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Abstract

Results from the BABAR experiment are presented for searches for sev-
eral rare FCNC B and D meson decays, including the modes B® — ¢*¢~ and
D® —» (¢, B— (p,w)y and BT — (K, w)Tvw. Limits on lepton flavour vio-
lation in neutrino-less T decays are also discussed. Finally, results of BABAR
searches for the strange pentaquark states ©1(1540), =~ ~(1860) and =°(1860)
are summarized.
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1 Introduction

In addition to the CP-violation studies for which is better known, the large
inclusive samples of BB, continuum ete™ — g7 and ete™ — 777~ recorded by
the BABAR experiment are providing unprecedented sensitivity to rare decays
of heavy-flavour mesons and 7 leptons as well as to exotic states such as the
controversial ©1(1540) pentaquark. In these proceedings we present results
of searches for a number of rare b — d, s and ¢ — u flavour-changing neutral-
current (FCNC) processes, the lepton-flavour violating (LFV) decay 77 — u*~y
and the strange pentaquark states ©1(1540), Z~~(1860) and =°(1860). *
The data used for analyses described in these proceedings were collected

with the BABAR detector 1) at the PEP-II asymmetric-energy ete™ storage
ring at SLAC. Since 1999 the BABAR experiment has collected a data sam-
ple of approximately 245 million BB pairs, corresponding to an integrated
luminosity of approximately 221 fb~! at the 7(4S) resonance. An additional
23 fb~! sample was collected at a centre-of-mass (CM) energy approximately
40 MeV below BB threshold and is used to study continuum production of
ete™ = qq (¢ = u,d, s,c) and dilepton events. BABAR data taking was shut
down during the summer of 2004 to permit upgrades to the PEP-II acceler-
ator and BABAR detector. In particular, two sextants of an upgraded muon
system based on limited-streamer tubes were installed during this period. The
resumption of data-taking, anticipated to begin in October 2004, was delayed
by several months due to an electrical accident at SLAC, but was imminent at
the time of this conference. It is anticipated that the current run will continue
essentially without interruption until the summer of 2006, at which time the
remaining sextants of the muon system will be installed during a several-month
shutdown. It is anticipated that BABAR will have integrated a total luminosity
of 500 fb~! by the end of this run.

Charged particle tracking and dE/dz for particle identification (PID)
are provided by a five-layer double-sided silicon vertex tracker and a 40-layer
drift chamber contained within the magnetic field of a 1.5 T superconducting
solenoid. A ring-imaging Cherenkov detector (DIRC) provides charged K — «
separation of greater than 30, over the relevant momentum range for analyses
presented here. The energies of neutral particles are measured by an electro-
magnetic calorimeter (EMC) consisting of 6580 CsI(T1) crystals, which provides
an energy resolution of og/E = (2.3/E'/* ©1.9)% (F is in GeV). The mag-
netic flux return of the solenoid is instrumented with resistive plate chambers
in order to provide muon identification. A full BABAR detector Monte Carlo

(MC) simulation based on GEANT4 2) is used to evaluate signal efficiencies and
to identify and study background sources.

LCharge conjugate modes are implied throughout this paper.



2 BY s /¢t¢~ and D° — (¢~

The leptonic decays B® — ¢+¢~ and D° — ¢T¢~ FCNC processes proceed via
one-loop electroweak penguin and box diagrams in the Standard Model (SM).
These processes are cleanly calculable, since the only non-vanishing operator
is the axial-current O19 and the hadronic matrix elements are just the meson
decay constants fp p. For B? mesons the SM branching fractions are pre-
dicted to be ~ 10715, 10710 and 1078 for the ete™, u™pu~ and 777~ modes
respectively. New physics may contribute additional loop diagrams, may pref-
erentially couple to heavier quark flavours and will not in general exhibit the
helicity suppression of the SM decays. Consequently, various non-SM models
predict enhancements to SM rates by two or more orders of magnitude. Exper-
imentally, B® — ¢T¢~ (¢ = e, u) are also very clean in a B-factory environment
(B® — 77 unfortunately is extremely challenging due to the presence of
neutrinos). Results of BABAR searches for B — eTe™, u*u~ and the lepton-
flavour violating mode et~ based on 111 fb~! of data have recently been

submitted for publication 3). The experimental search proceeds by identifying
two oppositely-charged high-momentum lepton candidates. The lepton four-
vectors are combined to yield a B meson candidate which is expected to have
invariant mass equal to the B mass and a centre-of-mass (CM) energy Ep equal
to the CM beam energy Eheam (Where the total CM energy is 2 Epeam). These
requirements are enforced via the kinematic variables mgs = \/E..., — P%
and AE = Ep — Epeam, which exploit the fact that the CM energy is very pre-
cisely determined in a B-factory environment. For BY — ¢*¢~ the mgs and AE
resolutions are estimated to be less than about 3 MeV/c? and 25 MeV respec-
tively. Additional suppression of non-BB continuum backgrounds is achieved
through cuts on event-shape variables, particularly cos 87, the cosine of the an-
gle between the thrust axis defined by the reconstructed B candidate and the
thrust axis defined by the combination of all other tracks and clusters in the
event. Signal efficiencies are determined from simulation, while backgrounds
are determine directly from data by extrapolating mpggs and AFE sidebands into
the expected signal region. Efficiency systematics arise predominantly due to
knowledge of the shapes of the signal mgg and AFE distributions, and from
tracking and PID uncertainties. The total estimated systematics range from
5.7% to 7.1% for the three signal modes. Unblinding of the data revealed a to-
tal of two signal candidate in the three modes, consistent with the background
expectations. Branching fraction limits are derived using a modified frequentist
approach and are listed in table 1.

A related BABAR analysis searches for the corresponding leptonic decays

of D° mesons 4). This analysis complements the B® — T/~ search in that
it is potentially sensitive to new physics couplings of up-type quarks rather
than down-type quarks. D° candidates are reconstructed from combinations



Table 1: B® — ¢+¢~ results.

Mode Efficiency | Expected Events Limit
background | observed | (90% C.L.)
B(B” wete ) | 21.8+£1.2 ] 0.71+0.31 0 <61x10°
B(B® - ptp) | 15.941.1 | 0.72+0.26 0 <83x1078
B(B® — efp¥) | 181412 | 1.294+0.44 2 <18 x 1078

of oppositely-charged electrons and muons as described above. Due to sub-
stantial combinatorial backgrounds arising from double-semileptonic decays of
BB events, the resulting D° candidates are required to possess CM momentum
pp > 2.4 GeV/c and are further required to combine with a charged pion to
yield a D** — DOt candidate consistent with the expected D** mass. Since
this analysis does not utilize 7(4S) events for the signal channel, the offpeak
data is also included, for a total dataset of 122 fb~!. Remaining backgrounds
arise either from purely combinatorial sources or from D° decays with kaons
or pions misidentified as leptons. In the latter case, the reconstructed dilepton
invariant mass is shifted slightly from the nominal D° mass, permitting esti-
mation of this background source directly from data sidebands along with the
purely combinatorial background component. Signal yields are obtained by a
simultaneous fit of the signal and background shapes to the dilepton invariant
mass distribution in data, yielding branching fraction limits of

B(D® = efte™) < 1.2x107°
B(D° = utp~) < 13x10°°
B(D° — e*uF) < 0.81x107°

at the 90% confidence level.

3 B — p(770)y and B — w(782)y

Penguin-mediated b — sy FCNC decays have been relatively precisely mea-
sured in both inclusive and exclusive modes. In contrast, the CKM suppressed
b — dv modes have been more elusive. The decay rates for the exclusive de-
cays B — p(770)y and B — w(782)y are related in spectator quark models,
permitting the combined rate, B[B — (p,w)7], to be expressed as

]. T+
BB ~ (p,w)] = 5{B(B* = p*) + T%[B(B” = p"y) + B(B® = wy)]}
_ (1)
The SM expectation is B[B — (p,w)7] ~ (0.9—1.8) x 10~¢ but, as is the case
for other FCNC decays, enhancements to this rate are predicted in various new



physics models. BABAR has recently reported the results of a search for the
exclusive decays BT — pTv, B — p’y and B — w(782)v based on 191 fb! of
data. p° = 7t7—, p = 7t7% and w — 7770 candidates are reconstructed
from combinations of charged and neutral pions which yield invariant masses
630 < m(rm) < 940 MeV/c? and 764 < m(nt7n~7%) < 795 MeV/c?. These
are combined with identified photons to obtain charged and neutral B meson
candidates. Background arise primarily from eTe™ — ¢ events containing
energetic photons from initial state radiation, 7°/n decays, or from other ra-
diative B decays such as B — K*v. Events are vetoed if the photon candidate
can be combined with any other photon to yield m(vy7) consistent with a 7° or
1. Additional background rejection is obtained using a combination of a neural
net based on activity in the detector which is not associated with the signal
photon or p/w candidate (i.e. the so-called “rest of event”), and using a Fisher
discriminant based on the kinematics of the signal candidate (the helicity angle,
flight direction of the reconstructed B candidate, etc.). The signal candidate
yield is extracted from data using a four-dimensional extended maximum like-
lihood fit to the mgs and AFE distributions and the outputs of the neural net
and Fisher as shown in figure 1. Branching fraction limits are obtained both
for the individual modes as well as the B — (p,w)7y combination, yielding

B(B* = pty) < 18x10°°
B(B® = p%y) < 0.4x107°
B(B* - wy) < 1.0x10°°

B[B = (p,w)y] < 12x107°

at 90% confidence level. These results are compared with theoretical predic-
tions and current Belle experimental results in figure 2, from which is is clear
that current experimental sensitivity has reached the SM level.

Because SM b — s/dry processes are dominated by penguin diagrams with
a top quark in the loop, the branching fractions are sensitive to CKM elements
Vie (z = d,s,b). Although the absolute branching fractions possess relatively
large theoretical uncertainties, many of these are expected to cancel in the ratio
of b — dvy and b — sy modes,

B(B = (p.w)) :‘@2
BB~ K (392)7) | Vis

1—m2/m
(W) €2[1 + AR] 2)

where m are the masses of the decay daughters, Mp is the B meson mass 9),
and ¢ and AR are correction factors relating to flavour SU(3) breaking and
weak annihilation respectively with values ¢2 = 0.85 £+ 0.10 and AR = 0.1 +
0.1. 7 Using B[B — (p,w)y] from above and combining it with a previously

published BABAR measurement 10) of B(B — K*(892)7) yields a limit on the
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Figure 1: Projections of the combined B — (p,w)y fit to BABAR data (points)
in the four fitting variables (a) mps, (b) AE, (c) the neural net output N
and (d) the Fisher discriminant output F. The dashed curves are the expected
background, while the solid curves indicate the total signal plus background.

ratio B(B — (p,w)y)/B(B — K*(892)y) < 0.029 at 90% which, neglecting
theoretical uncertainties, can be interpreted as a limit on the ratio [Viq|/|Vis| <
0.19. It is worth noting that this limit is beginning to impose a significant
constraint on the B meson unitarity triangle fits.

4 BT 5 Ktvv and Bt - ntvw

The b — svv branching fraction is considered to be one of the most the-
oretically clean probes of new physics in the B sector. Unlike the charged
lepton modes b — sf+£~, the neutrino modes do not possess a photonic pen-
guin diagram (only Z penguin and W box diagrams contribute) and hence
are governed by only a single Wilson coefficient. b — svv is also free of long
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Figure 2: Comparison of b — dy branching fractions experimental results from
BABAR ) and Belle 6) with theoretical predictions 7)8).

distance contributions which additionally complicate the interpretation of the
charged lepton modes. The situation for b — dvv is similar, except that there is
an additional suppression factor of |V;4|?/|Vis|? relative to the strange modes.
Unfortunately, b — svv is experimentally very difficult due to the presence
of the two undetected neutrinos. Consequently, it is necessary to search for
the exclusive decay BT — K Tvw rather than perform an inclusive search. The
SM prediction for the B* — K+uvw branching fraction is ~ 4 x 107°, how-
ever substantial enhancement can occur in new physics models as a result of
contributions of heavy non-SM particles in the loop. BABAR has recently re-
ported the results of a search for Bt — KTvv and BT — 7Tvv decays based

on 82 fb~! of data 11). The signature for these modes is the presence of a
single charged kaon or pion plus significant missing energy recoiling against
a reconstructed charged B meson. The analysis proceeds by first exclusively
reconstructing a charged B candidate in either an hadronic or semileptonic
decay mode of the form B~ — D(*)OX}:ad or B~ — D™%~j where Xiad
is a combination of up to five charged or neutral hadrons. Once a charged
B candidate has been identified, all remaining particles in the event are con-
sidered to comprise the signal candidate. Events are retained if the signal
candidate contains exactly one track with charge opposite the reconstructed
B, with CM momentum pg, > 1.25GeV/c and with PID consistent with ei-
ther a kaon (for BT — KTvw) or pion (for BT — ntvv). True signal events
may also contain a small number of low-energy calorimeter clusters result-
ing hadronic split-offs, beam backgrounds, bremsstrahlung photons etc., while
background events typically contain significant additional calorimeter activity
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Figure 3: Distribution (a)of the total energy, Eextra, of all calorimeter clusters
in Bt — K+vv signal candidate events which are not used in the reconstruc-
tion of the accompanying B meson, and (b) distribution of the signal kaon CM
momentum, px for events surviving the eextra indicated in (a). Data are shown
as solid points, while the MC predictions for the signal and background distri-
butions are plotted as dashed and solid curves respectively. In both plots only
events with an hadronic accompanying B are shown.

due to the presence of neutral hadrons in the event (see figure 3a). The total
extra calorimeter energy associated with the signal candidate is required to be
less than 250MeV. For BT — K+ v, the overall B reconstruction plus signal
selection efficiencies were estimated to be (0.055+0.005)% and (0.115+0.009)%
respectively for the hadronic and semileptonic reconstruction samples, domi-
nated in both cases by the low B reconstruction efficiencies. Unblinding of the
data revealed three and six events respectively, consistent with background es-
timates. A combined branching ratio limit of B(B* — KTvv) < 5.2 x 107° is
obtained using a modified frequentist approach. Comparable signal efficiencies
were obtained for the BT — ntvw search, however substantially larger back-
grounds were expected and subsequently observed in data, resulting in a limit
of B(BT — mTvw) < 10 x 10~° at 90% confidence level.

5 Neutrino-less 7 decays and lepton-flavour violation

In the SM with non-zero neutrino masses LFV can occur in one-loop penguin
processes via neutrino mixing, but only at a level which is many orders of
magnitude below current or expected future experimental sensitivity. Hence
any observation of LFV would provide unambiguous evidence of new physics.



Various new physics scenarios predict enhancements in various LFV 7 decays
up to the current experimental limits. BABAR has recently reported the re-
sults of a search for the LFV mode 7+ — pt+, based on a sample 2.07 x 108
ete™ = 77~ events, corresponding to an integrated luminosity of 232 fb~!
(on- plus off-peak data). Events are divided into two hemispheres along a
plane perpendicular to the event thrust axis and events consisting of a 1-1 or
1-3 charged track topology are retained. The so-called “tag” hemisphere is
labelled as e, i, h or 3h according to the particle identification of the track(s).
The opposing hemisphere is then required to contain only a single muon and a
photon with energy E, > 200 MeV. Background rejection is achieved using a
five-input neural net utilizing the event missing mass and transverse momen-
tum, the tag particle momenta and the signal candidate helicity angle. Signal
candidates are selected within a region defined by a 20 ellipse in the kinematic
variables 6E = E,, — \/s/2 and mgc, defined as the invariant mass resulting
from a kinematic fit to the py combination with E,, constrained to \/s/2. A
total of four events are observed in the combination of all tag modes. Back-
grounds are determined from extrapolation of mgc and AE sideband regions
into the signal region and are estimated to total 6.2 & 0.5 events. A branching
fraction limit is derived from a maximum likelihood fit to the mg¢ distribution
(see figure 4), yielding B(rt — utv) < 6.8 x 107% at the 90% confidence level.

6 ©7(1540) and =, ~(1860) Pentaquark searches

A flurry of recent experimental searches for pentaquark states was triggered by

a theoretical paper 15) based on a chiral soliton model using the N7 (1710) as
input and mass splittings of ~ 180 MeVc?. Evidence was subsequently reported
by several experimental groups for an exotic state, 9;{(1540), which is presumed
to have minimal quark content of ududs. BABAR reported preliminary null

results at ICHEP 2004 16) for the ©F (1540), 27~ (1860), Z2(1860) as well as
other members of the antidecuplet and corresponding octet. These searches

have recently been refined and subsequently submitted for publication 17),
Since the production mechanism at an ete™ collider is not known the BABAR
searches utilize all events accepted by the trigger, estimated to be more than
99% efficient for eTe™ — qg events. ©F candidates are reconstructed in the
mode pK? (K — 7T7~), with a resulting invariant mass resolution ranging
from 2-8 MeV/c depending on the signal candidate momentum. The signal
efficiency is estimated from Monte Carlo simulation and validated by comparing
the data yield for A7 — pK? with the simulation predictions. A clear AT —
pK? peak containing approximately 98000 events is visible in data, however no
evidence of the ©F (1540) is visible (see figure5 left). Limits are obtained by
fitting both the inclusive pK? spectrum and the differential spectra obtained in
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Figure 4: The energy-constrained invariant mass mpc for 77 — ptvy signal
candidate events. Data are shown as solid points, while the fitted background
shape is shown as a dashed curve. The signal shape is shown for illustration as
a solid curve.

bins of the CM pK? candidate momenta (figure5 right and table 2) assuming
both a width of 1 MeV/c? and a natural width of 8 MeV/c?. Production rates
are consistent with zero across the entire momentum range and for all width
hypotheses.

Searches for the =5 ~(1860) and =9(1860) pentaquarks proceed in a sim-
ilar manner, via the channels £ 7(1860) — = 7~ and Z2(1860) - =« ™,
where 5~ — A%—, A° — pr—. A total of 290000 =~ candidates are obtained,
with a signal to background ratio of 23:1 in the A%r~ invariant mass. The
overall reconstruction efficiency for =5 ~(1860) and =2(1860) is estimated to
range from 6.5% at low momentum to 12% at high momentum. The =2(1860)
efficiency is further validated by comparing the yield of conventional Z°(1530)
and =, baryons in data and simulation. Signal yields are extracted both inclu-
sively and in bins of momentum as was done in the ©% search, for signal widths
ranging from 1-18 MeV /c?. No evidence for either =5 ~(1860) or =9(1860) was
found. The resulting limits are reported in table 2.

7 Summary

We have reported the results of BABAR searches for several rare decays with po-
tential sensitivity to beyond-SM physics. In several cases, such as B — (p,w)y
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Figure 5: The pK? invariant mass distribution (left), with detail of the
@;‘(1540) signal region shown inset. Limits on the differential production cross
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CM momentum assuming two different possible decay widths (solid and dashed
lines).

Table 2: Pentaquark search results integrated over the entire momentum range
and quoted as both cross section upper limits and in terms of the rate per event.
Numbers in brackets assume (A = natural width), while unbracketed numbers
assume (A =1 MeV/c?).

Pentaquark Cross section ete” — qq yield
state upper limit (fb) | upper limit (x10°/event)
ot +06~ 171 (363) 5 (11)
BT+ EFT 25 (36) 0.74 (1.1)

and BT — KTuv, these limits are approaching SM predictions. In other cases,
such as B® — ¢t¢~ and 7t — pt+, the current experimental limits are many
orders of magnitude from the SM, but the limits are currently constraining new
physics. In addition, we have described searches for the strange pentaquark
states ©F (1540), =5~ (1860) and =2 (1860). While large, cleanly reconstructed
samples of similar conventional baryons are obtained with excellent invariant
mass resolution, we see no evidence of these pentaquark states and conclude
that if they exist, then production must be significantly suppressed in ete~
compared to conventional baryons.
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