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Based on a sample corresponding to 4.33106 producedt-pair events, we have studied hadronic dynamics in
the decayt2→ntp

2p0p0 in data recorded by the CLEO II detector operating at the CESRe1e2 collider.
The decay is dominated by the processt2→nta1

2(1260), with thea1
2 meson decaying to three pions pre-

dominantly via the lowest dimensional~mainly S-wave! r2p0 Born amplitude. From model-dependent fits to
the Dalitz plot and angular observables in bins of 3p mass, we find significant additional contributions from
amplitudes fora1 decay tosp, f 0(1370)p, and f 2(1270)p, as well as higher dimensionala1→rp andr8p
amplitudes. Notably, the squaredsp amplitude accounts for approximately 15% of the totalt2

→ntp
2p0p0 rate in the models considered. The data are well described using couplings to these amplitudes

that are independent of the 3p mass. These amplitudes also provide a good description for thet2

→ntp
2p1p2 Dalitz plot distributions. We have searched for additional contributions fromt2→ntp8

2(1300). We place 90% confidence level upper limits on the branching fraction for this channel of between
1.031024 and 1.931024, depending on thep8 decay mode considered. Thep2p0p0 mass spectrum is
parametrized by a Breit-Wigner form with a mass-dependent width which is specified according to the results
of the Dalitz plot fits plus an unknown coupling to ana1→K* K amplitude. From ax2 fit using this param-
etrization, we extract the pole mass and width of thea1, as well as the magnitude of theK* K coupling. We
have also investigated the impact of a possible contribution from thea18(1700) meson on this spectrum.
Finally, exploiting the parity-violating angular asymmetry ina1→3p decay, we determine the signed value of
thet neutrino helicity to behnt

521.0260.13 (stat)60.03 (syst1model), confirming the left-handedness of
the t neutrino.

PACS number~s!: 13.35.Dx, 13.25.Jx, 14.40.Cs, 14.60.Fg
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HADRONIC STRUCTURE IN THE DECAYt2→ntp
2p0p0 . . . PHYSICAL REVIEW D 61 012002
I. INTRODUCTION

The decay1 t2→nt@3p#2 has been the subject of muc
interest over the years. Because of the transformation p
erties of the weak current under parity andG parity, t lepton
decay to an odd number of pions is expected to occur ex
sively through the axial vector current, ignoring isosp
violating effects. Thus the 3p system in this decay mus
have spin-parity quantum numbersJP502 or 11. As a re-
sult of this plus the purely weak interaction involved int
decay, such decays provide an excellent opportunity to
vestigate the axial vector hadronic weak current and the
namics of axial vector meson decay.

The t2→nt@3p#2 decay is dominated by production o
the poorly understooda1(1260) meson, which is believed t
decay mainly via the lowest dimensional Born~mostly
S-wave! rp intermediate state. The world average values@1#
for its mass and width are 1230640 and 250–600 MeV,
respectively, determined primarily fromt decay. The theo-
retical understanding of thea1 is not rigorous—many model
have been proposed@2–7# to describe the line shape an
resonant substructure, but none have provided an ent
satisfactory description of the data. Additional experimen
input is essential for a better understanding of this syste

Recent experimental studies of thet2→ntp
2p1p2 de-

cay have been carried out by the ARGUS@8,9#, OPAL @10#,
and DELPHI@11,12# Collaborations. Analyses of earlier da
such as that by Isgur, Morningstar, and Reader@4# had dem-
onstrated the presence ofD-wave rp production. With
;7500 events, ARGUS@8# measured the ratio of amplitude
at the nominala1 mass to beD/S520.1160.02. In a
sample of;6 300 events, OPAL@10# found D/S520.10
60.0260.02. Another ARGUS analysis@9# of ;3 300
lepton-tagged events considered many additional amplitu
This analysis found a signal at the 4.2 standard deviations)
level for the presence of ana1→ f 2(1270)p amplitude. Nei-
ther ARGUS nor OPAL found evidence of non-axial-vect
contributions such as production of theJP502 p8(1300)
which decays torp andsp.

In addition, the decays t2→nt@3p#2 and t2

→nt@5p#2 have been employed to constrain thet neutrino
mass@11,13#, through investigation of the end point in th
invariant mass and energy spectra of the multi-pion syst
Notably, ALEPH @14# has obtained an upper limit of 18.
MeV at the 95% confidence level~C.L.! on the nt mass,
based on these decays. These analyses rely on an under
ing of the hadronic dynamics. DELPHI@11,12#, with ;6500
events, has reported anomalous structure int2

→ntp
2p1p2 in the context of ant mass analysis. In tha

work, the Dalitz plot distribution for events with very hig
3p mass (.1.5 GeV) is suggestive of enhancedD-wave
rp production, while the 3p mass spectrum shows an e
cess in this region relative to expectations from a singlea1

resonance. Inclusion of a radial excitation~an a18) with a

1Generalization to charge conjugate reactions and states is im
throughout, except as noted.
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largeD-wave coupling torp provides an improved descrip
tion of the DELPHI data, but weakens thent mass limit.

In this article, we present results from a model-depend
analysis of the decayt2→ntp

2p0p0, based on data col
lected with the CLEO II detector. We perform fits to mode
to characterize both the substructure as seen in Dalitz
and angular variables, as well as thea1 resonance parameter
as seen in the 3p invariant mass spectrum. Thep2p0p0

channel has several advantages relative to the all-cha
mode. First, the multihadronic andt feed-across back
grounds are smaller. Second, thep2p0p0 mode may be
better suited for discerning substructure involving isosca
mesons because there is only one pairing of pions which
haveI 50, unlike in the all-charged case. This second po
is particularly relevant in light of the ARGUS result forf 2p
production@9# and the recent observation of the decayt2

→nt f 1(1285)p2 by CLEO @15#. These results suggest th
isoscalars may play a role ina1 decay.

The outline for this paper is as follows. In Sec. II, w
describe the data sample and event selection. We des
the basic elements of the model used to characterize thet2

→ntp
2p0p0 data in Sec. III. In Secs. IV, V, and VI, we

describe the three analyses of the hadronic structure:~1! per-
forming fits to the substructure based on Dalitz plot and
gular observables;~2! extending these fits to determine th
signedt neutrino helicity; and~3! performing fits to deter-
mine the resonant structure of the 3p mass spectrum, mak
ing use of results from the substructure fits. We summa
the results and conclude in Sec. VII.

II. DATA SAMPLE AND EVENT SELECTION

The analysis described here is based on 4.67 fb21 of
e1e2 collision data collected at center-of-mass energ
2Ebeamof ;10.6 GeV, corresponding to 4.33106 reactions
of the typee1e2→t1t2. These data were recorded at th
Cornell Electron Storage Ring~CESR! with the CLEO II
detector @16# between 1990 and 1995. Charged partic
tracking in CLEO II consists of a cylindrical six-layer stra
tube array surrounding a beam pipe of radius 3.2 cm t
encloses thee1e2 interaction point~IP!, followed by two
co-axial cylindrical drift chambers of 10 and 51 sense w
layers, respectively. Barrel (ucosuu,0.81, whereu is the po-
lar angle relative to the beam axis! and end cap scintillation
counters used for triggering and time-of-flight measureme
surround the tracking chambers. For electromagnetic c
rimetry, 7800 CsI~Tl! crystals are arrayed in projective~to-
ward the IP! and axial geometries in barrel and end cap s
tions, respectively. The barrel crystals present 16 radia
lengths to photons originating from the IP.

Identification oft2→ntp
2p0p0 decays relies heavily on

the segmentation and energy resolution of the calorimeter
reconstruction of thep0’s. The central portion of the barre
calorimeter (ucosuu,0.71) achieves energy and angular res
lutions of sE /E(%)50.35E0.7511.920.1E and
sf (mrad)52.8/AE12.5, with E in GeV, for electromag-
netic showers. The angular resolution ensures that the
clusters of energy deposited by the photons from ap0 decay

ed
2-3
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D. M. ASNER et al. PHYSICAL REVIEW D 61 012002
are resolved over the range ofp0 energies typical of thet
decay mode studied here.

The detector elements described above are immersed
1.5 T magnetic field provided by a superconducting solen
surrounding the calorimeter. Muon identification is acco
plished with proportional tubes embedded in the flux ret
steel at depths representing 3, 5, and 7 interaction length
total material penetration at normal incidence.

A. Event selection

To identify events astt candidates we require the deca
of the t1 ~denoted as the ‘‘tagging’’ decay! that is recoiling
against our signalt2 decay to be classified asn̄te

1ne ,
n̄tm

1nm , n̄tp
1, or n̄tp

1p0. Thus, we select events contai
ing two oppositely charged barrel tracks separated in an
by at least 90 °. To reject backgrounds from Bhabha sca
ing and two-photon interactions we require track momenta
be between 0.08Ebeam and 0.90Ebeam. Clusters of energy
deposition in the central region of the calorimet
(ucosuu,0.71) that are not matched with a charged tra
projection are paired to formp0 candidates. These showe
must have energies greater than 50 MeV, and the invar
mass of the photon-pair must lie within 7.5s of thep0 mass
wheres varies between;4 and 7 MeV. Thosep0 candi-
dates with energy above 0.06Ebeamafter application of ap0

mass constraint are associated with any track within 90 °
A p2p0p0 candidate is formed from a track which ha

two associatedp0 candidates as defined above. If more th
one combination ofp0 candidates can be assigned to a giv
track, only one combination is chosen: namely, that
which the largest unused barrel photon-like cluster in
p2p0p0 hemisphere has the least energy. A cluster is
fined to be photon-like if it satisfies a 1% confidence le
cut on the transverse shower profile and lies at least 30
away from the nearest track projection.

As mentioned earlier, to reject background from mu
hadronic (e1e2→qq̄) events, the tag system recoilin
against thep2p0p0 candidate must be consistent witht
decay to neutrino~s! pluse1, m1, p1, or p1p0 ~denoted as
r1). The recoiling track is identified as an electron if i
calorimeter energy to track momentum ratio satisfies 0
,E/p,1.1 and if its specific ionization in the main dri
chamber is not less than 2s below the value expected fo
electrons. It is classified as a muon if the track has penetr
to at least the innermost layer of muon chambers at th
interaction lengths. If not identified as ane or am, then if the
track is accompanied by a thirdp0 of energy>350 MeV
which lies closer to it than to thep2p0 system, the track-p0

combination is classified as ar tag. The invariant mass o
this system must be between 0.55 and 1.20 GeV. If not id
tified as ane, m, or r tag, the recoil track is identified as
singlep tag. To ensure that these classifications are con
tent with expectations fromt decay, events are vetoed if an
unused photon-like cluster withucosuu,0.95 has energy
greater than 200 MeV, or if any unmatched non-photon-l
cluster has energy above 500 MeV. The missing momen
as determined using thep2p0 and tagging systems mus
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point into a high-acceptance region of the detec
(ucosumissu,0.9), and must have a component transverse
the beam of at least 0.06Ebeam.

B. Final event sample

After all cuts, the remaining sample consists of 51 1
events. The normalized invariant masses of the two pho
pairs,Sgg[(Mgg2mp0)/sgg , are plotted against each othe
in Fig. 1~a!. In Fig. 1~b!, Sgg is plotted for allp0 candidates
along with the corresponding distribution from thet Monte
Carlo ~MC! sample described in the following section. Th
low-energy tail in the energy response of the calorimeter,
to leakage of electromagnetic showers beyond the lengt
the CsI crystals, is responsible for the asymmetric shap
the Sgg distribution. In addition, the peak of the distributio
is shifted from zero by roughly half a unit. This is a cons

FIG. 1. ~a! Plot of the normalized photon-pair invariant ma
Sgg5(Mgg2mp0)/sgg for the two p0 candidates after all othe
cuts have been applied.~b! Comparison of theSgg distribution~two
entries per event! for data~points! andtt Monte Carlo~histogram!
samples.
2-4
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HADRONIC STRUCTURE IN THE DECAYt2→ntp
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quence of the convolution of the asymmetric energy
sponse functions for the two photons, calibrated to pea
the correct photon energy.

We define thep0p0 signal region to be that where
23.0,Sgg,2.0 for bothp0 candidates. In this region ther
are 36 710 events, of which 17 234 are tagged by lepto
decays of the recoilingt. To estimate the contributions from
fakep0’s, we also define side and corner band regions us
27.5,Sgg,25.0 and 3.0,Sgg,5.5.

In Fig. 2, we plot thep2p0p0 mass for events in the
p0p0 signal and side band regions, for data andt MC
samples. The events above thet mass in Fig. 2~c! are domi-
nantly due to feed across fromt→rn decays where the sec
ond p0 is being picked up from the recoilt decay. Thet
Monte Carlo simulation accounts for most of this high ma

tail, but not all, with the remainder being due to a smallqq̄
background contribution. The high mass events are es
tially absent from the lepton-tagged events, plotted in F
2~d!.

C. Monte Carlo samples

For determination of detection efficiency for our sign
decay as well as for backgrounds from othert decay modes,
we rely on a sample of Monte Carloe1e2→t1t2 events
with equivalent luminosity approximately three times that
the data. These events were generated using theKORALB/

TAUOLA @17# program, and then passed through theGEANT-
based@18# CLEO II detector simulation package. The fu
CLEO event reconstruction program was then run on
sample. The MC distributions shown in Figs. 1 and 2
derived from this sample.

FIG. 2. p2p0p0 mass spectrum from the all-tag~a! and lepton
tag ~b! samples, after cuts. Shown are events in thep0p0 signal
~dark points for the data, unshaded histogram for the Monte C
spectrum! and side band~light points for the data, shaded histogra
for the MC spectrum! regions. Plots~c! and ~d! show the same
spectra as in~a! and ~b! plotted over a larger range and on a log
rithmic scale.
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In TAUOLA, the t2→nt@3p#2 decay is described with a
single a1 resonance decaying solely via the lowest dime
sional (s-wave, in the notation introduced in the next se
tion! Born amplitude for (r1r8)p production, following the
model of Kühn and Santamaria@5#. We have tuned thea1
mass and width to yield a 3p mass spectrum that roughl
matches that seen in our data in the all-charged mode.
though the data and MC 3p mass spectra show reasonab
agreement on average~see Fig. 2!, close inspection reveal
significant deviations, particularly in the high mass regi
located roughly between 1.4 GeV and thet mass. The Dalitz
plot distributions agree poorly with the corresponding M
distributions, especially in theMp0p0 projection and most
strikingly at high 3p mass.

For the substructure fits described in Sec. IV, we gen
ated additional MC samples for our signal mode plus k
backgroundt decay modes. For these samples, we dev
oped special purpose event generators. Unlike the treatm
in KORALB/TAUOLA , we implemented radiative effects ac
cording to an approximation in which they factorize from t
rest of the differential matrix element, as required by t
reverse Monte Carlo approach described in Sec. IV A.
addition, the signal mode was generated with a 3p mass
spectrum weighted towards high values so as to ensure
statistics in the high-mass region where the data show
most apparent deviation from the model used byTAUOLA in
both Dalitz plot and 3p mass distributions.

III. MODEL OF t2
˜ntp2p0p0

Tau lepton decay to neutrino plus three pions follows
form

dG~t→nt3p!5
1

2mt
FGF

2Vud

2
LmnJmJn* GdF4 , ~1!

whereLmn represents the lepton tensor for weak decay,Jm

denotes the hadronic weak current for production of th
pions, anddF4 is the Lorentz-invariant four-body phas
space element for the decay. The goal of this analysis i
probe the structure of the hadronic current, benefiting fr
the well-understood properties of the weak interaction.

In principle, Jm is comprised of vector and axial vecto
currents:

Jm5JV
m1JA

m5^3pud̄gmuu0&1^3pud̄g5gmuu0&, ~2!

howeverG-parity conservation requires thatJm
V50. Thus we

consider only contributions from the axial vector current.
In t decay, the squared momentum transfers[M3p

2 is
small, and thus the dynamics are expected to be domin
by resonance production. The possible axial vector (JP

511) resonance contributions are thea1(1260) and radial
excitations, i.e., thea18 . In addition, pseudoscalar (JP502)
contributions are possible, i.e., thep8(1300), although these
are expected to be suppressed according to the partially
served axial current hypothesis. In this section we desc
the model used to parametrizeJm, assuming the 3p system
is in a JP511 state.

lo
2-5
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A. Model for substructure in 1 1
˜3p

The strong decay of thea1 is expected to involve sub
structure which is again dominated by resonance product
We write for the contribution toJm involving a1 production

Ja1

m 5Ba1
~s!3(

i
b i j i

m , ~3!

whereBa1
(s) denotes thea1 Breit-Wigner term,b i are com-

plex coupling constants, andj i
m contain form factors describ

ing components of the substructure involving specific re
nances. The details of this parametrization are given
Appendix A. As an example, in the case ofs-waverp pro-
duction,

j rp,s wave
m 5Tmn@q1nBr~s1!FRrp

~k1!2q2nBr~s2!FRrp
~k2!#.

~4!

We definep1 , p2, andp3 as the four-momenta of the thre
pions, in our casep1

0, p2
0, andp2, respectively. We define

a5p11p21p3 , si5(pj1pk)
2, and qi5pj2pk , where

( i , j ,k) represent cyclic permutations of (1,2,3). The fac
Tmn denotes the expressiongmn2aman/a2. The factors
Br(si) denote Breit-Wigner terms describing the correspo
ing r→pp0 amplitudes. Finally, we have included an add
tional form factorFRrp

, which represents the effect of th

finite size of thea1 meson in its decay torp. We take this
form factor to have the form

FRi
~ki !5e2Ri

2ki
2/2, ~5!

whereki is the momentum of the decay products, ther and
the p in this case, in thea1 rest frame. The parameterRi is
proportional~by a factor ofA6\c, see Ref.@3#! to the root
mean square~r.m.s.! radius of thea1. We note that expres
sions for j i

m must be symmetric with respect to interchan
of p1

0 andp2
0 since these are indistinguishable.

In our analysis of substructure in thet→nt3p decay, we
consider the following amplitudes:

j 1
m : s2wave amplitude for 11→r~770!p,

j 2
m : s-wave amplitude for 11→r~1450!p,

j 3
m : d-wave amplitude for 11→r~770!p,

j 4
m : d-wave amplitude for 11→r~1450!p, ~6!

j 5
m : p-wave amplitude for 11→ f 2~1270!p,

j 6
m : p-wave amplitude for 11→ f 0~40021200!p,

j 7
m : p-wave amplitude for 11→ f 0~1370!p.

Hereafter, we denote ther~770! resonance by its commo
designation r, the r~1450! resonance byr8 and the
f 0~400–1200! by s. An explicit parametrization of the am
plitudes j i

m is given by Eq.~A3!. With these definitions, the
01200
n.
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in

r
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constantsb i have dimensions of (GeV)x, where the exponen
depends on the amplitude. In our fits we specifyb151, such
that the couplings for the other amplitudes are determi
relative to thes-waverp coupling. The parameters used
describe the resonances appearing in thej i

m above are given
in Table I, while the Breit-Wigner form used here is given
Appendix A by Eq.~A7!.

In Eqs. ~4! and ~A3!, we have constructed Lorentz
invariant amplitudes so as to make contact with the reson
components of the substructure. In contrast with a formu
tion based on angular momentum eigenfunctions, these
plitudes are only approximately associated with a spec
angular momentum quantum numberL, and hence we have
employed lower case letters to identify the primary value
L. Thus, for example the lowest dimensional Born amplitu
for rp, the Lorentz-invariants-wave amplitude, contains a
small D-wave component~see for example, Refs.@4,6#!.

The selection of the amplitudesj 1
m , . . . ,j 7

m is in part
based on experience gained in early attempts to fit the da
is also in part motivated by the unitarized quark model
Törnqvist @20#. The resonance parameters of the broades
and f 0(1370) mesons are taken from application of th
model to existing data@20#. We have also performed fits with
additional amplitudes, namely the axial vectorf 0(980)p and
pseudoscalarp8→rp and sp. These are discussed i
Sec. IV D.

B. Model for the 3p mass spectrum

The conventional understanding oft→nt 3p decay is
that it proceeds through creation of the lowest lying ax
vector meson, thea1(1260). Since radial excitations ma
also be present, we replace the Breit-Wigner functionBa1

(s)
appearing in Eq.~3! by a modified function that includes
possiblea18 admixture.

B~s!5Ba1
~s!1k•Ba

18
~s!5

1

s2ma1

2 ~s!1 im0a1
G tot

a1 ~s!

1
k

s2m0a
18

2
1 im0a

18
G

tot

a18 ~s!
, ~7!

wherek is an unknown complex coefficient. Thea18 meson

TABLE I. Resonance parameters for the intermediate state
used in the substructure fits.

Y m0Y G0
Y Ref.

~GeV! ~GeV!

r(770) 0.774 0.149 @19#

r(1450) 1.370 0.386 @19#

f 2(1270) 1.275 0.185 @1#

s 0.860 0.880 @20#

f 0(1370) 1.186 0.350 @20#
2-6
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is predicted in a flux-tube-breaking model@21,22# with a
mass ofm0a

18
51.820 GeV. Experimental indications@23#

suggest a mass of 1.7 GeV and a width of 0.3 GeV. O
impact of introducing thea18 in this way is that the coupling
constantsb i in Eq. ~3! will necessarily vary withs. We will
return to this issue later in this article.

In Eq. ~7!, the functionma1

2 (s) is the running mass@4,20#,

ma1

2 ~s!5m0a1

2 1d2~s!, ~8!

whered2(s) is the mass shift function,

d2~s!5
1

pEsmin

` m0a1
G tot

a1 ~s8!

s2s8
ds8. ~9!

The mass shift function is renormalized such that

ma1
~s!us5m

0a1

2 5m0a1
. ~10!

The bare massm0a1
is chosen to be the resonance mass

requiring that the total widthG tot
a1 (s) at s5m0a1

2 is equal to

the nominal widthG0a1
.

The As-dependent behavior of thea1 width, and conse-
quently of its mass, requires knowledge of the underly
substructure, not just fora1→3p, but also for decays to
other channels such asa1→KK̄p @via a1→K* K and a1
→ f 0(980)p#. Considering only these contributions, thea1
width can be written as

G tot
a1 ~s!5ga1(3p)

2 @Ĝ
2p0p7

a1 ~s!1Ĝ
2p7p6

a1 ~s!1ga1(K!K)
2 Ĝ

K!K

a1 ~s!

1ga1( f 0(980)p)
2 Ĝ f 0(980)p

a1 ~s!#, ~11!

wherega1(3p) denotes the coupling of thea1 meson to the

3p system, thega1(x) denote the relative coupling ofx to the

a1 meson, and theĜx
a1 denote the reduced widths.

The a1→3p partial width can be expressed in terms
the amplitudes for the hadronic currentj i

m , as defined by Eq

~3!. Specifically, the reduced widthsĜ
2p0p7

a1 andĜ
2p7p6

a1 are

Ĝ
2p0p7/2p7p6

a1 5E (
i j

@2b ib j
! j im j j

!m#dF3p , ~12!

where dF3p denotes three-body phase space for thea1
2

→p2p0p0 decay. We determineĜ
2p0p7

a1 numerically using

the output from the substructure analysis in which thej i
m are

specified according to Eq.~A3! in Appendix A. Similarly,
for Ĝ

2p7p6

a1 we make use of isospin symmetry to infer th
corresponding all-charged amplitudes from our analysis
the p2p0p0 substructure.

The K* K and f 0(980)p partial widths contribute as
thresholds in theAs-dependence of thea1 width. We deter-
mined these from expressions for thes- andp-wave ampli-
tudes, respectively, making use of the narrow width appro
01200
e

y

g

f
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mation for thef 0 and K* . The relative couplings for thes
contributions are left as free parameters to be determi
from the data, along with thea1 pole mass and width.

IV. ANALYSIS OF DALITZ PLOT AND ANGULAR
VARIABLES

The primary goal of this analysis is to characterize t
contributions to the substructure of thea1→3p decay, as
well as the parameters describinga1 line shape itself, includ-
ing the question of possible radial excitations. Two separ
analyses are carried out to address these two issues, how
it is important to realize that they are closely coupled.

First, the integration over the Dalitz plot needed to spec
the mass dependence of thea1 width as well as the running
of the a1 mass requires the amplitudes participating in t
3p hadronic current to have been determined. On the o
hand, the question of whether ana18 resonance also contrib
utes to the 3p mass spectrum affects the way one wou
choose to parametrize the substructure. Practically, it is
ficult to fit the 3p mass spectrum and the hadronic substr
ture simultaneously. As one scans through the space of
pling coefficients characterizing the substructu
integrations over the Dalitz plot distributions must be p
formed for each set of values to compute the running of
a1 mass and width which affects the parametrization of
3p mass spectrum. This would be a computationally on
ous, highly multidimensional fitting procedure.

Instead, we have elected to follow a simpler, though l
rigorous, procedure. We first determine the substructure
way that is mostly independent of the 3p mass spectrum
Then in a second step, using the results onĜ3p

a1 (s) @and
ma1

2 (s)# obtained in the substructure fits, we measure thea1

resonance parameters from the 3p mass spectrum. In this
section we describe the substructure fits, while the fits to
3p mass spectrum are described in Sec. VI.

A. Fitting method

To determine the contributions to the substructure int
→nt3p, we perform unbinned maximum likelihood fits us
ing as input the measured three-momenta of the three p
in the decay, and the energy of the decayingt lepton. The
latter is known to be the beam energy in the absence
radiative effects. With knowledge of the particle masses~we
take the mass of thet neutrino to be zero!, these inputs
comprise a complete kinematical description of the dec
with the exception of~1! deviations in thet energy due to
initial state radiation~ISR!, ~2! the azimuthal orientationwt

3p

of the t flight direction relative to the measured momentu
vector of the 3p system, and~3! smearing due to scatterin
and detector resolution, the beam energy spread, and ra
tive effects other than ISR.

Following the discussions in Sec. III and Appendix A
and ignoring the sources of smearing described in item~3!
above, we construct the likelihood function. The numera
ds(p1 ,p2 ,p3) of the likelihoodL5ds/*ds is
2-7
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TABLE II. Background contributions (%) to the lepton-tagged sample in slices of the 3p invariant mass
As after the cuts onAs.0.6 GeV andnhit .

fake p0 t2→ntp
23p0 t2→ntK

2p0p0 t2→ntKSp2

Bin 1: 0.6–0.9 GeV 17.261.5 14.061.6 2.160.6 8.761.3
Bin 2: 0.9–1.0 GeV 12.960.8 5.560.6 0.760.2 1.560.3
Bin 3: 1.0–1.1 GeV 9.560.5 4.360.4 0.560.1 0.160.1
Bin 4: 1.1–1.2 GeV 6.860.4 3.060.3 0.660.1 0.160.1
Bin 5: 1.2–1.3 GeV 7.160.5 2.360.3 0.760.2 0.0
Bin 6: 1.3–1.4 GeV 6.560.6 1.860.3 0.460.2 0.0
Bin 7: 1.4–1.5 GeV 6.660.9 0.960.3 0.260.2 0.0
Bin 8: 1.5–1.8 GeV 6.861.3 0.360.3 0.260.2 0.0

Bin 1–8: 0.6–1.8 GeV 8.560.2 3.560.2 0.660.1 0.560.1
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ds5F E $P@cosu3p
lab ,cosut

3p~E3p
lab ,upgu!,wt

3p#

3 f ~pg!~Smn1 ihnt
Amn!%d3pgdwt

3pG
3F(

i j
~b i j i

m!~b j
! j j

!n!3uB~s!u2G
3d cosu3p

labdw3p
labdE3p

labdF3pds, ~13!

where we integrate over the unmeasurednt (wt
3p above! and

ISR photon (pg) degrees of freedom, such thatds is a func-
tion of the measured degrees of freedom. For illustrative p
poses we represent these in the above by the squaredp
invariant mass (s), the energy and orientation of the 3p
system in the laboratory (E3p

lab ,u3p
lab ,w3p

lab), and the three-
body phase space element (dF3p). The phase space facto
can be expressed in terms of the Dalitz plot variabless1

5Mp2p
2
0

2
ands25Mp2p

1
0

2
and the Euler angles representin

the orientation of the 3p decay plane in the 3p rest frame.
The symbolsSmn andAmn represent the symmetric and an
symmetric terms in the lepton tensor. The factorf (pg) de-
notes the factorized ISR photon probability distribution. F
nally, we have also included thet-pair production dynamics
the effect of which is to make non-uniform the probabili
distribution, denoted by the factorP, for the azimuthal angle
wt

3p . The polar angleut
3p between thet direction and the

3p system appearing in this factor is determined byEbeam,
E3p

lab , andupgu. Thet neutrino helicityhnt
and the complex

coupling constantsb i of the hadronic amplitudes are the
parameters.

The above integral is computed using a reverse Mo
Carlo technique@9,24#. In this method, for each event in th
data we generate a sample of trial MC events which
designed to have precisely the measured values for the
momenta, but which have unmeasured quantities determ
randomly according to the factorized distributions for IS
photons and the unknown azimuthal anglewt

3p . The integra-
tion is performed using trial events that possess intern
consistent kinematics. We remove data events for which
01200
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te
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ly
e

numbernhit of these successful trials is low so as to mainta
high precision on the integration. This requirement also te
to preferentially remove background events.

To be insensitive to details of the 3p mass spectrum~ad-
dressed in Sec. VI!, we subdivide the data in fine bins~25
MeV! of As and calculate the normalizationN5*ds of the
likelihood separately for each binj:

Nj5E
sj

sj 11F E e•ds

d cosu3p
labdw3p

labdE3p
labdF3pds

3d cosu3p
labdw3p

labdE3p
labdF3pGds, ~14!

wheree denotes the detector efficiency. Over the bin wid
Ds5sj 112sj , uB(s)u2 is approximated to be constan
and thus cancels in the likelihood. The normalization in
grals are computed using factorization-based Monte C
events that have been passed through the full detector s
lation as described in Sec. II C.

B. Treatment of backgrounds

In addition to the likelihood for signal events defined b
Eq. ~13!, we also include the four main background sourc
listed in Table II. There, the background fractions, estima
from the t MC sample for then4p, nKpp, and nKsp
modes, are tabulated in slices ofAs so as to illustrate the
dependence.

Events with fakep0’s tend to bet2→ntr
2 events where

a spuriousp0 has been recontructed from clusters associa
with radiative photons, shower fragments from the inter
tion of the chargedp in the detector, or other accidenta
activity in the calorimeter. The likelihood distribution for th
fakep0 background is approximated from data by the Dal
plot distribution of events populating thep0 mass side
bands.

For the t2→ntp
23p0 background the reverse Mont

Carlo procedure is modified to simulate a lostp0. The 4p
matrix element is not well measured. We consider model
which the 4p system arises via ther(1450) resonance
2-8
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TABLE III. Results of the nominal fit for the moduliub i u and phasesfb i
of the coefficients for the

amplitudes listed in Eq.~6!. The two errors shown are statistical and systematic, respectively. The bran
fractionsB are derived from the squared amplitudes~using the values ofub i u), and are normalized to the tota
t2→ntp

2p0p0 rate. These do not sum to 100%, due to interference between the amplitudes.

Signif. ub i u fb i
/p B fraction (%)

r s-wave 1 0 68.11
r(1450) s-wave 1.4s 0.1260.0960.03 0.9960.2560.04 0.3060.6460.17
r d-wave 5.0s 0.3760.0960.03 20.1560.1060.03 0.3660.1760.06
r(1450) d-wave 3.1s 0.8760.2960.06 0.5360.1660.06 0.4360.2860.06
f 2(1270) p-wave 4.2s 0.7160.1660.05 0.5660.1060.03 0.1460.0660.02
s p-wave 8.2s 2.1060.2760.09 0.2360.0360.02 16.1863.8561.28
f 0(1370) p-wave 5.4s 0.7760.1460.05 20.5460.0660.02 4.2962.2960.73
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where we simulate either~1! r82→a1
2p0(s-wave)

→r2p0p0, or ~2! r82→r2s(s-wave), or a combination
thereof. The Dalitz plot projections from these models
very similar. In addition, the goodness of fit varies little wi
the choice of model. In the fits reported here, we used
r82→r2s model.

The backgroundt2→ntK
2p0p0 is modeled by the de

cay chaint2→ntK1
2 ,K1

2→K!2p0(s-wave), where theK1

meson is parametrized by a superposition of theK1(1270)
and K1(1400) Breit-Wigner functions. Finally, thet2

→ntKSp2 background is parametrized by the decay ch
t2→ntK

!2, K!2→KS
0p2 (p-wave!. The mass distribution

for the KS→p0p0 decay is parametrized by a Gaussia
where the mean and the width are taken from data.

With the inclusion of these backgrounds the likeliho
function is

L5~12a f p02a4p2aKpp2aKSp!Lsignal1a f p0Lf p0

1a4pL4p1aKppLKpp1aKSpLKSp . ~15!

The background fractionsa i depend onAs and are taken
from Table II.

C. Results

In this section, we report on the fits to the substructure
t2→ntp

2p0p0 decays. Given the complexity of the fittin
procedure, we use only the lepton-tagged sample since
backgrounds from multihadronic events and othert decays
are smaller, particularly in the high 3p mass region. We
have performed many fits, including various amplitudes a
employing differing assumptions. Here, we present res
from one fit based on the model described in Sec. III A, w
certain parameters fixed as described below. Results
tained when these parameters were varied are given in
IV D.

The resonancesY shown in Table I are implemented i
the fit in amplitudes forA→Yp, whereA represents an axia
vector system. As mentioned above, we compute the norm
ization of the likelihood function in bins ofAs so as to be
insensitive to the resonant content of the 3p system. In ad-
dition, the couplingsb i could vary as a function ofAs. This
01200
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d
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b-
ec.

l-

could be the case if, for example, several resonances con
ute to the 3p system. In our nominal fit, we constrain theb i

to be independent ofAs. For simplicity, we also consider th
11 system to be point-like, i.e., we setRi50 in Eq.~5!, with
the result thatFRi

51. Finally, we fix thent helicity hnt
to its

standard model value of21. Thus, our fit parameters consi
of 12 real numbers: the moduliub i u and phasesfb i

of the

couplings, fori 52 –7. Fits withhnt
floating are discussed in

Sec. V.
The results from this nominal fit are summarized in Tab

III. The measured likelihood is 224 259, while that expect
based on Monte Carlo events reweighted according to
results of the fit is 224 3406214. The difference,20.4s,
indicates an acceptable goodness of fit. As a function ofAs,
it is ~in units of standard deviations!: 12.2, 21.3, 20.3,
21.5, 10.9, 20.7, 20.6, and11.2 in the eight slices ofAs
defined in Table II. The significance~in standard deviations!
of each amplitude is determined by repeating the fit with t
amplitude excluded, and computing the square root of
difference of the value22 lnL and that from the nominal fit.
Dalitz plot projections from the fit are shown in Figs. 3 an
4 in slices ofAs, overlaid with the corresponding data di
tributions. The Dalitz plots themselves are shown in Fig.
A discussion of the results follows in Sec. IV F. For now, w
note the large contributions from channels involving isos
lars, in particularsp with a significance of 8.2s.

D. Modifications to the default model

With the model described in Sec. III A, we have obtain
a good fit to the Dalitz plot distributions. In this section w
describe fits to variations of the model.

1. Uniformity of amplitude coefficients across s

The assumption that the coefficientsb i for the various
substructure amplitudes are independent ofAs may not be
correct. They would not be constant if, for example, mo
than one 3p resonance were present. We have performed
allowing the b i to vary; the results from one such fit ar
plotted in Fig. 6. In this fit, we considered fewer amplitud
so as to limit the number of fit parameters. They a
rp (d-wave!, f 2p (p-wave! and sp (p-wave!, in addi-
2-9
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tion to the dominants-waverp contribution. Also, for this
fit, we take ther resonance to be the sum ofr(770) and
r(1450) amplitudes, with ther(1450) admixture fixed ac
cording to studies oft2→ntp

2p0 decay@19#. The good-
ness of fit is acceptable: the measured likelihood minus
expected is10.2s.

The behavior of the moduliub i u are consistent with uni-
formity acrossAs. However, we note that the signficance
the f 2p contribution is greatest in the highest mass slice.
also see elevated contributions from thesp andd-waverp
amplitudes in the high-mass slices, although these are
statistically significant.

2. Importance of isoscalar contributions

This analysis is the first study of thea1 in t decay to
consider contributions from scalarI 50 mesons@s and
f 0(1370)]. In addition, our fits return a significan
f 2(1270)p component. Although these channels are
pected to be present, a demonstration of the validity of th
results is desirable given the complexity of both the mo
and the fit procedure. To help visualize their collective i
portance in describing the substructure, we have perform
fits excluding the three amplitudesj 5 , j 6, and j 7 that involve
isoscalars. The Dalitz plot projections from one fit perform
in this way are presented in Appendix B for comparison w
those from the nominal fit. We comment further on the i
pact of the large isoscalar contributions in Sec. IV F.

Despite the significance of thesp contribution at 8.2s,
comparison of the Dalitz plot projections with those from fi
excluding just this amplitude are not as suggestive as th
shown in Appendix B. Thef 0p and f 2p contributions are

FIG. 3. Dalitz plot projections: distributions in squaredp2p0

masss1 ands2 ~two entries per event!. The data are represented b
the filled points. The solid line is the fit result. Background is re
resented by the shaded histograms. The lightest shaded histogr
the sum of the backgrounds, while the darker histograms show
backgrounds separately. Plots~a!–~h! correspond to slices in
As5 0.6–0.9, 0.9–1.0, 1.0–1.1, 1.1–1.2, 1.2–1.3, 1.3–1.4, 1
1.5, 1.5–1.8 GeV.
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visible since they are relatively narrow resonances which,
virtue of their high masses, tend to affect the Dalitz p
distributions most strongly at largeAs. By contrast thes
meson is light and broad, and its presence affects large
gions of the Dalitz plots for all values ofAs. Within each of
the eight bins inAs, the significance of thesp contribution
is typically between one and two standard deviations.
have verified this by coarsely binning the Dalitz plots, a
comparing thex2 values determined from the residuals
these bins of the fits performed with and without thesp
amplitude.

3. Consideration of finite size of the a1 meson

In our nominal fit, we set thea1 radius to zero, such tha
the form factorsFRi

in Eq. ~5! are uniformly one. We find
that good fits can also be obtained with non-zero values
Ri . In Fig. 7, we plot the differences in the minus log like
lihood values from fits in which allRi are set to some value
R. The best fit is obtained withR51.4 GeV21. We present
the results from this fit in Table VII in Appendix C. We wil
return to this issue in the context of the fits to the 3p mass
spectrum in Sec. VI.

4. Inclusion of 02
˜3p amplitudes

We have also performed fits including pseudoscalar c
tributions, namely p8→rp (p-wave! and p8→sp
(s-wave!. These amplitudes will necessarily have a differe
As-dependence from those associated with axial vector p
duction. To account for this, we assume a Breit-Wigner fo

-
is

he

–

FIG. 4. Dalitz plot projections: distributions in squaredp0p0

masss3 ~one entry per event!. The data are represented by the fille
points. The solid line is the fit result. Background is represented
the shaded histograms. The lightest shaded histogram is the su
the backgrounds, while the darker histograms show the ba
grounds separately. Plots~a!–~h! correspond to slices inAs5 0.6–
0.9, 0.9–1.0, 1.0–1.1, 1.1–1.2, 1.2–1.3, 1.3–1.4, 1.4–1.5, 1.5
GeV.
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FIG. 5. Dalitz plot distributions for data and
fit result. Heres1 is taken to be the larger of the
two values of Mp2p0

2 in each event. Bins 1
through 8 correspond to slices inAs5 0.6–0.9,
0.9–1.0, 1.0–1.1, 1.1–1.2, 1.2–1.3, 1.3–1
1.4–1.5, 1.5–1.8 GeV.
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for thep8 with a constant mass and width of 1.300 and 0.4
GeV, respectively, based on the Particle Data Group@1# es-
timates, and use the results from one of the fits presente
Sec. VI for thea1 parameters.

In fits with each of these amplitudes included separa
we find no statistically significant contributions. We obta
the following 90% C.L. limits:

B~t→np8→nrp→n3p!,1.031024, ~16!

B~t→np8→nsp→n3p!,1.931024. ~17!

5. Inclusion of other 11
˜3p amplitudes

In addition to the axial vector amplitudesj 1
m , . . . ,j 7

m , we
performed fits including a contribution from
f 0(980)p (p-wave!. None of these fits returned a significa
coupling for this amplitude. Further discussion of possi
f 0(980) contributions appears in Sec. VI C 4.

6. Variation of s meson resonance parameters

By virtue of its low mass and large width, there is mu
uncertainty regarding the resonant shape of thes meson. For
simplicity, we have elected to characterize it using a Bre
Wigner form, with its mass and width taken from the mod
of Törnqvist @20#. We have not considered alternative form
or explored extensively the range of possible resonance
rameters. However, in view of the larges contribution ob-
01200
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l
,
a-

served in this analysis, we have attempted to ascer
whether our data are sensitive to variation of its propertie

We have refitted the data with a range of input values
the mass and width of thes. Of the values we considered
the best fit was obtained withm0s5555 MeV and G0s

5540 MeV. The value of22 lnL for this fit was 224 216.
This is 43 units below that for the nominal fit, but is st
consistent with expectations given the statistics of the d
sample. Using the smaller values ofm0s and G0s has an
impact on the values ofb i obtained. The main trend is
relative change of 20–40 % in thea1 branching fractions,
which are smaller for thesp and f 0(1370)p channels and
are larger for ther8p and f 2(1270)p channels.

E. Systematic errors

The systematic errors shown in Table III are based
estimates of the uncertainties arising from the followi
sources: Monte Carlo statistics, background fractions
modeling, dependence of the acceptance on the kinema
observables used in the fit, and detector resolution. The
certainties due to these sources are given in Table IV.

The error due to Monte Carlo statistics is based on
variance of results obtained from six separate fits, each u
one sixth of the Monte Carlo sample for the normalization
the likelihood function. Fits performed after varying th
background fractions and model~in the case of thentp

23p0

channel! within reasonable limits were used to estimate t
error associated with this source. To estimate the error a
2-11
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ciated with acceptance, the Monte Carlo was used to par
etrize acceptance as a function of the charged and ne
pion momenta as well as the opening angles between t
particles. Reasonable deviations from these parametriza
were used to reweight events entering the fit, and the res
ing variations in fit parameters were taken as the system
errors. Finally, the likelihood function in Eq.~13! does not
take into account resolution effects. The effects of modify
it to include resolution smearing based on errors in tra
parameters for thep2 and in photon energies and directio
for the p0’s was used to estimate the error from this sour
For all fit parameters, the error due to limited Monte Ca
statistics dominates the systematic error.

The results given in Table III are meaningful only in th
context of the model used to parametrize the substruct
Different models yield results that can differ significant
from our nominal fit results. Given this plus the unfeasibil
of examining all possible models, we have not attempted
assign a systematic error associated with model depende

F. Discussion

The results of the fits for the substructure can be sum
rized as follows:

The rp s-wave amplitude with a branching fraction o
around 70% is dominant, as expected.

With the exception of ther(1450)p s-wave amplitude,
all amplitudes included in the nominal fit contribute signi
cantly to the 3p hadronic current. In other fits, we find n
evidence for contributions froma1→ f 0(980)p, or from t2

→ntp82.
The isoscalar mesonsf 2 , f 0(1370), ands contribute with

a combined branching fraction of approximately 20% to
3p hadronic width. In particular, thes meson with a signifi-
cance of;8s cannot be neglected.

The r(1450)p state shows up more strongly in th
d-wave amplitude than in thes-wave amplitude.

FIG. 6. Results for the moduli and phases of coefficientsb i of
amplitudes from a fit in which these are allowed to vary as a fu
tion of the 3p invariant mass. In this fit, only three amplitudes a
considered in addition to thes-waverp amplitude:rp (d-wave!,
f 2p (p-wave!, andsp (p-wave!.
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The last point above may have implications regarding
possiblea18 contribution. One expects that ana18 contribution
inducesAs-dependent couplings. In the fits allowingb i to
vary with As, we found that~1! the goodness of fit is no
significantly better, and~2! the values ofb i(s) are roughly
consistent with being constant. On the other hand, accord
to the flux-tube-breaking model of Refs.@21,22#, thea18 me-
son prefers to decay torp by D-wave rather thanS-wave,
and ther(1450) is preferred over ther(770). Thus, it is
possible that the measuredr(1450)p d-wave amplitude
could be induced by ana18 . The suggestions of enhance
f 2p and sp contributions at largeAs are also consisten
with the hypothesis of ana18 . However, the statistics of the
present data sample are not sufficient to resolve this ques
with the substructure fits.

As a test of our fit results, we have compared the Da
plot distributions from a sample of background-subtrac
t2→ntp

2p2p1 events with the isospin prediction base
on the results from the nominal fit to thep2p0p0 mode. The
backgrounds were estimated from the generict Monte Carlo
sample. The dominant backgoundt2→ntp

2p2p1p0 is
simulated in this sample with the model implemented
TAUOLA, containingp2v as well as@rpp#2 ~in various
charge combinations! substructure. The Dalitz plot projec
tions are shown in Fig. 8. The observation that the hadro
current for the all-charged mode is well described by o
results for thep2p0p0 mode provides a critical corrobora
tion of our measurements. This is particularly important
the amplitudes involving isoscalars since they enter the
charged mode with the opposite sign relative to the ot
amplitudes. A full analysis of the high-statistics all-charg
mode is under way and will be presented in the future.

-

FIG. 7. Dependence of22 lnL on the value of the meson radiu
parameterRi5R in variations of the nominal (Ri50) substructure
fit.
2-12
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TABLE IV. Systematic errors on hadronic substructure for the nominal fit.

r(1450) r r(1450) f 2(1270) s f 0(1370)
s-wave d-wave d-wave p-wave p-wave p-wave

D(B fraction) (%) 60.162 60.058 60.045 60.017 61.201 60.701
Monte Carlo D(ub i u) 60.029 60.028 60.044 60.047 60.081 60.049
statistics D(fb i

/p) 60.038 60.027 60.058 60.026 60.011 60.020

D(B fraction) (%) 60.027 60.008 60.042 60.014 60.391 60.157
Background D(ub i u) 60.006 60.005 60.037 60.010 60.036 60.018

D(fb i
/p) 60.005 60.007 60.018 60.009 60.007 60.006

D(B fraction) (%) 60.024 60.014 60.006 60.002 60.178 60.097
Efficiency D(ub i u) 60.004 60.007 60.008 60.002 60.016 60.007

D(fb i
/p) 60.013 60.002 60.009 60.001 60.006 60.008

D(B fraction) (%) 60.018 60.006 60.004 60.002 60.083 60.065
Detector D(ub i u) 60.001 60.002 60.007 60.001 60.011 60.006
resolution D(fb i

/p) 60.002 60.004 60.006 60.002 60.004 60.005

D(B fraction) (%) 60.17 60.06 60.06 60.02 61.28 60.73
Total D(ub i u) 60.03 60.03 60.06 60.05 60.09 60.05

D(fb i
/p) 60.04 60.03 60.06 60.03 60.02 60.02
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The world average values@1# for the t2→ntp
2p1p2

and t2→ntp
2p0p0 branching fractions are (9.2

60.11)% and (9.1560.15)%, respectively. Their nea
equality is consistent with expectations from isospin symm
try, if the decays were to proceed exclusively viarp or r8p.
One consequence of the presence of isoscalars ina1 decay is
the possibility of upsetting this expectation. However, due
interference the two modes contribute nearly equally
G tot

a1 (s) @see Fig. 10~b! in Sec. VI B#. The divergence of thes

FIG. 8. Background-subtracted squaredp1p2 mass (s1 ands2)
spectrum for the three charged pion mode~two entries per event!.
The data are represented by the filled points. The solid line is
isospin prediction based on our fit to thep2p0p0 mode.
01200
-

o
o

contributions at high values ofAs is damped in the decay
rate by the falling of thea1 line shape, as well as by phas
space and weak interaction dynamics in thet decay. Further-
more, the residual preference for the all-charged mode
high As is compensated for by the larger phase space av
able for thep22p0 mode at lowAs. Quantitatively, the ratio
of branching fractions is predicted from this analysis
be B(t2→ntp

2p1p2)/B(t2→ntp
2p0p0)50.985, in

agreement with the ratio 1.00960.020 obtained from the di-
rect measurements.

Finally, the branching fractions reported in Table III a
the t2 decay branching fractions relative to the tot
ntp

2p0p0 rate. These differ from thea1 branching frac-
tions due to the weighting of thea1 line shape by factors
associated witht2→nta1

2 weak decay. Thea1 branching
ratios B(a1

2→@Yp#2→p2p0p0)/B(a1
2→p2p0p0) are

given in Table V.

TABLE V. Branching ratios fora1
2 decay intop2p0p0 via

intermediate states shown, relative to the totala1
2→p2p0p0 rate.

The errors shown are statistical only.

Amplitude Branching ratio (%)

rp s-wave 60.19
r(1450)p s-wave 0.5660.84
rp d-wave 1.3060.60
r(1450)p d-wave 2.0461.20
f 2(1270)p p-wave 1.1960.49
sp p-wave 18.7664.29
f 0(1370)p p-wave 7.4062.71e
2-13
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V. DETERMINATION OF THE SIGNED nt HELICITY

In the fits reported in the previous section, thet neutrino
~antineutrino! helicity was fixed to the standard model valu
of hnt

521 (hn̄t
511). However, as first pointed out b

Kühn and Wagner@25#, interference between the twop2p0

systems gives rise to a parity-violating term in the squa
matrix element for the decayt2→ntp

2p0p0. This permits
determination of the sign, as well as the magnitude, of
neutrino helicity. Includinghnt

as an additional free param

eter to the nominal fit described in the previous section,
assuming invariance under the combined charge-conjuga
and parity (CP) operation, we findhnt

521.0060.12. In

this fit, the values ofb i are affected at a negligible leve
Including only thes-waverp amplitude in the model for the
substructure yields a poor fit, withhnt

520.7360.09.

The sensitivity tohnt
is illustrated in Fig. 9, which shows

the behavior of22 lnL as a function ofhnt
. Also plotted in

Fig. 9, as a function ofAs is the mean value of the parity
violating observableALR @5,25,26#, defined in the 3p rest
frame by

TABLE VI. Results for fits to the 3p resonance shape, wit
nominal background and efficiency correction. The second colu
gives results based on the nominal fit function. The first error is
due to statistics, while the second is the systematic error. The
column gives results from the fit including ana18 contribution, with
statistical errors only. The derived quantityB(K* K), the a1

→K* K branching fraction, is also shown assuming this is the o
amplitude accounted for by the threshold function labeledGK* K in
Fig. 10~b! ~see text!. The quantityfk denotes the phase of thea18
amplitude relative to that of thea1.

Fit parameter Nominal fit Fit with a18

m0a1
~GeV! 1.33160.01060.003 1.33060.011

G0a1
~GeV! 0.81460.03660.013 0.81460.038

ga1(K!K) 3.3260.2660.04 3.7260.45
B(K!K) (%) 3.360.560.1 4.061.0
uku 0 0.05360.019
fk /p 0.1060.22
x2/ndo f 39.3/41 28.9/39

TABLE VII. Results from substructure fit with meson radiiRi

51.4 GeV21.

Signif. ub i u fb i
/p B fraction

(%)

r s-wave 1.00 0.0 69.11
r(1450) s-wave 0.6s 0.0360.06 0.9260.58 0.0260.08
r d-wave 5.4s 0.3660.09 20.1260.11 0.2860.13
r(1450) d-wave 3.7s 0.7860.28 0.4160.14 0.2860.20
f 2(1270) p-wave 4.6s 0.6660.14 0.6460.10 0.1160.05
s p-wave 7.9s 2.1360.27 0.2760.03 14.3163.66
f 0(1370) p-wave 6.1s 0.7760.13 20.4760.05 3.6961.21
01200
d

e

d
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ALR5
nW L•nW'sgn~s12s2!

cosc
, ~18!

wherenW L denotes the boost direction of the lab frame,nW'

5pW 13pW 2/upW 13pW 2u is the orientation of the perpendicular t
the 3p decay plane, andc denotes the polar angleut

3p of the
t direction relative to the boost direction, computed in th
frame. Thet2 andt1 decay samples are combined by fli
ping the sign ofALR for t1 events. The consistently positiv
deviation from zero ofALR in the bottom plot of Fig. 9 is
evidence for parity violation, and the magnitude of this d
viation is consistent with interpretation that thet neutrino is
purely left-handed.

To investigate the model dependence entering this m
surement we also performed fits for substructure andhnt

with different input parameters. While our nominal fit wa
performed with thea1 radius set to zero, non-zero value
also gave good fits, as noted in the previous section. Us
the best fit value of Ri51.4 GeV21, we obtain hnt

521.0360.13. As a best estimate ofhnt
given the depen-

dence on input assumptions, we average this value with
Ri50 result to obtain

hnt
521.0260.13 ~stat!60.01 ~syst!60.03 ~model!,

~19!

where the uncertainty due to the model dependence is
mated by the difference between the values from these
fits. This result agrees with other determinations@1# of the
sign and value ofhnt

, as well as with the standard mod

value of21.
The systematic error given forhnt

was determined in a
fashion similar to those in the substructure analysis. T
sources contributing to this error are: Monte Carlo statis
(60.005), background determination (60.010), dependence
of the acceptance on the kinematic observables used in th
(60.003), and detector resolution (60.004).

We have also looked for possibleCP non-conservation
by determining hnt

and hn̄t
separately. Defining a

CP-violating asymmetry

ACP5
hn̄t

1hnt

uhn̄t
u1uhnt

u
, ~20!

we find ACP520.0860.13, where the error is dominantl
due to statistics.

VI. ANALYSIS OF THE p2p0p0 MASS SPECTRUM

In this section, we describe fits to the 3p mass spectrum
performed to extract resonance parameters of thea1 meson.
The results from the substructure fits are used as inputs
determination of the running of thea1 mass and width.
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A. Fitting method and assumptions

Thea1 resonance parameters are determined from ax2 fit
to the background-subtracted and efficiency-correc
p2p0p0 mass spectrum. The fit is performed over a ran
from M3p50.600 to 1.725 GeV in bins of width 25 MeV
As in the substructure analysis, we perform a variety of fi
reflecting different models and assumptions. We perform
to the all-tagged sample, as well as to the lepton-tagged
sample, to benefit from the higher statistics.

For our nominal fit, we specify the following version o
the model described in Sec. III B:~1! turn off thea18 contri-
bution, i.e., setk50 in Eq. ~7!; ~2! turn off the form factors
describing the finite size of thea1, i.e., setRi50; ~3! include
theK* K threshold, but not thef 0(980)p threshold, in deter-
mining G tot

a1 (s); and ~4! assume the runninga1 mass to be
flat as a function ofAs. We have also performed fits in whic

FIG. 9. Top plot:22 lnL from fits with different values for the
t neutrino helicity, relative to the best fit value. The region arou
the best fit value is shown with an expanded scale in the in
Bottom plot: the mean parity-violating asymmetry parameterALR

~points! as a function of the squared 3p invariant masss. The curve
shows the expectation based on the substructure fit performe
suming the standard model value (21.0) for hnt

. The correspond-
ing curve forhnt

50 would haveALR50 for all s, while that for
hnt

511.0 would be the same as that forhnt
521.0, but flipped

around zero so as to haveALR,0 for all s.
01200
d
e
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various specifications are modified, and obtain satisfact
results under a variety of configurations. With the abo
specifications, the fit contains three free parameters in a
tion to an overall normalization: the polea1 massm0a1

, the

a1→3p coupling ga1(3p) , and the relativea1→K* K cou-

pling ga1(K* K) . We derive from these parameters the polea1

width G0a1
using Eq.~11!.

Some comments on the above choices are in order.
As-dependence of thea1 total width depends strongly on
assumptions. Inclusion of theK* K channel is motivated by
observation of the decayt2→nt@K* K#2 @1#, although it is
not well-determined as to how much of this comes throu
the axial vector~rather than vector! weak current. As we
have no evidence for thef 0(980)p channel in the substruc
ture fits, we have omitted its possible contribution in o
nominal fit here. However, this and other thresholds may
present. For example, a possiblea1→ f 1(1285)p channel, as
suggested by the recent observation of this system int decay
@15#, would open up near theK* K threshold. Thus, the value
for G

K* K

a1 returned from our fit cannot be strictly interprete

d
t.

as-

FIG. 10. ~a! Background-subtracted, efficiency-corrected 3p
mass spectrum from the all-tag sample. The solid line shows
result from the nominal fit. The inset shows a magnified view of
a1→K* K threshold region. In~b!, the As-dependenta1 width
G tot

a1 (s) is plotted as a function ofs, along with the separate contri
butions from the channels considered, as given in Eq.~11!. The
labels G3p

charge and G3p
neutral refer to the contributions from thea1

2

→p2p1p2 andp2p0p0 channels respectively.
2-15
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as just thea1→K* K partial width.
The running of thea1 mass is even more problemat

since the upper limit of integration~over ds8) in Eq. ~9! is
infinity, and thus the integral will include effects from cha
nels that open above thet mass, and are therefore not d
rectly measureable int decay. Furthermore, a damping
the amplitudes, such as that provided by the form fact
FRi

, is needed so that the integral can converge. As a re

allowing thea1 mass to run is practical only in models whe
the Ri are non-zero. In such models, the effect of additio
thresholds at highAs is to flatten theAs-dependence of the
running mass. Thus, we expect the running mass to be cl
to a constant than we would predict from Eq.~8! with known
thresholds. SettingRi50 and taking a constanta1 mass may
not be rigorous, however the resulting model is simplified

B. Results

The results obtained from our nominal fit to the 3p reso-
nance shape parameters are shown in the second colum
Table VI. Thex2 for this fit is 39.3 for 41 degrees of free
dom. Fits to just the lepton-tagged event sample yield c
sistent results.

The background-subtracted, efficiency-corrected 3p mass
spectrum from the all-tagged sample is shown in Fig. 10~a!,
with the function corresponding to the nominal fit overla
Shown in Fig. 10~b! is the a1 width G tot

a1 (s), as defined by
Eq. ~11!, as well as the contributions from the individuala1
decay channels considered. The kink associated with
turn-on ofa1→K* K is visible in the 3p mass spectrum a
;1.375 GeV.

C. Modifications to the nominal fit function

1. Finite size of the a1 meson

Like the Dalitz plot distributions, the 3p mass spectrum
contains some sensitivity to the parametrization of thea1 as
being point-like or of finite size. Here the sensitivity depen
also on the treatment of theAs-dependence of thea1 mass.

As in the substructure analysis, we re-fit the data multi
times, stepping through a range of values for thea1 meson
size parameterR. The results from these fits are given
Appendix C. For both the all-tag and lepton-only-ta
samples, the best fits were obtained with values ofR between
1.2 and 1.4 GeV21, depending on whether thea1 mass was
treated as a running or constant mass. This agrees well
the substructure analysis which favors a value ofR of
1.4 GeV21. This value ofR corresponds to an r.m.s. radiu
of thea1 of 0.7 fm. It is interesting to note that this is simila
to the value employed by Isgur, Morningstar, and Reader@4#
in their analysis of the 3p line shapes from the DELCO@27#,
MARK II @28#, and ARGUS@29# experiments. However, th
statistics of the present sample are not sufficient to determ
the necessity of including theFR(k) form factor in the pa-
rametrization of the hadronic current.

Despite this, uncertainty on this issue represents a s
stantial source of model dependence with regard to thea1
resonance parameters. Tables VIII and IX in Appendix
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demonstrate this point. As an example, forR51.2 GeV21

with a constanta1 mass, we findm0a1
51.28560.007 GeV

andG0a1
50.61960.021 GeV~statistical errors only!.

2. Running of the a1 mass

As indicated above, we have also performed fits with
As-dependence of thea1 mass computed according to E
~8!. This can only be done in models with non-zero valu
for the a1 size parameterR. The results, also given in Ap
pendix C, indicate that slightly better fits can be obtain
using a runninga1 mass. However, since satisfactory fits a
obtained with a constant mass, we conclude that the pre
data sample is not sensitive to the running of thea1 mass.

3. Inclusion of an a18(1700) admixture

Despite the goodness of the fit to the nominal model,
data above 1.575 GeV show an excess relative to the
function in Fig. 10. This region is where contributions fro
interference with ana18 meson with mass around 1.7 Ge
might appear. We have performed various fits allowingk in
Eq. ~7! to float. The results from one such fit are given in t
last column of Table VI and plotted in Fig. 11~a!. In this fit,
we have usedm0a

18
51.700 GeV andG0a

18
50.300 GeV. We

have also fixed thea18(r8p) coupling to be equal to the
a18(rp) coupling to determineGa

18
(s) as shown in Fig.

11~b!. This is anad hocchoice, however the fit is relatively
insensitive to the parametrization ofGa

18
(s).

The x2 for this fit is 28.9 for 39 degrees of freedom. Th
a18 contribution has a significance of 2.8s, with uku50.053

TABLE VIII. Results of 3p mass spectrum fits with differen
input values ofa1 size parameterR, assuming constanta1 mass.

R x2/ndo f m0a1
G0a1

B(K!K) Axc
2

(GeV21) (GeV) (GeV) (%)

0.0 40.9/43 1.33060.011 0.81160.042 3.360.6 0.32
1.0 38.9/43 1.28960.008 0.65360.025 3.460.6 0.32
1.2 38.6/43 1.28560.007 0.61960.021 3.560.6 0.31
1.3 39.3/43 1.27960.006 0.59760.019 3.460.7 0.33
1.4 39.9/43 1.27460.006 0.57860.017 3.260.7 0.37
1.5 42.9/43 1.26960.005 0.55860.015 3.060.7 0.38
1.6 45.5/43 1.26360.005 0.53860.014 2.860.7 0.44

TABLE IX. Results of 3p mass spectrum fits with differen
input values ofa1 size parameterR, assuming runninga1 mass.

R x2/ndo f m0a1
G0a1

B(K!K) Axc
2

(GeV21) (GeV) (GeV) (%)

1.2 39.6/43 1.29860.007 1.20060.100 3.360.7 0.77
1.3 39.3/43 1.29460.006 0.82260.047 3.360.7 0.78
1.4 36.7/43 1.28860.006 0.66760.031 3.360.7 0.71
1.5 41.9/43 1.28460.006 0.55860.021 3.260.7 0.79
1.6 54.4/43 1.27960.005 0.49360.016 3.060.7 0.77
2-16
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HADRONIC STRUCTURE IN THE DECAYt2→ntp
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60.019 and a phasefk consistent with zero. If we takefk
to be zero, the resulting fit yieldsuku50.06060.017. To test
whether backgrounds in the all-tag sample are influenc
this result, we have also fit the spectrum from just the lept
tag events~with fk floating!. This fit yields consistent re
sults, withuku50.0560.04.

The analysis of DELPHI@12# yielded a large amplitude
for thea18 contribution, withuku in the range of 0.5060.06 to
0.7560.06, depending on the model used. The correspo
ing values obtained here are smaller by an order of ma
tude, and are much less significant statistically. However,
models used by DELPHI include neither the contributions
G tot

a1 (s) from the opening of theK* K channel, nor those
associated with the isoscalar channels. In particular, theK* K
amplitude has a significant effect at large values ofAs where
the spectrum is most sensitive to the presence of ana18 .
Omitting theK* K amplitude in our fit, we obtain a value o
uku approximately twice as large as our nominal value.
nally, the DELPHI anaylsis involves a simultaneous fit to t
3p mass spectrum and the Dalitz plot projections at la
As, employing assumptions for the substructure composi
that differ from what we have determined~for thea1) in our
substructure analysis. In summary, direct comparison of

FIG. 11. ~a! Background-subtracted, efficiency-corrected 3p
mass spectrum from the all-tag sample. The solid line shows th
result for the model in which ana18 admixture is allowed to con-
tribute. In ~b! the assumedrp and r8p contributions to thea18
width in this model are shown, along with the contributions to t
a1 width from Fig. 10 for comparison.
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value ofk with that from the DELPHI analysis is not mean
ingful.

4. Opening of f0(980)p threshold

Since the impact of the opening ofK* K threshold ap-
peared to be significant, we also performed fits including
opening of f 0(980)p threshold. This would include contri
butions through bothf 0→pp and KK̄ channels. Thef 0
→p0p0 channel would be expected to contribute to the s
structure in ourp2p0p0 sample, but the other modes wou
not do so.

Marginal improvements in the fit quality were obtaine
only for those models in which thea1 mass was run accord
ing to Eq. ~8!. In these cases thef 0(980)p contributions to
the total width of thea1 were present at the 2s level or less.
Fits including this contribution are discussed in Appendix

To summarize, we find no evidence for contribution fro
the opening of thea1→ f 0(980)p channel in either the sub
structure fits or the 3p mass fits. However, other scalarI
50 mesons@s and f 0(1370)# are needed to provide a goo
description of the substructure. This observation may h
some bearing on the interpretation of thef 0(980) as some-
thing other than aqq̄ meson, as has been frequently spec
lated ~see, for example, Ref.@1#!. Given the theoretical and
experimental complexity, we cannot comment on this iss
except to note that the non-observation of thef 0(980) in a1
decay is not inconsistent with an exotic interpretation for t
state.

D. Systematic errors

The sources of the systematic errors shown in Table
are just those associated with background subtraction
acceptance. The background errors are estimated by re
ing the fit after separately varying the amount of each of
backgrounds being subtracted. We vary the background f
tions of modes with two realp0’s by three times the uncer
tainty on their branching fractions. In the case of the fake-p0

background, the subtraction is varied by three times the
tistical error of thep0p0 sideband sample. Finally, th
As-dependence of the acceptance as determined from M
Carlo events is parametrized; these parameters are then
ied by three standard deviations to estimate the associ
uncertainty.

The systematic errors shown in Table VI are domina
by the errors due to the background subtraction. As a ch
we have performed fits allowing the separate backgro
normalization and acceptance correction functions to flo
subject to constraints added to thex2 on the magnitude of
their deviations from nominal. The changes in fit paramet
observed in these fits are small relative to the quoted err
The deviations of the correction functions from nominal a
also small in this fit. As in the substructure fits, we do n
assign a systematic error for model dependence.

E. Discussion

As can be seen from Fig. 10~a!, and from thex2 for the
nominal fit shown, the model described in Sec. VI A, wi

fit
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the assumptions listed in Sec. VI A, provides a good desc
tion of the data. Thea1 pole mass and width are determine
precisely, however their values depend significantly on
model and input assumptions.

The results demonstrate the importance of including
opening ofK* K threshold. Fits performed without this con
tribution to G tot

a1 (s) yield largex2 values. The obtaineda1

→K* K branching fraction (3.360.5)% corresponds to at
branching fraction ofB(t2→nta1

2→nt@K* K#2)5(0.16
60.03)%. For comparison, multiplying the directly me
suredt2→ntK* 0K2 branching fraction@1# by a factor of 2
~to account forK* 2K0) gives B(t2→nt@K* K#2)5(0.42
60.08)%. The apparent shortfall in our measurement is
surprising since thent@K* K#2 final state is expected to re
ceive contributions from both vector and axial vector ha
ronic currents.

In the high-mass region above 1.575 GeV, the data ap
to be systematically high relative to the fit function. To u
derstand whether this is an experimental effect, we h
modified the background and efficiency corrections with
reasonable limits. As described in the previous section,
have also performed fits in which background and efficien
correction functions are allowed to float. Neither of the
approaches significantly improves the fit in this region. F
with non-zero values ofRi , with and without a runninga1
mass, and/or including thef 0(980)p threshold also fail in
this respect.

Including a contribution from ana18 meson, however, vis
ibly influences the shape of the 3p mass spectrum in the
high-mass region, as shown in Fig. 11~a!. As noted earlier,
the presence of ana18 may also be consistent with an e
hanced d-wave contribution fromr(1450)p relative to
s-wave, as observed in the substructure analysis. We h
not evaluated systematic errors associated with thea18 con-
tribution determined from the 3p mass spectrum fits, sinc
these are likely dominated by uncertainties associated
the modeling of thea1 line shape. We have performed oth
fits with ana18 , sampling the range of model variations d
scribed above. The statistical significance of thea18 contribu-
tion is typically 223s in these fits. We conclude that mor
data is needed to establish whether thea18 is present.

VII. SUMMARY AND CONCLUSIONS

To summarize, we have presented a detailed mo
dependent analysis of hadronic structure in the decayt2

→ntp
2p0p0 using data obtained with the CLEO II dete

tor. This decay mode represents a unique source of infor
tion on theI 51 axial vector meson sector, an area of had
spectroscopy which is difficult to access cleanly via oth
production mechanisms. In this analysis we have deri
successful descriptions of both thea1 line shape and the
substructure present in its decay to three pions. The m
significant result is the observation of large contributions
the substructure from intermediate states involving the is
calar mesonss, f 0(1370), andf 2(1270). With this, our data
also provides new input on the complicatedI 50 scalar me-
son sector: we observe some sensitivity to the propertie
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the s meson, for example. More generally, significa
progress towards a satisfactory description of Dalitz plot d
tributions int2→nt@3p#2 decay has been achieved. This
supported by the observation that our characterization
substructure in thentp

2p0p0 mode also provides a goo
description of substructure in thentp

2p1p2 data.
Using the results from the substructure fits to infer t

As-dependence of thea1 width, we have determined thea1
meson resonance parameters. We obtainm0a1

51.331

60.01060.003 GeV andG0a1
50.81460.03660.013 GeV,

although these values depend significantly on the detail
the model used to fit the 3p mass spectrum. For exampl
taking the meson size parameter to beR51.2 GeV21 in-
stead of zero, we findm0a1

51.28560.007(stat) GeV and

G0a1
50.61960.021 (stat) GeV. Such model dependenc

are not reflected in the quoted systematic errors. We also
a significant contribution to theAs-dependence of thea1
width associated with the opening of thea1→K* K decay
channel at high values ofAs.

We have investigated the possibility of an additional co
tribution to the 3p mass spectrum from a radially exciteda18
meson, as suggested by the analysis of DELPHI@11,12#.
This is also suggested by our data, which show an appa
excess of events at large 3p mass relative to various fits
without ana18 component. The data are better described w
an a18 contribution, though at a level below that reported
DELPHI. The model used in our analysis differs substa
tially from that analysis, with regard to treatment of theK* K
threshold and the substructure in thea1→3p channel. We
have not assessed the impact onnt mass studies of effect
associated with the complex substructure ina1→3p decay
or the apparent distortions in the 3p mass spectrum cause
by theK* K and possiblea18 contributions. However, carefu
consideration of such effects in the course of these anal
should improve the reliability of the ensuing tau neutri
mass constraints.

We have also obtained a precise determination of
signed t neutrino helicity hnt

521.0260.13 (stat)

60.03 (syst1model) when this quantity is left as a fre
parameter in the substructure fits. As has been noted in
lier measurements of this quantity@8#, accurate parametriza
tion of the substructure is important for obtaining an un
ased measurement. With the improved understanding of
substructure, this result provides unambiguous evidence
the left-handedness of thet neutrino.

We have addressed several additional issues pertainin
the characterization of axial vector meson decay dynam
For example, the data show limited sensitivity to the fin
size of thea1 meson, both in the substructure and the 3p
mass spectrum fits. With the parametrization of the ass
ated form factor used here, we find that both analyses fa
an r.m.s.a1 radius of around 0.7 fm. As with the question
a possiblea18 contribution, a definitive conclusion on thi
issue requires additional data. We have looked for indi
tions of non-axial-vector contributions to the 3p substruc-
ture via thep8(1300) resonance, and have placed upper l
its on thet decay rate to this state. Detailed analyses of
2-18
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higher-statisticst2→ntp
2p1p2 data should shed add

tional light on these and other issues.
Although the quantitative results presented in this arti

are strongly model-dependent, they describe successfully
qualitative features of the data. However, further insight c
be gained from a quantitative model-independent analysi
the data, such as that proposed by Ku¨hn and Mirkes@30#. We
have carried out such an analysis, the results of which
reported separately@31#.
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APPENDIX A: PARAMETRIZATION OF
SUBSTRUCTURE IN t2

˜ntp2p0p0

To parametrize the model used to fit for the substruct
in t2→ntp

2p0p0, we follow many of the conventions
used in theKORALB/TAUOLA @17# tt Monte Carlo generator
We first denote the four-momenta of the pions by

p15four-momentum ofp1
0 ,

p25four-momentum ofp2
0 ,

and

p35four-momentum ofp2. ~A1!

We then define the quantitiesq15p22p3 , q25p32p1 , q3
5p12p2, and a5p11p21p3. Ignoring for now the reso-
nant structure of the 3p system, the general form for 3p
hadronic currentJm as defined by Eqs.~1! and ~2! can be
written as

Jm5Tmn@c1q1nF11c2q2nF21c3q3nF3#1c4amF4

1c5i emnrsp1np2rp3sF5 , ~A2!

where theci are complex scalar coefficients, andTmn5gmn

2aman/a2.
The form factorsFi contain the description of the low

energy QCD phenomena we are studying. Owing to Lore
invariance, they depend only on Lorentz scalars. The te
containingF1 , F2, andF3 are associated with the axial ve
tor contribution. The term containingF3 is not needed since
it can be absorbed into the terms containingF1 andF2. We
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write it explicitly here to make connection with form facto
associated with specific resonant substructure.F4 is the sca-
lar form factor, andF5 is theG-parity violating vector form
factor. Neither of these are expected to contribute sign
cantly in t2→nt@3p#2, hence we generally set these term
to zero, except where noted.

1. Model for the form factors

The form factors as defined in Eq.~A2! do not have a
simple correspondance with those that can be associated
specific resonant contributions to the hadronic current. H
we give the ansatz for the amplitudesj i

m @as defined in Eq.
~3!# of the hadronic current in the decayt2→ntp

2p0p0

used in the substructure fits:

j 1
m5Tmn@q1nBr

P~s1!FR1
~k1!2q2nBr

P~s2!FR1
~k2!#,

j 2
m5Tmn@q1nBr8

P
~s1!FR2

~k1!2q2nBr8
P

~s2!FR2
~k2!#,

j 3
m5Tmn@Q1n~aq1!Br

P~s1!FR3
~k1!

2Q2n~aq2!Br
P~s2!FR3

~k2!#,

j 4
m5Tmn@Q1n~aq1!Br8

P
~s1!FR4

~k1!

2Q2n~aq2!Br8
P

~s2!FR4
~k2!#, ~A3!

j 5
m5TmnF Fq3n~aq3!2

1

3 Fan2h3n

~h3a!

s3
G

3~q3q3!GBf 2

D ~s3!FR5
~k3!G ,

j 6
m5Tmn@Q3nBs

S~s3!FR6
~k3!#,

j 7
m5Tmn@Q3nBf 0

S ~s3!FR7
~k3!#.

The kinematic factors appearing in above are defined as
lows:

hi5pj1pkwith ~iÞ j ÞkÞ i !,
~A4!

Qi5hi2pi ,

si5hi
2 , s5a2, ~A5!

and the decay momenta are given by

ki5
A@s2~Asi1mi !

2#@s2~Asi2mi !
2#

2As
,

~A6!

ki85
A@si2~mj1mk!

2#@si2~mj2mk!
2#

2Asi

with ~iÞ j ÞkÞ i !.
2-19
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For the complex couplingsb i , we specifyb151, and thus
we determine the remaining couplings relative to the fi
amplitude (rp, s-wave!. The Breit-Wigner functions for the
intermediate states are

BY
L~si !5

m0Y
2

~m0Y
2 2si !2 im0YGY,L~si !

,

~A7!

GY,L~si !5G0
YS ki8

k08
D 2L11

m0Y

Asi

.

The parametersm0Y , G0
Y , ki8 , andk08 are the nominal mass

nominal width, the decay momentum, and the decay mom
tum atsi5m0Y

2 , respectively. See Table I for a summary
the resonance parameters of the intermediate states as u
the substructure fits. The ansatz used for the form factorsFRj

is

FRj
~ki !5expS 2

1

2
Rj

2ki
2D . ~A8!

2. Connection with reduced form factors

With the ansatzJm5( i 51
7 b i j i

m , the reduced form factors
Fi of Eq. ~A2! are given by

F15b1Br
P~s1!FR1

~k1!1b2Br8
P

~s1!FR2
~k1!

2
1

3
b3@~s32m3

2!2~s12m1
2!#Br

P~s2!FR3
~k2!

2
1

3
b4@~s32m3

2!2~s12m1
2!#Br8

P
~s2!FR4

~k2!

1
1

3
b5

~a22m3
21s3!~2m1

212m2
22s3!

6s3
Bf 2

D ~s3!FR5
~k3!

1
2

3
b6Bs

S~s3!FR6
~k3!1

2

3
b7Bf 0

S ~s3!FR7
~k3!, ~A9!

F35
1

3
b3$@~s22m2

2!2~s32m3
2!#Br

P~s1!FR3
~k1!

1@~s32m3
2!2~s12m1

2!#Br
P~s2!FR3

~k2!%

1
1

3
b4$@~s22m2

2!2~s32m3
2!#Br8

P
~s1!FR4

~k1!

1@~s32m3
2!2~s12m1

2!#Br8
P

~s2!FR4
~k2!%

2
1

2
b5@~s12m1

2!2~s22m2
2!#Bf 2

D ~s3!FR5
~k3!,

~A10!

F450. ~A11!
01200
t

n-
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F2 is given by F1 under an interchange of indices 1↔2,
with a relative minus sign betweenF1 andF2 required@i.e.,
the coefficientsci Eq. ~A2! follow c252c1#.

APPENDIX B: SUBSTRUCTURE FITS EXCLUDING
ISOSCALARS

To assess the statistical significances of individual am
tudes in the nominal substructure fit summarized in Table
we successively repeated the fit, each time with one am
tude omitted. In view of the large contribution from amp
tudes involving isoscalar mesons, we have also performe
fit in which all three of these have been omitted. The Da
plot projections from this fit are plotted in slices ofAs in
Figs. 12 and 13, overlaid on the data distributions. T
agreement with the data is visibly worse than that seen in
nominal fit with all amplitudes~see Figs. 3 and 4!.

APPENDIX C: RESULTS FROM FITS WITH FINITE
MESON RADII

Treatment of thea1 as being point-like results in unphys
cal behavior of the running widthG tot

a1 (s) at large values ofs.
The effect of the form factorFRi

(ki) defined in Eq.~5! is to
damp out this behavior, although the Gaussian form itsel
somewhatad hoc. This form factor affects both the substru
ture analysis and the 3p mass spectrum analysis. Althoug
the data at present do not show much sensitivity to the va
of the meson sizeR, we note that both analyses prefer valu
of R;1.4 GeV21. In this appendix we report the resul
from fits using non-zero values forR.

FIG. 12. Dalitz plot projections: distributions in squaredp2p0

masss1 ands2 ~two entries per event!, plotted for slices ofAs as in
Fig. 3. The data are represented by the filled points. The solid
is the result from a modified version of the nominal fit in whic
amplitudes involving isoscalar mesons (sp, f 0p, and f 2p) have
been omitted.
2-20
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FIG. 13. Dalitz plot projections: distributions in squaredp0p0

masss3 ~one entry per event!, plotted for slices ofAs as in Fig. 4.
The data are represented by the filled points. The solid line is
result from a modified version of the nominal fit in which amp
tudes involving isoscalar mesons (sp, f 0p, and f 2p) have been
omitted.

FIG. 14. Background-subtracted efficiency-corrected 3p mass
spectrum~points with error bars! with fit functions overlaid. The
solid curves in plots~a! and ~b! represent the fit function withR
51.2 GeV21, assuming a constant mass, excluding~a! and includ-
ing ~b! the effect of thef 0(980)p threshold onG tot

a1 (s). The solid
curves in plots ~c! and ~d! represent the fit function withR
51.4 GeV21, assuming a running mass. The effect of t
f 0(980)p threshold onG tot

a1 (s) and ma1
(s) is excluded in~c!, and

included in ~d!. The dotted curves represent the corresponding
functions without the deviations in the background subtraction
efficiency correction returned by the fits.
01200
1. Substructure fits

In Table VII, we give the results from the substructure
with Ri51.4 GeV21. These results are in qualitative agre
ment with those from the nominal fit.

2. Fits to M 3p

Fits to the 3p mass spectrum were performed with no
zero values forRi with the assumptions of constant and ru
ning a1 masses. These studies differed from the nomina
in Fig. 10 in two additional ways. First, the fitting rang
included two additional bins in the high mass region, exte
ing up to 1.775 MeV. Second, so as to account for poss
systematic effects, the acceptance and background co
tions were allowed to vary within reasonable amounts
adding terms to thex2 constraining their deviations from th
nominal assuming these to be Gaussian distributed~see Sec.
VI D !.

Results for fits assuming constant and runninga1 masses
are presented in Tables VIII and IX, respectively. Simi
trends are observed in fits to just the lepton-tagged sam
as well as in fits that include ana18 contribution. The final
column in the tables, labeledAxc

2, denotes the square root o
the contribution of the acceptance and background correc
constraints to the totalx2 of the fit. In both constant and
running mass scenarios, thea1 pole width is strongly af-
fected by the presence of the form factor accounting for
size of thea1 meson, and by the value ofR.

The preferred fits, withR51.2 GeV21 for the constant
mass case andR51.4 GeV21 for the running mass case ar
plotted in Figs. 14~a! and 14~c!, respectively. We have als
performed these fits including turn-on of thef 0(980)p chan-
nel, the results of which are plotted in Figs. 14~b! and 14~d!
for the two cases.

The parametrizations of theAs-dependence of thea1
mass entering the fits shown in Figs. 14~c! and 14~d! are
plotted in Fig. 15. The overall mass shift function depen
on the relative amplitudes for theK* K and @in Fig. 14~d!#

e

t
d

FIG. 15. The solid curve in plot~a! shows the running mas
used in the fit shown in Fig. 14~c!. The dotted curve illustrates th
effect of adding thef 0(980)p threshold, withG3p(s) and GK!K

unchanged. Plot~b! shows the running mass used in the fit shown
Fig. 14~d!, where the relativeK* K and f 0(980)p amplitudes are
determined from the fit.
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f 0(980)p channels which are fit parameters, however
shapes of the contributions toma1

(s) from these channels ar
determined as described in Sec. III B. The effect of succ
sively including thresholds is illustrated by the dotted cur
in Fig. 15~a!, in which anad hoc f0(980)p contribution is
added, assuming unchanged couplings to the other chan
As noted earlier, the effect is to flatten the dependence
ma1

(s).
op

ic

01200
e

s-

ls.
of

Satisfactory fits are obtained with both constant and r
ninga1 masses. Functions assuming a running mass yield
with smaller x2 values than those with a constant ma
However, the running mass fits also prefer a larger distort
of the background and acceptance corrections, as indic
by the larger values ofAxc

2 in Table IX and by the deviations
of the dotted curves in Figs. 14~c! and ~d! from the corre-
sponding solid curves.
un.
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