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Abstract

We apply a genetic programming technique to search for the doubly Cabibbo suppressed decays A7 — pK*tn~ and
D — KTKt7~. We normalize these decays to their Cabibbo favored partners and find BR(AF — pKT77)/BR(AS —
pK—7T)=(0.05+£0.26+0.02)%and BR(D;” > KT K+t7~)/BR(D;” - K~ Ktxt) =(0.52+0.17 + 0.11)% where the
first errors are statistical and the second are systematic. Expressed as 90% confidence levels (CL), wefind < 0.46 and < 0.78%,
respectively. Thisisthefirst successful use of genetic programming in a high energy physics data analysis.

0 2005 Elsevier B.V. Open access under CC BY license.
PACS: 13.25.Ft; 13.30.Eg

Keywords: Genetic programming

Cabibbo suppressed (CS) and doubly Cabibbo sup-
pressed (DCS) decays are important in helping us un-
derstand the dynamics of hadronic decay processes.
DCS decays are unique to the charmed hadrons; charm
is the only heavy up-type quark that hadronizes. DCS
decay rates are such that only DCS decays of D+ and
DO have been observed, while CS decays of nearly all
the charmed hadrons have been observed. This Letter
presents asearch for DCSdecaysof A and D;". Both
branching ratios are expected to be small. Naive ex-
pectations place DCS branching ratios around tan®6,.,
or about 0.25%, relative to their Cabibbo favored (CF)
counterparts. Lipkin argues [1] that exact SU(3) sym-
metry would require the product of the DCS relative
branching ratios BR(Dt — K*7x~nt)/BR(DtT —
K~ ntn™) and BR(D;" — KTKT77)/BR(D;” —
K~ K*77) tobeexactly tan86,.. Thismeansthe latter
should be about 0.07%; a much larger value requires

E-mail address: ewv@fnal.gov (E.W. Vaandering).
1 see http:/ivww-focus.fnal.gov/authors.html for additional au-
thor information.

alarge violation of flavor SU(3). In the A} case, the
CF normalizing mode has a c—d W™ exchange decay
channel available, while the DCS decay mode may
only proceed through spectator decays. The lifetime
difference between A} and ZF shows us that this
exchange mode is important, so we expect that the
branchingratiofor A — pK*m~ should also beless
than tan® 6,..

We have applied a genetic programming (GP) [2]
technique to search for the DCS decays D, —
Kt*K*tn~ and A} — pK*m~ (charge-conjugate
states are implied), neither of which have been ob-
served. GP is a machine learning technique which
evolves populations of programs (event filters in our
case) over a series of generations. The genetic pro-
gramming learning mechanism is modeled on biolog-
ical and evolutionary principals and differs from some
other machinelearning solutionsin that the form of the
solution is not specified in advance but is determined
by the complexity of the problem. We have found that
this unbiased method can be more effective in sepa-
rating signal events from backgrounds than standard,
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cut based, methods. A full demonstration of this tech- particle j and hypothesis € ¢, 7, K, p. Differences
nique on the observed DCS decByY — KtrTn~ between log-likelihoods are used as particle ID, such
is given in Ref[3]. asAWg,(p) = Wk (p) — Wy(p) for “proton favored
These results use data taken with the charm pho- over kaon.” We requird\ W, ¢ (K) > 2 for all kaons in
toproduction experiment FOCUS (FNAL-E831), an both decay modes. For protons framy candidates,
upgraded version of FNAL-E68[A] which collected we requireAWy,(p) > 4 and AWk, (p) > 0 in the
data using the Wideband photon beamline during the initial selection. For theAf, we also require that the
1996-1997 Fermilab fixed-target run. The FOCUS ex- separation between the production and decay vertices,
periment utilizes a forward multiparticle spectrometer ¢, is greater than 3 times its erraf. For theD, the
to study charmed particles produced by the interaction vertex separation requirement go, > 6. For both
of high energy photons(£) ~ 180 GeV)[5] with a Af and D}, the three decay fragments must form a
segmented BeO target. Charged particles are trackedvertex with a confidence level (CL3 1%, and a pro-
within the spectrometer by two silicon microvertex de- duction vertex is formed by adding as many remain-
tector systems. One system is interleaved with the tar- ing tracks to the charm candidate as possible while
get segmentfs]; the other is downstream of the target maintaining a vertex Cl> 1%. One additional re-
region. These detectors provide excellent separationquirement is placed on the CF (DCB)" candidates:
of the production and decay vertices. Further down- theK~ KTz (KT K7 ~) combination is rejected if,
stream, charged particles are tracked and momentumreconstructed ag ~n =+ (KTn 7 ™), the mass is
analyzed with a system of five multiwire proportional within 2o of the nominalD* mass. This cut removes
chamberg7] and two dipole magnets of opposite po- a prominent reflection from the CF candidates and
larity. Three multicell thresholdCerenkov detectors  stabilizes the many fits done during the optimization
are used to identify electrons, pions, kaons, and pro- process; itis applied to the DCS mode for consistency.
tons. FOCUS also contains a complement of hadronic The initial samples ofA} and D} candidates in CF
and electromagnetic calorimeters and muon detectors.and DCS decay modes are showrig. 1
We use loose analysis cuts on both DCS and CF A GP framework (GPF) evolves and tests event fil-
decay modes to select initial samples of events for op- ters. For each filter, we define a fithess
timization by GP. The FOCUGerenkov algorithnfig]

Bpcs
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Fig. 1. Initial A7 (left) and D} (right) data samples. The upper distributions show the CF decay candidates, the lower distributions show the
DCS candidates. In th®;" plot, the Dt — K~z 7t rejection cut described in the textrist applied and a contribution to the fit for this
reflection is visible to the right of th®;" peak.
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Fig. 2. AT samples after selection. On the left is the CF normalizing mode, on the right, the remajhirg pK *= ~ candidates.

whereBpcsis the number of background events found and decay kinematics, away-side charm tagging and,
in a fit of the DCS mass distribution which excludes for the A}, evidence for decays of the excited states

the signal region, andcr is the fitted CF yield. — x®%++ A description of the variabl@sused, ex-
Scr/+/Bocs is proportional to the projected DCS sig- amples of the event filters constructed, and how the
nificance assuming no real DCS events and equal CFpopulation of filters evolves over many generations
and DCS selection efficiencies; squaring this quan- can be found in Ref[3]. In both cases we use 20

tity further emphasizes “better” filters and inverting it sub-populations of 1500 event filters per generation as
allows small fitnesses to describe good event filters. described in Ref[3].

NnodesiS the total number of variables, constants, func- When searching font — pK+x~ and D} —
tions, and operators used in the filter and is included as k + k +7— decays (with the signal regions masked),
a penalty term to encourage smaller filters and to at- the GPF is allowed to run for 80 generations. The
tempt to eliminate the addition of nodes which do not process is terminated when no improvement in fit-
select events based on physics. ness is observed for about 10 generations. The best
For the data samples ig. 1, half the events (as A+ — pK+7~ filter found has 45 nodes and uses
explained later) along with a large number of variables 12 unique physics variables. The events selected are
(37 for A, 34 for DY), operators and functions (21),  shown inFig. 2 One can see that about 15% of the
and constants are used as inputs to the GPF which ran-ignal is retained compared Fag. 1 while the back-
domly generates a Iarge number of filters and calcu- grounds are reduced by a factor ©f1000. The dis-
lates the fithess of each. The GPF preferentially selectStributions in both the CF and DCS cases are fit with a
filters for which this fitness is small to participate in  second degree polynomtadnd a single Gaussian. In
breeding subsequent generations of filters. In this way the DCS case, the Gaussian mean anare fixed to

subsequent generations develop filters with better av- the CF values and we find2+ 6.6 events. Correcting
erage fitnesses. At the end of the process we use the
filter with the single best fithess to select events for
further analysis. o _ 2 In addition to the variables described in REd], we add three

The variables and resulting filter used in the CF additional variablesA W (), the number of tracks in the pro-
and DCS decays are identical. All variables com- duction vertex, and a value indicating if any of the vertex detector
monly used in FOCUS analyses and some additional rack segments are shared between two ”ac'f- - .
variables are allowed to be used in the event filter, O, significant reflections indc — pK*x~ or Dy —

. . KTKTn~ are seen in high-statistics MC studies (which include

These can be roughly broken into categories of ver-

- ; ik e ) all knowncc decay processes) of these decays, so we are justified in
texing, track quality, particle identification, production  ysing simple background shapes.
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Fig. 3. D" samples after selection. On the left is the CF normalizing mode, on the right, the rem&ihirg K+ K 7~ candidates.

for the relative efficiencycr/epcs = 1.204+ 0.007 B is given by
(stat.) calculated with Monte Carlo (MC) simulations,

we obtain a relative BR of 1 —(B—B)?
ex , (4)
52 2 )

P(B) x

BR(A} Kt~ B20¢ |
( c 7 P2 T ) _ (0.0540.26%, @) BY 4 (%" +op

BR(A — pK—nt)

2
205

2
20§

which is consistent with zero. where B is the fitted BR,o is its error ands/S is
The bestDf — KKz~ filter found has 85  {he percent systematic error on the efficiengyB) is

nodes and uses 15 unique physics variables. Thenmerically integrated until the point at which 90% of

events selected are showrfiy. 3. The fits shown are e physical(BR > 0) area is included. This point is

performed identically to thel} case except that an reported as the 90% confidence levelr§f/S > 10%,
additional Gaussian is added to the CF distribution for is distribution has a long high-end tail, raising the

the CS decayp™ — K~ K*n+. We find 275+ 9.2 90% limit considerably.
events in the DCS distribution which, corrected by the We consider four sources of systematic error on our

relative efficiencyecr/epcs = 1.154+0.005, gives a  knonledge of the relative efficiencies of the CF and
relative BR of DCS decay modes. First, and negligible, is the number
BR(D; - KtK*r™) . of MC even_ts used. Second and third, we consider the
BRODF 5 K-Knh) (0.52+0.17)%. 3) effects of different resonance models for the DCS and
$ CF states, respectively. Finally, we consider whether

In both cases our central values are calculated as-the evolved event selector may have different efficien-
suming non-resonant decays for the DCS case and thecies for the CF and DCS modes.
best known resonance models for the CF decays (the In studying possible resonances fof — pK*z~
PDG[9] model for A and a FOCUS model fab;") candidates, we calculate efficiencies as if the fi-
as explained below. nal state is entirely non-resonant or entirely” —

To convert these relative BRs into upper limits in-  A(1232°K+ or AF — pK*(892°. The systematic
cluding systematic errors, we use a method proposederror is taken as the standard deviation of the three
by Convery[10] for incorporating systemic uncertain-  possible efficiencies. For thB” — K*K*x~ can-
ties on reconstruction efficiencies into BR measure- didates, we consider non-resonant decapg, —
ments when a fit, rather than event counting, is used. K*(892°K +, andD} — K(’)"(143()0KJr in the same
In this case, the probabilit® (B) of the true BR being  way. From these studies we find 5.3 and 10.7% sys-
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Fig. 4. Relative BR limit determination far} — pk 7~ (left) and D;f — KT K*x~ (right). The curves show the branching ratio prob-
ability for DCS decays relative to CF decays. The vertical axes are arbitrary. The shaded areas show the 90% integrals over the physical
range.

tematic uncertainties on thé and D" efficiencies,  Table 1
respectively_ Summary of systematic uncertainties. Listed are the percent uncer-

The resonant structures of the CF decays are rea_tainties on the relative efficiencies of the DCS and CF decay modes
+ from various sources
sonably well known. For thet], we use two models,

one from the PDG and another which excludes the Source Syst. unc. (%)
A(1520°7* decay mode. For th®;, we consider AL Df
an incoherent model based on the PDG averages and a&/C statistics 0 0.4
coherent moddllL1] developed from the FOCUS data. DCS resonances 3 107
CF resonances .2 26

From these studies we find 2.1 and 2.6% uncertainties
on theAl — pK~nt and D} — K~ K*tn™ effi-
ciencies, respectively. Total 63 116
Our final systematic contribution is motivated by
the concern that the efficiency of the final GP-generated
event filter may differ for the CF and DCS modes
(after correction for kinematic acceptance of differ-
ent final states) in a way that is not well modeled by
MC. Since this is impossible to measure, we adopt a ", )
more rigorous test. We test if the event filter has the r'ze‘_’ inTable 1 .
same efficiency on CF data and MC events. We do this Finally, as mentioned above_, we only use half
by comparing the CF yields of data and MC samples (even-numbered) of the events in the optimization of

before and after the event filter is applﬁacFor the the event filter. The final values use the event filter
A7, we find that the event filter retains 54+ 0.4% applied to all the events, but as a check, we divide

and 149 + 0.1% of the data and MC events, respec- g\'/e sample 'ntr? el\3/eRn.tsdthe GEF lfsid aﬁd did not use.
tively. For theD;, we determine these quantities to be e measure the independently for these two sam-

21,04 0.4% and 2B+ 0.1%. We take the differences ples and see no significant evidence for a difference,

between these numbers (neglecting the errors) as sysStrongly suggesting that the GPF is not arbitrarily
selecting or rejecting small numbers of events to ar-

tificially reduce backgrounds or enhance signals.
4 The DT — K~z txt rejection cut is applied with the event Using the total percent errors ifable lasog/S
filter in the D} case. and the above BRs, statistical errors, and percent sys-

GP filter 26 35

tematic uncertainties; these cause 2.6 and 3.5% uncer-
tainties on the relative efficiencies far™ — pK 7~

and D} — KT K*x~, respectively. All systematic
uncertainties on the relative efficiencies are summa-
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tematic errors, we integrate(B) from Eq.(4) as de- INFN of Italy, and the Physics Departments of the
scribed and find Collaborating Institutions. This research was sup-
BR(AS — pK+r ™) ported in part by the US National Science Founda-
BROAT 5 pK—n7) <0.46% (5) tion, the US Department of Energy, the lItalian Is-

¢ tituto Nazionale di Fisica Nucleare and Ministero
and dell'lstruzione dell’'Universita e della Ricerca, the
BR(D} — KtK*n™) Brazilian Conselho Nacional de Desenvolvimento

<0.78% (6)

Cientifico e Tecnolégico, CONACyT-México, the Ko-
rean Ministry of Education, and the Korean Science
and Engineering Foundation.

BR(D}f - K—K+rx+)
where the limits are at the 90% CL. We also deter-
mine effective systematic uncertainties for our mea-
surements by calculating the uncertainty necessary,
when added in quadrature to the statistical uncer-
tainty, to cover the central 68% of the distribution
in Eq. (4). By this method, we find BRA} — References
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