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Evidence for the charmless annihilation decay mode B — nt7r~
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We search for new charmless decays of neutral b—mesons to pairs of charged hadrons with the
upgraded Collider Detector at the Fermilab Tevatron. Using a data sample corresponding to 6 fb~?

of integrated luminosity, we report the first evidence for the BY — 7

T7~ decay, with a significance of

3.70, and a measured branching ratio B(BS — nt7~) = (0.57£0.15 (stat)£0.10 (syst)) x 107¢. No
evidence is found for the decay B® — K+ K~ and we set a 90% confidence level interval [0.05, 0.46] x
1079, corresponding to the central value B(B® — KTK~) = (0.2340.10 (stat)+0.10 (syst)) x 107°.
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Two-body non-leptonic charmless decays of b—hadrons
are widely studied processes in flavor physics. The vari-
ety of open channels involving similar final states opens
up for investigation an important set of branching frac-
tions and CP asymmetries, allowing a deeper understand-
ing of strong interaction dynamics with the potential to
refine the modelling of these processes by effective theo-
ries. Some decays receive contributions from higher-order
(‘penguin’) transitions, and are therefore sensitive to the
possible presence of new physics in internal loops.

The BY — 7t7~ and B — KTK~ decay modes
have a special status, in that all quarks in the final state
are different from those in the initial state. This lim-
its the possible diagrams that contribute to these de-
cay to penguin-annihilation (PA) and W-exchange (E)
topologies (see Fig. 1). These amplitudes are difficult
to predict within the current phenomenological models,
and are often neglected in calculations. Estimates of
these amplitudes in the QCD factorization (QCDF) ap-

33007 Oviedo, Spain, *Texas Tech University, Lubbock, TX 79609,
USA, YUniversidad Tecnica Federico Santa Maria, 110v Valparaiso,
Chile, # Yarmouk University, Irbid 211-63, Jordan, *"*On leave from
J. Stefan Institute, Ljubljana, Slovenia,
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FIG. 1: W-exchange (E, left panel) and penguin-annihilation

(PA, right panel) diagrams contributing to B® — KK~ and *

B? — 77w~ decays. o
55

56

proach [1, 2] are affected by significant uncertainties. The 57
soft collinear effective theory (SCET) approach provides s
no estimates at all. Recent perturbative QCD calcu- s
lations (pQCD) provide some potentially testable pre- s
dictions [3, 4]. These diagrams can carry different CP- &
violating and CP-conserving phases with respect to lead- e
ing diagrams; the lack of knowledge of their size there- e
fore introduces uncertainties in predictions for other well- e
studied decays, such as B® — 7+~ [5, 6]. 65
Up to now, the B — 777~ and B® — KTK~ de-
cay modes have not been observed, the best upper limits 67
coming from [7, 8]. A measurement of branching frac- e
tions of these modes would be particularly useful, since e
it would allow a better determination of the strength of 7
PA and E amplitudes, due to cancellation of some un- =
certainties [6]. 72
In this Letter we report the results of a simultane- 73
ous search for the two decays B? — 7ntn~ and B® — =
K+ K~ [9], using 6 fb~! of data collected by the upgraded
Collider Detector (CDF II) at the Fermilab Tevatron at 7
\/E =1.96 TeV. 77
CDF 1II is a multipurpose magnetic spectrometer sur- 7
rounded by calorimeters and muon detectors. The detec- 7
tor components relevant for this analysis are briefly out- s
lined below; a more detailed description can be found in &
Ref. [10]. A silicon microstrip vertex detector (SVX) and s
a cylindrical drift chamber (COT) immersed in a 1.4 T &
axial magnetic field allow reconstruction of charged— e
particle trajectories (tracks) in the pseudorapidity range ss
In| < 1.0 [11]. The SVX counsists of five concentric lay- ss
ers of double-sided silicon sensors with radii between &
2.5 and 22 cm, each providing a measurement with up es
to 15 (70) pm resolution in the ¢ (z) direction. The s
COT has 96 measurement layers, between 40 and 137 s
cm in radius, organized into alternating axial and 42° «
stereo superlayers. The transverse momentum resolution o
is 0py /D% ~ 0.15%/(GeV /c), corresponding to a typical «
mass resolution of 22 MeV /c? for our signals. The specific o
ionization energy loss (dE/dzx) of charged particles in the os
COT can be measured from the collected charge, which s
is logarithmically encoded in the output pulse width of o
each wire, and provides 1.40 separation between kaons
and pions with momenta greater than 2 GeV/c.
The data were collected by a three-level trigger system,

using a set of requirements specifically aimed at selecting
two-pronged B decays. At level 1, COT tracks are recon-
structed in the transverse plane by a hardware processor
(XFT). Two opposite-charge particles are required, with
reconstructed transverse momenta pri,pre > 2 GeV/c,
the scalar sum pri; + pre > 5.5 GeV/e, and an az-
imuthal opening-angle A¢ < 135°. At level 2, the sil-
icon vertex trigger (SVT) combines XFT tracks with
SVX hits to measure the impact parameter d (distance
of closest approach to the beam line) of each track with
45 pm resolution. The requirement of two tracks with
0.1 < d < 1.0 mm reduces the background from light
quark processes by two orders of magnitude while pre-
serving about half of the signal. A tighter opening-angle
requirement, 20° < A¢ < 135°, preferentially selects
two—body B decays over multi-body decays with 97%
efficiency and further reduces background. Each track
pair is then used to form a B candidate, which is re-
quired to have an impact parameter dg < 140 pm and to
have traveled, before decaying, a distance Ly > 200 pum
in the transverse plane. At level 3, an array of comput-
ers confirms the selection with a full event reconstruction.
The overall acceptance of the trigger selection is =~ 2%
for b-hadrons with pr > 4 GeV/c and || < 1.

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 isolation
(Ip) of the B candidate [12], and the quality of the three-
dimensional fit (x? with 1 d.o.f.) of the decay vertex of
the B candidate. Requiring a large value of Ip further
reduces the background from light-quark jets, and a low
x? reduces the background from decays of different long-
lived particles that may exist in the event, owing to the
good resolution of the SVX detector in the z direction.
We use the same final selection originally devised for the
BY — K7t search [8], whose simulation has proven
to be nearly optimal also for detection of BY — 7F7~.
This includes the following criteria: Iz > 0.525, x? < 5,
d > 120 pym, dp < 60 pm, and Ly > 350 pm.

No more than one B candidate per event is found after
this selection, and a mass (m) is assigned to each, using
a charged pion mass assignment for both decay products.
The resulting mass distribution is shown in Fig. 2, and is
dominated by the overlapping contributions of the B® —
K+tr=, B - 7tn~, and B? — KTK~ modes [13, 14],
with backgrounds coming from mis-reconstructed multi-
body b-hadron decays (physics background) and random
pairs of charged particles (combinatorial background).
A BY — K+K~ signal would appear in this distribu-
tion as an enhancement around 5.18 GeV/c?, while a
BY — w77~ signal is expected at the nominal B mass
of 5.3663 GeV/c?, where other, more abundant modes,
contribute [8].

We used an extended unbinned likelihood fit, incorpo-
rating kinematic (kin) and particle identification (PID)
information, to determine the fraction of each individual
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40

41

mode in our sample. The likelihood is defined as 2

VN N
£=rne 114
=1

where N is the total number of observed candidates, v is
the estimator of N to be determined by the fit, and the
likelihood for the ith event is

(1 _ b) Z f_jAC_I;inAC?ID
J

+b (fpﬁginﬁgnj + (1 o fp)EIéiDECPID) ,

L =

(2)

where the index j runs over all signal modes, and the
index ‘p’ (‘c’) labels the physics (combinatorial) back-
ground terms. The f; are the 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: (a) the squared mass m2_; (b) the charged mo- *
mentum asymmetry 3 = (p+ —p_)/(p+ +p—), where p, *
(p—) is the momentum of the positive(negative) particle; ®
(c) the scalar sum of particle momenta pior = py + p—. ™
The above variables allow evaluation of the squared in-
variant mass m?3 _ of a candidate for any mass assignment **
of the positive and negative decay products (m4,m_),*

using the equation

6

7

0

55

56

2 2 2 2 2
mi_ =my, —2my +mi+m_ + 57

58
—2\/17?Ir +m727\/p2_ +m2 +2\/pi +mi\/p2_ +m2, (3) 4

60

where p; = ptot# y b— = ptat#- 61

The kinematic distributions of the physics signal are
obtained from Monte Carlo simulations, while the combi-
natorial background distributions are extracted from real
data [15]. The squared mass distribution of the combi-
natorial background is parameterized by an exponential
function. The slope is fixed in the fit to the value ex-
tracted from an enriched sample of two generic random
tracks, containing events passing all requirements of final
selections except for vertex quality, replaced by an anti-
selection cut 2 > 40, which strongly rejects track pairs
originating from a common vertex.

The background from partially reconstructed decays of
generic B hadrons is modeled by an ARGUS function [16]
convoluted with a Gaussian resolution. The parameters
of the ARGUS function are free to vary in the fit. To
ensure the reliability of the search for small signals in
the vicinity of larger peaks, the shapes of the mass dis-
tributions assigned to each signal have been modeled in
detail. Momentum dependence and non-Gaussian res-
olution tails are accounted for by a full simulation of
the detector, while the effects of soft photon radiation
in the final state are simulated by PHOTOS [17]. This
resolution model was accurately checked against the ob-
served shape of the 3.2 x 106 D® — K~r* and 140 x 103
D® — 7t 7~ signals in a sample of D** — D%+ decays,
collected with a similar trigger selection.

The D*t — DYt sample was also used to calibrate
the dFE/dz response of the drift chamber to kaons and
pions, using the charge of the D** pion to identify the
DY decay products. The dE/dz response of protons was
determined from a sample of about 167,000 A — pr~ de-
cays, where the kinematics and the momentum threshold
of the trigger allow unambiguous identification of the de-
cay products [18]. PID information is summarized by a
single observable kaonness x(_) for positive (negative)
track, defined as:

. _ dE/der(,) — dE/der(,)(ﬂ')
HO T dE de \(K) — dE/dw ()

(4)

where dE/dri(_y(r) and dE/dr,_y(K) are the ex-
pected dE/dx_y depositions for those particle assign-
ments. Statistical separation between kaons and pions
is about 1.40, while the ionization rates of protons and
kaons is quite similar in the momentum range of the de-
cay products. The physics background model allows for
independent, charge-averaged contributions of pions and
kaons, whose fractions are determined by the fit. The
combinatorial background model allows for independent
contributions of positively and negatively charged pions
and kaons, whose fractions are determined by the fit.
Muons are indistinguishable from pions with the avail-
able dE / dz resolution and are therefore incorporated into
the pion component. For similar reasons, the small pro-
ton component has been incorporated within the kaon
component.
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TABLE I: Yields and significances of rare mode signals. The first quoted uncertainty is statistical, the second is systematic.

Mode N Significance
B 5 KTK~ 120 + 49 + 42 2.00
BY 5 xtn™ 94428 4+ 11 3.7¢
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FIG. 3: Distribution of the relative signal likelihood, 54

Ls/(Ls + Lother), in the region 5.25 < myr < 5.50 GreV/c2 0
for B — 777~ and 5.10 < mrr < 5.35 GeV/c2 for
B® - KtK~. For each event, Ls is the likelihood for v
the B — 777~ (top panel) and B® — K+tK~ (bottom
panel) signal hypotheses, and Lother is the likelihood for ev-
erything but the chosen signal, i.e. the weighted combination 4
of all other components according to their measured fractions. 45
Points with error bars show the distributions of data and his- 4
tograms show the distributions predicted from the measured
fractions.

42

43

47
48

49

From the signal fractions returned by the fit we calcu- s
late the signal yields shown in Table I. The significance s
of each signal is evaluated as the ratio of the yield ob- =2
served in data to its total uncertainty (statistical and s3
systematic), as determined from a simulation where the s
size of that signal is set to zero. This evaluation assumes 55
a Gaussian distribution of yield estimates, supported by s
the results obtained from repeated fits to simulated sam- 57
ples. This procedure yields a more accurate measure of s
significance with respect to the purely statistical estimate 5
obtained from +/—2Aln(L). 60

We obtain a significant signal for the BY — ntg— o
mode (3.70), while no evidence is found for the B — e
K*tK~ mode (2.00). Figure 3 shows relative likelihood ¢
distributions for these modes, which are in good agree- ®
ment with our model. 65

To avoid large uncertainties associated with produc-
tion cross sections and absolute reconstruction efficiency, e
we measure all branching fractions relative to the B® — e
K7~ mode. A frequentist limit [19] at the 90% C.L. is e
quoted for the B® - K+K~ mode. The raw fractions 7

returned by the fit are corrected for the differences in se-
lection efficiencies between different modes, which do not
exceed 10%. These corrections are determined from de-
tailed detector simulation, with only two exceptions that
are measured from data: the momentum-averaged rela-
tive isolation efficiency between BY and B, and the dif-
ference in efficiency for triggering on kaons and pions due
to the different specific ionization in the COT. The for-
mer is determined as 1.00+0.03 from fully-reconstructed
samples of BY— J/¢¢, and B~ J/YK*? decays [18].
Only b-hadrons decaying into pairs of charged hadrons
are simulated and no fragmentation products, collision
remnants, or pile-up events are present. The latter is
determined from samples of D° mesons decaying into
pairs of charged hadrons [15]. We measure the relative
branching fractions B(D° — 7t7~)/B(D° — K—7t)
and B(D° — K*K~)/B(D® — K~7t). The numbers of
events are extracted from the available samples of tagged
DY = gxt7=, D° - K7t and D° — KtK~ decays,
fitting the invariant D*m mass spectrum [15], while re-
construction efficiencies are determined from the same
simulation used for the measurements described in this
Letter. Comparison of these numbers with world mea-
surement averages [20] allows us to extract the correc-
tion needed to compensate for the different efficiency of
the tracking trigger for kaons and pions. The final cor-
rections applied to our result do not exceed 5% and are
independent of particle momentum.

The dominant contribution to the systematic uncer-
tainty on the BY — 777~ branching fraction is due to
the dE/dx model, which derives from the statistical un-
certainty on the 48 parameters used for the analytical
description of the correlated dE/dzx response of the two
decay products [18]. This uncertainty is evaluated by
repeating the likelihood fit 200 times with different sets
of those parameters, randomly extracted from a multi-
dimensional sphere, centered in the central value of the
parameterization, with a radius corresponding to 1o of
statistical uncertainty, neglecting their correlation. The
dE [ dz-induced systematic uncertainty on each observ-
able is then obtained as the standard deviation of the
distribution of that observable, over the ensemble of like-
lihood fits performed with different sets of parameters.
This approach is adequate for our purposes since the
present measurement is statistically dominated.

Further uncertainties have been assessed, due to the
physics background model and the uncertainty on the
relative efficiency corrections. The time evolution of the
BY? — 77~ mode is potentially different from the flavor-
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TABLE II: Measured relative branching fractions of rare modes. Absolute branching fractions were derived by normalizing to
the current world-average value B(B® — K¥T77) = (19.440.6) x 107%, and assuming the average values at high energy for the
production fractions: fs/fq = 0.282 £ 0.038 [20]. The first quoted uncertainty is statistical, the second is systematic.

Mode Relative B Absolute B (107°) Limit (107°)

_ B(BP—K— KT
B &5 KTK l;(B%:im@) = 0.012 + 0.005 & 0.005 0.23 + 0.10 & 0.10 [0.05,0.46] at 90% C.L.
BY & ptp~  LBBom w008 4+ 0.002 £+ 0.001 0.57 4 0.15 + 0.10 -

i BBYSKTx—)

specific modes if the width difference AI's between the 4
BY? mass eigenstates is significant, due to its containing a s
superposition of the flavor eigenstates of the BY meson. s
This may affect the efficiency of the event selection rela- s
tive to the normalization mode B® — K+t7~. We derive s
our result under the assumption that the B — 777~ s
mode is dominated by the short-lived BY component, s
that 'y = I'y, and AT,/T's = 0.9270 92} [20]. This in-
troduces a small uncertainty which is accounted for in
the final quoted systematic uncertainty. A further sys-
tematic uncertainty of the order of 10%, is included for
the B — KK~ mode to account for a small bias of the *°
fitting procedure observed in simulated samples. Other ’
contributions come from trigger efficiencies, physics back-
ground shape, kinematics, b-hadron masses and lifetimes, 5,
and transverse momentum distribution of the A baryon.
The final results are listed in Table II.  Absolute s
branching fractions are also quoted, by normalizing to ©
world-average values of production fractions and B(B° —
K+m~) [20]. The branching fraction measured for the °
BY — 7T7~ mode is consistent with the previous upper
limit (< 1.2 x 1076 at 90% C.L.), based on a subsample ¢
of the current data [8]. It agrees with predictions ob- es
tained with the pQCD approach [3, 4], but it is higher s
than most other theoretical predictions [1, 2, 21]. 7
The measurement of B(B° — KTK™) is the world’s ™
best and supersedes the previous limit [13]. The cen-
tral value is in agreement with other existing measure-
ments [20] and with theoretical predictions [1, 2]. 75
In summary, we have searched for new rare charmless 7
decay modes of neutral b—mesons into pairs of charged 7
mesons in CDF data. We report an updated upper limit
for the BY — KTK~ mode, the first evidence for the ”
BY — 77~ mode and a measurement of its branching :
fraction. -
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