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We present new CDF results on the branching fractions and time-integrated direct CP asymmetries for B® and
B? decay modes into pairs of charmless charged hadrons (pion or kaon). The data set for this update amounts
to 1 fb™" of pp collisions at /s = 1.96 TeV. We report the first observation of the B — K~ 7+ mode and a
measurement of its branching fraction and direct CP asymmetry. We also observe for the first time two charmless

decays of b-baryon: A) — pr~ and A) — pK ™.

1. INTRODUCTION

The decay modes of the B mesons into pairs
of charmless pseudo-scalar mesons are effective
probes of the quark-mixing (CKM) matrix and
sensitive to potential new physics effects. The
large production of B hadrons of all kinds at the
Tevatron allows measuring such decays in new
modes, which are important to supplement our
understanding of B meson decays. The still un-
observed B — K 7t mode could be used to
measure v [1] and its CP asymmetry could be a
powerful model-independent test of the source of
the direct CP asymmetry in the B system [2].
This may provide useful information to solve the
current, discrepancy between the asymmetries ob-
served in the neutral and charged mode [3].

The BY — 777~ and B® - K+ K~ modes pro-
ceed only through annihilation diagrams, which
are currently poorly known and a source of sig-
nificant uncertainty in many theoretical calcula-
tions [4,5]. A measurement of both modes would
allow a determination of the strength of penguin-
annihilation [6].

CDFITI is a multipurpose magnetic spectrome-
ter surrounded by calorimeters and muon detec-
tors [7]. A silicon micro-strip detector (SVXII)
and a cylindrical drift chamber (COT) immersed
in a 1.4 T solenoidal magnetic field reconstruct
charged particles in the pseudo-rapidity range

| n |< 1.0. The SVXII consists of five concen-
tric layers of double-sided silicon detectors with
radii between 2.5 and 10.6 cm, each providing a
measurement with 15 pym resolution in the ¢ di-
rection and 70 pm in z direction. The COT has
96 measurement layers, between 40 and 137 cm in
radius, organized into alternating axial and £2°
stereo super-layers. The transverse momentum
resolution is oy, /pr =~ 0.15%pr/(GeV/c) and
the observed mass-widths are about 14 MeV /c?
for J/1 — ptp~ decays, about 9 MeV/c? for
D® — K—7t decays. The specific energy loss
by ionization (dE/dz) of charged particles in the
COT can be measured from the amount of charge
collected by each wire.

Throughout this paper, C-conjugate modes are
implied and branching fractions indicate CP-
averages unless otherwise stated.

2. DATA SAMPLE

We analysed a sample ([ Ldt ~ 1 fb™') of
pairs of oppositely-charged particles with pr >
2 GeV/c and pr(1) + pr(2) > 5.5 GeV/e, used
to form B?s) meson candidates . The trigger
required also a transverse opening-angle 20° <
A¢ < 135° between the two tracks, to reject
background from particle pairs within the same
jet and from back-to-back jets. In addition, both
charged particles were required to originate from
a displaced vertex with a large impact parameter



do (100 pm < do < 1 mm), while the B | meson
candidate was required to be produced in the pri-
mary pp interaction (do(B) < 140 pm) and to
have travelled a transverse distance L,,(B) >
200 pm.

In the offline analysis, an unbiased optimiza-
tion procedure determined a tightened selection
on track-pairs fit to a common decay-vertex. We
chose the selection cuts minimizing directly the
expected uncertainty (through several pseudo-
experiments) of the physics observables to be
measured. We decided to use just two different
sets of cuts, respectively optimized to measure
Acp(B® — K*7~) and B(B? — K~r), since
those two measurements are the main focus of
the analysis. For the latter the sensitivity for dis-
covery and limit setting [8] was optimized rather
than the statistical uncertainty on the particu-
lar parameter, since the mode had not yet been
observed. It was verified that the former set of
cuts is also adequate to measure other decay rates
of the larger yield modes (B® — ntn~, B? —
KTK~), while the latter, tighter set of cuts, is
well suited to measure the decay rates and CP
asymmetries related to rare modes (B? — ntn—,
BY 5 KtK—, A) - pr—, A) - pK™).

In addition to tightening the trigger cuts, in
the offline analysis the discriminating power of
the B?, meson ‘isolation’ and of the informa-
tion provided by the 3D reconstruction capabil-
ity of CDF tracking were used, allowing a great
improvement in the signal purity. Isolation is
defined as I(B) = pr(B)/[pr(B) + X, pr(i)],
in which the sum runs over every other track
within a cone of radius one in the  — ¢ space
around the BY,) meson flight-direction. By re-
quiring I(B) > 0.5 we reduced the background
by a factor four while keeping almost 80% of sig-
nal. The 3D silicon tracking allowed to resolve
multiple vertices along the beam direction and
to reject fake tracks reducing the background by
a factor of two, with small inefficiency on signal.
The resulting mm-mass distributions (Fig. 3) show
a clean signal of B?S) — hth'- decays. In spite
of a good mass resolution (x~ 22 MeV/c?), the
various BY,) — h+h' — modes overlap into an un-
resolved mass peak.

3. FIT OF COMPOSITION

The resolution in invariant mass and in particle
identification is not sufficient for separating the
individual decay modes on an event-by-event ba-
sis therefore we performed an unbinned maximum
likelihood fit, combining kinematic and particle
identification information, to statistically deter-
mine the contribution of each mode and the CP
asymmetries. For the kinematic portion, we used
three loosely correlated observables to summarize
the information carried by all possible values of
invariant mass of the B candidate, resulting from
different mass assignments to the two outgoing
particles [9]. They are: (a) the mass M, calcu-
lated with the charged pion mass assignment to
both particles; (b) the signed momentum imbal-
ance a = (1 —p1/p2)q1, where p; (p2) is the lower
(higher) of the particle momenta, and ¢; is the
sign of the charge of the particle of momentum
p1; (c) the scalar sum of the particle momenta
Prot = P1 + p2. Using these three variables, the
mass of any particular mode M2 can be written
as:

MP = M7, —2m2 +(mi+m3)+
—2\/p% +m2 - \/pg +m2 +
~2\/p3 +m? - \[p} +m3, (1)
1—|of 1
B L = 2
=5 |a|ptot » P2 =5 |a|ptot; (2)

where m; (ms) is the mass of the lower (higher)
momentum particle. For simplicity the Eq. (1) is
written as a function of p; and p, instead of a and
Ptot but in the likelihood it is used as a function
of @ and pgr. Particle identification (PID) in-
formation is summarized by a single observable &
for each track defined as k = gﬁ/x ‘i%’i%gfd(;gw).
With the chosen observables, the likelihood con-
tribution of the i** event is written as:

Li = (1-b)) fiL5cs™
J

+b (FALE LR + (1= fa) LR LE™) (3)
where:

;C?in = R(Mﬂ'ﬂ'_Mj (a7ptot)a aaptot)Pj (Oé7ptot)7(4)
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Figure 1. Average M, vs a for simulated sam-
ples of B? (left) and AJ (right) candidates, where
self-tagging final states (KT7~ and K—nt, ph~
and pht) are treated separately. The correspond-
ing plots for the B? are similar to B? but shifted
for the mass difference.

LM = A(Myr|ca, mo) Pa(a, Prot), (5)
‘C]]f:in = eCIMm{ PE (aaptot)7 (6)
E?(IE?A) = Fjg,a)(k1, K2, @, Prot)- (7)

The index ‘A(E)’ labels the physi-
cal(combinatorial) background-related quan-
tities, the index j runs over the twelve dis-
tinguishable BY) — hth'= and A) — ph-
modes (Fig. 1), and f; are their fractions,
to be determined by the fit together with
the total background fraction b and with the
fraction of the physical(combinatorial) back-
ground fa(g)- The conditional probability
density R(Myr — M;(a,ptot), @, Ptot) is the
mass resolution function of each mode j when
the correct mass is assigned to both tracks.
In fact the average mass M (o, pot) is the
value of M, obtained from Eq. (1) by set-
ting the appropriate particle masses for each
decay mode j and making a simple variable
change we obtain R(Myr — M (&, Ptot), @, Prot) =
R(M; — MBO(BE,AQ),a,ptOt) where M; is the in-
variant mass computed with the correct mass
assignment to both particles for each mode j.
R was parameterized using the detailed detector
simulation. To take into account non-Gaussian
tails due to the emission of photons in the fi-
nal state, we included in the simulation the
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Figure 2. Tagged D° — K7t decays from
D*t — D7+ — [Kwt]nt. Check of the mass
line shape template performing a 1-dimensional
binned fit where the signal mass line shape is com-
pletely fixed from the model (left). Distribution
of dE/dx (mean COT pulse-width) around the
average pion response, for calibration samples of
kaons and pions (right).

soft photon emission in agreement with recent
QED calculations [10]. We checked the quality
of the mass resolution model using about 500K
D° — K 7* decays (Fig. 2, left). We fitted the
mass line-shape of the D® — K7t peak fixing
the signal shape from the model and allowing to
vary only the background function. We obtained
a good agreement between data and simulation.
In Eq. (4), we used the nominal B% B¢ and
A9 masses measured by CDF [11] to cancel the
common systematic uncertainty. The background
mass distribution is determined in the fit by vary-
ing the parameters ¢, c2 and mg in Eq. (5,6). ¢o
and mg are the the parameters of an ‘Argus’ func-
tion [13] smeared with a Gaussian distribution
centered in zero with a width equal to the mass
resolution. The Pj(a, ptot) is the joint probabil-
ity distribution of (a, pit) and is parameterized
for each mode j by a product of polynomial and
exponential functions fitted to Monte Carlo sam-
ples produced by a detailed detector simulation.
The background function Py g is obtained from
the mass sidebands of data.

A sample of 1.5M D*+ — DOrt — [K=7H]nt
decays, where the D° decay products are identi-
fied by the charge of the D** pion, was used to



calibrate the dE/dx response over the tracking
volume and time, and to determine the F' func-
tions in (7). In a > 95% pure D° sample, we ob-
tained 1.40 separation between kaons and pions
(Fig. 2, right), corresponding to an uncertainty
on the measured fraction of each class of parti-
cles that is just 60% worse than the uncertainty
attainable with ideal separation. The background
term in (7) is similar to the signal terms, but
allows for independent pion, kaon, proton, and
electron components, which are free to vary in-
dependently. Muons are indistinguishable from
pions with the available dE/dx resolution.

4. FIT RESULTS AND SYSTEMATICS

We performed two separate fits: the first one
using the cuts optimized to measure the direct
Acp(B® - K*7~) and the second one to mea-
sure B(BY — K~ 77). Significant signals are seen
for B 5> ntn B 5 K*n,and B - K*K~
mode, previously observed by CDF [12], three
new rare modes were observed for the first time:
BY » K—7nt, A} — pr~ and A) — pK~ while
no evidence was obtained for B — wtr~and
B° - KtK mode.

To convert the yields returned from the fit
into relative branching fractions, we applied cor-
rections for efficiencies of trigger and offline se-
lection requirements for different decay modes.
The relative efficiency corrections between modes
do not exceed 20%. Most corrections were de-
termined from the detailed detector simulation,
with some exceptions which are measured using
data. A momentum-averaged relative isolation
efficiency between B? and B of 1.07 £ 0.11 was
determined from fully-reconstructed samples of
B~ J/¢, B— Dynt, B°— J/¢ K*O and
B°— D—nt. The lower specific ionization of
kaons with respect to pions in the drift cham-
ber is responsible for a ~ 5% lower efficiency to
reconstruct a kaon. This effect was measured in
a sample of Dt — K—7ntnt decays triggered on
two tracks, using the unbiased third track. The
only correction needed by the direct CP asymme-
tries Acp(B® - KT7~) and Acp(BY - K—n™)
was a < 0.6% shift due to the different probabil-
ity for Kt and K~ to interact with the tracker
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Figure 3. Invariant mass distribution of B?S) —

hth'~ candidates passing all selection require-
ments optimized to measure B(B? - K~ 71), us-
ing a pion mass assumption for both decay prod-
ucts. Cumulative projections of the likelihood fit
for each mode are overlaid.

material. The measurement of this correction
has been done using a sample of 1M of prompt
D° — K—n7% decays reconstructed and selected
using the same criteria of BY, — hTh'~ de-
cays. Assuming the Standard Model expecta-
tion Acp(D° — K—nt) = 0, the difference be-
tween ghe number of reconstructed D° — K7+
and D — K17~ provides a measurement of the
detector-induced asymmetry between K7~ and
K7t final states. Since we used the same fit
technique developed for the B?s) — hth'~ de-
cays, this measurement provides also a robust
check on all possible charge asymmetry biases of
the detector and dE/dx parameterizations.

The B - K+*K~ and B? - 7"n~ modes re-
quired a special treatment, since they contain a
superposition of the flavor eigenstates of the BY.
Their time evolution might differ from the one of
the flavor-specific modes if the width difference
AT, between the BY mass eigenstates is signifi-
cant. The current result was derived under the



assumption that both modes are dominated by
the short-lived B? component, that I'; = I'y, and
AT, /Ty = 0.12 &+ 0.06 [14,15].The latter uncer-
tainty is included in estimating the overall sys-
tematic uncertainty.

The dominant contributions to the systematic
uncertainty are: the statistical uncertainty on
isolation efficiency (BY modes), the uncertainty
on the dE/dz calibration and parameterization
and the uncertainty of the combinatorial back-
ground model. The first one is the larger system-
atics of all measurements with the meson B? in
the initial state (except for Acp(B? — K—nt)).
This uncertainty is preliminary and conservative,
a significant improvement is expected for the fi-
nal results. The second one, due to dE/dz, is a
large systematics of all measurements, although
the parameterization of the dE/dz is very ac-
curate. The fit of composition is very sensi-
tive to the PID information. The third one is
due to the statistical uncertainty of the possi-
ble combinatorial background models and it is a
dominant systematics for the observables of the
rare modes. Smaller systematic uncertainties are
assigned for: trigger efficiencies; physical back-
ground shape and kinematics; B meson masses,
lifetimes.

5. RESULTS

The relative branching fractions are listed in
Table 1, where f; and f; indicate the production
fractions respectively of B and B? from frag-
mentation of a b quark in pp collisions. An upper
limit is also quoted for modes in which no signifi-
cant signal is observed [16]. We also list absolute
results obtained by normalizing our data to the
world-average of B(B® - KTn~) [3].

We report the first observation of three new
rare charmless decays B — K~nt, A} — pr~
and A) — pK~ with a significance respectively
of 8.20, 60 and 11.50. The significance includes
both statistical and systematic uncertainty. The
statistical uncertainty to evaluate the significance
was estimated using several pseudo-experiments
with no contributions from rare signals.

The rate of the newly observed mode B(B? —
K—7%) = (5.0£0.75+£1.0) - 10~% is in agreement

with the latest theoretical expectation [17] which
is lower than the previous predictions [4,18]. We
measured for the first time in the Bgs-meson
system its direct CP asymmetry Acp(B? —
K—7t) = 0.39 £ 0.15 &+ 0.08. This value fa-
vors a large CP violation in the B? mesons, on
the other hand it is also compatible with 0. In
[2] it is suggested a robust test of the Standard
Model vs. New Physics by comparison of the di-
rect CP asymmetries in the B! — K 7 and
B - Ktrn— dg:cays. Using HFAG input [3]
"B 5K nt)-T(BsKtn~
FEBS—)K‘#*’?—FEE?%K*‘W‘i =084+
0.42+0.15 (where T is the decay width) in agree-
ment with the Standard Model expectation (= 1).
Assuming that the relationship above is = 1 and
using as input the B(B? — K~—7t) measured
here, the world average for Acp(B° — Ktrn~)
and the B(B® — K*77) [3] we can estimate the
expected value for Acp(B? - K~ 7nt) ~ 0.37 in
agreement with our measurement.

The rate of the mode B(B? — KTK~) =
(2444 1.4+ 4.6) - 10 % is in agreement with the
latest theoretical expectation [19,20] and with the
previous CDF measurement [12]. An improved
systematic uncertainty is expected for the final
analysis of the same sample.

The results for the B° are in agreement with
world average values [3]. The measurement
Acp(B® - K*r~) = —0.086 + 0.023 £ 0.009 is
the world’s second best measurement and the sig-
nificance of the new world average A22*(B% —
K*717) = —0.095 + 0.013 moved from 60 to To.

We updated the upper limits and we quoted
also the absolute branching fractions of the
currently unobserved annihilation-type modes:
B - KTK~ and BY — wtn~. The rate
B(B® - K+*K~) = (0.39 £ 0.16 & 0.12) - 10~°
has the same uncertainty of the current measure-
ments [3] while the B — 777~ upper limit (al-
ready the world’s best one [12]) was improved by
a factor 1.3, approaching the expectations from
recent calculations [5,21].

We also report the first observation of two new
baryon charmless modes A) — pr~ and A) —
pK~. We measured B(A) — pr~)/B(A) —
pK~) =0.66+0.14 + 0.08 in agreement with the
expectations from [22].

we measured



Table 1
Results on data sample optimized to measure Acp(B° — K+7~) (top) and B(B? — K~nt) (bottom).
Absolute branching fractions are normalized to the the world—average values B(B® — K+7~) = (19.7 &+
0.6) x 1079 and f; = (10.4+1.4)% and f; = (39.8 £1.0)% [3]. The first quoted uncertainty is statistical,
the second is systematic.

mode Ng Quantity Measurement B(10~%)
=0 — —
B® - K+r— 4045 £ 84 | BB oK) BWBIoKInT) 086 4 0.023 4 0.009
B(BO—>K;7rj')+B(BO—)K+7r—)
B® & ntn- 1121 £63 | BB or ) 0.259 & 0.017 £ 0.016 | 5.10 =+ 0.33 % 0.36
(B —BK 7r+)
0 47— f_SB(BSA)K K™)
BY - K+K 1307 £64 | £ BT KT 0.324 & 0.019 £ 0.041 | 24.4 + 1.4 % 4.6
0 -+ fs B(Bg—»K™7™")
By » K-nt  230+34+16 | £ B{pt o) 0.066 & 0.010 £ 0.010 | 5.0 & 0.75 & 1.0
BB~ K*n7)-B(By»K ) 0.39 =+ 0.15 + 0.08
B(ﬁg_—BK‘*“/r—H»B(BQ—)K—w‘*')
L DB oKZxD)-T(BOSKTx") 391 4160 + 0.39
fs (B K+n—)-T(BYmK—7+)
+ -
BY s rtnm 26416+ 14 | Epemm ) 0.007 = 0.004 £ 0.005 | 0.53 %+ 0.31 =+ 0.40
(< 1.36 @ 90% CL)
0 +—
B KtK= 61+25+35 | BB 0.020 + 0.008 + 0.006 | 0.39 % 0.16 =+ 0.12
(BOsK+tn—)
(< 0.7 @ 90% CL)
0 _ B(Ag—>p7r_)
A - pK 156+ 20 £ 11 | pod= iy 0.66 % 0.14 % 0.08
A9 — pr— 110 + 18 + 16
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