ciencia e Innovacién, and Programa Consolider-
Ingenio 2010, Spain; the Slovak R&D Agency; and the
Academy of Finland.

[1] The charge conjugate state is implied throughout the pa-
per, except in formulas and sentences where both are
mentioned explicitly.

[2] M. Kobayashi and T. Maskawa, Prog. Theor. Phys.
49(2), 652 (1973); N. Cabibbo, Phys. Rev. Lett. 10, 531
(1963).

[3] M. Gronau and D. Wyler, Phys. Lett. B 265, 172 (1991);
M. Gronau and D. London, Phys. Lett. B 253, 483
(1991).

[4] D. Atwood, I. Dunietz and A. Soni, Phys. Rev. D 63,
036005 (2001); D. Atwood, I. Dunietz and A. Soni, Phys.
Rev. Lett. 78, 3257 (1997).

[5] A. Giri, Y. Grossman, A. Soffer, and J. Zupan, Phys.
Rev. D 68, 054018 (2003).

[6] R. Fleischer, Phys. Lett. B 459, 306 (1999); R. Fleischer
and J. Matias, Phys. Rev. D 66, 054009 (2002).

[7] 1. Dunietz, R. Fleischer and U. Nierste, Phys. Rev. D 63,
114015 (2001).

[8] E. Barberio et al. (Heavy Flavor Averaging
Group (HFAQG)), arXiv:hep-ex/0808.1297v3 (2007).

[9] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D
77, 111102 (2008).

[10] K. Abe et al. (BELLE Collaboration), Phys. Rev. D 73,
051106 (2006).

[11] J. Charles et al. (CKMfitter Group) Eur. Phys. J.
C 41, 1 (2005), updated results and plots available
at:  http://ckmfitter.in2p3.fr; M. Bona et al. (UT-
fit Collaboration) JHEP, 0610:081 (2006), arXiv:hep-
ph/0606167v2, updated results and plots available at:
http://www.utfit.org/.

[12] Y. Grossman, A. Soffer and J. Zupan, Phys. Rev. D 72,
031501(R) (2005).

[13] M. Gronau, Phys. Lett. B 557, 198 (2003); M. Gronau,
Phys. Rev. D 58, 037301 (1998).

[14] D. E. Acosta et al. (CDF Collaboration), Phys. Rev. D

71, 032001 (2005).

[15] A. Sill, Nucl. Instrum. Methods A 447, 1 (2000).

[16] A. Affolder et al., Nucl. Instrum. Methods A 526, 249
(2004).

[17] CDF II uses a cylindrical coordinate system in which ¢
is the azimuthal angle, r is the radius from the nominal
beam line, and z points in the proton beam direction,
with the origin at the center of the detector. The trans-
verse plane is the plane perpendicular to the z axis.

[18] E. J. Thomson et al., IEEE Trans. Nucl. Sci. 49, 1063
(2002).

[19] B. Ashmanskas et al., Nucl. Instrum. Methods A 518,
532 (2004).

[20] Isolation is defined as Ip = pr(B)/(pr(B) + >, pri),
where pr(B) is the transverse momentum of the B candi-
date, and the sum runs over all other tracks within a cone
of radius 1, in 77 — ¢ space around the B flight-direction.
Its value is typically higher for bottom—flavored hadrons
than for random track combinations.

[21] A. Abulencia et al. (CDF Collaboration), Phys. Rev.
Lett. 97, 211802(2006).

[22] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. Lett.
103, 031801(2009).

[23] P. Squillacioti, Ph.D. Thesis, University of Siena,
FERMILAB-THESIS-2006-27, Nov 2006.

[24] R. Brun, R. Hagelberg, M. Hansroul, and J. C. Lasalle,
Reports no. CERN-DD-78-2-REV and CERN-DD-78-2.

[25] D. E. Acosta et al. (CDF Collaboration), Phys. Rev. Lett.
94, 122001 (2005).

[26] M. Morello (CDF Collaboration), Nucl. Phys. Proc.
Suppl. 170, 39 (2007).

[27] D. E. Acosta et al. (CDF Collaboration), Phys. Rev. Lett.
96, 202001 (2006).



