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First Observation of 7 — 3@yv, and 7 — fi@v, Decays

T. Bergfeld! B. . Eisensteirl, J. Ernst, G. E. Gladding, G. D. Gollin, R. M. Hans! E. Johnsod,I. Karliner,!

M. A. Marsh! M. Palmer! M. Selen! J.J. Thalef, K. W. Edwards’ A. Bellerive? R. Janicek, D. B. MacFarlané,

P. M. PateP A.J. Sadofft R. Ammar; P. Baringer, A. Bean; D. Besson, D. Coppagé, C. Darling; R. Davis;

N. Hancock S. Kotov? |. Kravchenko? N. Kwak,> S. Andersorf, Y. Kubota® S.J. Leé, J.J. O'Neill® S. Pattorf,

R. Poling® T. Riehle® V. Savinov® A. Smith® M. S. Alam; S.B. Athar] Z. Ling,” A. H. Mahmood’ H. Severini

S. Timm/ F. Wappler, A. AnastassoV,S. Blinov®* J. E. Duboscd, D. Fujino®' K. K. Gan? T. Hart?
K. Honscheid® H. Kagan® R. Kass® J. Lee? M. B. Spence?, M. Sung?® A. Undrus®* R. Wanke? A. Wolf,3
M. M. Zoeller? B. Nemati? S.J. Richich?, W.R. Ross, P. Skubic® M. Bishai!? J. Fast? E. Gerndt'® J. W. Hinson'?
N. Menon!? D. H. Miller,'? E. I. Shibatd? I. P. J. Shipsey? M. Yurko,'? L. Gibbons!' S. Glenn!' S.D. Johnson!
Y. Kwon,'' S. Robertd! E. H. Thorndike!! C.P. Jessop, K. Lingel,'> H. Marsiske!> M. L. Perl > D. Ugolini,'?
R. Wang!? X. Zhou,> T.E. Coan'? V. FadeyeV? I. Korolkov,'? Y. Maravin,? I. Narsky!? V. Shelkov!® J. Staeck}
R. Stroynowski? I. Volobouev!?® J. Ye/3 M. Artuso,'* A. Efimov,'* M. Gao!* M. Goldberg!* D. He*
S. Kopp!* G. C. Moneti!* R. Mountain!* S. Schuh? T. Skwarnicki!* S. Stoné} G. Viehhauset? X. Xing,'#
J. Bartelt!> S.E. Csorna; V. Jain!®> K. W. McLean!’ S. Marka!® R. Godand? K. Kinoshita!® I. C. Lai,'
P. Pomianowski® S. Schrenk® G. Bonvicini!” D. Cinabro!” R. Greené! L. P. Pererd’ G.J. Zhou!’ B. Barish!®
M. Chadha?® S. Chanl® G. Eigen!® J.S. Miller® C. O’Grady!® M. Schmidtler!® J. Urheim!® A.J. Weinstein'?

F. Wirthwein!® D. W. Bliss,® G. Masek!® H.P. Paar} S. Prell!® V. Sharma’ D. M. Asner?’ J. Gronberg?
T.S. Hill,l?*® R. Kutschke? D. J. Lange?® S. Menary?’ R. J. Morrisor?? H. N. Nelson?’ T. K. Nelson?® C. Qiao?°
J.D. Richmart? D. Roberts?® A. Ryd,° M. S. Witherell?° R. Balest}! B. H. Behreng! W. T. Ford?! H. Park?!

J. Roy?! J.G. Smiti2! J. P. Alexandef? C. Bebek’? B. E. Berger?” K. Berkelmar?? K. Bloom??> D. G. Casset?

H.A. Cho? D. M. Coffman? D. S. Crowcroft?2 M. Dickson?? P. S. Drell?2 K. M. Ecklund?? R. Ehrlich??

A.D. Foland?? P. Gaidarev? R. S. Galik??> B. Gittelman?*> S. W. Gray?? D. L. Hartill,?> B. K. Heltsley??
P.l. Hopmar?? J. Kandaswamy? P. C. Kim?? D. L. Kreinick,?? T. Lee?? Y. Liu,?? G. S. Ludwig??> J. Masui??
J. Mevisser? N. B. Mistry,?> C. R. Ng?? E. Nordberg??> M. Ogg?2>* J. R. Pattersof?, D. Petersor? D. Riley,?
A. Soffer?? B. Valant-Spaight? C. Ward?> M. Athanas’® P. Avery?* C.D. Joneg; M. Lohner?* C. Prescott;
J. Yelton?? J. Zheng?® G. Brandenburg? R. A. Briere?* A. Ershov?* Y. S. Gao?* D.Y.-J. Kim2* R. Wilson?*
H. Yamamotcd?* T.E. Browder® F. Li,? Y. Li,? and J. L. Rodrigue??

(CLEO Collaboration)

'University of lllinois, Champaign-Urbana, Illinois 61801
2Carleton University, Ottawa, Ontario, Canada K1S 5B6,
and the Institute of Particle Physics, Montreal, Québec, Canada
3McGill University, Montréal, Québec, Canada H3A 2T8,
and the Institute of Particle Physics, Montreal, Québec, Canada
Slthaca College, Ithaca, New York 14850
>University of Kansas, Lawrence, Kansas 66045
SUniversity of Minnesota, Minneapolis, Minnesota 55455
"State University of New York at Albany, Albany, New York 12222
$The Ohio State University, Columbus, Ohio 43210
“University of Oklahoma, Norman, Oklahoma 73019
%Pyrdue University, West Lafayette, Indiana 47907
"University of Rochester, Rochester, New York 14627
12Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309
3Southern Methodist University, Dallas, Texas 75275
l4Syracuse University, Syracuse, New York 13244
Svanderbilt University, Nashville, Tennessee 37235
18Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061
"Wwayne State University, Detroit, Michigan 48202
18California Institute of Technology, Pasadena, California 91125
YUniversity of California, San Diego, La Jolla, California 92093
ZUniversity of California, Santa Barbara, California 93106
2University of Colorado, Boulder, Colorado 80309-0390
22Cornell University, Ithaca, New York 14853

2406 0031-9007797/79(13)/2406(5)$10.00  © 1997 The American Physical Society



VOLUME 79, NUMBER 13 PHYSICAL REVIEW LETTERS 29 BPTEMBER1997

ZUniversity of Florida, Gainesville, Florida 32611
**Harvard University, Cambridge, Massachusetts 02138
2University of Hawaii at Manoa, Honolulu, Hawaii 96822
(Received 25 June 1997

We have observed new channels fordecays with ann in the final state. We study 3-prong
tau decays, using theg — yy and » — 37° decay modes and 1-prong decays with twds using
the » — vy channel. The measured branching fractions Bte™ — =~ 7 7" nv,) = (3. 4758 +
0.6) X 107* andB(r~ — 7 27%yv,) = (1.4 + 0.6 = 0.3) X 107*. We observe clear evidence for
fi — mara substructure and measu®(r~ — fi7 v,) = (58713 = 1.8) X 1074. We have also
searched fom'(958) production and obtain 90% C.L. upper IimiB(r~ — 7~ 7 vT) <74 X107

andB(r~ — 7~ @7%p'v,) < 8.0 X 1073. [S0031-9007(97)04088-X]

PACS numbers: 13.35.Dx

Tau decays with amp meson in the final state provide event if it is more than 2 standard deviations below the
important information about various hadronic symmetriesexpected value. Muon candidates must penetrate at least
and allow for a study of the resonant structure of the weakhree adsorption lengths of material for track momenta
hadronic current [1,2]. These decays are rare and theless than 2.0 GeV, and more than five absorption lengths
detection became possible only recently with the high stafor momenta above 2.0 GeV.
tistics CLEO experiment at Cornell Electron Storage Ring A hadron tag is a track not identified as an electron
(CESR). Two such decays with small branching fractionsor muon and with momentum pointing to the barrel part
already have been observe®(r~ — 7~ 7'nv,) = of the calorimeter) cosf| < 0.81, where is the polar
(0.17 £ 0.02 = 0.02)% [3] and B(r~— — K nv,) = angle defined with respect to the beam direction. The
(0.026 = 0.005 = 0.005)% [4,5]. Both channels also invariant mass, including all photon candidates in the
have been seen by the ALEPH group [6]. All other tautag hemisphere, is required to be less than 1.2 GeV. In
decays involvingy mesons were expected to be severelyaddition to single pions, this tag recovers unidentified
suppressed. The decay— 37 v, can proceed through electrons and muons and a large fractionrof — p~ v,
the axial-vector current and its branching fraction wasdecays.
predicted to bd .2 X 107 [1]. The second tau—representing the signal candidate—

In this Letter, we present the first observation ofis reconstructed from its decays inte~ 7" 7 7,,,
the tau decayr — 3wnv, using three final states: 7~ 77 73,0, and7m 27%7,, final states. We assume
7~ 7 7" n,,, wheren is reconstructed from the —  that all charged tracks are pions since there is very little
vy decay; w7 7 m3m, Where n is reconstructed phase space for decays in which one of the tracks is
from its n — 37° decay; andm~27%,,, wheren is  a kaon. ThedE/dx information is consistent with this
reconstructed from th@ — yy decay and the remaining assumption.
photons from27%'s. In addition, for the first time, we Photons are identified by isolated energy clusters in
observer~ — fim v, using thef; — no* 7~ decay the calorimeter, separated from energy deposits left by
mode. We also search for decays wiff{958) using the charged tracks and with photonlike lateral profiles of
n' — nm "o~ decay mode withy — yvy. energy deposition. Photon candidates used#8rand

We use data obtained by the CLEO Il detector [7] at they reconstruction are required to be in the barrel part of
CESR operating at a center of mass energy correspondirige calorimeter and to satlsﬂy?;‘yl < 10, whereSX =
to the peak of theY (4S) resonancéE. ., = 10.6 GeV)  (my, — mx)/oy, (X = #%orn) and o,, is the a0
and 60 MeV below this energy. The data correspond t@r n mass resolution(~12 MeV) Only photon pair
an integrated Ium|n03|ty 0t.68 fb~! and contain about combinations with—3.0 < S™. < 2.0 are considered as
4.27 million 777~ pairs. CLEO Il is a general purpose signal candidates; those with larger valueslbgyl are
solenoidal spectrometer. In addition to good quality track-used for sidebands.
ing, its special feature is a 7800 crystal Csl(TI) electromag- For lepton (hadron) tags, the lower energy photon
netic calorimeter that provides photon detection with highused for»n reconstruction must have energy greater than
efficiency and good energy and angular resolution, whict200 (250) MeV and the higher energy photon must have
is essential fomy and 7° reconstruction. energy greater than 400 (700) MeV. Photons used to

We select events using the 1 vs 3 and 1 vs 1 chargefbrm #%s are required to have energies greater than
track topologies and tag one of the tau decays wittBO MeV. In events for which more than one combination
a single charged track in the drift chamber which isof photons passes all cuts, we choose the combination
required to be identified as an electron, muon, or hadronwith the smallespy? for that signal hypothesis.

The electron candidate is required to have momentum, We suppress™e™ — ete (y) andete™ — ut X

p, greater than 0.5 GeV and energy deposition in thew™(y) events by vetoing events with tracks which have
calorimeter,E, such that0.9 < E/p < 1.1. If specific energy greater than 85% of the beam energy. To remove
ionization (dE/dx) information is available, we veto the background due to two-photon processes, we require the
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missing momentum vector of the event to be in the angular 40
region| cosf| < 0.9. We suppress contributions from tau
decays with & in the final state by requiring that for all 30

3350697-001
T

tracks, the impact parameter with respect to the interaction £

R 020 4
point must be less than 5 mm. Background from low & |
multiplicity gg events and incompletely reconstructed tau 10 . 2|
events is minimized by rejecting events with additional w7 R o il
isolated photons with an energy greater than 120 MeV. -0 0 10 05 06 -10 "0
To further reducegg background, we require the total szﬂ/ M, o (GeV)

invariant mass of the hadrons in the signal hemisphere t(F)

be less than the tau mass. Tty and (c)7 277, samples. The solid line is
=t — 370,y .
For the w~ 7" m"n,, sample we reducgjg and g, fi 1o the data (squares). The tau agg backgrounds are
two-photon backgrounds by requiring the event to havéndicated by the dashed line and hatched area, respectively.
missing mass satisfyind.l < Mpis/Ecm. < 0.5 and  Plots (a) and (c) are binned in units 6f,, while (b) has

total transverse momentum greater than 0.3 GeV [8]a 10 MeV bin size. In (b), the energies and angles of each
Decays withK’s are additionally suppressed by requiring photon of thez? candidates have been constrainedrtomass.
both7* 7~ combinations to have a mass at least 15 MeV ] ) ) ] ]
from the Ks mass. To suppress background from eventdéractions of_ charged part|cl_es in the calorlmetgr _and thls
with gamma conversions, we veto events with electroffnNcertainty increases fo_r hl.gher charged multlpl.lcr[y fi-
candidates in the signal hemisphere. _nal states. Other c_:ontr_lbutlons to the systematic errors

We simulate tau signal and background events using th@cIL_Jde th(_e uncertainty in Fhe detector acceptance, track
KORALB generator andAUOLA decay packages [9] (with finding 'eff|C|ency, Iur_n|n05|ty measurement, amd 7~
some modifications discussed below) and measured tatfeduction cross section. _
branching fractions [10JGEANT [11] is used for detector _ For the 77" a " n,, sample, there is enough data
simulation. for a consistency check ofB(r — 7 #wt7w nv,)

We find background associated with various QED pro/néasurements among data samples selected with
cesses to be negligible by using Monte Carlo (MC) simu-#. and hadron tags. They are consistent with each
lations and independent data samples. To estimgte Other, with ax? of 5.1 for three degrees of freedom,
background, we use independent data samples requirifprresponding to a 16% confidence level. Combining
the invariant mass of the tag hemisphere to be greater tha&h T My, and 777w m3,0 results, we obtain
1.8 GeV. We select predominantly hadronic events satisB(1~ — 7~ w7~ qv,) = (3.450% * 0.6) X 107%.
fying the same topological and kinematic requirements on A 3w 7 final state could proceed through a number
the signal hemisphere as described above, except for tifé different resonances. In Fig. 3 for events from the
tau mass cut. The normalization for this hadronic sampler signal region we plot thern vs n77 mass distri-
is obtained from a fit to the data in the region with signalbutions, using the mass-constraingdand 77 momenta.
invariant mass above 1.8 GeV. The distributions show higher population density in the

The distributions illustrating; signal in all three analy- f1(1285)/a¢(980) region, indicating the presence of the
ses are shown in Fig. 1. Tau background contributes adecay chainr™ — f17~ v,, f1 — ao(980)7, ag(980) —
most entirely through randomy combinations while most m7. For the 3-prong modes [Figs. 3(a) and 3(b)] there
of the coherenyy background comes frogi7 events. Dis- IS an ambiguity in the choice of the same charge pions
tributions of hadronic masses for events from theignal ~ that results in four entries per event. In the case of—
regions are shown in Fig. 2, where the events with masse® 27’ v, [Fig. 3(c)], there is only ongf; — nm "
above the tau mass are plotted as well. Signal regions
for » = yy and 5 — 37° channels are—3.0 < 3350697-002

IG. 1. Distribution ofn mass for the (&)r~ 7" 7~ 7,,, (b)

Syy < 2.0 and|M(37°) — M, | < 20 MeV, respectively. >55 % T o] ° " (0)
We extract the number ofi’s by fitting the distribu- 2 112

tions shown in Fig. 1. In Table | we present results from 3% 201 i

the three analyses. Efficiencies shown in Tables land Il 3

include tagging branching fractions. A 1or LY
We estimate several sources of systematic errors. The @ ,,,//}, %//4/% 7

major contributions are (forr =77 n,,, 7 7t X g m——— T

T~ N30, anda 2707, samples)r® and 5 reconstruc- LUSIRCY) My ey @V)

tion efficiency (10%, 10%, 4%); model dependence (5% _ L
23%, 10%): backgrounds (15%, 17%, 18%). The totaf!C: 2. Hadronic mass spectra for the (a) 7*7 7.,

i ! Do A
systematic errors are 19%, 33%, and 20%, respectivel :ﬁg;gln S'dig?nnp?essubt%?glosnc))iid(bﬁgeﬂisﬂa Z?t”oioa?ﬁe (cc:i)ata
YY .

One of the major sources of systematic errors is the Unsquares). The tau angly backgrounds are indicated by the
certainty in the modeling of showers generated by the indashed line and hatched area, respectively.
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3350697-003
L T T

TABLE I. The number of data signal events, efficiencies, and . .
2:z:cl (b) s [(€)

branching fractions for the three data analyses. The signal has

o o

been corrected for the background. % (oahs © (Eds |4
15 o [a0 3o o an | °0
Sample Niha & [%] B (X107%) Vg : E . BT
w1y, 7347133 6.3 35797 + 0.7 = 1 b
P A 'y T 152748 1.8 31703 * 1.0 09 11 13 09 11 13 09 11 13 15
7T727T01}7y 15,0:2:8 25 14t82 *+03 M1r1r17 (GeV)

combination and tway7° combinations. Since the kine-
matics of thef; — ao7° decay are such that the higher
massn7® combination is the correct one about 90% of
the time, we plot only the higher-masgr® combination.
We expect that more than 75% of alll — n7x
decays proceed through the(980)7 state [10]. To
extract the number of thg ;7 events we perform a
binned maximum likelihood fit. We restrict the fit to the
area shown in Fig. 3 to avoid the kinematically forbidden
region and we weight each event by the inverse of the
number of entries. The fit function is the sum of aFIG.3. M(wn) vs M(wmn) for the (a) m 7 7 n,y

; atpilag it (after n sideband subtraction), (by~ 7" 7~ 13,0, and (c)
signal MCaqy vs f; distribution, a randory y background 20y, samples. Plot (d) is a sum of (@), (b), and (c)

shape obtained from n(_)nsignal tau MC and a Cor‘Sta"%eighted as 0.25, 0.25, and 1, respectively. All bin widths are
background. For the signal MC we use the full decay40 MeV.

chain with f; and a((980) resonances [12] and include

all 77 and na7 mass combinations. The constant ] o )

background accounts for a possible nfnsignal. To some systematic uncertainties are canceled in the ra-
’ R

take into account the uncertainty in the randopy  U0- It would appear that not all of ther™ "7~ 7

background normalization, we perform a combined fit offin@l state proceeds through an intermediafg.

the M (7 n) vs M(wn) ands,,, data distributions with This accounts for the dlfference _between the Monte

normalizations of the randomy background constrained Carlo shape and the data in Fig. 2(a). We show

to be the same. From Monte Carlo studies we find that" Flg-f' the background—subtr_actfd _ distribution  of

all three fits have confidence levels above 18%. We hav¥ (7 7 7~ n) calculated for 7~ 7" 7" n,, events

+ —
found no sources of background which can contribute tdVith @ 777~ n mass of at least 36 MeV from the
the f1 peak. nominal f; mass. This distribution as well as distri-

In Table Il we show the fit results obtained for the Putions of all other submass projections is consistent
different data samples. We have us@d f;(1285) —  With 7= — a1(1260) " nv, — 7~ p°nv, decay model.
narw) = 0.54 = 0.15 [10] and an isospin factor df/3 Since the observed excess hejs less tM)mrf signifi-
(1/3) for na* 7~ (nw#°). We include a systematic CaNce. We set an uppeI4I|mIB(r — a1(1260)" nv; —
error of 28% to account for the uncertainty of tfieg— 7 P nvr) <39 X 107" at 90% C.L.
narm decay rate. All other contributions to the total
systematic error including different models of tlie —
nm decay are found to be much smaller. The total 30 — —
systematic error is 33% for all three channels.

The weighted average for all three channe®is™ —
fim~v,) = (58514 = 1.8) X 1074. Using results from
the # 7 "7~ n,, channel we find the ratidB(r~ —
fim v, > w aw qv,)/B(rT > a T v, =
0.55 = 0.14. Here we take advantage of the fact that

3350697-004

Events / 150 MeV

| |
1.0 14 1.8 22
M_—_+ - (GeV)

TABLE Il. The number of signal events, efficiencies, and

branching fractions for ther™ — fi7~ v, decays obtained n~ntrn
from fits. FIG. 4. Distribution of #~#*# % invariant mass plotted
Sample NI e [%] B (X104 for #~@=* 7~ 7,, events not associated with™ — fi7 v,
dﬁ; » decay. The Monte Carlo expectations for the decays—
7T TNy, 36.329) 5.6 53713 1.8 plm mv, and 77 — q;(1260) " pv, — 7w @ v, are
T T T N30 9.673% 14 6.8739 + 22 shown as dashed and solid lines, respectively. Both Monte
72707, 8.43’% 26 6.63}2 +93 ﬁ{;glo modes are generated via phase space wWiti™ factor
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3350697-005 Poisson statistics and assuming a linear background distri-
bution we obtain [19]B(7~ — 7 1'(958)v,) < 7.4 X
107° andB(r~ — 7 7%9/(958)r,) < 8.0 X 107>,

We gratefully acknowledge the effort of the CESR staff
in providing us with excellent luminosity and running
conditions. This work was supported by the National
Science Foundation, the U.S. Department of Energy, the
Heisenberg Foundation, the Alexander von Humboldt
Stiftung, Research Corporation, the Natural Sciences and
Engineering Research Council of Canada, and the A.P.

4 —————

ne

Events / 5 MeV

LI

0.94 0.96
M_+ - (GeV)

TN

1. 1]

0.98

1.00

FIG. 5. Distribution of theM,+,-, plotted for (a) 7~ —
7 5'(958)v, and (b) 7~ — 7 7%%/(958)v, signal candi-

dates. The solid (dashed) arrows indicate the signal (sideband)

regions.

The measured branching fraction for the deeay—
7 mtm yv, is more than 2 orders of magnitude
larger than the value calculated by Pich [1] under the
assumption that this decay is dominated by =aa;
intermediate state. In a recent calculation, Li [13] used
similar assumptions to obtalB (7~ — «;(1260) " nv, —
7 p’yr,;) =293 X 107*. In another paper, Li [14]
calculated B(r~ — fi7m v,) = 2.9 X 1074, which is
still somewhat smaller than the present measurement.
The decayr — 3w nv, has important implications for
the phenomenology of the multipiondecays, especially
for 7 — 67v,. Several authors [15-17] have used
isospin relations [18] to calculate the relative amounts
of 7=~ =37 27 7,, v = 7w 7w 37%, and
7~ — 7 57°,, and claimed some discrepancies be-

tween the measured branching fractions and conserved

vector current (CVC) predictions obtained from the
ete” — 67 measurements.

It now appears that™ — 37 27" 7%, andr~ —
7 7w 7 37%, decays have large contributions from

Sloan Foundation.
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