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Mark William Eaton
Decays of Jsv (3100) to Baryon Final stgtes

ABSTRACT

We present results for thg decays_,of v(3100) intb--bqrvon and
hyperon final -states. The sample étudied' heré consistsv of 1,5
million produced Vv Becays. The‘decays. into nohstrange'ﬁbary;ns
agree Qell with currently established results, but with bettér
statistics.r Inkadditioﬁ, significant resonance formation in
multibody final states is observéd. The decay ¥ = 5p7; the first
direct phﬁton decay of the ¥ vinvolvibg'baryons in the final state,:
i; presented and the theoretical implications of the decays are

briefly explored.

Several new decays of the V¥ involving strange bar§0p§ _are
expiofed. iﬁ;luding the first observations of three body f{nal
states involving’hfperdns. The I-spin symmetry of the strongvdecay
@ -+ bary;ns h#s clearly been observed. The reduced ﬁatrix elements
for v = BB are presented for final states of different Su(3)
cohtent. The Bgﬁg results are in excellent agreement. with the V¥
being Qn, SU(3) singlet as are the results for ¥ 2 ByoB4p. Me
present the first evidence for the SU(3) violating decays o?_tﬁe_.
type ¥ = BgByo + c.c.. Angular dfstributions for v fﬂBgEg are.
presented and compared with theoretical 'prediéfions. , St#tistiqu
are limited, but the data tends to prefer other than a 1 + Cos?28

distribution.
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- Chapter I

"THEORETICAL CONSIDERATIONS o

1.1 . AN OVERVIEW OF CHARM

1.1.1 History

With the simultaneous‘discovery"2 of the J/v(3100) (hereafter
called ¥), the high energy physics community was never again to’
Tanguish smugly in its established beligfs. For these pioneers of
the neu physics ﬁould in jusf eight years completely revolutionize
high energy physics so that the flavor SU(3) theory so dearly held
in the 60’s i$ nou regarded as a louw energy artifact of the "true"
theory of strong interactions, color SU(3). Color SU(3) has
achieved such a status that it has been dubbed QCD (Quantum Chromo-
Oynamics), in direct analogy with the extremely well verified
theory of electromagnetig interactions, QEb.

1f the ¥ is actually a charmonjum state (i.e. a bound state of a
charmed quark and antiquark), then it should be produced in ete-
annihilations via an intermediate virtual photon. -This néed not be
the case, for ex;mple.b if the ¥ couples directly to leptons. By
carefully measuring?® the cross section for leptons at center of
mass energies in the vicinity of the ¥, one clearly sees the inter-
ference betueen the timelike diagrams fpr direct production of lep-

tons via an intermediate virtual photon and the ¥ decay into lepton



2
pairs. 'This is sufficient to not only establish that the ¥ does
not couple directly to leptons, but establishes the quantum numbers
of the ¥ as those of the photon, JPC = 1,

The'interpretation of the‘¢ as the lowest radial excitation 138,
bound state of a charmed quark and antiquark was left to little
serious queétion with the discévery' of the D? and its isodoublet
pértners the D*. Two main points support® fhe interpretétfon of

these states as charmed mesons:

1. Both the D° and the D* are produced in final states contain- -

~ing both a D meson and an anti-D meson, as one would expect

~‘for3partfcles with a quantum number conserved by the elec-

tromagnetic interaction.:

2. The weak decays of  these particles are observed as they must

be.if they carry a quantum number conserved by the strong or

electromagnetic interaction.

Charm was firmly established, opening the door for new spectroscopy ' °

of charmed states which abounds in journals today.

1.1.2  The charmonium system

The discovery of the v created a flurry of activity, both theo-

retical and experimental.: TheoreticianS'began'uith‘ the simplest

model one can think of for the charmonium system, the'nonrelafiVié—

tic quark model. The - nonrelativistic quark model is certainly -

.nothing new; it is .simply the bound state of tuo heavy fermions by

an instantaneous smooth central potential.? Examples are common in

L



Charm
Threshold

| J/¥ (3095)

1
O 1 #7.(2980)
'so s 'pp 3R

4181A 12

9 81 g QO

Figure 1: Charmonium level diagram. Established levels are solid
lines, predicted are dashed. Solid arrous indicate E! transitions,
dashed arrous indicate alloued M! transitions, and dot-dashed

’ * arrous indicate hindered M1 transitions. .

physics; the positronium system being a well known‘one. The liter-

‘ature abounds®-'" with models ‘for the QCD potential; the amazing



4
feature is that they all fif"gfoss features o% the charmonium (and
for that matter, bottomonium) specfrgscopy fairly well,.

Once we are cohvinced a simple botenfial modél recréatés tHe
"gross featqres of the cﬁérmoniva‘mpdél; -the most general aﬁalysis
includes spin interactions d? the charmed'constituents of the v.
This prob]em‘ is uef! knowun'$ éﬁd hgs‘fouf terms'ink the‘potential
cQ(respondfng to Tgoméé. spin-orb;t, tensor, and spin-spin forces.

Hard predictions aside, the nohrelativistic quark model then imme-

diately predicts the level stquture>for the charmonium system,

shoun invfiguré 1. It ié a trisﬁte to the exberimenta1ists hafd
work that theré exists a vfaﬁle éandfdate for every charmonium
state in figure lve£cept the’1{§1bstate,‘5'uhffe it is»remafkab]é
hou well the simplevpotential model agrees with the obséfved spec-

tra, even up to the splitting of the ¥ states..

1.1.3  Hadronic decays

g

Ve () ()

Figure 2: Louest order diagrams for ¥ = ggg and v < ygg.

Whereas the level structure of the charmohium system 1is aptly

described by the simple nonrelativistic quark model, ' the dynamical

<«
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behavior of the ¥ is a substantially more difficult problem. * One

can imagine that the charmonium level structure has probed onily a

small range of the strong interaction potential corresponding to

‘the Bohr fadius of the quarks in the charmonium states, while the

hadronic decays pose a more formidable probiem due to the inher-
ently nbnperturbative hadronization'process bf the gluons from the
v decay.

The decay ¥ = hadrons.must be a strong decay as it conserves the
quantum numbers strangéness éhd i-spin. It is an 0ZI-violat-
ing'7-21 decay, however, since the charm content of the Vv does not -
shou up»fn fhe hadronic final state, as the‘iightest charmed mesdn
has a mass more than half the ¥ mass. Presumably, then, the ¥ must
decay into gluons; the mediators of the strong ﬁnteractionf Tﬁis
accounts for tﬁe narron (63 KeV) width of the v. The decay into-
bne'gluoﬁ.is fofbiddenzz by color conservation, while the decay to
tuo gluons is forbidden by angular momentum cbnservat{on. It fol-.
lous_immediatély tHat the minimum number of gluons allowed in the
decay of a heavy quarkonia state 'is ihree.

"Figure 2a) shous: the louwest order allowed Feynman diagram for

the decay v - hadrons. One can calculate the hadronic’uidth of the

¥, but it depends on the imperfectly knoun quark state wmave func—

tion at the okiginﬁ Houever, the leptonic width of .the ? suffers
from the same problem. . s0 the ratio of the 'two s independeﬁt of
the wave function. We quote?3 the ratio of the hadronic width to

the leptonic width for the .v.



. Ty » g99) 5(n2-9ag’ :
: = » ) : : (1)
T(y & 2*2°) 18na?

where ag is the strong coupling constant evaluated at a Q2 rodgﬁly

corresponding to the ¥ mass and a is the QED ¢ouplihg>conétant‘

(= 17137,
Equation (1) is for all hadronic final states. The much harder
dynamical question is the rate to any exclusive final hadronic

final state. Unfortunately; figure 2 shous our ignorance about .the

hadronization process of gluons; ‘perturbative QCD cannot be a good

description of the creation of hadrons as the strong cqupling con-

stant is near unity for the momentum transfer which is characteris-.

tic of the hadronization process. Since the " theoretical under=

standing of’ nonpefturbative brocesses is poor, 80 . is the
understanding of the final state dynamics in this proﬁlem.
Ironically, thevmoﬁt informative content on exclus{Qe final
states may com; from the flavor SU(3) content of the V. Very sim-
_ply, "if the ¥ is a 'charmonium state, one uouldvexpécisneg1igjble
mixing of the V¥ with other ordinary mesons.due to the large mass
difference between them. Consequept]y, . the ¥ should be an a]moSt

'pure flavor'SU(3) singlet, and its decay rates into baryon-antibar-

yon final states of the same SU(3) structure should be the equal to

each other, eicept for phase spacé considefgtions, regardless of
the éuark content of the final state. This resgft is‘very nontri-
vial in that it says that the v decay matrix element is "blind" to
the flavor content of the final stafé, unlike many perturbative QCD

situations.

-



1.1.4 Direct photon decays

5-82
_4n2ad

4

Figure 3: Radiative three,gluon‘decay.

--An interesting wurinkle in the hadronic decays of the V comes

when one replaces one of the gluon lines in figure 2a) wWwith a pho-

ton line, shoun in figure 2b). This violates neither angular

momentum conservation nor the color singlet nature of hadrons.

Again, the rate for the ¥ into a direct photon plus hadrons is not .

difficult to evaluate2%:25 but involves the quark state uave func-
tion. . The ratio of the direct photon width to the hadronic width
obviates this problem |

Tty » vg99) 16«

= . (2)
'ty » gg99) Sag '

The surprising feature 1is that for a reasonable value of ag, say
.2, the rate is suppressed by iny~about an order of magnitude rel-
ativé.{o the hadronic uidth. Direct photon events should be visi-
ble as fully reconstructed hadronic events with a single real pho-
ton. |

The astute reader will have recognized that thére,is another uay

to get direct photons obposite a hadronic final state; this is sim-



8
ply the case where the photon is a bremsstrahfung of a final state
quark line and the hadronic final state fs due to “the three.gluon
decay of the ¥, shown in figure 3. There are tuwo points which sup-
port the interpretation of these'events as direct photon events.

The first point is that 021 éuppreséion iuofks at the V. In
order to get a three gluqﬁ final state oﬁé‘pays the price 6f as for
the additional gluon: veftex over the decay into th gluons. One
can get a feeling'fbr what this suppression is.relative to the pho-
ton plus t&o gluon decay by simply plugging in ag evaluated at -the
v (2 .2), which would indicate that the suppréssion is about a fac-
tor of 25. This would be cpmpetitive uith the two gluon plus pho-
ton decay moée. In fact, this is probably not a very gbbd‘estimate- 
in that it ﬁrédicts very little 021 suppression at the ¢(1.020)y
whereas ‘in fact it is of order26-28 10-2,

A better estiméje of the suppfessidn may be gotten by look%ng at
the ratio of what the Vv uidth would be if it were an'dzl-alloued“
decay; this ratio is roughly 10f', Attribbting (very roughlty!)
equal suppression.factors to each of the three gluon lines gives ;
suppression of roughly 300. Thi;'is to be cohpared with roughly a

suppfessioﬁ of 10 from the two gludn plus photon decay. Thus, we

have good experimental evidence that diagrams of the type in figure
3 should be negligible in direct photon production.  Higher order
QCD corrections?d to the tuwo gluon plus photon diagram, houwever,

may not'be.
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.The second | p;iht is that the x spectrum ‘of photons {from the
bremsstrahlung of a finaf state quark line should be radically dif-
ferent than that prédi;ted by the first order QQD prediction, i.é.
the spectrqm should decrease inétead of }ncrease with x. Further-
more, the bremsstrahlung spectrum should- be muﬁh sbfter than that
from direct photon producfion. A hard photon spectrum from these
decays is another way to establish the tuwo gluon blus photon decay

over the radiative three gluon decay of the v.



Chapter 11

HARDWARE

2.1 THE MKII DETECTOR AT SPEAR

2.1.1  Introduction

The MKII detecfor is shoun _schemétically in figure 4 (Tbﬁkiné
along beam line), and in figure 5 (isometric view). - The MKII is a
mUltfrpurpose magnetic detector.'deﬁjgned foF good charged and neu-
tral particle recongtruction over a large fraction of thé solid
angle. Figuresr4 and 5 illustrate many feafures of the HKll.uhich
are relevant to évén; reconstruction. ' In_the4follpufng sgctidns,
we will outline those feaﬁﬁres:uhich are importantvto the.measurg?

ments in this_ thesis.
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Figure 4: . MKII detector (beamline view)
~ A) Beam pipe
B) Pipe counter
C) Drift chamber
"D) Time of flight (TOF) counters
E) Magnet coil
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scintillation counters)

Drift Chamber
(16 tayers)

Time of Flight Counters

(48 total)

Solenoid Coil
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- fron Flux Return
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F) Lead-liquid argon (LA) calorimeter modules'
G) Bottom: Flux return; Side: Hadron absorber

H) Muon proportional tubes
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| MUON DETECTORS
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Figure 5: MKII detector (isometric view).

2.1. 2 Pipe counter

Surroundihg the beam pipe are tuo concentric cylinders of scin-
tillator, each split into tuo Hemicylinders‘ The light from each
of the four hemicylinders is passed out along the beam pipe via a

lucite light pipe until it is out of the magnét and viewed by a

iy
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photomul tiplier. Each adjacent pair of hemicylinders is placed in

coincidence for use in the primary trigger (see section 2.1.7).

2.1.3 Drift chamber

Radially outward from the pipe counter is a 15cm air gap fol-
loued by é lexan uindo;. This windouw is the inner gas seal for the
heart éf the MKII, the drift chamber.

The drift ' chamber3% is a large, single gas-volume cylinder,
which provides a spatial resplution‘uithin the drift cells of
¥ 220um, and tracking over & 85% of 4mwsr. The transverse momentum
resolution of the drift chamber &p/p is £ 12 at 1 GeVsc at éur
operating magnetic field. Sense uwires ar; strung in sixteen con-
centricwcvlindrica] layers.‘ six of which are axial (along the beam
and magnetic field axis),'and ten are ﬁstereo" layers, orfénted at
+3% relative to the beam axis. These stereo fayers provide infor-
mation regardjng'the dip of the track. Figld wires are oriented to
define the drift cell bounﬁarieé as well as the electric field gra-
dient uithfn the cell.

The sense wires are connected to 500l coaxial cable and sent to
preamplifiers. THe output from the preamplifier is then sent to a
TAC3' (Time to Amplitude Conversion) module, digitized, - then read
out. fn addition, hit wires are provided via shift registers to:
the secondary trigger logic, and an OR of the shift register ‘is
used in the primary trigger logic (see section 2.1.7): The wire to

wire alignment of each drift cell is done by simultaneously pulsing
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the +field wires through .the high voltage network, which ‘then

couples capacitively to the sense wuires, and the Wires are read

out. This isochronousbstart allous a system wide resolution of

=V1nsec (HWHM) .

The advantage .of a single gas volume for the drift chamber is

that it provides 1ess than .01 radiation length (Xp) for multiple

scattering. The MKII drift chamber geometry allows reconstruction

of a vertex to ¢ .5mm in thé' radial direction and % Smm in the

axial direction. Knouledge of the beam-beam interaction point (for

example from Bhabha events) decreases 6p/p to = ;5% at 1 Gevsc.

2.1.4 Time of flight (I0F) system

Immediately outside the aluﬁinum outer can ofzthe drift ;hamber
are ,mouﬁfed'48 'séintil)ators composed of the compbuﬁd PILOT F.
Each séintillator is 343cm x 20, 3cm X»2,5cm, . viewed on each end by
an Amperex‘*P2230 photomultiplier. Thel scintiTJatqr-light ‘is
passed out'télthe'photomuitipliers.by lucite light rods. |

The photomultiplier output 1is split 20% into an ADC (Amplitude
to Digital Conversion) module, and 80% to a TDC (Time to Digital
Convérsion)\module and latch. The latches are supplied at a fixed
time relative to beam crossing, and are employed in the primary and
Secondary‘trigger (see sécfion 2.1.7). The ADC is used to compen-
sate for time slewing introduced by variations jn the-photomulti-

plier pulse height.

s



Calibration is done via a nitrogen (N;) flash lamp. uwhich is

pulsed to provide an isochronous signal to each scintillator via an

optical fiber connected at the center of the each scintillator.

This aligns each counter with respect to each other to = 100psec.

Further calibration is done offline by taking a sample o?-Bhabha

and u pair events and minimizing the variation of the predicted and

reconstructed times. This results in a systemuide TOF resolution

in this data sample of # 300psec. For those occasions when more
than one track hits a given counter, one time is usually recovered,

with a degraded resolution of = 480psec.

-2.1.5- Magnet coil and flux return

Immediately outside of the TOF counters-is‘the solenoidal magnet
coil. It is 1.36X%p thipk._uhi;h uas operated at SPEAR to provide a
4.16kG uniformvaxia] field. Thg magnetic flux is returned via the
tuwo upper and lower §teel slabs shoun in figure 4. These slabs
were.designed priﬁarily for muon identification as opposed to their

flux handling capabilities. The hagnetic field is found to be con-

A

stant to within = 1.4% of its mean value. . These small variations

‘have been incorporated into the offline tracking programs via a

polynomial fit to the actual field map, whose scale is monitored by

an nuclear magnetic resonance (NMR) probe within the solenoid vol-

ume. -

-y
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2.1.6 Lead-liquid arqon (LA) shower counters

Just bevondbthe magnet coil are eight lead-liquid argon calorim-
_eter modules. These "barrel"™ modules share a common vacuum jacketw
and cover 692 o* 4nsr. The barrelAmodules are a 14X, deep sandwich
of 2mm‘thick lead and 3mm thick liquid argon gaps. The lead strips
are 3.7cm wide for those in the 8 direction, 5cm wide iﬁ the ¢
'direétion. and 7.4-cm uidg in the "ﬁ" direction, where the U direc-
tion is 459 with respect to both the 6 and the ¢ directions. The'ﬁ
direction is eéployed.to resolve shower émbiguitieg; |

In orde}‘to feduce the numberlof channels in the LA system to a
tractéble number‘ (= 360 per .module). the 18 layers‘ are grouped
' iﬁternally in dépth and width. Thexcharge'colfected on the strips
vi; then ‘preamplified and.integrated via a Sample and ~Hold Analog
Module (SHAM). These analog §ignals are fheh digitized and read
out. Strip by strip calibfation is achieved by dgpositidg-a kno&ﬁ
amount of charge on the detector str%ps and then reading out the-
strips. Thé overall'stackvenergy scale is set by using non-r#diaf,
tive Bhabha -events and scaling the stack energy to be - tﬁe drift
ﬁhémbef measured momentum, plus corrections for leakage out the
back of the modﬁle', energy‘loss {n the éoi!, and :the entrance.

angle at the LA module.-



1.7 Triqqer logic

The MKII employs a tuo stage harduare trigger which offers goodb
suppression of unuanted events uhile'being highly efficient for

beam-beam events. It has the disadvantage of having no z informa-

~ . tion available to it. The first stage, the primary trigger, is the

coincidence between the pipe counter hemicylinders (PIPE), the beam
crossing signal (BEAMX), and a drift chambervmajority (DCM). The
pipe counter uas discussed iﬁ section 2.1.2. BEAMX is a signal
from a pickup uéstream of the interaction point on the e- side.
This signal 1is compensated f{for varying beam currents and is in
poincidence uitﬁ an RF §igﬁal in .order to eliminaté confusion from
the e* bunch. DCM is an OR'ﬁf selected driff‘phamber laQers which
have been hit. The entire decision makfng.v process takes
¢ 600nsec., allowing # 200nsec. to clear the hardware before the
next be#m crossing. |
1f the primary trigger is satigfied.‘ all resets and clears are
aborted, and the bsecondary trigger logic beéins. The secondary
trigger logic then finds tréck candidates in the driff chamber.
.There are two major parts:
1. 24 "éurvature" modules3? which search in the xy plane for
drift chamber hits within its "road™ (mask of curvature).
2. A track counter modulg which c¢ollates the harduare tracks
from the curvature modules into subgroups depending on the

masks which have been satisfied.

-—eeee———y7
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‘Both_the curvaiure modules and the track counter are programma-
'bie.- enabling a uide varietyv_bf secondary trigger requirements.
Typicai definitions are an "A" track (four‘ of six hits in a roadﬁ;
and a "B" track ; (three of five hits in a road, in the inner five
layers). We use the mnemonic "1} particle trigger" for the secon-
dary trigger logic requirement of one A trackvggg one B track. The
triggér‘efficiencyvfor- the 1 particle frigger is found33 to be

99.7%.
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Chapter 111

EVENT RECONSTRUCTION.

3.1  INTRODUCTION

‘Reconstructing the physics quantities from the detector informa-
tion is a long and.very ;omplex process. ln‘this‘chapter. we will
detail hdu the production analysis program, called PASS2, takes the
detectorbinformatjon and usesvthis linformatiﬁn‘to produce useful
physics'quantitieg. In addition, we will present othe} algorithms

for data analysis which are pertinent to this thesis.

3.2 CHARGED TRACK RECONSTRUCTION

3.2.1 Filtering

| Ddétto the large amount of raw informatioﬁ derivéd from tﬁe
dr{ft chamber.l we use a two stage charged particle recongtruction
algorithm. This has the advantage that ihe second stage of identi-
fiéation using the program fRAKR can’ use'vefy, sophisticated and

time consuming analysis techniques as it is employed on less3' than

v2/3 of the total input data sample. This filtering’process removes

essentially no useful beam-beam events.

- 19 -
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3.2.2 JTLIRKR
TLTRKR is the fast track association program. The jnformation
from the drift chamber arrives in TLTRKR as a list of hit wires and

drift times, ordered by azimuth and layer. In the future we will

“refer to the drift times of these hit wires as drift chamber azi-

muths (DAZMs).
Before the input data is used, the DAZM list is searched for
groups of > 11 adjacent cells in a given layer. These groups are

flég§ed and eliminated from further analysis. These groups of

" "bad"™ DAZMs may arise from harduare problems, showers in the drift -

chamber, or grazing tracks. DAZMs uith drift times outside

expected limits are also removed. These techniques ére invaluable"

in reducing the combinations TLTRKR must search for tracks.
TLTRKR first tries to reconstruct the harduare tracks by attach-
ing hit wires in the six axial layers. The drift time is converted

to a disténde from the cell anode using the approximation of a con-

stant drift velocity. The angle of incidence within the ce{l»isi

estimated from the curvature and‘ léyer radius, hence the distance
of closest approach to the sense_ uire (DCA) {s determined. Noie
that there 1is a left-right ambiguity remainkng in fhat we §aﬁn§t
measure on wWhich side of the'anode‘ in the drift ce]l‘ thevfrack
passed. Simplé circle fitS‘io these DCAs are usually sufficient to
resolve thése left-righf ambiguities. The TLTRKR algorithm most
notably . has problems uith'closelyv §paced tracks, 1low momentum

tracks, and steeply dipped tracks.

)
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3.2.3. TRAKR .

The program- TRAKR is used to fully utilize the ‘efficiency and
precision of the drift chamber. TRAKR performs 3 fundtipns:

1. It fits TLTRKR candidates, .making a cut on the x2 of the

: fit;
2. From the . poo!l. of bhused DAZMs, it associates " tracks ana
-attémptS'ambigu{ty reéolution. |

3. It fits collections of DAZMs where most of the ambiguities

are resolved.

The fit procedure ARCS3S does a three-dimensiona) ]inear least-
séuareé fit to a hélical orbit of the chérged track parameters ¢.'k
(=-1/pCosA, ) the dip'angle), s (=.TanA5,.x, y, and 2. Oonly the
five of»fhese six parameters a; are independent due to helical con-
straiht. F;r each layer, tﬁe meésured DCA d™; is calculated using
the measured drift time and a sophisticatéd knouledgebof the drift
time-to-distance relationship.3? ARCS then minimizes the function

: N [d™;i-d;lap)) 2. : '
%2 = ¥ {—————‘—“'*}» : (3
' i=1 o®; - J S
with respect to the au. The relationship between the d; and the ay
is describea in detail in reference 35, on the last iterétion, an .
error'matrix Z is calculated, given by |

d%x2

Iy S (4

.Zbaubdp
Contributions for multiple scaftering are included,- but .other con-

tributions are left out until the final vertexing 1is done. This
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allous for tracks-not originating from the prim#ry vértex which are
decay proaucts-of weakly decaying neutral particles (VEEs)g

The final' pass at track finding is also found in fRAKR. Adja-
cent stereo and axial 1layers are 'pairEd separately to look for
peaks in chvatpre, which are then combined to form track candi-

dates." These procedpres tend to'be sléu.beCause of the large num-

ber 6f combinations from a given pool of unused DAZMs.”” They can

only be successful in the 1limit of high TLTRKR efficiency and a

quiet data sample.

3.2.4 The TOF system

For the moméntum range uebafe interested in, the TdF syétem ui]}
turn out to be an éxcellent method of partjcle iqentificéﬁion tor
hadrons, namely u’s, K’s‘andvp'sé'v We have previously ment{oded in
Section~3.2.3 how we reconstruct the helical:path of the particle.

I1f we can associate the track with a hif in the TOF counter, we can

then detérﬁine the path length of.the particle from the DCA to the

Tﬁf radiQs. The TOF counter gives us a‘measgrement of the flight
time‘df the particle for the reco;structed path length. From this
we can calculate the m? (mass?) of the particle from the ﬁath
Iength. the recoﬁstructed momentum;.and the TOF.

Figure 6 shous the m? vs. momentum distribution for all parti-

cles in the data sample was used in this thesis. One clearly sees

vertical bands centered on mg2, mg?, and mpZ. These bands natu--

rally uideh with increasing momentum due to the ever-increasing

s
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v - p or p inclusive

-.4 .0 .4 .8 1.2 1.6 2.0
2 . . 2\ 2 ‘
m?® from TOF and flight path (GeV/c?)
Figure 6: Scatterplot of m2 vs. momentum. The cutoff near
m2 = .5 (GeVsc2)? is due to a loose proton weight cut on the data
sample. This is looser than any other cut on the data samples used

in this thesis. The horizontal band structure is discussed in’ the
text.

velocity of the particle and the;fixed time resolution of the TOF

system. Nevertheless, good separation betueen protons and kaons is
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obtained for momenta ¢ 1.3 GeV/c. Note that all particles from
baryon decays of the ¥ have momentum in this range. The horizon-
tal band at p = 1.2 GeVs/c is from the decay ¥ =+ pp, while the bénd
at p = 1.54 GeV/c is due to the decay ¥ = ﬁ‘ﬁ',l where the leptons
are not unambiguously identified by the TOF system.

The problem is to compute the true flight time from the availa-
ble input data. We have the TDC, the flight tihe measured at a
given discriminator threshold for eachAphotomultiplier. the'AﬁC.
the integral of the pulse height over the TDC time scale for each
photomultipiier, andﬁthe 2 along the counter from the reconstruc-
tion of a drift chamber track. For each tube, we subtract a con-
: stént tjme due to the online alignment of the counters from the rau
TDC} cbrrect for pulse height slewing, and coffect for the distance
z along the count;f. ‘The measured TOF t, is then a weighted aver-
age of the two corrected times; The ueightihg intrinsically pre-
fers the photomultipligr closest to the;tragk entrance in the scin-
tillator as its closer proximity to the gour;e of the scintillation
» 1i§ht guarantees better photostatistiés, hence better time resolu-
tion. | |

In.the analysis of the TOF information, ue distinguish betueen

the n-K-p hypotheses in the following way. The flight time resolu-

tion is known (see section 2.1.4), therefore we calculate a. prob-

ability P(M) for a given mass hypothesis M

1 [(ta-tp(M))?2 :
P(M) = -expj—————, (5)

N 202

R
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where ¢ is the TOF resolution, p the particle’s momen tum, tw is the

measured flight time; L the path leng{H, M is the mass hypothesis,

Vp2+m2

tp = Lm0\ , ) (6)
pc :
and
N = JP(M{) i = T Kepoo (7

i
P(M;) i# the normalizéd TOF weight, oo

.For the purposes of this analysis, " we Will use. the fol]ouing
éonventions: p and K will be selected by having the higheSt nor-
malized weight of the three hybotheses. In the case of bad or no
TOF information, the assignment defaults to 7. This f§ eminently
reasonablébdué to the large fraction of n;s in. the data sample.

Given our TOF resolution, particle identification for this thesis

is relatively unambiguous.

3.2.5 Eneragy loss corrections

All charged particles are corrected for energy loss in the vari-

ous materials between the interaction point and drift chamber layer

6. This‘correction'is.done for a 2.29 gm/cm? (carbon equivélent)
absorber: : ' a
dp. .044
e = for B > .93, (8)
dx CosA .
and

dp  .044(Bg)2-65 ‘
—_ -— for B ¢ .93. : (9)

dx CosA B
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This correction fs good to uithinrlz for e and p above 175 MeV/c, K
above 350 MeV/c and p above 650 MeV/c.

Below these ﬁomenta, the fit does not work well and we use a

more correct a]gorithm thch efplicitly integrates the range-momen-

tum tables3® as the particle traversedtthe\media}

3.2.6 Charged particle fiducial cuts

.Even with the great care taken 1in the track reCOnstruction'pfo-
gram, tfacks.are still found uhich”afe not suitable for the analy-
sis. These may simply be accidentals due tO'beém-gas events in the
beam pibe.and cosmic- rays, or may ‘be tracks uh%ch simply are not
uéll reconstructed from the QAZHé.v In general, one must ‘take some
éare iﬁ selecting‘track; involved in the analysis.

This analysis is_ﬁotab]y freg from such problems for tuo rea-
SoNs:

1. Thé ehormous cross séctionvof the ¥ means that a large frac-

tion ofkthe réu data sample is actual beam-beam events.
This is untrue at any other energy range except the narrou
charmonium resonances.

2; We requiré some sort of geometric con#traint on the origin
of virtually all tracks used in this analysis. In the case
of the non-strange decays, thi; requirement is that all

'ch#rged tracks eminate from a common origin, the beam-beam
interéction point (see section 3.4.3). For the strange

decays, this is clearly inappropriate, so we require that
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~the two particles.eminaté from a common. point in space, con-
. sistent uith’a.VEE decay (see.section 3.4.2).
3. In general.~ we allow events to havg'tracks not constrained .
to a vertex dﬁe to accidentals and p annihilations in the LA
or TOF systems which then reenter the dr%ft chamber volume.
In the non-strange cage, we in addition make réqujrements on the -
DCA of each-track to the measured beam-beam iﬁteractiqn point:
rxy < 1.5cm; - ’ (10)
and .. -
zl < gem. IR €(11)
For the strange_decaQs. cuts_f10) and (11 are,f#r too tight, and‘:
we make the veryvloose37'guts of. |
rey ¢ 15cm, - o , (izy
and

121 < 15cm, _ (13)

" with essentially all the geometrical cuts coming in the vertexing. -

The measured beam-beam interaction point js~deiérmined by a pre-
vious pass .over the data sample, éalled PASS1; The reader becomes
cognizapt of the mnemonics at this pqint. -In,this.PASS1, Bhabha._
pairs are identified and tracked to a common point. - This point is

assumed to be the beam-beam interaction point} This position is.

kept track of on a run-by-run basis as, indeed, it wanders by sev~ -

eral millimeters in the course of this data sample. The error in
this beam position is convoluted with- the known size of the beam

from the beam position monitors, and .is used,uhen making fiducial
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~ cuts. 1t is also of use in the beam constrained fit to make full
‘ usé of the precision of the drift chamber and vertexing (see sec-

tion 3.4.3).

3.3 PHOTON RECONSTRUCTION

"3.3.1 Introduction

_Betueen the drift chamber and the lead-liquid argon shougr
counters lies 1.36 radiétion lengths of preradiator in the form of.
the coil. .As a resﬁlt. to maximize the ldu enefgy efficiency for
photons, shouers with déposited energies comparable to the détector
noise must be detected%' Thisuimmediatély creates the problem of
spurious or "fake“4ph§toh§ found by.thé‘service program LADRV338 -
due to detecfor noise. The optiﬁal solutioﬁ is thus a compromise

betueen high efficiency and an acceptable fake rate.

3.3.2  LADRV3

Initially, a loosébcut.of_20,>uhere o is the RMS detector noise,
ishapplied'to each strip read out. Then, for any spatial coinci-
dencé of strips in a layer, a more stringent cut on the deposited
‘ energy (typically # 10 MeV) is made. Most uncorrelated noise fluc-
‘tuations will fail this §ut.; ;At'this JeYel. four different algor-
ithhS‘ are emp]oyed .to deterhine spatial coincidences using the
redundancy afforded by seven readout layers. The use of four sepa-
rate algorithms . maximizes the defection efficiency independent of

the lateral shouer development within the module. Use of all four
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““algorithms finds ¢ 67% more photons below 200 MeV than ‘the single

most successful algorithm.

3.3.3 v[igggigl cuts

From'section_ 3.3;2. vif is clear fhat photbn,"tracks" must be
thoroughly "massaged™ in order to be useful in the data analysis.
We mentioned in sectionb3;3.2 how uncorrelated detéctor’noise could
be. used by the service program to form spurious photons. The prob-
lem becomes much moré acute in the case of corre{ated detectof
noise. Such noise could .arise from RF pickup on the detector ele-
ments or high voltage (HV) breakdoun of the detector elements.
Such events are easily recognized in softuare as having a large
numbér ny of reconstructed photons in a single shouwér module. Con-
sequently, we reqﬁire

ny ber‘mﬁdule.( 5. o BENEPY

In order to guarantee that photons are uwell ;ontained by the shouer
counter, ue require that the centroid of the reconstructed photon
be more than t&o.detéctor strips (roughly 18cm) from the edge of
the module. ' |

There-js another mechanism which can create fake photons. When
a chérged particle, even minimum ionizing, enters the liqhid argon,
it &eposits a certain amount of energy. LADRY3 can then combiné
.some of this real energy uwith detector noise'io form a-féké photon.
COnseqﬁently, we require

“ry > 30cm, T (153.
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where ry is the distance between the photon.and any ;harged parti-
cle at the entrance to the liquid argon system. Antiprotons often
annihilate in the coil or 1§quid argon-and depésit a largé splash

of energy. Therefofe. e requiré

" ry > 45cm for antiprotons. B (16)

Determining the incident energy of a photon from its deposited
enefgy is a very complex process.. For the purposes of this thesis,

we use only the well defined reconstrﬁctéd centroid of the photon

in the 1liquid argon and pot " its reconstructedveﬁergy. ~except as

inputv for a kinematic fit  (with large. efrors which essentially

.allow:the photon energy to be frée);

-3.4 - VERTEXING:

3.4.1 Introduction

As-mentioned in section 3.2.6, the use of a vertex constraint is
important to‘the analyses in thisvtheéis; 'The use of a vértex con-
straint ‘increases‘the transverse momentum .resolution of éﬁérgéd
traéks by vroughly af factor of tuwo and signifi&aht]y. reduces the

contribution acgidentals and beam¥gas events in the data sample.

We will discuss 'tuo types of vertex constraints wuhich are used in

this analysis.

Fl
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3.4.2 Secondary vertex constraint

RUN 1403 REC 1111 E= 3.10 O PR@NG HADR®N (5-3)
'- , ‘ , MARK 1I - SPEAR

Figure 7: A ¥ = AA event. Both A’s travel several cm in the
detector before decaying. "Track 1_is the proton, track 2 is the
antiproton, track 3 is the wn", and track 4 is the w".
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Py |
E,
’ Beam-Beam | o
Interaction Point -  a3tzAs

______________;__ﬁ;__\;iiggiimfj Diagram illustrating the ¢ and T variables.

All of the strange decays of the v involve weakly decaying par-.
ticles. - Thése‘ pafti¢les consequently h;ve re]atiQely long life-
v{imes anq may travel severél centimeters in the detector before
&ecaying,vés shown in ffgure 7. CQnstraihing these chafged secon-
daries to-thebprimafy Verfex is ciéarly inappropriate. bThefefore,
we wish to c;nstrain these tracks to a secondary vertex spa{ially
displaced from the primary vertex.

‘The service érogram VFINDP3? is‘iemﬁloyed.to do this. VFINDP
does the secondary vertexing iﬁ the foll;uing uay. At the first
level, information from the one-track fits‘ is used for pairs ot

tracks. These helices are circles in the xy plane. The intersec-
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Figure 9: m(pn-) before and after secondary vertex cuts.
~a) without VFINDP
b) with VFINDP
The reduction in background under the A peak is obvious.

tions of these two circles are then examined for the geometrical

prossing points of the tuwo tracks. The cuts are as follous:

1.

For maximum generality, we do not require the secondary ver-

tex (VEE)  to be significantly displaced from the primary

"~ vertex, as many VEEs do not travel significantly far from

the primary vertex before decaying.
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We make a cut on the z difference of the two tracks at the

crossing point

18zl ¢ 8em. B Qa7

Define a variable (see figufe 8) f such that

1P xyXPuyl
EsE —, o (18)
Ipxyl : ’ -
and reqyire that
¢ ¢ 1.5cm. ' | (19)

" The physical sighificance of this is the follouwing: A real

VEE will have 1its momentum and decay length vectors colli-

near. We thus require that the component of the VEE’s decay
length perpendicular to its mohentum_be small.

Define a variable (see figure 8) T such that 3

Bxy'?xy )
T=——-, (20)
'nyl .
and require that
T5 -5em. 21y

Note that T is a signed qQantity unfike E. >Physically, T is
the comEonent of the decay length parallel to the momen£um
of the VEE. This feqpirement is simply that the’VEE.decéQed‘
along‘its'momentum'.vecfof,i'uithin érfors.‘v The effect of
these cuts is to define a rectangular fegibn about the.
beam;beam interaptgpn 'poiﬁt uithvthe VEEs momentum vectbr.:

wherein the crossing point of the VEE secondaries must lie.
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Figure 9b) shows the resultant mass distribution for Q = 0 pairs
of pr tracks uhi#h'satiSfy the secondary vertex cqts at this point.
For comparison; figuré”ga)' shous the uncut distribution. These
cuts provide Qery clean A identification ﬁith minimal signa) loss.
At this point.v the second stage of secondary vertéxing begins.
A loose mass cut |
| 1.10 ¢ mp ¢ 1.13 GeVsc2, ' 652)
s made. The VEE secondaries are then swum to a common vertex
- using a true three dimensional swim, and constrained at the ver-
te*.- Thjs procedure is véry similar to fhat for the primary vertex
(see section 3.4.3). A cut is made on the vertex x2
xi(secondary vertex) < 16, (23)
and a tight mass cut
1.110 ¢ mp < 1.122 cevsc2, - o
are applied. For future analysis, the VEE mass is set to the knoun
A mass (1.1156 GeV/cZ)jand the VEE energy is recalculated. This is

very similar to performing a 1C (one constraint) fit to the A mass.

- 3.4.3 Primary vertex constraint
In ordef‘to use the beam position information determined by the
PASS1 analysis method mentioned.in section 3.2.6, “an attempt is
maaé to constrain all charged tracks with r ¢ 15¢cm to a common ori-
gin near the beam-beam interaction poin}. minimizing the trans?ersev
and longitudinal differences from this point. For low momentum .

.tracks, multiple scattering becomes an effect which can signifi-
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cantly deviate the recqﬁstructed track _from (its actual _grjgin.
c°nsequently,ﬁva_:ueight is appliéd ton'lqu momgﬁt@m tréck; in;the
fit.  Tracks are suc;essivély removgd(fromvthg fit'if theyvcontr%b%'
ute more than 100 to the x} of .thé fitf. then the fit is repeafgd.
For all of thev.nonstrangg decay vana]ysisr we Will require .all

charged particles to originate from this vertex.



Chapter 1V

SYSTEMATICS

4.1 CHARGED PARTICLE RECONSTRUCTIGN

4.1.1  Drift chamber performéncﬁ

prong distribution for ¥ - ppm'm"
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' Figure 10: ' Prong distribution for ¥ » 5pn’n“events.
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all tracks in ¥ - ppn'n”
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" Figure 11: x2/DF for each track in ¥ = ppr*n- events.

A good measure of how well the’MohteICarlo simulation brogram
"fakes" the actual rauw data is to éak; a clean, uel{ understood
data sample and compare it in detaii with the predibtions from the
Monte Carlo. For these purposes, we take the dééay v > 5pn‘n‘; As
discussed in sectioh 5.8.2,';this'deday has the adv#ntége of haying
a large branching ratio vufth a reasoﬁésle,:efficiengv fof é'four
charggd particle décay. It has the‘.disadvantage Qf having the
decgy v - AK as a contaminant. These events are explicitly femoyed

as mentioned 1in section 5;8.1. We are left with a data sample
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all tracks in ¥ » ppm'n” events
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Figure 12: Number of DAZMs used for each track in ¥ = ppn'n”
" events. ' . ‘

wherein almost.all the events are Qhahbiguéuslvvidentified”as orig-
_inating from quecays.“k h

For this anal&sis, we then reanalyze the sample with no other
cuts on the data other than the Tof Euts and the kinematic cbh-
'sjrainf onh that the four charged tracks recéﬁsthci to the:Q masé.
- This iooseqing of the évent_seleé}ion does notsintroduce muchvback—
grbund as the réquirement of both érproton and ?ntiproton identi-

fied by the TOF -system iS a very pouerful tool for eliminating

r
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~z__ distribution for all tracks
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Figure 13: DCA in 2 direction for each track in ¥ = ppr*n- events.

beam—p{pe and beam-gas events. We are left uithra sample which
allous us to check the systematics of thé ﬂontg .Carlo.simu]atién
for charged tracks. In figures 10-14, uwe plot respectively the
number of charged tracks.fbund in the primary vertex (prongs), the
ledegreevbf freedoﬁ (DF) from the one track %ifs for each track in
‘the event, thevnumber of DAZMs used fér-éach track during tracking,
the DCA for eaqh track in z direction, and the DCA for‘eachltrack
in the xy d{rection.-

Several comments are in order:
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r . distribution for all tracks
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Figure 14: DCA in xy direction for each track in v = ppn*un-

events.

In figure 10, the data §hous a smattering of 0 and 1 prong
events,b where a prong is defined here to be a track which
reconstructs to the beam-beam interaﬁtioh point, wuhile the
Monte Carlo has none. This may be due to a small residual
contamination of AA eventé,‘ or a. small contamination of
npn-¢-events. Otheruise, the-'prong distribution agrees
quite well. The 1large fraction of 3 prong events in both

samples is doubtlessly due to low momentum tracks which mul-
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tiple scatter and are not vconsfrained to the primary vertex

(see section 3.4.3). We attribute a 3.1 % 1.3% systematic

error to the four prong requirement. Two prong events are

free of this pfoblem in that almost all tuo prongs with
f.;n ¢ 1.5cm will be trécked to a common veftex (the bfimary
vertex).

In fégure 11, the x2/DF plot falls off more rapidiy for the
MontevCarld than for the-data. vprobably due. tﬁ nuances of
drift chamber performance such as & rays, drift cell iheffi-A

ciencies, Landau fluctuations in ionization, etc., not being

“completely accounted for in the Monte Carlo. The surprising

feature is tﬁatvthe disffibutioﬁ beéks.at a higher value for
‘the ~Monte Carlor Saﬁpie than for the data. "This fs of
announ origin. Qualitatively, the agreement is still good
betugen_the tuo‘curves:

In figure 12, the dist?ibutions for the number of DAZMs used
by thei tracking program in reconstruction is in excellent
agreement, except that the data shous an inefficiéncv for 16

DAZM tracks relative . to the Mﬂnte Carlo. This may be

related to the subtle problems mentioned in the previous

point, or due to a lackA'of a detailed understandfng of the
drift cell inefficiency.

In figufe 13, the 2ain distributions agree-qualitatively

‘quite well, with slightly different shépes. Thé data also

shows the Significant:offset of thé beam-beam interaction
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ppint'from -;he physical origin of thg MKI1 detector; As
mentioned in section 3.2.6.‘ this is_correcteq for in calcu-
léting the ﬁCA of the track. Cur cﬁt of I2min! (>8cm is
well 1€n the tails of the distribution. We attribute a
.1 & .6% systematic error to this cut.

In figure 14, the two distributions again agree qualita-
fively quite well, with the Monte‘Carlobdistribution falling
somewhat more rapidly. There is no evidence in either dis-
tribution for an excess of tr#cks near ruin of 8m, which
corresponds to the mean radius of the vacuﬁm chamber (see
section 2.1.2). This adds confidence that we are truly see-
ing tracks originating from the beam-beam interaction poiﬁt.
Our cut ;f rmin ¢ 1.5cm looks deceptively tight on the log
scale, but is well reproauced by the Monte Carlo distribu-
vtion. We attribute a 2.3 t 6% systematic error to this

cut.

In conélusion, the Monte ﬁaflo agrees qualitatively and in most

cases quantitatively with the actual data distributions.

4.2

4.

2.

1

ACCURACY OF TOF SIMULATION IN THE MONTE CARLO

Single hit counters

We have checked the accuracy of the TOF Monte Carlo in events of

the topology ¥ » pp. Candidate events were selected uéing the. fol-~

Towing criteria:

1.

We require tuwo collinear prongs in the primary vertex.
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 Two Prong Collinear Pairs at ¢

.80 .95 1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35 1.40
B (proton) (GeV/c) '

Figure 15: p(p) vs. p(p) for 2 prong collineér events.
One proton is required to be identified by TOF.

Each track must have ICosB! for each track < .7.

ne track must be identified as a proton.



4. In Figure i5, the momentum of one track is plotted versus
the momentum of the other track.‘ v =+ pp gvents are seen. to
clusteri in a circle about the nominal momentum of 1.23
_GeVsc. We further.require events to lie within a circle §f
radius .025 GeV/c about this nominal momen tum.

Figure 15 shows this yields a very clean sample of eients.

ue'then look at the other prong to see whether or not it uas
identified as a proton by the TOF system. Ffor 111 events, only one
prong was identified,l while 694 had both identified. ~In order to

estimate the (small)  background contamination in the sample,  ue

looked.. along the line IP4l = IP21 well beyond ~the nominal beam

momentum in an unphysical®® region. The residual events in this
region are presumably collinear cosmics with one Pood TOF which
corresponds to a proton time. These events uili filter into the
sample qsed for the TOF efficiency. Our nonphysical region yieldéd
13 events. Based on .the ratio of areas, we expect 4.0 * 1.1 back-
ground events in the signal regién. On the assumption 'these are
cosmics, none of theée events can have both times as protons, so ue
must subtract ihese from the sum of events which had only.oneipro;
ton identified. Defining N2 as the number of events with both
identified, and Ny as the number of events with one identified, the
gfficiency for the TOF is defined as

2N

€ E ——————, (25)
2N2 + Ny : :

For the data, we get

e(data) = .926 * .044. (26)
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The Monte cCarlo simulation had 620 events haa one identified

proton, and 4343 events had both identified as protons. This
results in an efficiency

‘€(Monte Carlo) = .933 & .019. o an

Comparing (26) and (27), we attribute a systematic error of

.7 * 2.6% for this data sample due to TOF system behformance}

4.3 SECONDARY VERTEX SYSTEMATICS

4.3J1f Event selection

~In ordér for us to determine the systematics due to secondary
vertex‘cohstraints,"ue'seléct @ -+ AA events in the same manner as
in“sectionv6.10.1, ,,ufthout using secondary vertex cohstrasnts.
Figure 66 shous a clear ¥ *.AKL signal. - UWe ihen compare the-Monte
Carlo distributfﬁn with the data distributions, as in  section

4}1.1. for various VEE quantities.

4.3.2 VEE systematics

Figure 16 shous the radial decay distance rxy of the -VEE away

‘from the beam-beam interaction point. Statistics are poor for the

data in all of the comparisons in this section, but there is good
qualitative agreement between the tuotdiétributions. We attribute
a 3.7 £ 4.2% systematic error to the cut ryy > 8mm, used only in
the v > AR analysis.

Figure 17 shous the mismatch in z betwueen the two tracks due to

tracking resolution. There is good quantitative agreement betueen
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decay distance for VEEs |
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Figure 16: ryy for VEEs in ¥ = AR events.

the tuo distributions. We attribute a 1.8 ¢ 4.0% systematic error
to the cut 14z] < 8cm.
Figure 18 shous the signed £ variable (see section 3.4.2) dis-

tributfon. The Monte Carlo distribution fs much wider than the

da{a dis{ribution and also has a peculiar double hump to it. - This

is of unknown orfgin. It i1s also peculiaf that the data-distribu-

tion appears Gaussian as one might have expected. Fortunately, our

cut of ¢ ¢ 1.5¢cm is quite loose and unaffected by the systematic

problems in this variable. We attribute a .6 * 4.2% systematic

error in this variable.
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mismatch in z for VEE tracks
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Figure 17: Az for VEE tracks in ¥ = AR events.
Figure 19 shous the T variable (see section 3.4.2)“disfributionv
‘The, data distribution  is in excellent agreemént' with the Monte
Carlo. - We attribute a ',6 t 4.27 systematic error to the cut

T > Sem.
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signed" transverse decay length for VEEs
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. Figure 18: ¢ for all VEES in ¥ = AR events.
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~longitudinal decay length for VEEs
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Figdre 19: T for all VEEs in Vv = AA events.

4.4 ~ LUMINOSITY

4.4, Introduction
If is essential to this thesis to ‘knou Hou manQ ¥ here produced
. in our data samplé; This is the normalization we usévtoldérive any
branching fraction. This.is typically done using»a luminosity mon-
itér,f uéually a small angle device which measures the Bhabha cross
section uﬁere it is large. Systematics are a Iarge‘prob\em, typi-
cally 10% without undue effort to understand the system. Houever,

charmonium is kind to us in that it not only provides us uith the
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¥, -but its firsf radial éxci*ation. the 23P, V¥(3684) (hereafter
called ?'i. In addition, the decay

| Y/ o+ nny, ‘ (zs)
{é roughly 30% of the total width of the V¥’ and will prove to be’

useful for a luminosity measurement.

4.4.2 Luminosity calculation

The technique is simple; it relies on the féct that the'¢ from
decays of the topologv'(28)‘i5'essentially at rest:
Y. Tag events of the topology (28i by finding the tuo pibns
from the ¥/ décay which satisfy the trigger requ{;eﬁent.
2. fliminate these tuwo pion§ in softwdre from the event.
3. Reanalyze the events and group them inéo event codes as uas
done for the data sample at the v.
4. Calculate én "efficiency™ for each event code, uhich fs the
trigger efficiency for ¥ decays into that ev;nt code.
5. We can nou return to the Q data sample and from the number
of events in each évent'code, find the number of prﬁducéd v .
 fFom the number of‘evenis in each eveAt-code. | |
fhe analysis is don; for different groups df event éodes as'a.
cross check pn_the héthod. It turns out there is about a 54 sys—‘
tematic variation for difierent e;enf codes, which is added into
quadrature for all branching fr;ctiéns. This ﬁay be dué’ td the
tacit.aSSumptiﬁh that the W_motion in _the lab rest‘syétem.{s'negli—

gible, or from other considerations.

<
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Table 1 summarizes the number of produced V¥ by run cycle for
this thesis. These numbers are somewhat ad hoc since we have no

preference for the results of any one set of event codes over the

other.

TABLE 1
Summary of produced ¥ by run cycle
Run cycles 1 and 2 : 6.57x105
Run cycle 3 (no LA system) , 6.64x105
-ALL o 1.32%108

4.5 SUMMARY DF SYSTEMATIC ERRORS

4.5.1 Event summary

Belau we summarize.t%e various systematic.errors uh{ch we attri-
bute to the.measurements in this thesis;. These errors reflect the
-sttematic studies done in thié chapter to determine systematic
differences betueen the Monte Carlo simulation and the’actual data.
Note that the deviatiqﬁs of the Monte Carlo from the data afe in
almost all cages smafl Qith respect to the statist%cévavailabfe for
.the systematic study, hence we do not éxplicitly correct the eéti-
mated Monte ‘Carlov efficiencies .for the ‘systematic deviations

between the simulation and the actual data sample. Rather, ue sim-

ply quote thé error on these studies as a measure of the systematic
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uncertainty between the simulation and the actual data sample.-
They do not reflect model dependent parameters (e.g. non-uhifqrm
phase space populations or resonances) which are estimated on-é:.

case by case basis for each decay channel.

TABLE 2

Systematic errors for various event topologies

Event tqpology . ' ' Systemati; error

2 prong non-strange and 3 body strange decays'
4 prong non-strange decays

2 prong strange decays (AA only)

Other strange decays

~ 0 nH oW
T RN
N NN




Chapter V

BARYON DECAYS OF ¥(3.095)

5.1 THE DECAY ¥ = Bp

5.1.1 Data reduction

inclusive PP ma_'sg distribution

300 —

events per 10 MeV/c?
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| i |
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Figure 20: {p mass for all pairs.
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Caﬁaidate evenfs are required to have exactly tuo oppositely
charged protons in the primary.Qertex. The invariant mass distri-
bution of the pp system for these evénts is shown in figu;e'ZD.
" There is a clear signal of events centered near 3.1 GeVsc?2, which

we aftribute to the decay

\ 4 *bﬁp. '1 29

Both tracks must have [CosB] ¢ .7 so fhat events are well contained
in the central detector.  We define the signal region as
3.d2 < mipp) < 3.37 GeVsc2, therefore éliminating events far in the

tails of the mass distribution.

5.1.2 Angular distribuffon of Ppp pairs

Tﬁere are | : ' S : .
1420 * 37 events, . G0
which satisfy thesé criteria. For these events, we plqt dN/d(CosG)
of the pair in Figure 21, where Cosé islnou the angle between the
prpton direction and the positron Seam direction. From the phase
$pace Monte Carlo an éfficienéy‘ is'estiméted for the;pairs 8s a
function of the polar angle Cos§. Tﬁis effi;iéncy is fodna-not.tc
‘vary in the region lQosGl < .7, the(e¥ore 'pe may .defermine the
;ngular-distribution of Ppp pairs directly.f}om fhe detected distri-

bution. | | L ” -
A it is done usihg the program MINUITY! to the detected distri-
bution of the form |
dN

= No(1 + aCos28) 3N
d(Cos8) :



- A e

56

150||1lvi’1‘1]1llll'llllllvTﬁ.'lll

I T

125

100

75

- 60

‘events per .1

|||ll]llll17ll||7lll|lll

25

]lll!llllll]lllIJlJlJ.JIII

T T 1

-

o L 1 1 l i L 1 1 l 1 H | l [N | I i l A 'l L 1 ’ 4 4
-0.5 -025 O 025 0.5
L + dN/d(Cos8)

Figure 21: Angular distfibution of Pp pairs from the V.

- where No is an overall normalization and @ is a measure of the

deviation of the produbtion_distribution from flat. The results of
such a fft give

a2 .61+ .23 - .22 . (32)

where the x2 of the ¥it is 12.6 for 12 degrees of freedom (DF).
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5.1;3 Efficiency céiculat{on and Qggnqhinq fraction

In our éimulation, we aésumed that the distribution of pp pairs
was flat in the polar angle. As e have just.shohn; such is.not
‘the case. ' In order to determine the branching fraction for ¥ 2 pp,
we must correct our efficiency estimate for the observed angular
distribution of pairs.

In the case of a flat angular distribution, we estimate an effi-
ciency of |

e€(flat angular distribution) = .544. - : ‘£33)

We now must fold in thg non-flat #ngular distribution of pairs.
Since the acceptance is flat over 1Cos8] ¢ .7, the Honté Carlo has -
overestimafed the'accepfance-by —: :
X .7
'd(Cose)xJ(1 + amC0s26)d(CosB)

“dJdo 0 ' '
‘ = .914. - (34)

nt . .7
(1 + aMCOS?G)d(Coss)XJd(COSG)
°

Jo
uhere ay is the measured angular distribution. This gives for the
geometrically-corfeqted acceptance

| € = j497. v (35
Our result isvthen | .

BR(Y = PP} = (2.16 i .07 * [15)x10°3, (36)
where in this and all following cases the first error is statisti-
cal and the second systematic. We have included a systematic error

of .07x10°2 due to the measured .angular distribution (32) of pp

pairs.
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5.2 IHE DECAY ¥ Boy
5.2.1 Introduction

Direét phqton decays of: heavy onia states have been the subject

of much discﬁssion recently.2%,25,%2-53 " Not all of the total
direct photon contribution haé been ;ccountedv,for by exclusive
'decay$ of the ¥, such as yu®, vn, rn’, ¥§(1270), . and the recently
discoveredSY ¥¢(1420) andS5 79(1640;7 We present evidence for the
first observatio;' of an éx#lusive final state fnvolvfng barVons 

opposite the direct photon.

5.2.2 Data reduction

Cthidate events are selected using the following crite}ia:_

1.  We require ekactly.tuo oppositely_charged tracks coming.from
the primary vertex, bdfh of uhichvmust ‘be identifiedvpro-
tons. |

2. We cut on the final state'k{nemafiés of the proton'anti-i
proton paif'to eliminate multi-pion final states.v " We use.
‘the variable U = Emiss - PmissC, and require that

~.07 < U < .06 Gev. : (37)
Note that Uris related to mhz by the simple relationship
| mm? = E2giss ~ P?missC?
= (Emiss + Pmissc)U. L 38
The effect of this cut is illustrated in figure 22. There
is a distinct band roughly centered about U =.0, which cor-

responds to the missing ¥Y{w®) hypothesis. The advantage of
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¥ > pp + X
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Figure 22: Scatter plotnof Pp mass versus U, all pp pairs. The
band in the vicinity of U = .3 is due to the decay v - ppn.

the variablé U is that the error in the quantity U is to

tirst order insensitive to the energy of the missing 7(n%),

whereas the error in mm? is proportional to the energy of
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the missing 7(n%). This cut essentially removes all multi-
pion final states opposite the proton antiproton pair, uwhile
losfng very little of the single 7(n3) sighal.

It is impossible to discern between the reactions

¥ = pp7, (39)
and

v = ppno, (40)
in the MKII detector without photon detection, as our reso-
lution in mm2 is not good encugh. In fﬁe 60ursebof the data
taking at SPEARvdufing the spring of 1978, tse liquid arg&n
shouwer system Qas‘discovered to ha;e an impurity in it uhicﬁ
destroyed its sampling capability for electromagnetic shou-
e?é. The system uwas consequenfly inoperable for a‘feu'ueeks'
until the impurity could be removed by replécing}the liquid
argonhsdpply. This time unfortunately corresponded to the
cycle 3 data sample at the ¥, so the data s#mple for this
analysis is correspondingly restricted to run cycles 1 and 2
data uhen.the liquid argon system was functional.
We allow more than 1 photon per event. Additional photons

frequently occur due to noise hits in the~LA.

" LA storm events (see section 3.3.3) © are used in the analy-

sis, but are so few in number as to not significantly alter
the analysis.

Events are hand scanned for other problems.
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7. Events with m(Pp) > 2.97 are eliminated to remove V¥ = pp
~events uwhich couple with noise phdtqns to form .spurious
events. Note that'no‘real'events will be eliminated as the
e?ficiéncy due to fhé ‘1.36 radiation length coil is near

, 2ero below 100 MeV. -

5.2.3 g2 of observed photon

q° of observed photon iri“'_ﬁp events’

T T T ['1 T T I T T T T l T T | T T
80 F —
,E, Co bl ﬂ
% 60 — -
g : ﬂ
=~ T i
) L i
I 40— . - : ‘ : : —
5 . .
o, - : ~
.‘2 ' - -
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20 —'* * —
= ) E
- l —
- o - . + E
'01 L ol —I—I i IA.I'A, 1 J+J‘+J+J ++J ! |¢I 4t 1 !
0 0.005 - 0.01 - 0.015 0.02 ' 0.025

q° of photon relative to missing momentum

13

Figure 23: q2 of observed photons. Solid histogram is ekpected
contribution from sum of w° and 7 decays, discussed in text. Dot-
dashed histogram is direct photon contribution only.
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The q2 of the photon relative to thé.missing momentum pgiss 1S
- defined as
8 .
9% = 4plgigssini-, S (41)
2 |
 where 8 is the angle between the observed photon direction and the
direction of the missing momenfum. It is important to note that
the observed energy of the photon in the lidquid argon is pot used,
only the reconstructed location of the photqn in the )iquid afgon.
The q2 of the observed photon is piotted in'figqfe 23. The'rgacf
tions under study exhibit markedly different characteristics®® for
'tﬁe decays under bstudy. The q2 dfstribution of direct photon
events is very strongly peaked, uith « 80% of the events having
éz < .001,(GeV/c)z. while the q2 distribution of 79 events is much
- more gently peaked; . There is a significant excess of events uith
92 ¢ .001 (GeV/c)2Z, which we attribute to the decay ¥ » Fp7. Ini-
‘tial state radiation, which in principie couldvcontaminate'the sam-
ple with the reaction | | |
ete” = ete v > pp7, >(42)‘
where the radiation of thé photon occurs in the initial state, can
be shoun not’ to contribute due to thé very sméll form factor_for
e*te” » pp off resonance.%? The region 92 ¢ .001 (GeVsc?) uill sub-

.sequently be referred to aé the direct photon éignal region.

*
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5.2.4 Noise photons, 1% subtraction and branching fraction

Since we do not explicitly use the photon energy, .thg possibil-
ity of a real v » ppn® event.éoupling Wwith a noise photon to fake a
direct photon event must be investigated. The kinemati@s for'thg
event provide strongnqonstraints on this backgroundf The observed
missing momentuh spectrum averages to = .45 GeV/c. The requirement
that»the_qz of the photon relatfyg to the missing  momen§um of‘tﬁe'
pp system be ¢ .001 (GeVsc)2 means that the average (Ae)zt_of’the
phpton relative to the missing momgntum is z,5x10'°. The fraction
of thg total liquid argon solid aﬁgle gubtgnQed by_a ‘cone of this
(86)2% is = 7x10°%. ﬁ_F(om'figure-ZZ we deduce that there are ¢ 400
Bpnf'events in run cycles 1 and 2 uhjch have missingvmpmentum_thatv
PPthS iqto the ,1jquid argon fiducial Vplqmé. AVAssuming the fake‘

distribution in the . liquid argon is uncorrelated with the missing

momeptum of the pp system, wue exbect the total number of fake
events to be =z .3x(fake dccupancy per event){” Based on a hand scan
o{:?'* pp events, fhe mean fake occupancy, weighted bQ Tuminosity,
is < 1 per event ovef,all eight modules (including storm events),
sovthevnumbér of expected fake events is ¢ .5 out of a vsample:of;
49, insignificant relative to the statisticai error.

The_remaining background in the sighal:rggion comes from highl§
asymmetric decays of 1%’s from the decay v - ppn®. The subtraction
of this bachrouﬁd’may be ascertained {from taking a control.region
.003 ¢ 92 ¢ .01 (GeV/c)i, where the direct photon confributtqn is

hegligible. Monte.Carlo events of the topology V¥ » ppn® are gener-
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ated using the ful) EGS3%® shower simulation code, \according to a
phase space distribution. The q? distribution is calculated for

these events. This distribution is renofmélized to tﬁé number of

events in the control region. The renormalized distribution is',

then subtracted from the data. We obtain an excess of
| | 49t 9 events, ' S (43)
for a2 ¢ .001 (GeV/c)2, which we ascribe to the decay ¥ + Ppy (39).
A phase space Monte Carlo {s, dééd to renormalize the q? distri;'
bution ﬁo the number ’of_signal events in the' bin q2 (”;001
(GeV/c)2, shoun as a dot-dashed histogram in figure 23.  This dis-
tribution is then”added'to {he reﬁbrmal%ied no Mont; Ca;lo disfri4
but{oﬁ.to broducg fhé> solid hiStogram 1in ?iguré 23. The ‘data
agrees well uith\the'ﬁbﬁte'Carlo{ " Using all eiéht barrels,v we
estimate an efficiency of

€ £ .204, - BTN

for the direct photon decay, and

1

e =.176, . o (4®)
using only seven of eight modules, ‘cbrrespohdfhg to ~the deafh'df

module 8 during run cycle 1 data taking, and a correction of .99

due to "dead" modules in storm events'(ﬁy > 4). From this, we’

" deduce a luminosity weighted efficiency ofi

€= 195, e
wuhere in all cases uwe have tolded in the photon ehefgy spectrum.
our reSultvis

BR(Y » ppy) = (.38 & .07 ¢ L 07)%10°3, (47
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where we hg;;rfolded* iﬁ anotﬁer factor of 5% systematically .in~
quadrature allouwing for>uncorrelated erfors betueen the u° and the
14 éfmulations with a 15% model‘ dependent error due to our uncer-
tainty regarding acceptancg variations.over the available phase

space.

5.2.5 Pppnr® branching jggctiqﬁ
As a byproduct on what we have JOne. we can determine the
branching fraction for ¥ = Fpn® using vthe q? distribution. Our
control region is essentialfv free from all.other backgrounds, and
ué have |
69 * & events, | (48)
for uhich we estimate an efficiency of
e = .074, ' (49)
fnéluding module 8 correﬁtion.
Thus.

BR(Y » FpR®) = (1.42 % .16 ¢ .25)x10°3, . (50
where we have included a'152 mﬁdeivdependent systemaéic.uncéffainty
as above.

Finally, ﬁoté that this number will (see section 5.4.2) be
1mproved by not requir{ng photon deteét%bn for thévbranching frac-

~tion.
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Figure 24: x4 distribution, expected n® component subtracted.
Solid histogram is first order QCD prediction,

The spectrum of direct photon§ from hea?y'onia'is also of inter-

est?3 since it may be calculéted to first order in QCD. _ Now that

the background is understood in tﬁe signal region, ' we may extract

the direct photon spectrum from the observed xy spectrum, uhere

Pmiss

Xy .
Ebeam

(51)
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First of all, wue must subtract out the expected background from
.'n";."tl:o_ntamiﬁa.\tion. This is done bin by bin as for the qZ distribu-
tion. Finally, the xy spectrum is corrected bin by bin for detec-
tion efficiency to produce the gamma spectrum shoun in Fjguré 24.
The first order QCD prediction,2" assuming massless gluons, essen-
tfaily reproduces phase space for x ¢ .85, This prediction is modi;
fied.by the substan{iél phgse space éécupied by the pp pair ahd {s
shoun as a solid histogram ..in figure 24. This modi{i;atipn
expléins the cutoff beyond xy of .7 in the data due to‘fﬁe limited

phase space available. to the photon.

5.2.7 pp mass spectrum

ﬁné'hay also derive the mass.spectrUm of profpn antibrotoﬁ pairs
opposite the direct photdh by inverting the x4 spectrum and sub-
tfacting out the_expepted contribution from the dedayv¢ - ppnO. If,
fhe_diréct,ﬁhoton decay .proceeds via ¥ - 997, uher; the finéijéiate
hadrons result froh fhé fragmentation of the tﬁobgluons.‘the possi-
bilitykof a two gludn bound state exists.zs,“3 The subtracted Ep
mass spectrum is .shoun in figure 25. Tﬁére is # tgntaliz;ng
enhancement just above threéhold. but with limited sféti;tiés.ue.

can draw no definitive conclusions.
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pp mass opposite direct photon
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Figure 25: Mass of Pp pairs opposite direct photons, w° background
" unsubtracted. The rise near 2.9 GeV/c? is probably due to ¥ = pp
‘events coupling with noise photons, as the g2 cut is not very
stringent for low momentum photons.

5.3 THE DECAYS ¥ » Bn*n + ¢c.c.

5.3.1 ' géjg’reduction '

" candidate events are required to have exactly_tuo{ oppositely
charged tracks in the primary vertex, one identified aé a proton,
the other a pion. There must be no VEEs in the event, to eliminate
photon conversions and A’s. Each track must have p ¢ 1.4 GeVsc, to -

‘eliminate radiative Bhabha pairs {from the sample. For these
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Figure 26: mm2 against Nn s
a) pm”
b) pr*
¢) both charge modes

ea@h charge mode_separately as well as the

ystem.

sum.

1.5 B R4+

-events, uwe plot the mm? opposite the P system in figure 26, for

There exists a

clear peak of events centered about mm? = .88 (GeV/c2)2, which we

aftribute to the decays

¥ = puh,

’gnd

v > putn.

- (52)

(53)
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5.3.2 Branching fraction

A phase space Monte Carlo was used to estimate our efficiencies

€(y = pr i) .482, (54)
and

e(¥ = pr*n) = .467. (55)
The loﬁer.efficiency of (53) relatiQe to (52) isb due to nucleaf
interactions within the»material between the intéraction point and
driitvﬁhamber layer 6.

The mm? spectrum of each charge mode is theh separately fft to
the hypothesis of a Gaussian plus a quadratic backgrdund. ‘for
v = pn‘ﬁ; the fit fxz = 28.4 7 19 dégrees of freédom) giQes us

1288 + 47 events, (58
while for v = pr*n, the fit (x? = 18.5 / 19 dégfeés of freedom)
giyes us

1191 ¢ 47 events.. : (57
~The rélatiVely poor qual{ty of the -fits is_indicafiie that the mm2
spectrum is.not exactly Gaussian. : This is repfoduced by the Mﬁnte~
Carlo simulation.

We then obtain the results

BR(Y = pu™A) = (2.02 & .07 * .16)x10°3, (58)

and

BR(Y¥ = pm*n) = (1.93 ¢ .07 * .16)x10"2, (59)
where uwe have estimated the systematic model dependence uncertainty

to be 5%, due to the good uniformity of our accep{ance over the

palitz plot, visible in figures 28 and 29.
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5.3.3 Dalitz plot

¥ » pmn + c.c., n missing
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_Fiéufe 27: Dalitz plot for v < pn'n + c.c..

\/ -

These events are then fit to the hypotheséé‘ ¥ 2 prh Aand

¥ 2 pr*n using the kinematical fitting progrém SQUAMN, fFor success-
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Figure 28: Dalitz projections for ¥ =+ pn*n + c.c..
' a) pu~ projection
b) pn* projection _
¢) both charge modes added »
Solid histogram is phase space prediction normalized to same number
‘ of events. o

ful'fits (event probability > .14), wue tﬁen form the Dalftz blot
for the events, shoun in figure 27, in order to look for possible
resonance structure. The Dalitz plot exhibits a number 6f véry

distinct features:
1. The depopulation at high m2(nw) 1is due to low momentum pro-
tons.v As noted in figure 6, ne see very few protonskﬁith

momenta belouw about .275 GeV/c.
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Figure 29: Dalitz projections for ¥ » pu*n + c.c.
’ a) nn projection
b) nn* projection
: ¢) both modes added
Solid histogram is phase space prediction normalized to 'same number
of events.

2. The depopulation at low mZ(pn) is similarly due to low.
momentum pions. Figure 6 shous very little population belou
about .090 GeV/c. .

3.. There is clear evidence for resonance formation in the nu

system.
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- 4.. The "droop” of tﬁe resonance band in the nm system near 2.2
(6eV/c2)2 could possibly be due to the interference of two
similar ¥ decay amplitpees.‘ both of which decay to the same
final state, and have the .same relative phase relationship
as they move through their resenénces. In tﬁis case, the
interfefence will be constructive along a line of
m2(nm) =Jm2(pn). and destructive otherwise. This would- pro-
duce aﬁd enhancement along the diagonal of the Delitz plot,
as observe&; | |
In an attempt to make this more quantitative, we plof the Dalitz
projections for the pw and nm axes, in figures 28 and 29. The pm
projection 1is notably featureless, uith the exceptien of a large
-'dip‘neér 2.55 (GeV/c?2)2, " This could either be a dip between tuo
resonances or an interference affect, but these interpretations are
speculative.
dn the other hand, the nn’projection in figure 29‘ ehous the
aforementiened significant resonant formatiqn. There is a clear
peak centered near 2.25 (GeV/c2)2. This ue tentativelyS? identify
asvthe P’44 nucleon state knoun as N*(1470). The peak has a full
width of = 140 MeVsc2, certainfy not inconsistent with the.range of
widths obtained by partial wave analysis experiments. . Doing the
simplest kind ef ahalysis possible, we handfit the background and
estimate that there are
209 t 31 events, _ » (60)
which we attribute to the decay

v > pN**(1470) + c.c. (charge conjugate). {61)
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Thus,

BR(Y = pN**(1470) + c.c.) = (.89 2 L1303 .229%10°3,; (62)
where we have USesthe’¥:ct that N*(1470) deéays to 'Nm & 60% of the
time:andﬁthaf by a Clebsch-Gordan:decomposition, 273" of the “time’ -
the N 'state will-be nw*. ~We have attributed an overall 257 sys-
temati¢ error, -due to background subtraction and resonance cohs?dé?:
erations.’

Theré isié'Second; less significant enhancement in the nuw'pro- -
jection, centered ‘fear 2.8 (GeV/c2)2. " Its width is the. same, -
¢ 150 MeVsc2. Again, there are three stateS'in”the-Vicinity §f the
mass peak. These are a S§”44 state N*(16505, a D’4y5 state N*(1670),"
and a F’45 state N*(1688), all §f which have large (¢ 50Z) branch-
ing fractions into  Nm. 'Wé tentatively identify the . mass peak as”
N*(1670), though again it could be an admixture: The .results-are
not sensitive to this fact. I

‘Doing a crude background subtraction, we obtain ~

85 ¢ 24 events, S e (63)
which we attribute to the decay
¥ > PN**(1670)-+ c.c.. : (64)
Thus, |
“BR(Y > PN**(1670) + c.c.) = (.43 * .10 $L1NDX1073%, (65)

with ‘a 25% systematic error as above.
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5.4 THE DECAY ¥ = ppn®

'5.4.1 Data reduction

| Candidate events are required to have tﬁe foliouing criteria:
exactly.tQOLOpﬁositely charged tracks in the primary veftex,v both
i-i§entified'35'protoﬁs. Events uith mfﬁp) 5 2.97 GeV/cz‘are elimi;
nated to remove evehts-from the ¥ tail. ‘Thfs cut should remove no
reél Vv -+ ppn® events. For ail even{s:ﬁhich satisfy the above cuts,
vué plot ‘the invafiant  mass of the pair versﬁs the variable
U= E;iss;- Piisgc as shoun in figure 22. Events uitﬁ a‘missing n°x
or v (hot requiredtto.be‘detecte¢) ~shou upvas a band roughly cen- -

* tered about U =.0. eventé.

'5.4.2 vgackground and direct Y subtractiqn, Brancﬁihq.Fraction
':To extr#ct the number d# v - ';Spn‘o .eQents, S Wwe theh take the U.
'pfojection of figurev22. éhsun in figure 30. The bins around U = 0,
are then fit to a Gaussian .plbs a quadratic background,©® sﬁonn as
the. solid vline ot figﬁre . 30. The results of  the ‘fit
(x2 = 19.9 / 24 degrees of freedom) give us a total of
| 901 * 41.events. (66)
?igure 31 shous the mass spectrum‘of pp pairs for those évents
cpnéistent uifh efther # missing 1% or 7. The striking feature
about figufe 3{ i§ that it exhibits a clear threshold enhancehent
for.ﬁp mass belou 2 GeV/c2. bNote that the events in figure 31 are
predominantly ffom v *»5pn° (50), but that this thresholdvenhance-

ment also shows wup in figure 25, which is knoun to be predomi-
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‘pp inclusive at y

1ll]l
g {50E— + “ﬂ#ﬁ*ﬁ”” ‘ |
| - | Hﬂ#ﬁﬁ & B
! BT ?

.U =E_, + Pu. for m(pp) < 2.97 GeV/c?

-

“¢ Figure:30: . .The quantity.U for.all tuo prong.pp R?i'&qq;

*;nantly~-dinect.phpton~ueyenis;ﬂ\ This- test.tq;_suggeﬁt,ﬁhat”,this
. enhancement is.qssociatedvuith-thg decay V.2 ppY,(39). ..
“u,_Theré=is anojher,mafgument»uhichusupportshgpe.ijnténpretatipn}gf
this enhancement as associated with a photon. 1f it.uerg assch-
ated with a n9, then"the isospaﬂar,natnrezgf}thg V. demands that it
- be.an I = 1 state. _-It mustftheréfpre,;a1§o¢shou‘up és an enhance-
- ment.in.the .I-spin.conjugate. reactionsA¢ij;§n$n (Sg)fyand‘*_?“gyfﬁ
(52). The Dalitz plot in figureﬁZS;sbéuscnp spchiquaqpementﬁat
‘Yow mass as one would expect forwan I =1 state, but at this stage

it is difficult to make a:conclysive assignment. .. . . .. .
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figure 31: 5p~mass for events consistent with a'missing»v(n°)

'Asluas'mentioned in sectiﬁﬁ 5.2.1, ue cannot separate out'eventsv
of ¥ = ppy froﬁ A A 5Pn°,uit50uf' photon detection. As a conse-
quehce.' ue must'fémove the knoun,contfibution,ffom A J *'BpVIfrom
this sample.

We have already determined in Section 5;2.4

BR(Y = Ppy) = (.38 & .07 ¢ .07)x10°3, 4
'by obserfing’ the photbn from the V decay. From the phase space
Mgnte'Carlb,’ue estihate a d;tection efficiencv of

| e(v » ppy) = .430, BN

 where the photon is not required to be detected.
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Consequently, we expect a.feedadoun from v = pp7Y of‘
‘216 ¢ 38 events, _ ‘ (68)
from which we deduce an excess of |
685 + 56 events, o (69)

uhich ue attribute to the decay ¥ » ppr®.
, From the phase space Monte Carlo, we estimate a detection effi-
ciency of

€(¥ > ppn®) = 458, | .'(76)'

where the ﬁb is not requfred to be detected. Ohr result.is
BR(Y » Fpu®) = (1.13 & .09 & .09)x10°3, S an
where we have added contributions due to the direct photon branéh-'
ing fraction of 3.ZXJ0'5‘and an estiméted 5% model dependent uncer-
tainty from'acéeptancek variations over the Dalitz plot systemati-

cally in quadrature.

5;4.31 Dalitz plot
h These events are then fit to the event Hypothési;'w - ppn®. For
#uccessfdl fits (evenf prpbabflity > .1, we form the Dalitz plot
.0* the_eventé. shouﬁ as figure 32, in order to investigate possibie
resonanbe.formatfon; ~ The depopulationslat high m2(pn) are dﬁe to
v sdft protons. Statistics are limited; but thére does appear to be
some evidence far-an enhancement near m2.= 2.2 (GeV/cf)z.‘ 7
In an attempt to be more- duéntitétive. vhe plot the projections
onto the bn axes of the Dalifz plot in figure 33. Phase space is

clearly aﬁéoor description of the background, - possibly due to in
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Figure 32: Dalitz plot for v » ppn®.

p;rt the Yarge contamination of PpY events in the sample, but there
is good gvidence for a resonance centered near 2.16 (GeV/c2)2. We
tentatively identify this bump as: thé P744 nucleon staté N*(1470).
Al érguments mentioned iﬁ'section 5.§.3°régarding;tﬁis state in

the reaction ¥ = pu*n + c.c. apply here also.

7
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- Figure 33: pn® + c.c. projection of ¥ » ppn® Dalitz plot.
Solid histogram is phase space normalized to same number of events.

Paralfeling the logic of section 5.3.3, Qe estimate there are
100 ¢ 25 events, | (72)
which we attribute to thé decay | | | |
'4 - 5&**(1470) + c.c.. - an
Thus,
BR(Y - PN**(1470) + c.cf) = (.84 & .21 ¢ .21)x10°3, (74)
where we have used the faéf that the Nnvfjnal state decays 1/3 of

the time ‘into pn®, and the usual 25% systematic error.
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mm? against 2 prong pp pairs (GeV/c

Figure 34: mm2 against tuo prong pp

5.5 THE DECAY ¥ = Bpn
5.5.1 Data reduction !
pp inclusive at ¢
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pairs at vy.

candidate events are selected using the following criteria: We

"know that > 702mof the décays of the ﬁ involve just neutrals, .cdn—

sequently we may improve our signal to noise
fub oppositely chafged prongs cqmihg from the
identified as protons. ‘Unlike the’ 10 case
mm? is

5.4.1, a more useful variable due to

by requiring exactly

primary vertex, both

mentioned . in section

7

the significant mass
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difference between the » and the n°. for these events, we plot the
mm2 opposite the pp pair in figure 34. There is a clear enhance-
ment centered about mmz = .3 (GeV/éz)l. which we attribute to the
decay |

> PpR. _ (7%5)

5.5.2 Branching fraction
To extract the number of ﬁpn'evenfs. a fit is done to the mm?
distribution to the'hypothesis of a Gaussian plus a quadratic back--
ground. From the fit (x2 = 11.7 7 14 bF). We obtain
826 * 52 events, ' (76)
»uhich satisfy the event hypothesis. |
A phase épace - Monte Carlo is used to determine our efficiency,
Fuhere the.ﬁ is alloued to decay to various final sfates accdrding
to its knouwn bfanching fractions. fFrom this, uwe estimate an_effi-
ciency of
€ = .309. .A ‘ on
This yields the’result
BR(Y = Ppm) = (2.03 £ .13 * .16)x10-2, €78)
which includesv'a 5% systematic model uncertainty due to the good
upiformiiy of our acceptance over the Balitz plot, visible in5fig—

ure 36.
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5.5.3 Dalitz plot .

Y - ppn
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Figure 35: Dalitz plot for v = ppn.

These events are then fit (roughly 30 to 40% background) to the

event hypothesis v » ppn.  For the 1101 events (signal plus back-
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Figure 36: p7 +c.c projection of ¥ - pPpn Dalitz plot.
Solid histogram is phase space normalized to same number of events.

~ ground) which havg successful fits (event probability > .1), ‘ue
fﬁrm the Dalitz plot of the évents. shoun in figure 35. fhe depo-
pulations at high m2(pn) are due to soft protons. The Dalitz plot
exhibits nonuniform population, poorly described by phase space.
This may bé'seen by plotting the pn projections in figure 36. ‘The
-projections tend t§ peak at = 2.52 (GeVs/c2)2, but resonant_forhav

- tion is not clear. There is a S’4y4 nucleon state N*(1535) with a

substantial branching fraction (2 55%) into N#, -and we may be see-
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ing the influence of this resonance, but further conclusions are

difficult.

5.6 THE DECAY ¥ - PBpw

5.6.i Branching fraction
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Figure 37: Hissing:mass against inclusive pp pairs at the v.:

" “tandidate events are required to have both an identified proton
>énd ant{bhotbn "in the.event. For vthéSe events, we plot the mm

against the dibar&oh'paif, Shbun in figdre 37. There is a clear
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enhancement centered near .78 GeV/cz.b swhich we attribute to the
decay

v =+ ppu. . | (79)

To ascertain the number of events in the peak,  uwe fit the miss-
ing mass spectrum to the hypothesis of a Gaussian with a quadratic
background. The results of the fit (%2 = 13.9/9 DF) vyield an
excess of

468 * 73 events, | (30
attributable to reaction (79).

Our effiéiency is determined by a phase space Monte Carlo. The
w_fs allowed to decay with its known branching'fractions. Simi-
larly, all thg « decay products (e.g. charged pions) are alloued t;
_decay. Final state pafﬁicle correlations, houever, betueen the o
decay products are ignored. From thi;.vue estimate an e*ficiency '

| € = .323, (8i)

for_tAe decay (79)ﬂ ¢ombining (80) and (81), ue obtain
BR(§ S Ppw) = (1.10 ¢ .17 & .18)x10°3, | (82)
uhich‘includes a 15% model uncertajnty from resonant' considera-

tions.

5.7 THE DECAY ¥ = ppn’

5.7.1 Data Reduction
The »’ has two principal decay modes:
1. ©65.6% of the time the 7’ decays in to nmwn, and

2. 29.8% of the time the %’/ decays into p®7.
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Figure 38: Scatterplot of the quantity U vs. m{(pprm*tn-).

One mightvhope to reconstruct the %’ decay by observing both pions
from the n’ decay opposite thé ﬁ asvuell as both protons, but this

fails for the following reasons:
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»Figuré 38: qw*n"y mass in ¥V < pputn~Y events.
The 7’ decay into #®nn has a very small Q value. The maximum

momentum either pion may have in the 1’ center of momentum

frame 1is 23\ Mev/c. The average momentum will be substan-

tially less. Consequently, there will be very few times

when the 7’ decays so that both of the pions are detectable.
We also lose via isospin argumentsg Both the 7 and the 7’
are isoscalar particles. It immediately follows that the
tuo pion system must be in an-1 = 0 state. Doing a simple

Clebsch-Gordan decomposition, it follows that the two pions
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are charged in only twe thirds of the 7’ decays. We of
course have a reasonable detectidn efficiency only for the

. charged pion decays.
It is then clear that ue must detect the 7’ via its p% decay mode.
We lose in the branching fraction of the 7’ to p%, but we gain
since the p° decays essentially 100% of the time into m*m~.®' We
could never hope to observe the soft photon ffom the n’ decay as
~the maximum momentum available to the photon fn the 7’ center of
:mass ié only 164 MeV/c;
bandidate events are réqUired to Ahave exactly ‘four Qharéed
tracks 1in the priﬁary vertex, tuwo obposftely charged tracks identj-
fied as protons, fhe other oppositely charged pair consistent Qith
- being pions.. For these events, we piot the quantity U (see seétion
5'2'11.,V§' the mass of the pprntm syéfeinf shoun in figure 38.
:Therevis a clear band of events-centered near Ur= 0, which are con-
sfsfent with the decays -
Vv = pputny, ' : (83)
and
¥ > pprtntan® . : g (84)
As mentioned in sebtion'5.2.1,' we cannot distingdish betueen
(83) énd'(84) without photon detection.  We therefore hope to con-
strain the 'eyén{s and‘ possfb]y éee' a signal above the 1% back-
grbund. AFor events uhichﬁfall ig {His bgnd, we pefform a 1C fit to
the event hypothesis (83). for evenfs ‘which pass this fit (event

probability > .15), uwe plot the nw*w"¥ mass, shoun in figure (83).

A
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There is a small but narrou enhancement centered at =« .95 GeV/¢2,
which we attribute to the decay

¥ > ppn’. (85)

Our task is nouw to determine the branching fraction. . Fitting
the peak is futile as there are but two bins in théA;eak and thrée
independent paraméters in a Gaussian peak. Statistics prohibit
finer binning of the data. Consequently, we ;rusf our eyesighf and
simply do an handfit subtraction of the background. Taking as the
sigﬁai region the tuovhigh bins centered at .945 and .955, uhefe
there are a total (signal plus background) of

29vt 3 events. . (86)
The results of our handfit background yield

10 ¢ 3 events. :(875.
Combining (86) and (87), uwe obtain a total of

19 * 6 events, - ‘ (88)
which we attributg_to the decay (85). The significance of this
peak may be.éscerfaiﬁed by calculating the Poisson probabilit;vthat
one. gets 29 events when one expects 10: | |

- P10(29) = 5.1x10-7. (89)

From (89%9), if is clear this bump is not é f]uctuation.

Iﬁ order to determine our efficiency, events of the tobology:
(85) are generafed according to a phase space distribution. The 7’
is allowed to decay acc;rding to its knoun branching fractions, as
are its decay products; COrrelations'betueen the fihal state par-
ficles (e.g. ;he n’n; in the p°® decay) are ignored. From this;'ue

estimate an efficiency of

v
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€ = .021. (30)
Combining (88) and (30), we find |
BR(Y > ppn’) = (.68 ¢ .23 i .17)%x10°3, ) (91)
Qhere'ue attributed an overaf! 257 .systemétic error due to moael

dependenf uncertainty and béckground subtractioh.

5.8 THE DECAY ¥ = Ppr'm"

.5.8.1 Data réducfion

four prong pprn'n” events at w AA subtracted
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Figure 40: Mass plot for 4 proﬁg pputn™ events.
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7VCand§date events are required to have exactly 4 prongs eminating
tfrom the primary vertex, uwhere the total vertex charée' ié 2ero.
There must be one each of a proton, antiproton, w*, and n-. Even
with the vertex constraint, there is still a substantial contamina-
tion from the decay w.» AR, uhere neither A traveled far enough
before decaying to be tracked to a secondary vertex. We removév
these events by requiring that all fu;ther .events lie outside a
circle of radius 10 MeV/c? about the nominal AA point {n the Gbl—
dhaber plot (see section 5.8.3). For these events, wue then plot
the mass of the ppu*n- systeﬁ, as shown in ffgﬁre 40. There is a
clear excess of events centered at ;he‘center of mass energy, uhich
we attribute to the decay N _

v > Fputne. o (92)
We further require that 3.05 { m(ﬁpn'ﬁ') < 3.14 Gevsc?, so that

events are well uwithin the mass peak.

5.8.2 Branchingq fraction

In the signai rggion. we have
1435 * 38 events. v €93) "
From the phase space Monte Cérlo.-ué estimate an efficiency of
| € = .168. (94)
Combining (93) and (94), we get
BR(Y = Ppu*n~) = (6.46 ¢ .17 * _43)x10°9, (95)
which incuaes a 5% model depeqdent systemati§ uncertainty from

resonance and acceptance considerations.
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5.8.3 Goldhaber plots

v - ppmim, AA subtracted
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Figure 41: Goldhaber plot of m(pn~) vs. m(pn*).

"In order to investigate possible resonance formation in this

final state, we form the Goldhaber, or triahgle plot, of the decay



95

Y - Bpﬂ‘ﬁ’,_ AR subtracted
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Figure 42: mipn~ + c.c.) in ¥ » ppu*n- events. Solid line is
phase space Monte Carlo prediction, normalized to same number of
events.

products. Due to our good moﬁentum resolution for charged tracks,
' ue' do not gain much information from constraining the events.
Hence, these are‘unconstfained Goldhaber plots.v

Figure 41 shous {he Goldhaber plot for neutral pmn pairsf No
resonance behaviorvis.observed, with the exception of a small resi-
dual AR contamination.. visible in tHe_louer left hand corner. We
compare this chaﬁnel directly with the Monte Carlo by plotting the

summed projections for the neutral pm combinations, as shoun in
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¥ - ppm'm, AA subtracted
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Figure 43: Goldhéber plot of m(pr*) vs. m(pn~). Box is A**A--
: ' " signal region. '

v

figure 42. Each‘evehi enters tuice infa {herplot. The Monte Carlo

is seen to be in superb agreement with the data.
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v - ppn'nm’, AA subtracted

T T T T I T I T 1 l T T T T I T T T  { ] 1 ]
125 |— ]
° 100 |— —
> o A

Q L
= i ]
8 - 4
3 75 {— —
[+5] u -
Q, - -
2] ~ -
E‘: L -
2 50 -1
B ]
25 — -

o }
1 1.4

m(pr* + c.c.) (GeV/c'z)

Figure 44: m(pn* + c.c.) for v - Ppu*tn- events. Solid histogram
- is phase space distribution normalized to same number of events.

At this point, we might be tempted to drop this analysié,\confi-
dent fhat the phase sﬁace Monte Cérlo is an aecurate description of
the regction. This uould‘be.a_mistaké, as shoun in figure 43. The
Goldhaber plof for doubly charged pm combinations exhibits strong
enhancements centered near 1.2 GeVsc2. This is readily interpreted

"as the P’535 state, the 4**. In an attempt to be more quantitafive.
we plot the sqmmed'doubly_dharged mass projections, shoun in figure

44, The‘distinctive Vine shape characteristic of the AY* s



98

¥ - ppn'm’, AN and ‘A”K" subtracted
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"Figure 45: Goldhaber plot of m(pp) vs. m{m*n-). AR and A**A*-
subtracted.

‘clearly visible. The solid histogram is the Monte Carlo normalized
to the same number of events as the data} Taking the’signal region
as 1.18 < m(pm) ¢ 1,32, there is a total of:

1278 *+ 36 pairs, (96)
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Y - ppn'm’, AR and A*A~ subtracted
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Figure 46: m(w*n-) in ¥ » Fpn*n- events. AR and A**A--
’ subtracted.

which- we atfribute to 4** production. 0f course, events from the
decay

Vv > ottt A :
Lipn* Lopn-, : (97)

will be counted twice in this plot. e defiﬁe a background region
as ﬁfpn) > 1.4 6evsc?, and renormalize the Monte Carlo to the same
number of data events {n this region. We tﬁén estim#te( a back-
ground of | |

600 * 14 pairs, . : (98)

whence the number of pairs originating from A** decays is
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Y - 5P7T+7T',.A7\._ and A*A™ subtracted
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Figure 47: m(pu-), AA and A**A° " subtracted.

678 + 39 pairs. (99) -
fhus.'ue may quote the ffgctfon of tihés f a douﬁly charged pm pair
will be in a 4** as

fpu* + c.c. as 4%*) = .195 * .030 * .049, (100)
" which includes a 25% systematic error.

T The problem _Hdﬁ becomes hou to determine the number of events
due to reaction (97); kéturning to figure 43, we define the a**a--
signal région as ihé sduare bounded by 3,18 ¢ m(pm) ¢ 1.32 GeVsc2.
In this fegion, there are |

100 * 10 evenfs. ' BT IR
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We then scale this number_by the relative populations from the
phase space Monte Carlo. This takes into account not only the non-
uniform phase space inherént'in the ﬁoldhaber plot, but,also‘acgep_
tance variations over the plot. Consequently, the expected back%
ground in the signal region is
49 t 9 events. (102)
~Thus; we aré left with
233 & 19 events, (103)
which we attribute to the decay (97). Using (94), uwe may easily
calculate a branching ratio, as'the.AN decays 100% of the time to
punt. Thus, '
BR(Y > A**A=) = (1.05 £ .09 & .26)%10"2, (104)
From (99) and (103), it.is clear fh;t'reaction (97) accounts for
‘much of the 4** production. Thére is however some residual produc-
tion. We may ascertain tﬁfs fraction by taking bands bounded Sy
1.18 < m(pm) ¢ 1.32 GeV/q2 and e#cluding the A**A-- region as pre-
viously defined. We find |
700 * 26 events, : o 10m)
whereas the Monte Carlo uoﬁ]d predict
368 * 42 events. (106)
Thus, there appears to be an excess of
| 332 * 49 events, ', (107)
which we attribute to the decay

\ v
v > A**pPu” + c.c.. . (108)
L-»p'n*

Thus,

BR(¥ » &**pn~ + c.c.) = (1.40 * .19 ¢ ,35)%x10°3. (109)
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We now explicitly remove the A*'Zf‘_region from further analy-
sis. Figure 45 shous the_Goldhaberyglqt for the pp system’relative
to the w*r~ system. ~ No coﬁpelling evidence for any resonance for-
mation i; seen. In particular, ue plof the n*n- projection, shoun

fn f}gure 46, looking fof.the decay

¥ > Bpe. | o

No signal is seen. 1f we  make the un!ikel? assumption that the
small excess of |

38 * 16 events, B (111

,.in the‘region 71 Cmtntn™) € .79 GeVsc? is due to (110), then ue
may place a.limit of,
__ BR(y » ﬁpp) ¢ .31x10°3, . (1i2)-
4;t the 902 confidence level.
”?‘56” return our attentjon,to jhe neutral_pn:system. Shoun in
1figu;e 47, we plot the invariant mass of the néutral pm combina-
ti;ns; aftér_subtracting out the AR and A**4-" regions. vThere'is a
sliéht exceés of
78 :“22 events, | (113).
centered near 1.22 GeV/c2?, which we attribute to the neutral P/,
;counterpart of the A*Y, the A°. 'Correcting for the 4**A- - region
subtracted out which reflects into the»neutral pm signal region, ue
can quote the fraction of the fime f that the heutral pn system is
in a A° )
f,f(pn‘ + c.c. as 4%) = ,029 *+ 008 * .007 - (114

Further analysis is difficult.
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5.9 THE DECAY ¥ = Ppn'n-y

5.9.1 Data reduction
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Figure 48: q¢ of observed photon.

The next logical place to look for direct photon decays of the V¥
is in thé four prong exclusive channel with tuo pions opposite the
dibaryon system. The selection criteria for this channel are com-

pletely analogous to that for the decay

v ppY, | (39)
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presented in section 5.2.1, with the obvious modification that ue
rgquire four charged tracks; one oppositely charged pair identified
as proﬁons; the other péir congistent with pions;

Fbr these events, we pldt thé quantity U (defined in section
5.2.1) vs. the mass pf;the‘ Fpm*m- system, shoun in figure 38.
-.There“is a clear band of events centered near U = 0, which is con-
,sistent Qith the decays |

v > ppntuy, | (83)

“and
v < pprutn-wl. T (84)
At this point; He attempt to distinguish between reactions (83) and
(84) by use of the LA System., “Again, _this4anafysis is completely
1analogous to that presented in section 5;2.1. FiQUre 48 shou fﬁé
‘g% of the observed photon»relative to ihe missing meomentum of the
Fpm*n” system. Events uifh m(ppu*u") > 2.99 GeV/c2 have been elim-
inated ‘to rémove ﬁc events coupliﬁg with noise photons to fake
direct-photon é;eﬁfs: " The q2 distribution due to a missing photon
is much( more highly peéked a£llou qZ (=2 90% of the >events have
q2 ¢ 2x10-3 Gevi), whereas the q2 ‘distribution due to a misSiﬁg no,
shoun as a solfd hiétdgram inbfiQUre 48, i§ much broader._ There is

no evidence for a direct photon”oppoSite the ppn*n- system.
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5.9.2 Branching fractigh
We may placé a limit on reaction (83) from figure 48. From the
gtatistics.'ue attribute
¢ 12 e?ents (90% confidence levé!). f115)
to the direct photon decay, uhere Qe have taken the first data bin
(g2 ¢ 1X10°3) as the signal regjon.- ‘From the phase space'Nonte
Carlo, ue estiﬁate ah efficiency |
€ = .023, | (116)
where we have included the module 8 correction (see section 5;2.4).
Thus, -. !
BR(Y = Ppntn-y) ¢ .79x10°3, | (11?7

at the 90% confidence level.

\

5.10 THE DECAY ¥ = Ppru*p-n®

5.10.1 Data?;ggggiigg

We proceed in a mannerianaloéous ;to sec&ion 5;4.1, 'except with
the obvious modification that we require four charged prongs in the
primarﬁ vertex; ’ﬁne charged-zerﬂ pafr identif{éd aglbfo:ﬁ;é, énd
the other_pairrconﬁistent with pibhs. -For these eQents, ‘we plot
fhe quantjty U,‘ defiﬁed iﬁ secfion 5.2.1, .;eksus the mass of the
iﬁpnfn"system, shoun 1in figLfe 35. There is a clear baﬁd near
U = 0, which is consistenf uitﬁ'the decays

| | v - ﬁpn‘n'Q. | : | | (83)

and | B |

v - 5pn‘ﬁ'n°. _ 84)
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Figure 49: The quantity U for all Ppnt*n- events. Solid curve is
tit described in text.

“We havé%§1feady placed a limit on (83) in section 5.9.2, and found

a_nu1}'result, so there is no baﬁkground subfraction/
,‘1To de¥ermine ihe ﬁumber{of ;vents‘due to feactioﬁ (84),> we plot
thevquantitQ U for.all events with m(gpn*n~) ¢ 3 GeVsc?, ghoun fn
figure .49. We extraCt_the.ﬁumber of events by fitting the peék to
the hypothesis ofba Gaussiaﬁ plus a quadratic background. The
results of the fit (x? = 16.0/14 Df) gi#e us

| 542 * 66 events. - | (118)

Included in this number are éontributions froh

2
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Figure 50: Missing mass opposite the pp system. Solid curve is
fit described in text.

v > Bpw, | (79)
and

v ppn. (75)
Figﬂre 50 shéus the missing mass against the pp system for these
events. the contributions ffom the decays (795 and (75) are
clearly visible. To ascertain the number of events from reaction
(79), wuwe fit the background region plus the signal regipn to the

hypotheéis‘of 'a Gaussian plus a quadratic background. The ppn’



108
feed through reggon {one bin) ‘is excluded'from the fit. The
results of the fit (x2 = 17.1/16 DF) gives us a total of

| 136 + 22 events, | €119
attributable to the decay (79). Our efficiency, determined from
the same_Mont; Carlo as discussed in section 5.6.1( is
€ = .085, (120)
whence
BR(V = ppw) = (1.21 ¢ .19 & ,20)x10"3, (121)
v'including 157 modél uncertainty.

The contribution from reaction (75) is more difficult fo calcu-
late due to its small size. - We proceed intrepidly and handfit the
“Background underneath the Ppn signal region.  Based on the analy-
:éis, we estimate '

42 ¢ g.evenis. '  | (122)
attributable to the decay (75). our efficiency, détermined frém
" the same Monte Carlo as fn section.5i5}2. is
€ = .017, | (123)

whence

BR(YV » Pppn) = (1.9 ¢ .4 *+ .5)x10-3, ' (124)

with the wusual 25% systematic error overall from background sub-

traction.

to
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5.10.2 Branching fraction
Having accounted for the tuo knoun contributions (hé:neglect the
small feed through from the ppn’ decay), we may proceed to caléu-
late thé reméining nonresonant contribution. Subtracting (122) and
(119) from (118), uwe get
364 * 70 events, : (125)
which ue atfribute to the decay (845. From the phase space simula-
tion, uwe estimate an éfficiéncy of
€ = .082. (126)
Combining (125) and (126), we get
BR(Y - ppu*n-m0) = (3.36 * .65 + .28)x10°3, (127)
yhich includes an  estimated 5% models uncertainty from accéﬁtance

and resonance considerations.

> .
5.11 SUMMARY

5.17.1 Discussion of non-strange baryon decézs

The MKI®Z has found
"BR(Y > pp7) ( .11XJ0'5, {128)
(2152 systematic errors). o |
Thelv b}ahching fraction (47) 1is a factor of 3 larger than the‘
MKI upper limit (128). Consultation with the authors of reference
62 did not resolve thev ;pparent discrepancy. One possible réason
fér the discrepancy is_the superior performance of the MKII liqui&
argon over‘the MKI shouwer counters, uhich would tend to imply that

the MKI shouer counter efficiency may have been overestimated.
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Furthermore, there appears to be a discrepancy in the MKI paper
~ betueen the number of observed events, the knoun sample size, and
:the quote& detection efficiéqcv.

The possibjlity has been pointed out that the overall.normaliza—
tion of tHe tuwo Monte Carlo q? spectra in figure 23 might be incor-
rect in {his analysis. This was suggested by the fact that the
data point for .001 < q? ¢ .002 (Gevsc)? seems to be fop lou rela;
tive to the Monte Carlo spectra point. If the direct photon q2
distribution is not well reproduced by the Monte Carlo (e.g.' the
data has a longer tail than the MonteICarlo), then it . is possible
thét the normalizatipns of the .two Monte Carlo distributions could
_Bé djfféfenth ,. Tpis‘uould tend to decrease the amount pf the_n°
'B;ckground. However, since the bin 92 ¢ .001 (GeVsc)? is pfedomf-
nantly direct photon events, in order for thé Monte Carlo to'rémain
consistent with the data, the number of direct photon;eventsfﬁiil
not radically change:,and:is_thus relatively insensitive to the n°
subtraction. | |

. Since we have measgred the branching ratiosifor reactions ¥ = pp
(29) and Vv = ppr (39), We may compare the ratio of the two branch-
ing fractions (47) aﬁd {36) with the first order QCD prediction?®
'qu the direct:phpfon-branphing fraction

BR(y - in = .08. : (129
We havg‘measprea -
BR(Y > ppY)

= .18 * .04. (130)
BR(Y = pp)
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1t would seem that the direct photon decay V¥ > ppY (39) occurs more
frequently than one would have imagined, suggesting that the tuwo
gluon decay to pp is preferential to the thrée‘gluon decay.

"The x spectrum of the direct photon in_the decay V - pp7 has
been calculated and compared with the first order QCD prediction.
No conclusive evidehce for a possible tuo g!uoh state oppos{te the
direct photon {s poSsible with our statistics.

We have presented the constrained Dalitz plot for the decays
v = pu*n (53) and ¥ 2 pn~h (52), and noted resoﬁant contributions.
Evidenée for the decay ¢.* N*N at the level of 20% to 40% of the
;ate of ¥ » pp has been shoun. Further conclusions at this level
of analysis regarding?resonance formatioh,are difficuit.

Since the V¥ is ;n isoscalar, wue caﬁ_make an absolute predictidn
for the ratios of these two decays and the decay V¥ = ppu?, dis-b
cussed in section 5.4.2. From simple Clebsch-Gordan arguhents, it
follous that the branching fractions Vv - ppn®, v - pr*n, and
Vv - pn~A should be iﬁ the ratios 1:2:2. The results of thi; expér-
iment f58), (598), and (71) are in excé]lenf agreement with this
predicéion.

We have presented the constrained Dalitz'plot for the decay
¥ = ppn® (50). Even with the large contamination of PpY events N*N
production has been observed. The vtuo different values (62) and
(74) for the branchiﬁg fraction ¥ - pN**(1470) + c.c. agree

remarkably well with each other, despite the crudity of the meas-

urements.
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We have présented the constrained Dalitz plot for the decay
v - 5pn‘(75). The Dalitz plot population is iﬁconsisfent with that
: expected by a pure phase space distributign. Resonance'productipn
is possible, but difficult at this level of analysis to determine
dﬁevto the nonuniform Dalitz plot density.
ugvhavg investigated the Dalitz plot for §p events which are
consistent uith the decay ¥ =+ ppew (79). . No evidenbe of fesonance
formation was found.
The MKI‘z‘hagvfound
BR(Y = ppn’) = (1.8 & .6)x10"3, (131)
(i 152 systematiq errors).. The tuo experiments disagree at the 20v
level based - on statisticgl errors alone. In order to check our
ﬁgsultsgv.uevinYestigated the nmm decay mode of the =n’. As men-
: tioqed in section 5.7.1, our detection efficiency is dr;mafically
suppressed. Based on the}data in the pdv dgcay mode and our Monte
Carlo simujation, ue_uould éxpect
z»l event, o (132)
in the nan*n- decay mode of the 7’. fhe data has two events in the
region of the 7’ mass on a backgfound of less than an event. Our
{po>results are certainly consistent. In add§tion, the MKI result
involves a substantial background subtraétionf
Examination of the various Goldhaber plots for the reaction
v - 5pn*ﬁ‘ (92) yields theifollouing information:
1. The neutral pm Goldhaber plot shous essentially no structure
in it, apart from a small residual AA contamihation. fhe

phase space Monte Carlo is in good agreement with the data.
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2. The doublv éharged pm Goldhaber plot exhibits stféng reso-
nance production. '~ . Roughly 20% ofuthe doubly charged pnu
pairs are consistent nith arising from A** decays. The»tub
body decay ¥ » 8%*B"= (97) is seen, as well as the three
body, decays ¥ > 8%*Bn- + c.c. (108).

3. The Goldhabef‘plot of the aipion mass vs. the dibaryoﬁ mass
exhibits no strucfure. lnvparticular, the three body decay
¥ =+ ppp (110) is strongly suppressed.

4. Reexamination of the ngutral pn Goldhaber plot after explic~-
ifly remdvihg Attt events shbu some evidence fdr A® produc-
tion. Since tHe_f is an isoscalar, all foﬁf of the I = 372
isospin states should be evenlyé3 populated. Consequen-

. tially, the fraction of A** pairs should be nine times that
of the Ad pairs, as the A° decays,fo pn- only one third of .
the fime.  Our measured rates (114) and (108) are in good
agreement with I-spin conservatiﬁn.

He may use our limit on the decay ¥ = ppuntn-y (117) to gain some

information on the tuo glﬁon decag to hadrons. We have measured.
BR(Y ~ ppu*n-7) |

> C .12, (133)
BR(Y =» pprtn-)

- This experiment 1is not sufficient to establish‘é preference‘fdr
either the two gluon or the three gluon decay mode into Ppn*w-.
The MK162 has found

BR(Y = Pputu~n?) = (1.6 * .6)x10°3, (134)
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(* 15% ébstematic errors). The tuwo measurements (134) and (127)
differ by 2¢. Thg MKI measurement (134) consists of relatively
ltarger subtractions from the.totaj number of events due to kﬁoun
rgsonant contribution§ ¥ = ppn (75) and v » ﬁpé (79) than the MKII
measurement (127). We also knou that the spbtracted components in
the MKII measurement have branching fractiqnsv(121) and f124) which

agree well with those measured previously, (82) and (78).

5.11.2 Summary of non-strange decays

in table 3, ue summarize all fhe results prgsented in fhe chap-
._ter. inéfuding_instances where more than one ﬁeasurement of a given
mode has been made. In table 4, . uebsumharize the results of this
vchapter for both this experiment and the MKI'expériment.- When more
: tﬁan one measurement has been made {rom ;his experiment, uealist

the "best" result, uwhere "best™ is defined as the measurement with

the smallest combined error.
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TABLE 3

Chapter summary of non-strange decays (units of 10-3)

4

pprntn-n®

70

.082

.65

Decay mode Events € BR for this experiment
v < pp 1420 * 37 .497 2.16 & .07-% .15 (36)
Y 2 ppY 49.* 9 .+ 195 '.38':_.07 * .07 (47)
¥ - ppn® 69 * 8 .074 1.42 * 16 * .23 (50)
685 56 .458 1.13 & .09 * .09 (71)
¥ = pr A 1288 * 47 .482 2.02 £ .07 *+ .16 (58)
v = pn*n - 1191 * 47 .467 1.93 % .07 * .16 (59)
¥V - pN**(1470?) 209 * 31 178 .89 & (13 & .22 (62)
+ ¢c.c. ’ o
_ « 100 * 25 .080 .84 2 .21 ¢ 21 (T4)
v > pN**(1670?) 85 * 24 .150 .43 ¢ (10 2 .11 (65)
+ ¢c.C. ‘ ) .
vV = pp7n 826 + 52 .309 - 2.03 % .13 ¢ .15 (78)
: 42 * 8 .017 1.9 *+ 4 2 .5 (124)
v 2 ppw 486 * 713 .323 1.10 & 17 * .18 (82)
136 * 22 .085 1.21 2 19 & 20 (121)
v > ppn’. 19 *+ 6 .021 .68 * .23 * .17 (91)
v = pputn- 1435. = 38 .168- . 6.46 * 17 * .43 (95)
v > A**ac- 233 *+ 19 .160 1.05 £ .09 * .26 (104)
¥ » Attpu- 332 + 49 . 159 1.40 & (19 &+ .35 (109)
+ c.c. ' o ,
¥ 2 ppp 38 *+ 16 .158 ¢ .31 €112)
¥ = pprtny S 12 .023 « .79 QRN
A 4 364 * 3.36 ¢ $ .28:(127)
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TABLE 4
Comparison of non-strange decays of ¥(3.095) (units of 10°3)
Decay mode This experiment MK]I62
et ' (* 15% sys. errors)
BR(Y = pp) _ 2.16 * .07 * .15 2.2 .2
BR(Y = BN**(1470?) + ¢.c.) .89 & .13 & .22
BR(Y = PN**(1670?) + c.c.) .43 ¢ .10 * .11
BR(Y > A*+3-") S 1.05 % .09 ¢ .26
BR(Y > Bpr) . .38 ¢ .07 ¢ .07 . .1
BR(Y = ppn®) 1,13 +..09 ¢ .09 . 1.00 ¢ .15
(inci. PN**(14702) + c.c.) o ‘ S
- BR(Y = pn~h) 2.02 + 07 * .16 . 2.16 * .29
Cincl. pR*-(14707) :
~ and pN*-(1670?)) : : -
BR(Y = Pr*n) - 1.93 £ .07 & .16 2.04 £ .27
Cincl. PN**(14707) '
Cahd BN**(16707)) )
BR(Y » 4**pn~ + c.c.) 1.40 £ .19 * .35
"BR(Y¥Y'=> ppn) ‘ 2,03 % .13 % .15 2.3+ .4
BR(Y > ppp) - ¢.31
BR(Y = Ppw) T1.10 0 17 2 18 1.6 & .3
BR(Y > Bpn’) : €, .68 F .23 ¢ 17 1.8 ¢+ .6
BR(YV = ppu*n) 6.46 = .17 ¢ .43 5.5 % .6
‘Cincl. 4**3-~ - : B ~
and A**pn” + c.c.)
" BR(Y > PputnTy) .79
BR(Y > Pputnu0) 3.36 * .65 * .28 1.6 * .6
: : : . [ i
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Chapter VI

'HYPERON DECAYS OF ¥(3.095)

THE DECAY ¥ = AA
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The selection - of particles decaying at a secondary vertex has
been discussed in section 3.4.2. For this measurement, we make the
additional requirement that the secondary vertex lie at least 8mm
in the transverse direction from the beam-beam interaction point.
Figure 51 shouws the inclusive momentum spectrum of A and A at the
¥. There is a clear enhancement centered near p = 1.07 GeVsc,

which corresponds to the decay

v > AA. . , (135)

6.1.2 Anqular distribution
For events which ﬂhaQe aAor A with 1.05 < p < 1.12 GeV/c, ue
fbrm thé angular‘d{stribution of the A direction with -fespect to
the positron beam direction. Only one VEE per»event is{alloued to
_enfer the plot if both are reconstructed,‘
.'In-Ordef ‘to determine our acceptance, evénts of = the topology
(135) are generated in the following way:
 1. A random number is throun to determine the’¢ ‘decay angle
with respect to the positron direction.
2. A random number is thfoﬁﬁ to determine the ¥ helicity state
along the pﬁsitron beam direction."
3. Usiné the knoun spin rotation m_atr'ices,'65 the ¥ helicity is
ﬁcaléulated.along the ¥ decay angle.
q. Thé A ahd A helicities are then determined by the Vv helicity
state by addition of angular momenfa. In the case of the
11,0$‘he1icity_5tate{ a random number is throun to distin-

guish betueen the tuwo possibilities.
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angular distribution for Y > AA
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Figure 52: Angular distribution for Vv = AR.
' Solid curve is fit describe in text.

The A and A are then decayed according to the‘(seécappeﬁdix
A} knoun polarized éngular distribufions
“dNp :
— = 1 % aCosX, ' - (136)
. dx o o

where X is the angle betueen the . decay proton and the

" hyperon polarization (in this case the A line of flight),

and o is a measured parameter which is the asymmetry of the
hyperon decay. For A decay,

@ = -.622 * 048 : : - Q137
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The poSitive sign in (136) corresponds to positive helicity,
: Land the negatiVe sign’to negative helicity.‘ A random number
is then throun, ueighted by the polarized decav.distribution
(136), which determines the hyperon decay praducis direction
in the hyperon Eestvsystem. With this, the event generation
is complete.
An acceptance is then calculated as a fénction'of polar angle CosB.
We then divide the daia'distributionlby the Monte Carlo distribu-
tion to get the acceptance corrected angqlar distribution. shouh in
figure 52. |
Spin-spin corrglations were kept in the Monte Carlo ~a; a check
'“dnihou these correlations.might_afiect tﬁe angular ;§ceptance. .Ne
also geneiated events 6f ihektopology (135) accordiﬁg .to a phase
spaéé distribution for comparison, as there ;an.be no net polariza-
tion of the A’§ from an unpolarized V. The angulaf acceptance is
tound to be insensitive for this ﬁeasurement to spin-spin correla-
tions. As a result, ail subsequent analyses:of ¥ decays involving
hyperohé will use a phase spaqe_qonie Carlo és itiis conceptually
much simpler to understand.
The acceptance corrected distribution is then fit .to' the
hypothesis (31). The results of the fit (%2 = 10;7/i2_DF) givé ds
| @ = .72+ .38 - .34, (138)
In figure 52; therevis a small feed through fromjgvents other than
:from (135). We have repeated. the analysis vdefining.a "A" as a

sideband outside of the true A mass range, adjusting the momentum



cut such that these fake A’s have the beam energy. and then made
the same data plot as in figure 52. Very feu events surviQe this
analysis, and within errors their coﬁfribﬁtfon is consistent with
that of the actual distribution. Thqs we are justified in ignoring

the contamination from events not ariéing from (135) in the gélcu-

~lation of (138).

.6.1.3 Branching fraction

Having detérmined the angular distribution of AA pa:: 1 :138),
We may nouw caléulate the branching f{raction for (1§5). Figure 51
shous the inclusive mbmentum‘qpectra_ for hoth charge modes sepa-
rately, as uwell as the sum of the two charge modes. We individu-
al]y fit eéch of.the three plots to a Gaussian uith a linear back-.
Qround. shoun as the solid curves 1in figure 51. For. the A. ue get
(x2 = 18.9/20 DF)
| NA.?J373 t 23 events, (139)
while for the A we get (x2 = 14.3/20 DF)
: Np = 352 & 22 events; ' (140)
and for both modes we get (x2 = 23.1/20 DF)
NA or & = 734 * 32 events. , + 1 41)
‘Note the excellent agreement betueen the . sum of (139 S 0140)
with (141). |
- We are nou réadv torcalculaﬁe the branphing fraction. We use'
the same Moﬁte Carlo .as mentioaed in.section 6.172, with the excep-

tion that we weight the events=uith the measured production distri-
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bution @« giveﬁ by (138). The aéceptances. corrected for the AA
' ahgdla} distribution, are respectively

€p = 181, e
and |

70, | (143)

i
where we have included a factor of .642 for the A = pm- branching
traction. We can separately calculate the branchingifrgqtion'}or'
(135; from_thg combination of (139) and (142)
| | | BR(Y » AR) = (1.58 ¢ .10 ¢t .19)x10"2, (140
and thé combfhéiioﬁ of (140) ‘and (143)
BR(Y > AD) = (1,57 ¢ L0 % 19)x1073, (145)
'Ali measurements include a 5ystémétic'grror' of .12x10°3 du; to the
‘systématic’error in the production angular distribution (138). BQ
*'yirtUéfof the - two data_Samp!es (139)"ana (140) being relétivelv
f~independint.9° He may combine the two results (144) and (145) 'fo
reduce tﬁe statiét{cal error SOﬁeuhat, whence

BR(Y » AK) = (1.58 + .08 *+ .19)x10-3, (146)

' 6.2 IHE DECAYS ¥ > BK*A AND ¥ - pK-A

S.Z.f Data reduct%on

For eyents which have two oppoSiteiy.cha}ged tracks which sat-
isfy the proton and kaon TOF hypofhESés. 'ge plot the missing mass
opposite the pK system, shoun in figure 53a). There are tuo clear
peaks in the vicinity of 1.15 GeV/c2. ' The first péék.J centered
near 1;115'GeV/cz,_ue att}isute to the decays

4 )

v > BK*A, S (14D
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(pK™ + X) + c.c.
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Figure 53: Missing mass oﬁposite pK- and BK‘ pairs combined.
Solld curves are fits described in text. The same data is plotted
in both a) and b) to illustrate the different fits.

and
v > pK-R, ﬂ €148)
while the peak centered.nqgr 1.J9:Gev)cz'uﬁvattribufe to the decays
v s PKYED, - (4w
and |
¥ o pk-iO. - (150)
Thes;.are the first bbséfvatioﬁs of three-body decays the V¥ to

hyperons in the final state.
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6.2.2 Branching fraction
. Due to the proximfty of the A and the I° masses, we simultane-.
ously fit the miss;ng mass spectrum of both peaks to Gaussians plus
a flat background. The'simultaneous fit properly accounts for the
backgrdund under the peaks. The results of tﬁe fit
(x2 = 24.5/23 DF) give us a total of |
307 * 25;évents, o €151)
| which we attribute to the decays (147) and (148). Frohvthe pﬁase
gpace Monte Carlo, Qe estimate an efficiency of
. e= .22, o asy
uhégcgtcombiniﬁg (151) and (152), we get |
BR(Y » BK*A + c.c.) = (.89 % .07 ¢ .14)x10°3, _(153)
»uhiéh”fncludes an es£iméted 15% . model dependent error from reso-
~ nance and acceptancé cohgiderafions.
We have inyestigated the cpnstrained' balitz plot for these

" events. No evidence was found for any resonance formation.

6.3 - THE DECAYS ¥ > BK*3® AND ¥ » pK-§0

673'1 Branching fraction

_Data reduction“has_ been discﬁssed in section 6.2.1. There is
clear évfﬁencé‘.for degays (149) and (157) in figure 53a). We
determined the number of events from reaction (149) and (150) by a
simultaneous fit to the A and X péaks, discussed in section 6.2.2.
The rgsuits of the fit give us a.total of
| 8y * 19 eveﬁts. » ) (154)

From the phase tpace Monte Carlo, uwe estimate an efficiency of
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€ = .236. (155)

The branching fraction is

BR(Y -+ PK*:% + c.c.) (.29 &£ .06 * .05)x10"°3, (156)

which includes an estimated 15% model dependent systematic error.

6.4 THE DECAYS ¥ - PK*3*9(1385) AND ¥ » pK-F*9(1385)

6.4.1 Branching fraction ‘

Data reduction has already been discussed in section S.Z.f. The
missing mass against the pK system is replotted in figure 53b).
There is a broad but unmistakable peak cenfered near 1.38 GeV/cz.
which we attribute to the decays _

v = PK*I*%(1385), ' (157)
and

¥ > pK-E*0(1385). - , (158)

In order to estimate the number of events in the peak, wue fit

the spectrum to the hypothesis of an P-wave, non-relativistic
Breit-Wigner on a linear background. The fesults of the it
(x2 = 20.7727 Df) give us a total of

115 * 46 events. ' . . (159)

From the phase space Monte Carlo,. we estimate our detection

- efficiency to be

€ = .132. _ (160)
Combining (159) and (160), our result is
BR(? > PK*I®0(1385) + c.c.) = (.66 * .26 * .11IX10°3, (161)

which includes the usual 15% model dependent systematic error.

-
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6.5 THE DECAYS y - Ay ¥+ and ¥ > An‘E-

6.5.1 Data reduction

recoil against Am™ + c.c. events
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Figure 54: Missing mass opposite Am~ + c.c. events.

-Candidate ‘events are selected by taking An:(ﬂn‘) events, uhere
Tﬁe n~ is required to have Izll( 8cm and r < 1.5cm with respect fo
the prfmary_vertex. In addition, the pion is required not to orig-
fnate from another secondary vertex. For these events, uwe plot the
missing mass opposite the Am system, shoun in figure 54. There is
a clear enhancehent ?enteréd'near 1.18 GeVsc?, wuwhich ue attribute

to the decays
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¥ An-EH, , T 0182)
and

v+ Ants. - (163)

6.5.2 Branching fraction
| In order to determine the number of eQents due to reactions
(162) and (163), ugvmust sdbtract off the background component.
For this analysis, thi§ is a very difficult prdceés:' Real Anm
events must have either anothef Am or a stable particle like the X
recoiling against it in order to'sihultaneously consefve charge and
strangeness. An threshold is at abbut 1.25 6eVsc2. Therefore, the
_background must radically change slope in the vicinity of the
higher edge ﬁf the ¥ peak._ COnseqUently. ue usé our theoretical
prejudice and hand subtract the background due to the especiafly
- volatile néture of the backéround behavior. This leaves us with
135 ¢+ 15 events, - (169)
which u; attribute - to the reactions (162) and (163). The pﬁase

space Monte Carlo estimates our etficiency to be

€ .067, (165)
whence

(1.53 = (17 * .38)x10°3, (166)

BR(Y = An"E* + c.c.)
where we - have included an - estimated 25% overall systematic error

from background and resonance considerations.
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6.5.3 'Besonancé production

AT + c.c. mass opposite I recoil
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“Figure 55: AW~ + c.t. mass oppoéife z recbil. Solid line is fit
described'in text. .

We nouw investigate the An system for possiblelresonance_fqrma-
~ tion, spurred by the hints in;section 6.8.1. As will be discussed
ih section 6.8.1, we Qere worried about the feed through from. the
decays (162) and (163) info_the'i*(1385) signal region. We now
select everts which Have 1.14 ¢ mmap € 1.24 as An évents_uhich have

a I recoiling against them. Figure 55 shous the An mass opposite
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fhevfagged I recoil. There is_éoqd.evidence for'fhe SU(3) violat-
ing decays |

¥+ 3% (1385)%°, | | e
and
v Ba3ssE. S 168
To ascertéin‘ tﬂg resonant contribution, we {it the peak to a
nonrelatiyistic P-ane. Breit-uigner on a linear background. The
results of the fit (x2 = 14.6/20 DF) give us a total of
32 * 16 events, : (169)
which ue attribute'té.décays (167 and (168). The phase space‘
Monte Carlo predicts an efficiency 0*'
€ =..067, ‘ , (170)
swhence | |
BR(Y » T*-(1385)%* + c.c.) = (.36 : 18 ¢ .09)Xj0'3, a7n
which includés an estimated 25% systematic error from model depen-
'Vdenf parameters. |

6.6 IHE DECAYS ¥ > An*3- and ¥ > Ap-3*

6.6.1 Branching fraction

‘Data reduction has already been discussed in section 6.5.1,
‘where we have made the obvious interchange - of the opposite sign
pion assbciated with the VEE. For these events, we plot the miss;
ing ﬁass oppbsitg fhe An system. shoun in figure 56. thlé in the
prévious:septibﬁ; thg An- cén be the decay of a ;‘, here no.such

decay is present, producing a radically different background shape
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recoil against Am* + c.c. events
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- Figure 56: Missing mass oppbsite Ant + c.c. events.

in figure 56. There is good evidence for an enhancement‘on top df
a combinatorial background, centered near 1.18 GéV/ci.A' uhich we
aftribﬁte to thg decays

Vo ATHES, - A
ahd

v ez, NEPED

Again, -ue Have a difficﬁlt ‘background subtraction for the rea-

séhé'meniionea-ib ééctién 6.5.2. Consequently, Qe use the preju-
dicés‘bf seciioh 6.5.2 énd hand. subtract the background. Thisv

leaves us uith
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118 & 18 events, | (174)
which we attribute to the reactions (172) and (173). The phase

space Monte Carlo estimétes our efficiency to be

€ = .065 - (175)

whence
BR(Y - An*3- + c.c.) = (1.38 & .21 &£ ..35)x10°73, - (176) .

where ue have included a 25% overall systematic~error.

6.6.2 Resonance production

Am* 4+ c.c. mass opposite I recoil
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Figure 57: Am* + c.c. mass opposite I recoil. Solid line is fit
B described in text.
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We now invesfigate the An syétem for possible resonance forma-
tfon, encouraged by the resUlts_in section 6.5.3. We select events
"thch have 1.14 ¢ mmaqp € 1.24 as Am events wuhich have a I recoiling
against tﬁem. figure 57 sh§us'the An mass opposite the tagged =
'rec§il. ‘Thére is fgir eyidenqg for the SU(3) violating decays
¥y = I**(1385)%-, , (177)
gnd
¥ s Er-(1385)50. O ae
Lue fit the peak in éxactly the same | uéy_as in secticn 6.5.3.
The results of the fit (x? ; 17.4720 D?).giVé us a total of
| | 27 £ 10 events{ - | (179)
uhich ue attribdfe fd.deﬁays Q77 . éhd't178). The phase space
Monte Carlo'pfedicts an efficiency of.
| € = .068, S ‘ (186)
~ uhence | |
BR(Y » ;f?(13$5)§' + c.c.) =‘(.30 £ 112 .0$)x10'3, 181)

~which includes an estimated 25% systematic error.

6.7 IHE DECAY y » =-5*

; 6.7 Data reduction

For events uhicﬁ have either a A and additional w” or a A and an
T,  we form the invariant mass of the Am system, shown in figure
58. There is a'clear'enﬁancement, centered near 1.32 GeVs/c?, indi-

cating Z-(3*) production. For.events with

1.312 ¢ map € 1.33 GeVsc?, (182>
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Vv) > (Am" ¥ X) + c.c.
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Figure 58: m(Arn” + c.c.).

the three body mass is set to the knoun (1.32132 GeV/cz) =" mass,
and the = energy is recalculéted. This 1is very similar to a 1IC
fit. Figure 59 shous the missing mass opposite theLAn system for

events which satisfy the © hypothesis. There is a clear enhance-

ment, centered near 1.32 GeV/c2, uhich we attribute to the decavb'
v TE, _ - (183)

Figure 60 shous a beautiful ¥ » Z-Z* event.
The events with mmz > 1.5 GeV/c? are due to the decay
v > Z-E+p°, , (184)

or possibly the SU(3) violating decays
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v - (An” + X) + c.c.

T T l T T t T l T T T T "I T T ¥ T ] T ¥ ' T T T
60 — v -
r— - -
40 — _ v . ]

events per 10 MeV/c"

“ | RE
NI S IR BN R A

1.2 13 . 1.4 1.5 1.6
' mm(An~ + c.c.) (GeV/c")

[

Figure 59: mm(Z" + c.c.).

’ | ¥ - ZTEX4(1530) + c.c.. - (185)
- At this stage it is difficult to separate out the two contribu-

tions.
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RUN 4397 REC 7831 E= 3.10 2 PRONG PLUS HADRON (5-5)
MARK II - SPEAR

-

Figure 60: A spectacular ¥ % Z°Z* event. Both A’s decay over 10cm
from the primary vertex, and the = vertices are visible as neither
of the other two pions seem to come from the primary vertex. Track
1 is an antiproton, track 6 is a proton, tracks 3 and 4 are n'’s,
.and tracks 2 and 5 are m°’s.
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' 6.7.2 Anqular distribution

| angular distribution for ¢ -» =7=
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.Figure 61: _Angular distributfon for v » =°=2*.
For events which have

1.26 ¢ mmz < 1.36 GeV/c2, ' e
we plot the directibn of the =- with respect to the positron beam
direction, shoun in figure 61. The distribution has been corrected
by-a&ceptance b; the phase space Monte ¢arlo. where spin-spin cor-

relétiong have.been'ignore&. A fit is done to the hypothesis
dN

= No(1 + aCos?8), (187)
diCosfl '
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- where we reflected the dist;ibufion about Cos® = 0 due to the
marginal statistics, The results of the fit (x2 = 4.0/6 DF) give us

| @ =-.13+ .59 - .51 (188)

Obviously, (188) is not uwell determined by .this experimeht.

6.7.3 Branching fraction
From figure 59, we attribute
194 + 14 events, (189)
to the decay (183). Since (188) is very consistent with zero, we
do not correct for the production?mechanism. fFrom this, uwe esti-
mate an efficiency of
| € = .129. | (190)
Combining (189) and (190), we get
BR(YV » =-5%) = (1.14 & .08 & .20)%10"2, (191

where uwe have included a 15% model dependent systematic error.

6.8 THE DECAY ¥ = ¥*-(1385)F**(1385)
6.8.1 Data reduction | |
Selection of A’s has been discussed in section 3.4.2. We select
pions by imposing the additiﬁnal constraint that the pion not orig-
inate from any secondary vertex. This cuf elimihétes pions from Ksg
_ decays. . |
For these events, we form the An-(An*) mass, shoun in figure 62.
There is a narrou Z- peak, centefed near 1.32 GeVsc?, and a broader
pe#k céﬁtered ngaﬁ 1;38 GeVsc?, which we aftribute to the P’43 I=1

'strange baryon resonance, the I*-(1385)(E**(1385)).
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Figure 62: 'm(An‘ + c;c.).

We then plof theAﬁissing mass against the Z*;(1385), shoun "in

figure 63. There is clearvevjdencé .of a peak near 1.38 GeV(dzy

uhich Wwe attribute to the decay.

¥ > E*-(1385)F%*(1385).

(192)
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v - (£7(1385) + X) + c.c.
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Figure 63: mm(E*-(1385) + c.c.).

6.8.2 Branching fraction

Due to tﬁe paucity of evenfs from (192) in the data, we use our
personal prejudice and subtract the background underneath the peak
by hand. from”this, we estimate |

47 % 10 events, (193)
due to (192). 'Our effibienéy was calculated bQ Qenerating events
of the topolbgy (192) according_to. a phase space distribution,
where the E*-(1385) is a 40 MeV uide resonance of the A and the u-.
From this, we estimate an efficiency of

€ = .058, ' _ (194)
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where we have includea a factor of .88 for the X* = Aw branching
fraction. Fombining (193) and (194), our result is

BR(Y » E*-(1385)F**(1385)) = (.80 * .17 ¢ .205x10'3; (195)

where we have included an overall 25/ systematic error.

6.9 IHE DECAY ¥ = I**(1385)F*"(1385)

6.9.1 Data reduction

‘A" + c.c. inclusive mass spectrum
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Figure 64: m(Ant + c.c.). the»fhere is no = signal in this
charge mode. '
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missing mass against £**(1385) + c.c.
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Figure 65: mm(Z**(1385) + c.c.).

A identification has been previously discussed in section 3.4.2.
for this measurement, uwe require that the pion not originating from
the A deéay come from the primarg vertex. This eliminates pions
uhich'originate from other secondary vertiqes (primarily other A
decays but also Kg decays). For these events, ue plot'the in?arif
ant méss of the An*(An-), shoun in figure 64. ‘Thére is a clear
peak centered near 1.38 GeVs/c?, indicafing I**(1385) production ﬁﬁ
top of a substaﬁtial combinatoric background.

The missing mass for events with

1.36 < m(An) < 1.41 GeVrsc?, - 196)



142
is shoun in figure 65. There is a peak centered near 1.38 GeVsc2,
indicating the decay

¥+ E*(1385)E*" (1385). 19N

6j9.2 " Branching fraction
Do to the r#pidly changing background in the vicinity of the
recoil peak and the statistics of the peak, ué’subtract the back-:
: grodnd bnder the peak 5y hand.  From this, we estimate
| 80 * iS events, | ‘ ' (198)

Vaésociatéd with reaction (197);. our efficiéncy was calculated by
generatiﬁg events of the topology (1975 'according to a phase space
distr%bution; tﬁe fo(1385) beingia 35 MeVsc? wide resonancé of thg
Anféystem,> From this, ue estimate an efficfency of ¥  

- | | €= éos7, _ (19D
uhere we have included a vfactor‘of .88 due to the I*(1385) » An
‘ bfanching fraction.. our fesult is
BR(Y - Z**(1385)i*f(1385)) = (1.17 ¥ .22 % ,29)x10°3, (200)

where ue have included an overall 25% systematic error.

6.10  THE DECAY ¥ » 50F0

6.10.1 Data reduction

VThefzb'decays essentially 100% of the time into A?.‘ The momen-
fum of either decay produéf_jn the =% rest sy;tem is dnly 74 ﬁeV/c.
Cdnsequently,.ug haye Ver& little possibility 6% réconétructihg the
$° from its decay products. MWe bén, however, gét a hand!evon.this

decay by a stightly more clever technique.
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AA inclusive mass spectrum
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Figure 66: m(AA) for all events.

Figure 66 shous the invariant mass distribution for all events
with a reconstructed A and A. For this measurement, we do not make
any secondary vertex constraints, as the A and A constraints in the
same event limit the avaifable phase space to such an extent as to
essentially eliminate all background events. Figure 66 shous three
distinct features:

1. There is cféar evidence for a peak centered near 3.1 GeV/c?

from the decay v » AK (135).
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'2. There is ; broader peak‘centered near 2.9 GeV/¢cZ, which will
be discugggd be}oy. ._

3. There is a very broadiline shape below 2.8 GeVs/c?. In the
MKI®2 analysis, this uas attributed to the decays ¥ = Z-3¢
(183), énd the isodoublet partner decay

¥ 2030, _ (201

In fact, other decays which havé final statés bf the topol-
ogy ARTm will popufate the fegion belou é.% Gev)cz. As this
experiment has shoﬁn other decay modes ”of the ¥ such as

- (192) and_f19?) which have this final state, uwe may not use

k figure §§ to establish a result for reaction (201).

vThe_iéoscalér nature of the ¢:may be used at this point to-good

advanfage. One can easily show that essentially all events for ‘the

" .decay

v » $0%0, . (202)
have mpj )A2;8 GeV/c2. Nou mpjz for AAnm events - is ¢ 2.8 GeV/c2.

The only way this helps ué-isvthat the decays

v > A&n%, S (203)

and
v s AEO +co.e., T 208
‘are I-spin forbidden as”tﬁe'fihél' state muSt”be I=1. . Also, wue

" expect the decay (if present at all)

o v > ARy, : 7 (205)
to be suppressed relative to (135) by roughly an order of magni-
tude. Consequently, we féel safe®? ih attributing all the evenfs

with
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2.84 ¢ mpjx < 2.96 GeVrsc? : (206)

to the decay (202).

6.10.2 . Angular distribution and branching fraction

angular distribution for ¢ - £°%°

o
0
Q
.
-

0.15 |— | S | $

0.10 — » ’

events per .1 (arbitrary units)

0.05 — S ]

0.00 AL J 1 1 I 1 1 1 i S l 1 e 1 1 l 4 |
o - - 0.2 ’ 04 0.6
' dN/d|Cos8|

Figure 67: £93% angular distribution.

Since we never actually reconstruct the %, we have to be a 1it-
tle bareful when measuring the angular distribution. Again, hou-
ever, the kinematics have been good to us. Since the v ia a zero

. mass particle and the decay momentum in the X° rest system is only
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74 MeVs/c, the angle between the A and the 2% in the lab system is

(see Appendix B) always less than 4°. Thus, to a very géod approg-
imation, the A direction mimics the X° d{recfion.

| Figure 67 .shousvthe-29§° ‘angular'distribution. corrected for
acceptancevby the phase spa&elnonte Carlo. Both the A and the I°
are allowed to decay according to their knouwn branching fractions.
_A_fit of the form.(18i) is done.to thé angUlér distribution, from
which we get (x? ='2.23/5 DF)

= .68+ 1.2 - .97. _ (207)

. In. view of the large error, there is.not much information in (207).

‘The branching fraction is now a simple calculation; we must only

~correct for the measured angular diétribution in our Monte Cario

'efficiency, whence
€ = .043. ' .(208)
fromvfiQUre 66, we attribute
.90 * 9 events, (209)
to reaction (202). Comb{ningv(ZOQ) and (208), our result is
 BRy - $9F9) = (1.58 + .16 * .25)x10°3, 210
f’;hehe we havé: included'a 15% systematic error due to the meaéured

aﬁgular distributiqn in’quadrature.

“
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6.11 SUMMARY
6.11.1 Discussion of stranage baryon decays
The MKI®2 has measured
BR(Y » AR) = (1.1 & .2)x10°3, (211

(* 157 systematic errors). The tuo results (211) and (146) differ

by 20. From experience with the Monte Carlo, the efficiency calcu- =

!a%ﬁnn—is-qui%e—%FickyT———lhe—pion_momenium.in_ihe_A_Lesj_sysiem_js

;nly 100 MeV/c;. consequently_the resuiting pion momentum sbéctruh
from A’s is very soft. As our reconstructiﬁﬁ algorithms (gnd pre-
sumably those of reference 62) have diffichlty below 100 MeV/c
transverse momentum, and dp/dx correctfohs become signifiﬁant at
lou momenta, the appareqt discrepancy is not difficdlt to envisioﬁ.
In our Monte Carlo HOKL, a detailed simplation of nuclear interac-
tions, dpsdx losses vand the actual drift chamber performance are
used. In add{tion} (146) uses the’méésured angﬁlar distribution
(138) tﬁ_correct for the v production mechanism,:uhiCh is the larg-
est component of the systematic error due to our poorvacCeptan§e at

large 1CosBl.  Reference 62 does not explicitly measure this quan-

tity and presumably assumes a ,l+00529'distribpt5§n for the prodUcf'
tion mechanisma This exbfanation hés.the “ﬁorrectQ sign fof the.
difference of the tuo results. Even éo, the'fuo_experiménts are: in
good agreement when all errors are considgred}

We have presented measurements of-the'l-spin}conjUgate reactibns(
v > I* (1385)E**(1385), (192) and ¥ - I**(1385)T*(1385), (ié?).

Since both (192) and (197) have identical I-spin structure, the
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rates must be identical. Our results (195) and (200) are in excel- .

lent agreement.

ﬂe have measured ihe I-spin conjugate reactions
¥ > I*T(1385)%* + c.c., : Qe ~and . (168); and
¥ - F**(1385)%° + c.c., (177} and (178). éince all f;ur have the
_ - same I-spin‘gtructure. their brénching fractions (171) and (1381)
'must be identical.. They are in excellent agreement with this pre-

diction.

6.11.2 . Summary of strange decays

In tablg_s. we summarize the results of this chapter for bothv
this experiment and the MK! experiment. @ When more than one meas-

urement has begngmade from this experiment, we list the "best"

result, .yher;_"best“‘is defined as the measurement with the small-
est comﬁined errof.. |

The qply real shrprise in. table §  ié that'_the rat§ for
§:+ 5Kf§f§(1385) + c.c. is larger than for v = pK*:%.  This coqld

be an . artifact of the statistics, or some subtle problem in the

background shape, but both modes have foughly the same number of

events and tﬁe,pKZ_channelAhas; a much higher efficiency . as phase

sQace is rapidly running out.
Perhabs the most interesting results of this, thesis is the large
variety of tuwo body hyperon decay modes of tHe v. We denote Bg(Bg)

to be any member of the 1/2* baryon(antibarybn)‘octet. and Byg(Bqg)

to be any member of the 3/2* baryon(antibaryon) decuplet. Table 6
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TABLE 5

Strange decays of ¥(3.095) (units of 10°3)

Decay mode

This experiment

(: 157 sys. errors)

MK162

BR(v »

AR) 1.58 ¢+ .08 ¢ .19 1.1 ¢ .2
BR(y » 29390) 1.58 ¢ .16 & .25 1.3 ¢+ .4
BR(Y =+ Z-E%) 1.14 = .08 * .20 1.4 + .5
BR(Y > X*-(1385)%* + c.c.) .36 * .18 * .09
BR(Y - I**(1385)3- '+ c.c.) .30 ¢ .11 £ .08
BR(Y - T*-(1385)I**(1385)) .80 * .17 ¢ .20
BR(Y = I**(1385)I*-(1385)) 1.17 *+ .22 + .29
BR(Y = PK*A + ¢.c.) .89 * .07 & .14
BR{Y = PK*I% + ¢c.c.) .29 ¢ .06 .08
BR(Y » PK*E*0(1385) + c.c. ) .66 * .26 * .11
BR(Y = An-3* + c.c.) . 1.53 ¢ .17 ¢ .38
(incl. $*-(1385)%* + c.c.)
BR(Y = An*Z" + c.c.) 1.38 £ .21 ¢+ .35
Cincl. E**(1385)%" + c.c.)
shows the  reduced branching fraction IMI2 for all decays of the
type

¥ > Bség

(212)

where we have divided out the phase space factor of

tistical and systematic errors.

the matrix elements M for BgBs.

e
Rz=—

Vs

corrésponding to tuo'body phase space.

(213)

We have also combined sta-

This allous a djredt comparison of
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TABLE 6

Reduced branching fractions for ¥ - BgBg (units of 10-3)

“

Decay mode Value
IM(Y - Bp)l2 ' 1.73 ¢+ .13
IM(Y =+ AR) )2 - - 1.45 & .18
IM(y » £°%9))2 ' N 1.58 + .30

> 2542 ) 1.39 * .26

IMCy

The reasonvthis is interesting is that the v is presumed to be
~an SU(3) singlet. In that case, all the matrix elements‘fof BaBg
should be the same. A1l four of the measurements in t;ble 6 are
totally conéistent with the V¥ being'a pure_SU(3) §inglet.

We may makg the same comparison for the decays

L I 810:8.10!' v (214)

shouﬁ in table 7. The fhree measurements in table 7 are in gpod
agreemént with each other.
For completeness, ue presenf'results for
| ¥ » BgBio + c.C., . ©(215)
shoun in table 8. Only two values are given, but the mégnitudé of
the SU(3) viclating matrix elements seems large when compared uwith
_t;bles 6 and 7. |
-.Tﬁe'angular distribution of nucleon-antinucleon pairs froq heavy

quark decays, especially the ¥ and the ¥/ have recently become of

K
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Decay mode

TABLE 7

-

‘ Reduced branching fractions for‘W + ByoB4o (units of 10-3) .

Value
IM(Y > 8+*8--) |2 . 1.07 % .29
IM(Y > E*-(1385)E*¢(1385))]2 1.13 £ .37
IMCy > E**(1385)E%(1385)) 12 1.68 + .48

TABLE 8
Reduced branching fractions fpr V¥ » BgBio + c.c. (units of
’ ' 107 S ' '
Decay mode Value
IM(Y » E*-(1385)F+ + ¢.c.) |2 .46 + .28
IM(Y > E**(1385)%- + c.c.)|? .37 ¢ .13

theoretical interest.¢%:6% 1In particular.“the‘aufhors of reference

68 prédict from adhadronig ﬁélicitQ consérvatibh argument of QCD

that
S ) do

d(CosB)

- & 1 + Cos20,

(216)
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while reference 69‘predicts from a calculatipn_ involving isospin
violating effects that

do m?y - 4m?p o _
-_— « | + ————Co0s26, C(217)
d(Cos8) mZy + 4m2g :
for baryon-antibaryon pairs, where mp is the mass of the baryon.
‘Table 9 summarizes‘ the results‘of this'expefiment for the -angular
“distribution of bgryoh—ahtibaryon pairs, along with tﬁe prgdictjoﬁs
of references of érodsky68 et al. aha Cléudsbh"ugi glj:;‘.kefef~
ence 69 appears_téfbe'févﬁréd'ovef reference 68, but the data does

not allouw us to make a clean separation.

TABLE 9 -

Angular distributions for ¥ = BgBg

a for 1 + aCos?8 ahgular distribution

-

DeCayzmode This experiment  Reference 68 Reference 69
vepp .61 + .23 - .22 1 .46

v = AR .72 +. .38 - .34 1 .32

y =+ 30%° .68 + 1.2 - .97 1 .31

A s - 1

=-E © -.13 + .59 - .51 .16

<F

”'\
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Appendix A

NONLEPTONIC HYPERON DECAYS

For purposes of the Mohfe_tarlo, we’? summarize the theoretical

formalism for nonlepton}c hyperon decays. The motivation for this

outline is that weak effects (e.g. A polarization) may be observ-
able at the V.
The transition matrix M for-any hypéron decay may be uritten as

M = s+p(5-3), _ (218)

where s and p are the parity-conserving and the parity-changing

amplitudes respectively, o is the Pauli spin operator, and § is the

unit vector along the direction of the decay bafybn in the hyperon

rest frame.

Asymmetry parameters may be defined by the following relation-
ships

2Re (s*p) .

a = —, (219)
Isli2+1pl2
2Im(s*p) .

B = —m88, : (220)
Isl2+|pl?2

and

Isi2-tpl?
———— (221)

.
1t

IsiZ+lpl?

- 1583 -

- .
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With the transition matrix (218), the angular distribution of
the decay baryon in the hyperon rest system is

I = a(By @), (222

ﬁhere By = C<YIolY) is the polafization'of " the decayfng hyperon.

The polarization of the decay baryon is

By IG+B (Byxd) +73x (B yxd)

P = . 223

1+a3y-a
uhére 33 is defihed‘in the baryon rest system obtainedﬁby ﬁhe Lof—
"~ entz transform along ﬁ from the hyperon rest system in which Py and
§ are defined. | | |
| Conventionaily, non]eptqnjc hyperon decays are described; in
terms of tuo independent parametefs d, the dgcgy asymmetry, and the

angle ¢, defined by

o -
" o

Vi-alsing, . 29

and

v = y1-a2Cos®. (225)
The tuwo parameters a and é are‘conventionally quoted to determine

‘the decay distributions of -the hyperén."
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Appendix‘B

TWO BODY DECAY OPENING ANGLES

This is a complétély general formalism for any two body decay
a » bc. the problem is to find the maximum angle between b and the
flight direction of a ih the lab system, assuming a has a definite
momentum in the lab.
Consider first the a rest system. Define an éngle 6 such that
. e d - .
. . Pa'Pb . - .
Cos® = — ™, (226)
1Palldpl
where Py is the momentum vector of a in the lab system and Pp is-
the momentum vector of b in the a rest system. - Clearly, BPb = -Pa

in the a rest system. The 4 momentum of b in the a rest system

(dropping the>b subscript) is just ‘

py = pSing, (227)
_ Pu = RCosS, ' (228)

‘and |
E = JS?_I'E?i‘ : (229)

He nouw Lorentz transform into the lab system (denoted as the

coordinate system). The lab four momentum of b is

py’ = py (230)
Pu = Y(py + BE) ' (231)
and

£ = v(E + Bpy)» (232)

- 155 -
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where v and B are for a in the lab system. The angle between a and

b in the 1ab system is just

Pu’

CosB’ =
. p’
‘ v(pCosH + BE) )
= . . (233)
VpZ + (¥2-1)p2Cos26 + 2v2BpECosh + Y2B2E2

One . can 1in principle use (233) to analytically find the maximum
opening angle, but it ig easier to solve (233) -numerically for the
allowed values of Cos®. It‘is clear for p much less than E that
COSG’ is always near 1. Intuitively, fhis is just that the heavigr
particle of b and ¢ tends to follow the a direction in the lab sys-

tem, regardless of hou a decayed in its rést system.
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