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We report final measurements of direct C'P—violating asymmetries in charmless decays of neutral
bottom hadrons to pairs of charged hadrons with the upgraded Collider Detector at the Fermilab
Tevatron. Using the complete /s = 1.96 TeV proton-antiproton collisions data set, corresponding
to 9.3 fb~! of integrated luminosity, we measure A(A) — pr~) = 4+0.06 + 0.07 (stat) & 0.03 (syst)
and A(A) — pK~) = —0.10 £ 0.08 (stat) £ 0.04 (syst), compatible with no asymmetry. In addi-
tion we measure the CP-violating asymmetries in B? — K 7" and B® — K7~ decays to be
A(BY — K~77) = 40.2240.07 (stat) +0.02 (syst) and A(B° — K*77) = —0.083+0.013 (stat) +
0.004 (syst), respectively, which are significantly different from zero and consistent with current

world averages.

PACS numbers: 14.20.Mr 14.40.Nd 11.30.Er

The experimentally established noninvariance of fun-
damental interactions under the combined symmetry
transformations of charge conjugation and parity inver-
sion (CP violation) is described within the standard
model (SM) through the Cabibbo-Kobayashi-Maskawa
(CKM) mechanism [1] by the presence of a single com-
plex phase in the unitary three-generation quark-mixing
matrix. All direct measurements of elementary particle
phenomena to date support the CKM phase being the
dominant source of CP violation observed in quark tran-
sitions. However, widely accepted theoretical arguments
and cosmological observations suggest that the SM might
be a lower-energy approximation of more generally valid
theories which are likely to possess a different CP struc-
ture and therefore should manifest themselves as devia-
tions from the CKM scheme.

The decays of b hadrons are highly relevant in this
context, with nonleptonic final states being particularly
interesting. They are sensitive to possible new contri-
butions from internal loop amplitudes, which provide a
sensitive probe into energies higher than those accessi-
ble by direct searches. Hadronic factors in the decay
amplitudes make accurate SM predictions for individual
decays difficult to obtain. Hence, the most useful infor-
mation is obtained by combining multiple measurements
of processes related by dynamical symmetries, allowing
the cancellation of the unknown model parameters. Re-
cent examples include the significant difference observed
between the measured CP asymmetries for BY — K+n~
and BT — K 7% decays [2], which prompted intense ex-
perimental and theoretical searches for an explanation,
either by an enhanced color-suppressed SM tree contri-

bution [3], or by non-SM physics in the electroweak pen-
guin loop [4]. Similarly, the comparison of CP asymme-
tries in BY — K7t and B® — K7~ decays has been
investigated as a nearly model-independent test for the
presence of non-SM physics [5, 6], and has been experi-
mentally performed only very recently [7].

While the properties of b mesons decays have been
studied in detail and no deviation from the SM has yet
been conclusively established, the decays of b baryons
are still largely unexplored. An accurate experimen-
tal investigation of their CP asymmetries is useful to
complete the current picture of charmless decays of b
hadrons. The A) — pK~ and A) — pr~ decays proceed
through the same weak transitions as the corresponding
two-body charmless hadronic b—meson decays. The first
measurement [8] of their branching fractions were not
well described by predictions [9]. In particular, the mea-
sured ratio of branching fractions B(A) — pr~)/B(A) —
pK ™) = 0.66 + 0.14 (stat) 4+ 0.08 (syst) significantly de-
viated from the predicted value of 2.6759 [10]. The dis-
crepancy has been recently confirmed by an independent
measurement from the LHCb Collaboration [11]. Since
branching ratios are potentially sensitive to new physics
contributions [12, 13], further investigation is clearly im-
portant [14]. The same calculations also predict CP
asymmetries, but the precision of current measurements
does not allow a stringent comparison.

In this Letter we report on measurements of direct [15]
CP violation in two-body charmless decays of bottom
baryons and mesons performed using the full data set
collected by the upgraded Collider Detector (CDF II) at
the Fermilab Tevatron, corresponding to 9.3 fb=! of in-



tegrated luminosity from pp collisions at /s = 1.96 TeV.
This is an update of a previous measurement based on
a subsample of the present data [16] and provides a sig-
nificantly improved measurements of the baryonic decay
modes A} — pK~ and A} — pr~ which are unique.
We also present final measurements on the meson decay
modes B? — K~7% and B® — K*r~.

The CDF II detector is a multipurpose magnetic spec-
trometer surrounded by calorimeters and muon detec-
tors. The detector subsystems relevant for this analysis
are discussed in Ref. [17, 18]. Data are collected by a
three-level on-line event-selection system (trigger). At
level 1, charged-particle trajectories (tracks) are recon-
structed in the plane transverse to the beam line [19)].
Two oppositely-charged particles are required with re-
constructed transverse momenta pri, pra > 2 GeV/e, a
scalar sum pri; + pre > 5.5 GeV/c, and an azimuthal
opening angle A¢ < 135°. At level 2, tracks are com-
bined with silicon-tracking-detector measurement hits,
and impact parameter d (transverse distance of closest
approach to the beam line) of each is determined with 45
pm resolution (including the beam spread) and required
to satisfy 0.1 < d < 1.0 mm. A tighter opening-angle
requirement, 20° < A¢ < 135°, is also applied. Each
track pair is then used to form a b-hadron candidate
(Hy, = BY, BY, AY) that is required to have an impact pa-
rameter dp, < 140 ym and to have traveled a distance
Ly > 200 pm in the transverse plane. At level 3, a clus-
ter of computers confirms the selection with a full event
reconstruction.

The offline selection is based on a more accurate de-
termination of the same quantities used in the trigger
with the addition of two further observables: the isola-
tion of the Hj candidate [8] and the quality of the three-
dimensional fit (x? with one degree of freedom) of the
candidate decay vertex. We use the selection originally
devised for the BY — K~ r" search [8]. At most one H,,
candidate per event is found, for which the invariant mass
My+r— is calculated using a charged-pion mass assign-
ment for both decay products. The resulting mass dis-
tribution is shown in Fig. 1. It is dominated by the over-
lapping contributions of the B® — K*7—, B — ntn—,
and BY — K+ K~ decays [16, 18] with backgrounds from
misreconstructed multi-body b-hadron decays (physics
background) and random pairs of charged particles (com-
binatorial background). Signals for the B? — K7,
A) — pr—, and A) — pK~ decays populate masses
higher than the prominent narrow structure (5.33-5.55
GeV/c?) [8]. The final data sample consists of 28 230
candidates.

We use an extended unbinned maximum likelihood fit,
incorporating kinematic (kin) and particle-identification
(PID) information, to disentangle the various contribu-
tions. From the fit we determine the fraction of events
from each decay mode and the asymmetries, uncorrected
for instrumental effects, A = [Ny — Ny 71/ [No—s g +
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FIG. 1: Mass distribution of reconstructed candidates, where
the charged pion mass is assigned to both tracks. The sum
of the fitted distributions and the individual components (C-
conjugate decay modes are also implied) of signal and back-
ground are overlaid on the data distribution.

Ny_, 7], of the flavor-specific decays B - Ktr=, BY —
K—nt, A) = pr—, and A} — pK~. For each channel,
Nyt (Np_,7) is the number of reconstructed decays of

the hadron containing the b(b) quark into the final state
f(f), where the flavor of the hadron is inferred from the
charges of the final-state particles. In pp collisions b and
b quarks are produced in equal numbers, being the prod-
ucts of CP-conserving strong interactions. In addition
the symmetry in pseudorapidity of the CDF II detector
ensures equal acceptance even in the presence of a pos-
sible forward-backward production asymmetry. We also
assume that any effect from CP violation in b—meson fla-

vor mixing is negligible [20]. The likelihood is defined

as L = ”TN!e_” vazl L; where N is the total number of
observed candidates, v is the estimator of N to be de-
termined by the fit, and the likelihood for the ith event

1S

Li = (1-0b)>_ fLkmLy™
J

b [fo gL+ (1= fo) L L™, (1)

where the index j runs over all signal decay modes, and
the index ‘p’ (‘c’) labels the physics (combinatorial) back-
ground term. The f; are signal fractions to be deter-
mined by the fit, together with the background fraction
parameters b and fp.

For each charged-hadron pair, the kinematic informa-
tion is summarized by three loosely correlated observ-
ables: the squared mass mi+7r,; the charged momentum
asymmetry 8 = (p+ —p-)/(p+ +p-), where p; (p-) is
the magnitude of the momentum of the positive (nega-
tive) particle; and the scalar sum of particle momenta



DPtot = P+ + p—. These variables allow evaluation of the
squared invariant mass of a candidate for any mass as-
signment of the positively- and negatively-charged decay
products [21].

The likelihood terms ﬁ;‘in describe the kinematic dis-
tributions of the mi+r, B, and pio¢ variables for the
physics signals and are obtained from Monte Carlo sim-
ulations. The corresponding distributions for the com-
binatorial background are extracted from data [22] and
are included in the likelihood through the £X term. The
likelihood term Elgi“ describes the kinematic distributions
of the background from partially reconstructed decays of
generic b hadrons [21, 22].

To ensure the reliability of the search for small signals
in the vicinity of larger structures, the shapes of the mass
distributions assigned to each signal are modeled in de-
tail with the full simulation of the detector. Effects of
soft photon radiation in the final state are simulated by
PHOTOS [23]. The mass resolution model is tuned to the
observed shape of the 3.8 x10% D® — K ~7* and 1.7x10°
D% — nt7~ candidates in a sample of D*t — DOzt
decays, collected with a similar trigger selection. The
accuracy of the procedure is checked by comparing the
observed mass line-shape of 9 x 105 Y(15) — p™pu~ de-
cays to that predicted by the tuned simulation. A good
agreement is obtained when a global scale factor to the
mass resolution of 1.017 is applied to the model. Based
on this result, we conservatively assign a 2% systematic
uncertainty to the mass line-shape model.

Particle identification is achieved by means of the en-
ergy deposition measurements (dE/dz) from the drift
chamber. The D*t — D%t sample is also used to cal-
ibrate the dE/dx response to positively and negatively
charged kaons and pions, using the charge of the pion
from the D** decay to identify the D° decay products.
The response for protons and antiprotons is determined
from a sample of 1.4 x 105 A — prn~ decays, where
the kinematic properties and the momentum threshold
of the trigger allow unambiguous identification of the de-
cay products [22]. The PID information is summarized
by a single observable k, defined as follows:

dE/dx — dE/dx(7) @)
dE/dz(K) — dE/dz(r)’

in which dE/dz(m) and dFE/dz(K) are the average ex-
pected specific ionizations given the particle momentum
for the pion and kaon mass hypothesis, respectively. The
statistical separation between kaons and pions with mo-
mentum larger than 2 GeV/c is about 1.40, while the
ionization rates of protons and kaons are quite similar.
Thus, the separation between K7~ or pr~ final states
and their charge-conjugates is about 2.0c and 2.80 re-
spectively, while that between pK~ and pK™T is about
0.80 [22]. However, in the last case additional discrim-
ination at the 20 level is provided by kinematic differ-

R =

ences [22]. The PID likelihood term, which is similar
for physics signals and backgrounds, depends only on &
and on its expectation value (k) (given a mass hypoth-
esis) for the decay products. The physics signal model
is described by the likelihood term E}DID, where the in-
dex j uniquely identifies the final state. The background
model is described by the two terms EEID and LETP | re-
spectively, for the physics and combinatorial background,
that account for all possible pairs that can be formed
combining only charged pions and kaons. Muons are in-
distinguishable from pions with the available dF'/ dz reso-
lution and are therefore included in the pion component.
Similarly, the small proton component in the background
is included in the kaon component. Thus, the combi-
natorial background model allows for independent posi-
tively and negatively charged contributions of pions and
kaons, whose fractions are determined by the fit, while
the physics background model, where charge asymme-
tries are negligible, only allows for charge-averaged con-
tributions.

To check the goodness of the fit with regard to the
PID observables, Fig. 2 shows the distributions of the
average value of kgym = K+ + k— and Kqif = K+ — K— as
a function of m+,-, with fit projections overlaid, where
k4 (k_) is the PID observable for positively(negatively)
charged particles. The Kguy distribution is sensitive to
the identity of final-state particles, and reveals the pres-
ence of baryons as a narrow structure, where the mass
distribution lacks prominent features. Conversely, the
Kqit distribution is expected to be uniformly zero, except
in the presence of a charge asymmetry coupled with a
different dE/dx response of the final particles. It is in-
sensitive to the A) — pK ~ signal due to the similarity of
proton and kaon dE/dz responses, but it is sensitive to
the CP asymmetries of the other decay modes, and in-
deed it displays a deviation corresponding to each of the
other three decay modes object of this study. The signal
yields from the fit are reported in Table I together with
the physical asymmetries, A(b — f), derived as follows:

Bb— f)—Bb—f) Nosg—csNy g
Bb— f)+Bb—f)  Nosg+crNy,f

3)

where c; = e(f)/e(f) is the ratio between the efficiencies
for triggering and reconstructing the final states f and f.
The ¢y factors correct for detector-induced charge asym-
metries and are extracted from control samples in data.
Simulation is used only to account for differences between
the kinematic distributions of H, — h*h'~ decays and
control signals.

The corrections for f = K7~ are extracted from a
sample of 3x107 D° — K~nt decays collected without
requiring the D** — DT decay chain [24]. By impos-
ing the same offline selection to the D° decays, we obtain
K¥r¥ final states in a similar kinematic regime to that
of the H, signals. We assume that K7~ and K7+



TABLE I: CP-asymmetry results. The first quoted uncer-
tainty is statistical; the second is systematic. A is the number
of events determined by the fit for each decay mode.

Decay Noo s N7 A — (%)
BY - K7~ 5313 + 109 6348 + 117 —8.3 + 1.3 + 0.4

B? - K—nt 560 £ 51 354 + 46 +22 £7+£2
A) — pr~ 242 + 24 206 + 23 +6+ 743
A) = pK~ 271 £30 324 + 31 —-10£8+14
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FIG. 2: Distribution of the average value of ksum (a) and Kait
(b) as a function of m,,.—. The fit function is overlaid. For
reference, the distribution of m,+,- is shown by the dashed
lower histogram. Dashed vertical lines indicate the position,
from left to right, of the following signals: (a) B - Ktn—,
A) - pK~, A) - pr~ and (b) B® = K*n~, B - K~ ™+,
A) — pr.

final states from charm decays are produced in equal
numbers because their production is dominated by the
strong interaction and, compared to the detector effects
to be corrected, the possible CP-violating asymmetry in
D% — K7t decays is tiny (< 1073) as predicted by the
SM [25]. We also check that possible asymmetries in D°
meson yields induced by CP violation in B — DX de-
cays are small and can be neglected [24]. Therefore, any
asymmetry between observed numbers of reconstructed
K—7t and Kt~ charm decays is ascribed to detector-
induced effects and used to extract the desired correction
factor. The ratio Npgo_ . /Npo_,g-+ is measured
by performing a simultaneous fit to the invariant K 7+
and K+t7~ mass distributions [24]. We find cg+,- =
1/eg--+ = 1.011 4+ 0.001, consistent with its previous
estimate [16]. We also add a systematic uncertainty that
allows for a possible nonvanishing CP violation, using
the available experimental knowledge A(D° — K~ 7t)
= (0.1 +£0.7)% [20]. For the A) — pr~ asymmetry, the
factor ¢, is extracted from data using a similar strat-
egy, where a simultaneous binned x?2 fit to the A — pr~
and A — prt mass distributions is performed to estimate
observed yields [22]. We average the obtained value with
the same estimate based on simulation, taking half the
difference as a systematic uncertainty. The final value is

Cpr— = 1.03£0.02 [22]. In the measurement of CP viola-
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tion in Ag — pK~ decays, instrumental charge asymme-
tries induced from both kaon and proton interactions are
relevant. The c, k- factor is determined by the product
Cpr— " Cx—x+ based on the assumption that the efficiency
e(f) factorizes as the product of the single-particle effi-
ciencies.

The dominant systematic uncertainties on A(A) —
pr~) and A(A) — pK~) are due to the uncertainty on
the model of the momentum distributions of the combi-
natorial background and the lack of the knowledge on the
A spin-alignment. A polarized initial state would affect
the distributions of the momentum-related variables used
in the fit. A systematic uncertainty is assessed by repeat-
ing the fit accounting for a nonvanishing polarization, by
taking the difference with the the central fit done in the
hypothesis of no polarization. The dominant contribu-
tion to the systematic uncertainty on A(B° — K*77)
originates from the statistical uncertainty in the parame-
ters used to model the correlated dFE/dz response of the
two decay products [22]. In the case of A(BY — K~ 7t),
the systematic uncertainty mainly originates from three
sources of similar importance: the uncertainty on the
background and signal kinematic templates, the uncer-
tainty on the dF/dx modeling discussed above, and the
uncertainty on trigger efficiencies.

Table I reports the final results, that are consistent
with and supersede the previous CDF results [16]. The
asymmetries of the A — pK~ and A) — pr~ modes
are now more precisely determined by a factor of 2.3
and 2.0, respectively. These are unique measurements.
Both results are consistent with zero, excluding a large
CP asymmetry in these decay modes, which was pre-
dicted by calculations [10] that yielded negative asym-
metries for A — pr~ of approximately 30%, albeit with
large uncertainties. The same calculation also predicts a
vanishing asymmetry for the Ag — pK~, implying a pre-
dicted difference A(A) — pr~) — A(A) — pK~) ~ —0.26
between the two modes, to be compared to the measure-
ment 0.16 + 0.12. The uncertainty on the theory predic-
tion is not known; it is a difference between two numbers
with large uncertainties, but they are likely to be at least
partially correlated. Evaluating this correlation would
allow a more useful comparison with the experimental
value.

We confirm the observation of A(B® — K™7~) with
a significance larger than 50. The measured value is
consistent with the latest results from asymmetric ete~
colliders [2] and LHCb [7]. We also find a nonzero
A(B? — K~—7t) with a significance of 3.00, in good
agreement with the recent LHCb measurement A(B? —
K~7%) =+40.27+0.04 (stat) = 0.01 (syst) [7], thus pro-
viding confirmation of their first observation of CP vi-
olation in the BY%-meson dynamics. The simultaneous
measurement of CP asymmetries in the B® and B? me-
son decays to K*xF final states allows a quantitative
test of the SM-prediction for A(B? — K~71) [26]. Our



measurement is consistent at the 10% level with this pre-
diction, obtained using the world average of the decay
rates and lifetimes [20] of the two decay modes, assum-
ing SM origin of the CP violation in these channels and
U-spin symmetry.

In summary, we report the final CDF measurements
of the CP asymmetries of charmless neutral b-hadrons
decays into pairs of charged hadrons, using the complete
Run IT data sample. All the results contribute signifi-
cantly to the world averages. These are unique measure-
ments for the baryon decays.
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