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ABSTRACT

The properties of jets produced in e ¢ annihilation have
been investigated using data taken with the iark 1 detector
at SPEAR. The mowentuw distributions parallel and
perpendicular to the jet axis were measured for all charged
tracks, forkYs, and for eos. The K° and eo pt?
distributions are well fit by the form dn/dpt? = A exp(-o*
pt?) with B = 4.6 +/- 0.2 for K9 and 5 +/- 1 for eos. The
charged particle Pt distribution cannot be fit with a
single exponential, but is similar to that of kKOs and eos

2

above Pt® ~ 0.2 Gevz. The charged particle and &0 parallel

momentum distributions are similar in shape and

BSTRELTIGN oF Tl BOSyMT C SouilllTy



approximately exponential. The production of eos at low
parallel momentum is suppressed. The average number of Qos

per event is 0.4 +/~ 0.1.
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Chapter I

IWTRODUCTION

According to the yuark-parton wodel, hadronic final

states are produced in ete™ annihilation via a three step
process: the electron ana the positron annihilate to foria a
heavy virtual photon, the photon produces a quark and an
anti-yuark, and they in turn produce hadrons. The first two
steps are descrivped by well-understood Quantun
Llectrodynaales and are exactly the same in lowest order as
for the process e+é' ——9}H}F except that the quark ciharje
replaces the jauon charye. Thus the ratio R of the cross
sections for e'e¢  —> hadrons and e'c” -—9/Aﬁu_ should be
constant and eyual to the suin of the syuares of the yuark
charyes wnultiplied by 3 becausc each quark can have each of
3 colors. In fact the datal show two rejions of nearly
constant R, in approximate agreement witih production of up,
down and strange guarks (charyges 2/3, -1/3 and -1/3, hence
r=2) oelow 4 GeV, and witn the addition of charned guark
production (charae 2/3, ilacreasing k to 3 1/3) above that

eneryy. Tlie discovery of the psi particles at 3.095 Gev?,

15, L. siegrist (tiesis) SLeu=225, 1379,

ZJ.-G. Augustin et al., Puys. rRev. Lett. 33:1406, 1974
J. J. Aubert et al., Pnys. Rew. Lett., 33:1404, 1974.



3.585 Gev3, and 3.77 Gev? and of charmed meson production
9 -
above 4 Gev> has given strony support to the presence of th:

charwed quarx in this picture.

+ -
1.1 DISCUVERY OF JETS IN € € ARNI4ILATION

The mecphanism by which guarks turn into ihladrons is not
well understood, but the :sug;._;estion6 that the hadrons might
cluster about the Juark direction, resulting in two
oppositely-directed "jets" of particles ian ete”
anninilation, was investigated by Gail Hanson using mark 1
data taken at center-of-mass energyies between 3 and 7.8

cev’. Evidence fot jets was seen at center~of-mass energies

apove 5 GeV.

The clustering way be expressed as a limitation of

wowentun transverse to the yuark direction, similar to the

36. $. abraams et al., Phys. Rev. Lett. 33:1453, 1474.
45, Rapidis et al., Phiys. Rev, Lett. 39:526 and 974, 1977.

5G. Goldhaber, F. Pierre, et al., Phys. rev. Lett., 37:255,
1976.

“S. D. Drell, D. J. Levy, and T. i. Yan, Phys. Rev.
137:2159, 1969, and Phys. Hev. D1:1617, 19Y70.

N. Cabiobo, G. Parisi, and m. Testa, Lett. nNuovo Cimento
4:35, 13870.

J. D. Bjorken and S. J. Brodsky, Phys. Rev. D1:1415, 1970.
R. P. Feynuan, Photon-liadreon Interactions, (w. A. Benjauin,
Inc., 1972), p. la6.

7. uanson et. al., Phys. Rev. Lett. 35:1604, 1375.
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limitation of momentuwn transverse to the bean direction that
is characteristic of hadron interactions. we might expect
the average transvarse monentuw in e¢'e¢” annihiilation to be
similar to the .3 to .4 GeV/c averayge transverse nomentun
seen in hadron interusctions. In e*tc¢ anniailation, the
averaye hadron mowmentum increases from .47 to .60 GeV/c as
the total center-of-mass enerygy goes frowm 3 to 7.4 Gev.d
Thus tiiese encergles are not sufficieatly high for the
clustering to be oLvious in a visual inspection of events;

our jet studies must rely on sculistical analyses.

One would like to plot the hadron mowmenta transverse to
tile yuark direction. lHowever it is lapossiile to know the
Juark direction for any given event since hadrons, not
quarks, are detected; but if this picture were correct one
would expect that the quark axis would be close to an axis
which in sowe way minimizes the transverse womenta of the

hadrons or maximizes the longitudinal wowmenta.

The particular approach used was suyyested in a footnote
to a paper by Bjorken and Brodsky9 and is described in
detail in chapter 3 of tiis thesis. The sphericity axis is
defined to miniwmize the sum of the syuares of the transverse
monenta. Of course, sucia an axis exists for any eveat.

Figure 1 illustrates this for a rionte Carlo model which has

8J.L. Sieyrist (thesis) SLAC-225, 1979.

93.D.8jorken and S5.J. srodsky, Phys. Rev. L1:1416, 1970.



a wultiglicity distribution ciwsen to fit our data above 7
Gev but with the particle mowenta distributed according to
Lorentz-invariant phase space, hence not jet-like.
Yransverse womenta relative to an arbitrary axis and to tie
spnericity axis are plotted. For events of infinite
multiplicity these distributions would be the same, but for
our averaye detected wmultiplicity of 4 the sphericity axis
ylves substantially lower transverse aonenta. However tie
transverse momenta relative to the sphericity axis for the
data are considerably lower than for this phase space wodel,
which weans there must be a real effect liwiting the

transverse nowmenta,

The elfect 1s shown better in terms of the spuericity
whicin is defined as the minimum of the sum of the syuares of
tiie transverse momenta, norimalized to a maximum possionle

value of 1.0:

n 2
suiy Pt
i=1 i
S = 1.5 min =vmemmeeea-
n 2
sup P
i=1 i

The spitericity distributions for several center-of-nass
eneryies are siown in Figyure 2 and contrasted to the

predictions of the phase space nodel.
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figure 1: Observed Pt2 pistribution.
a) Pt? relative to an arbitrary axis for all detected tracks
of the phase space onte Carlo.
b) rt? relative to tiue observed sphericity axis for all
detectud tracks of the phase space ronte Carlo.
c) pt? relavive to the observed sphericity axis for the
data.



" OBSERVED SPHERICITY DISTRIBUTIONS
HADRON EVENTS, 2 3 PRONGS
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Figure 2: Observed Sphericity Distributions for Jata
(points), jet model (solid curves) and phase space nodel
(dashed curves) for center-of-mass energies (a) 3.0 GeVv, (D)
6.2 Gev, (c) 7.4 Gev.



Tne data also disayree with the phnase space nodel
predictions for the distripution in scaled woumentum X =
P/Pmax for A>.4 as shown in Figure 3. To show that the
disayreement in spihericity is not due only to this excess of
high momentun particles, the sphericity distrivbution is

shown in Figure 4 separately for events in wnich there is no

detected track of X > 0.4.
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Figure 4: Observed Sphericity Distributions at 7.4 GeV
center-of-mass energyy for data (points), jet model (solid
curve) and phase space wodel (dashed curve): (a) for events
containing no detected track of X > 0.4, (b) for events with
a detectad track of X > 0.4.
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A very simple jet model was constructed to incorporate

the limited transverse momentum. The progranm GenIslO

was
used Lo yenerate transverse wmomenta with a exp(-b Ptz)
distribution ana lonyitudinal mowenta according to Lorentz
invariant phase space. All particles were assumed to be
plons. The total multiplicity was chosen with a Poisson
distribution. Thne average total multiplicity, the average
fraction ol pions that were neutral, and the transverse
momentul parameter B were adjusted to fit the data. Initial
state radiation was included as described in Appendix A.

The resulting agyreement with the data is excellent as shown
in Figures 2 and 3. In the contrasting "phase space model”,
all three couponents of nomenta were chosen according to

Lorentz invariant pnase space using the progranm cogen, 11

1.3 ANGULAR DISTRISUTION OF JuT AXIS

The quarks and hence the jet axis sihould have the sane

1+cos?y distribution as the muons in & & ——9/x+#‘, wnere o

is the polar angle with respect to the ¢t bean direction.

witnin the limited @ acceptance of the mark 1 detector, this

luw. Kittel, L. Van iliove and w. Wojcik, Coup. Phys. Comm.

1:42S, 1970. +this program has since been replaced with
the more efficient GenNIUS: DU. €. Carey and D. Lrijard, J.
Cowp. Phys. 28:327, 19748.

1y, 4. Friedwan, J. Conp. Phys. 7:201, 1971.
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anyular distripution is very hard to determine. However it
turns out that for sowme center-of-mass energies the
electrons and positrons stored in SPEAR become polarized
along the direction ot the maygnetic field of the bending
magnets of SPLar. In this case the angular distribution is

dao

— ~ 1+ ocos?8 + P2 sin%9 cos2d

d
where P 15 tne magnitude of the polarization and 9 is the
azimutnal angle about the beaim axis wmeasured from the plane
of the storage ring. The polarization has a time dependence

P(t) = P, (1 - exp(~-t/T) ).

The cos20 angular dependence was observed!? in the & &
——9/Uﬁ" reaction witn Poz = .76 +/- .05 and T approximately
10 minutes at 7.4 GeV, indicating the existence of beam
polarization at this energy. The cos2) dependence was also
observed}3 for the jet axis: Figure 5 shows the
distribution of the jet axis at an energy where polarization
does not occur and at 7.4 GeV where it does, 'The data with
polarization are consistent with the prediction for tiue
distribution of the detected jet axis for A=1.0 and the

time-averaged value of P2 = 0.47 as determined from ¢ & —>

12,.G6. Learned et. al., Phys. Kev. Lett. 35:1688, 1975.
135, Hanson et. al., Phys. Rev. Lett., 35:1609. 1975. G.
nanson et. al., SLAC-PUB-1814, 1976. Also in Tutzing Conf.
1976:313 (QCD 161:C49:1976) and Tbilisi Conf. 1976:81 (QCD
161:151:1976:v.2).
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}n}f data taken sinultaneously. Tihe bLest fit yives K= 0,97
+/= J.14. Tnis angular distrioution is also evident in the
High womentum tracksld, rigure 6 shows the value of the

inclusive K as a function of tne scaled womentum X colpared

to tae predictions of the simple jet wodel.

1.4 DETALLED JET PROPERTIES

The existence of jets in e€"é anninilation was
established by the work we have summarized in this chapter.
That work used only final state chargyed particles, without
any particle identification. In this thesis, we extend the

investigation of jets to include some of the heavy
particles. we measure the total production of k% and eos,
as well as their momentun distributions parallel and
perpendicular to the jet axis. In addition, we repeat the
earlier measurenents of charyed particle momenta, using

Monte Carlo modéls which include heavy particle production

to check for systematic errors.

OQur data sawuple contains approximately 40,000 hadronic
events taken with the SLAC~LBL maynetic detector (rark 1) at
the electron-positron storaye ring SPEAR. These data were
taken with bean eneryies ranying between 3.5 GeV and the

maxlmun possible at SPEAR, 3.9 GeEV. The averaye total

La k. Scuwitters et. al., Phys. Rev, Lett. 35:1320, 1975,



13
center-of~mass energy for these data is 7.3 GeV. The mMark 1
detector has been replaced by the Mark I[, which has better
momentum resolution and somewhat larger solid angle. In
addition, the mark II has reasonable photon detection
capabilities, which were almost entirely lacking with the
Mmark l. However, high statistics and niyh eneryy are
important in the study of jets. The discovery of charmed
particles lead the Mark II collaboration to take most of
their data at lower energies, leaving the Mark 1 data

superior for jet studies in the SPEAR energyy range.
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Chapter II

DETECTOR

The data discussed in this thesis were taken with the
5PLAR maynetic detector (posthumously renamed the Mark 1) in
1975 and 1976. The detector had a .4 Tesla solenoidal
magnetic f[ield provided by 1.7 m radius coil with its axis
oft the beawm line. Inside the magnet were proportional
chanbers and spark chambers which provided charged particle
tracking over 73% of 44 sr. Scintillation counters just
inside the magnet coil were used for time-of-flight
measurements. A layer of lead-scintillator-sandwich shower
counters outside the magnet coil were used to distinguish
minimun-ionizing particles Erowm particies wnich produce
electromaynetic, showers. Scintillation counters around the
beam pipe ("pipe counters") were used in the trigyger. In
addition there were spark chambers outside tie maynet return
yoke and additional shielding to separate muons from
hadrons, but they were not used in this thesis. Figures 7
and 8 show the size and placement of the various pieces of
the Mark 1. Table 1 lists the thickness of the various

parts.

The standard coordinate system was right-handed with the

2z axis parallel to the beam and the y axis vertical,



SPARK CHAMBERS

PIPE COUNTER

Figure 7: mark 1 Detector
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indicates the solid angyle for charged jparticle detection
(limited by the lengtn of the third spark chauber module).

lengt



TABLE 1

MARK I DETECTOR COMPONENTS
(all dimensions in cm)

Fraction of Fraction of
Ttem Average Fraction of 4= Length Thickness Radiation Absorption
Radius Acceptance (2) Length Length
Beampipe §.0 - - 0.0273 0,016 0.002
Pipe Counters 12.0 0.83 90 1.37 0,033 0,020
MWPC1 17.3 0.82 225 1.98 0.0066 -
MWPC2 22.4 0.88 41 1.98 0.0066 -
WSC1 66 0.86 *110 3.8 0.0017 0.001
WSC2 91 0.77 *110 3.8 0.0017 0.001
WSC3 112 0.73 t120 3.8 0.0017 0.001
WSC4 135 0.71 t134 3.8 0.0017 D.001
TOF Counters 152.4 0.65 *130 2.5 0.060 0.037
Coil 166.4 0.74 1182.9 11.0 1.0 0.24
Shower Counters 178.4 0.66 *155 13.0 5.79 0.22
Flux Return 211 - *183 20.0 11.4 1.17
Muon WSC 219 0.73 t234 5.7 0,22 0.07
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parallel to the nagnetic field of the bendinyg waygnets of

SioAic., The origin was at the center of the detector which
was also the nominal intersection point of the et any e
peans.  The angle v was measured from the +z axis; O was

measured in the xy plane from the +x axis.

gach of the four spark chamber wmodules had two spark
gaps, one witn the wires strung at +/- 2 deyrees to the
bean, the otner with wires at +/- ¢4 deyrees. Since siynals
were read out on all four "planes" of wires, this gave two
space points per wodule., The efficiency measured on-line
was at least Y0% per plane. The wire spacing was 1 mnm,

yiving effective spacings in z of 29 mm and 14 mm.

The two proportional chambers were installed as close as
possible to the bean pijpe to improve the vertex
reconstruction. All the wires ran parallel to the bean and
only anode readout was used so there was no z information.
There were 512 wires per chawmber, giving wire spacings of
2.1 ma at a radius of 0.17 m and 2.8 mm at 0,22 w. The

efficiency measured on-line was at least Y0% per chanber,.

rmore detailed descriptions can be found in tiie several

N . . g
thieses on the Mark 1 which have precedea this onel’.

15 obert iollebeek LBL-3374 (1975);
Join Zipse LBL-4281 (1975);
J. Scott wWhitaker LbBL-5513 (1976);
Jaiaes Wwiss LBL-6725 (1977);
Petros Rapidis SLAC-220 (1979);
James Sieyrist SLAC-225 (1979)
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2.1  TRIGGER
The hardware trigger required combinations of signals in tne
various scintillation counters. A signal in the pipe
counter was required to reduce cosmic ray backyground. In
addition two charyed tracks were reyuired to produce signals
in the timne-of-flight counters and the shower counters. The
use of the shower counters in the trigger was necessary to
reduce backgrounds from non-annitnilatlon events which were
found to produce mainly low energy particles. Some of these
could reach the time-of-flight counters, but most of then
stopped in the 11 cm thick aluminum maynet coil before
reaching the sihower counters. ‘1o ensure that the shower
counter signals were due to charged tracks, a shower counter
signal was used only if one of the four neatcby
time-~of-flight counters also fired; this combination was

called a "TASH".

The TASH efficiency as a function of mwomentum is shown in
figure 9. This efficiency was measured from the data usiny
events with three or more tracks. At high momentum the
efficiency levels off to a value sowmewhat less than 1.0
because of counter inefficiency, due mostly to the cracks
between the 24 shower counter modules. At low momentun it
fails to reach its expected value of 0.0 because a low
mowentum track and a photon hitting the same counter could

tojether make a TASH.
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Figure 9: TASi efficiency as a function of womentum for
charged particles with |[cose]<0.55 in wulti-nadron events.
vne arrow indicates the accidental rate.



Unfortunately tiis reguirement of 2 TASHes also
eliminated some annihilation events. rionte Carlo studies
indicated that 65% of all nadronic events would have 3 or
more charged tracks in the 73% solid angle of the detector
with at least 150 meV/c momentum transverse to the beam, and

that 88% of these events would trigger.

2.2 TKACKING

The track-finding program required a track to have a
signal on at least three of the four planes of three of the
four spark chamber modiles. Using the efficiency per plane
of 90% this reguirement gyives an efficiency per track of
98.5%. To reach the third spark chamber module a track
needed a ninimuin of 67 MeV/c momentum transverse to the
beam. Since hand-scanning of events showed that some fake
tracks were found with hiyh curvature and that the spark
chambers were less reliable for tracks far from normal
incidence, a higher cut of 150 MeV/c was made. Tracks which
did not pass within 60 cm in z and 15 cm in xy projection of
the oriyin were discarded. The woientum resolution was

approxinately g/p = 2% p.

2.3 EVENT SELECTION

Only events with three or more detected tracks passing

tne above cuts were used. To ensure a valid triyger, at
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least two of tunese tracks as reconstructed nust point
towards a time-of~-flijght counter and a shower counter that
actually fired. A vertex was formed from all the tracks in
an event. It is essentially the point which has the
snallest nmnean distance-of-closest approacn to all the
tracks. ilistograms ot the vertex position are shown in
Figure 10. If this vertex was further than 10 cm in 2z or 4
c.t in xy projection from the origin, the event was assuned
to be due to a collision of a beaw particle with the bean
pipe or with the residual gas in the pipe, and it was
discarded. Further cuts were applied to the 3 and 4 prony
events to reduce backgyround from multi-prony Bhabhas ( &
—> ¢"¢ events in which one of the final state particles
produced another garticle by scattering or radiation).
These cuts eliminated less than 3% of the events and are

discussed in detail in the thesis of J. Sicyrist,
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2.4  @mONTE CARLO BETECTUR SIMULATION

The mark 1 analysis of jets must depend on charged
particles only, and about 25% of then are lost througyh the
encds of thie detector. This limitation has substantial

ects on the analysis, which are described in detail in

rn

ef
Chapter 3. In order to compare the data to a particular
model it is necessary to have a Monte Carlo program to
simulate the detector. The program used was HOWL, a
multi-purpose proyram sultable for any detector using a
solenoidal maynetic field and cylindrical geometry. It
p-ropajated each particle from its point of origin throuyh
tne detector until it eithzer passed outside or decayed.
Alony the way it paused at each specified layer of detector
to du whatever was suitable. At the averaye radius of the
vean plipe and toe pipe counters nultiple scattering and
energy loss were apgplied to charged tracks and photons could
counvert into e'¢ pairs. At each of the proportional
chanbers and spark chamber modules a "measured" point was
generated using the appropriate measurement error. At the
radius of the tiwe-of-flight counters, "sigynals" in the
phototubes at each end of tihe appropriate counter were
Jenerated. These signals included the propagation tinme
alony lthe counter and a Gaussian time error tor each tube.
At the shower counter radius the TASH eftficiency of Figure 9
was used to decide whether to record a TASHI for the track.

The weasured points for each track were then fit Lo a circle
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in the xy plane and a straigyht line in z vs xy arclength to
find a measured nomentun and distance of closest approacth to
the oriyin. For tracks that hit a time-of-fliyht counter, a
measured time-ci-flight was calculated using the phototube
signals. ‘Thus tiue confusion caused when more than one track
hits tne same counter was autoamatically included. The
events were then subjected to the same cuts as the data, as

given above.



Chapter III

DETERMINATION OF JET AXLIS

By "Jet axis" we mean the direction of the guarxk before
it fragynents. Unfortunately we cannot detect the uark
airectly. tiowever, we expect the hadrons to come out with
small transverse nmomenta relative to the guark direction, so
we can nhope to approximate the quark direction by finding
the axis whichn miniwizes the hadron transverse momenta or
sone funcltion thereof. In this chapter we investigjate
various technigues of approximating the jet axis, and the
errors involved at our average total center-of-nass energy

of 7.3 GeVv.

3.1 SPUERICITY

The practice of finding the axis which winimizes the sun
of the sguares of the transverse nmomenta comes from a
sujyestion by bjorken and Brodskyla. It is particularly
convenient because the solution can be found by
dialyonalizing a 3 £ 3 matrix, a process which is both fast

and reliable. One constructs a womentun araloyue of the

nonent-of-inertia tensor

15, ». sjorken and 5. J. srodsky, Puys. Rev. 0l1:1416, 19%70.

- 28 -



n
T = sum P P
ab i=l a b
where a and b refer to the 3 conmwonents of mowentum and tae
sull is over all particles. The tensor is diagonalized
giving the giyenvalues
n 2
T = sum P .
kk i=1 K
‘733 is conventionally chosen to be the largest of the three,
and we can show that the corresponding eiyenvector is the
jet axis. Working in the coordinate system which

diagonalizes T and expressing the longitudinal mowentum Pl

alony some arbitrary axis N=(N1,N2,N3), we have

3
Pl = sum P N
a=1l a a
2 3 3

PL = sum sum P N P N
a=]l b=l a ab b

noo. 2 3
sum Pl = suwm sum N T N
i=1 a=]l b=l a ab b
2 2 2
=N T + N T + (1-N =N ) T
1 11 2 22 1 2 33

we have ordered the eigenvalues so that T33 > 122 > Tll, so
to maximize the sum of P12, we naximize the coefficient of

T33, witich gives N1=N2=0. The axis found by this technigyue
is called the sphericity axis, and a wmeasure of "jetiness",
sphericity, is defined froim the eigenvalues

3 Tll+T22 3 sun pt?

2 T11+T22+T33 2 sun p?
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wiere £t Is the wounentum transverse to the sphericity axis.

302 TURUST AND SPHEROCIVY

Some other techniyues have been suggested whicii are meant
to ve less sensitive to the details of quark fragmentation
by virtue of beiny linear rather thnan quadratic in momentumn.

. . R _ s
One is to find the axis N which maximizes the directed
17
momentun d:

- - -
d(N) sum P*nN 8(P*N)

where the sum runs over all particles and © is the unit step
function ( 8(x>0) = 1, 6(x<0) = 0 ). Again we can avoid an
analytical wmaximization procedure. we find the vector sum
of momenta for eacih of the possible combinations of
particles. The longest of these is in just the direction to
. —_ = s N .
maximize sun P*N. Since adding in any of the other
particles would decrease its lenyth, it wust be that eacn of
= ] s .
then has 8(N*P)=0 and is therefore properly eliminated fLronm
the sum, and N is the vector that maximizes the directed
momentum. This axis has become known as the thrust axis,
and the yuantity thrust
-~ —
T = 2 max d(n) / sun |[P]

is a weasure of the "jetiness"™ of an event.

17pirst suyyested by S. Brandt et. al., Phys. Lett. 12:57,
1964.
Revived by E. Fahri, Phys. Rev. Lett. 39:1587, 1377.
‘The name thrust comes from bDe Rujula et. al., Nucl. Phys.
B138:387, 1973.
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Another suygestion has been to find the spherocity axis
by minimizing the spherocity S8' which is proportional to
sum |Pt|

This technigue finds the "wrony" axis in certain intuitively
obvious casesl® and has therefore fallen into disfavor. For
example, consider two particles of egual momentum with an
opening angle of 20 deyrees. The thrust and sphericity axes
both lie equidistant between the two particles. The
spherocity has two eyual minima, ygiving axes parallel to

each of tie two particles.

3.3 ANALYSIS OF SPHERICITY AXIS ERROR

we want to know how well these techniyues reproduce the
true jet axis. For this we use the
limited~transverse-momentum phase space model which
generates particles according to phase space nultiplied by a
matrix element IMI2 = exp(-sun Ptz/Hz) which limits the
momentum transverse to a yiven axis. This axis is then the
true jet axis, corresponding to the direction of a quark
which fraguents with this matrix element. Since the model
limits Pt rather than winimizinyg it, the axis found by any
of the above teciuinigues will be somewhat different from the

true axis, even if all particles are detected.

l85. Brandt and H. D. Dahmen, 2. fur Phys. Cl:61, 1979.
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For stucying the jet axis crror, w#e¢ plot as a function ol
© tiLe fraction of events that have tielr true jet axes
witiln angle 9 of their sphericity azes. The solid line ia
Fijure 11 shows this distribution for the
limited-transverse-ponentun all-pion monte Carlo. Here all
tie particles that come from the primary vertex were used 1In
deterinining tihe spihericity axis. OJnly events that have no
initial state radiation were used. Tnese are the conuitions
we will nenceforth refer to as tie "pure mMonte Carlo".
S5ince there are no decays or wmissing particles, the error is
entirely due to the Kinematics and represents a lower limit
to the error we can expect ftrom the data if the whole
kKinewatic region of the model is accepted. (There are soine
selection criteria that will achleve a smaller Jet axis
error at the price of biasing tne sample of events -- for
exauple the regyuirement of a higyn wonentun particle

discussed later,)

The dashed line in ' (e 11 snows the jet axis error
plot for the same model but with only detected particles
used to determine the jet axis. In this case all detected
events are included, regardless of initial state radiation.
This 1s referred to as the "detected Monte Carlo". llere the
jet axis error is much larger, as we expect since we detect
chargyed pacticles over only 73% of the solid angyle and
neutrals not at all, so that a substantial frection of the

eneryy is lost.
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3.3.1 visible Eneryy Cut

Figure 12 is a plot of the data for the ratio of visivle
eneryy (calculated assuming plion masses) to the noninal

center-of-mass enerygy. The averagye is 43%.

we would expect tnat events with nost of the energy
detacted would have a smaller jet axis error than those
whiere most of it is lost. Figure 13 is a plot of the
average jet axis error as a function of the visible eneryy
fraction. If we look only at events where at least half of
the eneryy is detected (32% of all detected events), the Jet
axis error is comparable to that of the pure ronte Carlo.

The distribution is shown in Figqure 11.

To see wnat biases are introduced by this cut we plot
in Fijure 14 various averages taken over all the primary
vertex particles as a function of the visible eneryy
fraction. The events with uigh visible enerjyy have larger
momenta and lower wultiplicity and sphericity, while the
transverse monenta remain unchanged. As we raise the cut on
visible energy, the error on the jet axis decreases, but the
viases resulting from the cut increase. Wwe have decided
tnat reyuiring at least half of tne enerygy be detected is a
reasonable coapromise. The Honte Carlo is used to co’ t

for the resulting bias.
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Averoge Axis Error vs. Visible Energy
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Figure 13: Average Spuericity Axis Eccor vs. visible eneryy

fraction.
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Figure 14: Average Lvent Properties vs. visible energy
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3.3.2  ulyn momentuw Trdck Cut

‘e jet axis error is also swmaller in events that nave a
aigl nomentuw track. L Flgure 15 we snow thie averayge angle
Letween the true jet axis and the detected sphericity axis
us a function of the largest Xl in the event. weyuiring a
bign womentun particle would obviously bias the womentua
ulstrivution, but this effect should be mininal for
aperlications wiere we can look only at tracks in the
opposite jet from the "trigyyer" particle. 'To see if this is
true in our model, we look ayaln at produced primary
psarticles, tihils time considering each aalf ol tne event
separately. fThe separation is made according to the
produced jet axis. In Figyure 16 we siow the averaye X|| anu

a

i

tite root—nmean—-sguare Pt of primary vertex particles a
function of the higiest produced X|| in the opposite jet.
Tne average 4|} is fairly strongly affecteu by the
requircuent of a bign nomentwi track in tie opposite jet,
vul tne transverse wowentum in yuite constant. Twelve
percent of the detected jets nave a track of X|1>.5 opposite
them. ‘Tfhe jet axis error distripution with this reguirewnent
is even better tnan for tne pure monte Carlo, as shown in

rigure 1l.

we hlave investigated the jet axis errors using thrust
instead of sphericity. since the results were quite similar,

with tne averaye error sligntly larger, we use only
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Averoge Sphericity Axis Error vs. Lorgest X
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Figure 15: Average Jet Axis Error vs. Largest X

jet.
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sphericity in the following chapters. The effects of the
jet axis errors on the nmomentum distributions we measure

will pe shown in the next chapter.
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Chapter IV

ChARGED PARTICLE DISTRIBUTIONS

The primary 4 g pair produced in € e anninilation
fraynent into the hadrons we can observe. I'nis fragmentation
process cannot be understood with current theoretical ideas.
iiowever we can observe the results ol t.at process in the
distributions of hadron woimenta parallel and perpendicular
to the yuark direction. The variables to be measured here

are the scaled monentum parallel to the jet axis:

bean
— : s . - .
where o is a unit vector along the jet axis, and the square

of the momentum transverse to the jet axis:

2 R L2
Pt = ( P X N )
The uncorrected distributions in X}| and Pt? are shown in

Figure 17 for the apgroximately 45,000 events whicii passed
our cuts (described in Chapter 2). These events were taken

vetween 7,0 and 7.8 GeV total center-of-nass eneryy.
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4.1 METHOD OF EFFICIZENCY CALCULATIONS

The fonte Carlo was used to calculate corrections for tie
mark 1 detection inefficiency, for the effects of initial
state radiation, and for the error in deterinining the jet

axis.

bach Monte Carlo event was passed through a simulation of
tne detector as described in Chapter 2 to obtain measured
momenta. The Monte Carlo events were subjected to the same
event selection criteria as were the data. The sphericity

axis was found in the same way as for the data.

The details of the Monte Carlo simulation of initial
state radiation are given in Appendix A. Events were
generated with the correct center-of-mass eneryy
distribution and given the correspondiny Lorentz boost. It
is conventional to display a yiven distribution as it would
have been if there had been no radiation. Unfortunately it
is not possible to eliminate the radiative events fron the
data since we measured neither the total hadronic eneryy nor
the presence of a bremsstrahlung photon which in yeneral
traveled down the beam pipe. Instead we calculated the
efficiency by comparing the Monte Carlo detected events to
those Monte Carlo events which were produced with no

radiation. Thus the radiation was in effect divided out.
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The error in the jet axis was dealt with similarly: tue
momenta in detected events were relative to the measured jet
axis; the nmomenta in produced events were relative to the

produced jet axis.

Several models were used to choose the hadrons for tie
sionte Carlo. The efficiency was calculated for each one
separately to check for model degendence in the result. The
rnodels are descriped briefly here. Greater detail is given

in Appendices B and C.

The simplest model was the all-pion
limited-transverse-monentum wodel. All particles were
chosen to be pions. The multiplicity was chosen accordiay to
a Polisson distriobution with the average (10.5%) adjusted to
reproduce the averaye momentum per particle observed in the
data. The fraction of the pions that were chosen to be
neutral (.5) was adjusted to reproduce the averaye observed
charyed multiplicity. Momenta were generated with the
proygram GENIys1?® according to Lorentz invariant phase sjace
multiplied by a matrix element which limited womentum
transverse to the jet axis:

2 2
2 - sum ( Pt / R )

19¢he sLAC version of tie program described in
D. C. Carey and D. Drijard, J. Comj. Phys. 28:327, 1973.
The preyram is from a tape ygiven to Royer Chaffee by D.
Carey and slightly modified by Royer and ayself.
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fae paraweter 1 was adjuste: to reproduce tue observed

averaye transverse monentun («=0.55%).

an alternate wodel was the udsc reynnan-kield nodelé”

tor tine nadronic events the initial g § pair were chosen to
we u, Jd, 5, or ¢ in ratios of the syuares olf their charjes.
cacu was fraguented according to the Feynman-rield
prescription.  The two jets were joined and the nouenta

dd justed to achieve energy and momentun conservation. Tae
fraction of stranyge yuarks in the sea and the
vector/pseudo-scalar ratio f[or the haurons were adjusted to
ayree with tue measured kY and eo fractions. The averaye
transverse momentum of the sea yuarks was adjusted so that
the hadrons in the Monte Carlo reproduced tne averdayge hadron
transverse monentum observed in the data. The remaining
parameters of the model were left as specified by tie
autnors. Particles decayed according to the standard valuces

ol their lifetiwes and branching ratios.

A model intermediate between these two was the udsc
linited=-transverse-nonentuin nodel. The wultigslicity and
momenta were chosen as in the all-pion
limited-transverse—-womentum model. The wparticular hadrons

were chosen to be pions, rhos, Kaons, charmed particles,

<U4. Seiden, phys. Lett. 68L:157, 1977,
A. Seiden, T.L. Shalk, and J.F. Martin, Phys. Rev. D
18:3990, 19738.
R. D. Field and R. P. Feynnan, ~ucl. Pays. 6136:1, 1973.
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Careful consideration imust be given to the gyuestion of
wiich particles should be included in the list of producen
particles which were used in the efrficiency calculations.
This chapter is concerned with tlie neasurement of char jed
particle momenta, but which charyed particles? It would be
unrealistic to pretend to be measuring charmed particle
momenta when we observe only the decay products. A D that
decayed to K*OGJU is represented in the produced list by the
resulting K- w7 T On the other hand we must be careful to
avoid double counting. If the K decayed the resulting nuon
would not also be included in the produced list, although it
wmight be included in the detected list. 1In the case of a
plioton that converted in the beam pipe to an e e pair, the
¢’ and e would not be included in the produced list. In

summary, “"charged particles" was interpreted to wmean charyed

pions and kaons and prompt leptons.

Tne Monte Carlo was also used to yenerate & -—9/A*ﬂ—
event521. The resulting detected momentum distributions,
norinalized to the same luminosity as the data, were
suptracted from the raw data. This maynitude of this

subtraction is illustratec¢ in Figure 17.

ZlThe T decay mnodes were: 23.0%Qv , 22.6% continuun, 16.4%

evy, 16.0% rvv , 10,48 Ty, 9.3% Aly, 1.5% K*V, and 0.3% K.
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4.2 MOMENTA PARALLEL TO 'TuE JET AXIS

Despite cuts designed to eliminate multi-prony shabha
events, sowe still remain in the data. ‘fhese events are
mostly forward scattering, so that the et were mostly in the
+z henisphere and the ¢ in the -z hemisphere. The
contamination is obvious in Figure 17a where the raw Xi}|

distriobution is plotted separately for positive and neyative

values of charye*coso.

The data, subject to the regquirement that charge*cose<o
(and wultiplied by 2) and with the tau contribution rewoved,
are shown in Figure 18 for three different conditions: (a)
all tracks, (b) tracks in events where at least half of the
nominal center-of-mass eneryy has been detected in charyged
tracks (assuning pion masses), and (c) tracks for which the
opposite jet contains a track of X]|>.5. Tie later two
requirenents reduce the error in the jet axis, and thus in
Xl|l, as demonstrated in Fiygure 19 where we plot for detected
Monte Carlo tracks the scaled mowentum parallel to the
detected sphericity axis vs. the scaled womentum parallel to
the true jet axis. Since tihe produced distribution used in
calculating the efficiency is the same in all three cases,
the bias by the opposite jet and visible energy cuts wiil wve
corrected for if the Monte Carlo is in sufficiently good
agreement with the data. Superimposed on the data in Figure

18 are the results of the Feynwan-tield Monte Carlo,
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XLL DET,
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Figure 19: Error in Xydue to error in jet axis for (a) all
events, (b) events in which at least half of the energy is
detected, and {c) for tracks opposite a track of x">.5.
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normalized to the same nunaber of tracks. The all-pion aud
udse limited—~transverse-momentum models yave similar

results.

The efficiencies as a function of X|| are shown in Figure
20 for the three cases. we have calculated the efficiencies
separately for the all-pion model and the lFeynman-Field
model. The disagreement betwéen the two models was somewhat
laryer than the statistical error except at the highest
momentun. we averaged the efficiencies from the two iodels

and assiyned errors which cover the ranye of disagreement.

The corrected distributions are shown in Figure 21. The
results obtained using all events and using events with at
least half of the eneryy detected are in good agreement, but
agitffer frow those obtained using tracks opposite a high
nmomentun particle. Since the data and the Monte Carlo
ajreed better for the other two cases than for the
requirement of a nigh monmentum particle, we use only the
results from all events and those with at least half of the
energyy detected in our final distribution. The results from
those two methods were averayed and assigned errors which
cover the slight disajreeaent between them. The values are

glven in Table 2.

The charyed particles we have measured here come from
many sources: varlous heavy particle decays as well as the

primary vertex. We would like to separate out those cominy



TABLE 2
Xy

Xl 1/Hev dn/dXy
.00 - .05 39. + 4.
.05 - .10 | 24. ¥ 4.
.10 - .15 | 15, % 2.
.15 - .20 9.5 + 1.5
.20 - .25 6.7 + 1.1
.25 - .30 4.8 £ 0.7
»30 - .35 3.4 + 0.4
.35 - .40 2.5 + 0.3
.40 ~ .45 1.8 + 0.2
.45 - .50 1.39 + 0.15
.50 -~ .55 1.07 + 0.07
.55 - .60 0.66 + 0.08
.60 - .65 0.53 + 0.06
.65 = .70 0.35 + 0.04
.70 = .75 0.28 + 0,05
.75 - .80 0.24 + 0.04
.80 - .85 0.16 + 0.04
.85 = .90 0.13 + 0.03
.90 - .95 V.10 + 0,04
.95 - 1.0 0.13 + 0.11

dn / dXll per event for all cnaryed particles

from the primafy vertex, as it is those which reflect
directly the yuark fragmentation process, and to which
discussions of scaling etc. apply. 9o do so would reyuire
subtracting charged particles from all other sources. In
subseyuent chapters we investigate k9 ana QO production.
However there are nany other possible sources which we are
unable to measure, In particular, we know that charmed
particle decays must contribute a substantial fraction of
the charged particles we observe. we show the effect of

charmed particles by plotting in Figure 22 the charyed

53
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particle womentum distribution separately for events in
which tne primary yquarks are clharm and in which they are up,
down, or strange. The two distrivutions are quite
difterent, a difference we expect to be energy-dependent.
This illustrates the inportance of including heavy particle
decays wiien testing a mouel of guark fragwmentation. The
effect of decays is shown again in Figure 23, where we
compare the X|| distribution of all primary particles to

that of the final state chargyed hadrons.
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Figure Z2: Xy n Peynman-Field Model for final-state

charged particles.



X“ in Feynman—Field Model
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4.3 M0MENTA TRANOGVERSLE 'O THE JET AXIs

The raw distributions in Pt2 measured relative to the
sphericity axis are shown in Figure 17b for the data and tue
tau mMonte Carlo. In PFigure 24 we show the tau-suvtracted
data for the three cases: all events, events in wnica at
least half of the eneryy was detected, and Ltracks opposite a
track of X|I>.5. Superiuwposed on the data are the detucteu
distrioutions from the Feynmin-tield mMonte Carlo. In bFijure
25 we conpare the data to three different monte Carlo
models: the Feynman-Field nmodel, the all-pion model with
matrix element |m[2 = exp(—Ptz/.SSZ), and the all-pion wmodel
with matrix element [m|2 = exp(-Pt/.3}). None of the three
models yives really good ayreement. The Pt2/.55% model fits
the low mowmentun reyion but falls below the data at hijgh
momentun. ‘The other two models fit the hiyh momentun region

but are above the data near Pt = .5 Gev2.

The efficiency was calculated separately for the three
inodels and the three data selection cases and the results
compared., The efficiencies from the Feynman-tield model are
shown in Figure 25. The three cases aygreed well for the
same model, but there was significant wodel dependence. ‘The
error bars in the final distribution, which i3 shown in
Figure 27 and listed in Table 3, cover the variations seen,
Since the errors are dominated by the model dependence, no

improveient in precision can be made by combining bins. One
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sitould also note that the track-oy—-track error on Pt? is
very larje, as snown in Fijgure 238, so that any small-scdale
structure in the true distribution would not be visible in

tie corrected distrioution.

TAbLE 3

pe

pt? (Gev?)| 1/uev dn/dpt?
L00 - .05 | 41. % 7.
.05 - .10 | 21.6 % 1.6
1o - .15 14.0 + O.6
J15 = .20 9.4 + 0.6
L20 - .25 6.6 + 0.4
.25 - .30 4.8 + 0.4
.30 - .35 3.6 + 0.4
L35 - .40 2.8 + 0.4
.40 - .45 2.2 + 0.2
.45 - .50 1.6 + 0.2
L50 - .55 1.3+ 0.2
.55 = .60 1.2 + 0.2
.60 - .65 0.90 + D.08
.65 - .70 0.74 ¥ 0.10
.70 - .75 0.64 + 0.14
.75 - .30 .56 + 0.14
.80 - .85 0.44 + 0.06
.85 - .90 0.42 + 0.13
.90 - .95 0.26 * 0.06
.95 = 1.0 0.28 £ 0.08
1.0 - 1.1 0.20 + 0.08
1.1 - 1.2 0.16 + D.06
1.2 - 1.3 0.14 + 0.06
1.3 - 1.5 0.08 + 0.02

dn / gpt? per event for all chargyed particles

In Figure 29 we siiow the charyged particle pt?

distributions frowm the PFeynman-rield model for charmed and



non-ciharmed evenlts separately. In this version<?

of tie
nodel, charmed particles always contain a primary yuark.
S5ince tne primary yuarks by definition have no transverse
momentuw, charmed particles are produced with lower average
transverse momentum than most other primary vertex
particles. However this difference is not visible in the
cnarged particle transverse momenta, which are nearly the
same in charmed and non-charmed events. In Figure 30 we

compare the pt2 distribution for primary hadrons and for

final state charyed hadrons in the Feynman-Field model.

In this chapter we have measured the wmomentum parallel
and perpendicular to the jet axis for final-state charged
particles. In subseyuert chapters we will compare the
charyed particle distributions to those for k% and eos,
wiich are two of the possible svurces for the charyed

particles we have observed here,

The original proposal by Feynman and Field was to give tihe

primary yuarks some transverse womentum. Then all priwary
nadrons would have the sawme Pt distribution. However,
since the direction of the primary yuarks is by definition
the true jet axis, our primary quarks always have O. Pt.
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Chapter V

KO PHODUCTION

The production of strange particles compared to that of
non-strange particles gives us our only indication of the
beihavior of stranye yuarks compar :d to that of up and down
quarks. Since the QED coupling »f guarks to photons is
proportional to the syuare of te guark charyge, we expect
the primary quark pair in e+e- annihilation to be up, down,
strange and charined in the ratio 4 : 1 : 1 : 4, so that only
10¢ of hadronic events start out with strange quarks. The
40% of events that start wi.h charimed guarks will give
strange particles in the charmed-particle decays, for a
total cf 50% of hadronic events with two strange quarks.
Additional stranyge quarks may come from the sea. A cowmnon
expectation23 is that u,d,s and ¢ guarks are pulled from the
sea in the ratio 2:2:1:0. At an average multiplicity of 11
hadrons per event, this would give an average of
approximately 5 straige particles per event. If no strange
yuarks were pulled frow the sea there would be on averaye
one strange particle per event. These expectations are

subject to an error comparable to the discrepancy between

23¢or exawple Field and Feymman, wucl. Pays. B13G:1, 1978.
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the cxpected and measured values of the total cross section:
K = 2.0 vs. 2.0 below charm thresnold and r = 3.33 vs. 4.3

at 7.3 GeV.

The cross section for inclusive kaon production has been
mieasured by the Markl, Lead Glass Wwall, DASP, and PLUTO

collaborations.?? These measurements in the form of
. o . . Lt
g(e e — K X)) gl et & — K X))
R = or R + 5
Y g et o — P ) K= g et e — pfu”

are presented In Figure 31 as a function of the total center
of mass eneryy. The region from 3.9 te 5.0 GeV, where the
total cross section is rapidly varyinyg, has been omitted fLor
clarity. All ygyroups have corrected for their detection
efriciency. All but the PLUTO collaboration have corrected
for the undetectable part of the mnomentum spectrum. The
PLUTU collavoration estimated this loss to be 10%; their
results have been lincreased by that awmount before being
included in Figure 31 . Only Kg can be detected; the totai
KO production is calculated with the assumption that an
equal nunber of Kg and K are produced. within tihe
neasurement errors, charged and neutral Kaons are produced
eyually. 1In Figure 32 the charyed and neutral data are

conbined to yive the average number of kaons per event.

24Vera Lutih et. al., Phys. Leit. 708:120,1977,
riccolo, Peruzzi, Rapidis et. al., Phys. Lett. 8568:220,
1479.
LASP collaboration: Brandelik et. al., Phys. Lett.
670:363, 1%77.
PLUTO Collavoration: suriester et. al., Phys. Lett.
670:367, 1977.
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Average # of Kaons per Event
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below charmm tihresnhold 1/6 of the priwmary -4uares shoule oo
strange so that tue average number of xdaons per event would
oe 1/3 if no strange guarks were pulled tron tice sea. nc
Mark 1 data point near 3.6 GeV incluues the reyion ot lhe
3.77 resonance. The other ygroups' points dre taken at 3.9
Guv. f{although they are plotted here sligyhtly to eiltier siae
so they can be scen) and are therefore completely below
charia tiareshold; the average measured value is 0.50 +/-
0.06. The mMark II collaboration nas measured?” the averaye
nunber of lamdas (including anti-lamdas) to be 0.027 +/-
0.004 at 3.6 GeV. The kaons and lamdas toyether give 0.53
+/- 0.06 strange particles per event, which is above tae
0.33 expected from the primary yuarks alone, althouyh the
significance is yuestionavle due to the disayreeament between
experiments. At 5 GeV the average measured Kkaon
mulciplicity is 1.16 +/- 0.06 and the average lawda
multiplicity is 0.044 +/- 0.00t This sum is also somewuat

higher than the 1,0 expected frowm the primary quarks alone,

It is interesting to estimate the relative probvability of
pulling a strange yuark pair from the sea, althouyh the
result is subject to larye errors due to the discrepancy in
R and the uncertainty in the average hadron multiplicity.

If all particles were pions, the total multiplicity would

have to be approximately twice the charged multiplicity to

25;, S. Abraws et. al., pPhys. Rev. Lett. 44:10, 198o0.
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account for tihe unobserved energy.26 If resonance production
were larye, the nuwmber of nadrons at the primary vertex
might be substantially less.. In Table 4 the results are
Jiven for the extreme assumptions: 1) total multiplicity is
twice the charyed multiplicity, 2) total multiplicity is

eyual to the charyed multiplicity. : , : : ®

TABLE. 4

Estimate of Strange Sea Quark Fraction

Ecn: (GeV) 3.5 .. | . 5.0 _ 7.3

N o= 2 Neh | .013+/-.004 | .0114/-.003 | .005+/=.003

N = dch | .030+/-.009 | .026+/-.008 | .011+/-.006

Lrrors yuoted are statistical only. Thesé results are
strongly dependent on the assumption that 40% of primary
quarks are charm and 10% are strange. '

In Figure 33 we show the number of KUs per event in the é

Feynwan-Field wmodel at: 7.3 GeV as a function of the strange

quark fraction in the sea. The wmodel for D decay that we

use .in the Feynman-field model produces slightly nore

neutral than charged kaons so that we get slightly more than &

0.5 K9 per event with no strange guarks in the sea. The

T - — "l —— — — — — — v o —

205.L. sieyrist, SLAC-225 (thesis), 1979.




pbest agreement with the data is obtained with no sea quarks
in this model. The average multiplicity at the primary
vertex is 5.3 in this model, so that 20% stranye sea

g

component gives only 1.2 K per event. This is a factor of

two larger than the measured value of 0.53 +/- 0.03.
n

Despite the uncertainties involved, it is clear that the
. ' 1 ’
strangye sea component is only a few percent, both above and

below charm threshold.
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5.1 K9 SELECTION

— i+ e i e

Siply making all YT mass combinations gave a clear XY
signal over a large background ( Fig, 34 ). This background
was considerably reduced by takiny advantaye of the finite
KY lifetime. A 200 Mev/c KO travels an averaye of 1 cn
before decayiny and a 3 GeV/c K9 travels an averaye of 16

cum; both are laryge compared to our vertex reconstruction

resolution of a few millimeters.

All pairs of'oppositely cnaryed tracks weré examined.
The trucks were projected 6nto the xy plane and the two
points of intersection of their two circles were found. If
the tracks didn't intersect in xy projection the pair was

discarded as a KO candidate. Since the increased resolution

contributed by the proportional chambers was essential to i
the xY analysis, any intersection lying outside the first 5
proportional chamber was discarded. Only .1% of the pairs

had two intersections remaining; for those cases the one at

the smaller distance from the bean was used.

The individual track momenta at the K° vertex were
calculated. If the KO vertex was inside the beam pipe,
corrections were made for tie expected eneryy loss in the
pipe. ‘The K9 momentum vector and mass and the position
vector of the KU vertex relative to the beaa were

calculated.
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Pairs with mass between .48 and .52 eV were uscd as #7s
and side-bands of .44-.46 and .54-.56 meV were used for Lhe

vackgyround subtraction.

A KY candidate was kept only if the distance in xy

projection of tie KO vertex from the beam was yreater toan 1
cm and also greater than 3 standard deviations frou 0.0.
The standard deviation was calculated Erom the opening anygle
S between the two tracks and the position error per track of
1 mn:

g =1mm / { sgre(2) * sin{d) )
This radius cut rewmoved 67% of the background and 31% of tae

signal.

The position and nomentua vectors were reyuired to be
parallel to within 80 deyrees. This cut alone reinoved 50%
of the backyround and 8% of the sigynal. A tighter cut on
the angyle would yive a somewhat lower but less flat
background. The angle and radius cuts together rewmoved 83%
of the backyround and 34% of the signal. The data with both
of these cuts are shown in Figure 35. After &1 the cuts,

2197 K9 are left in the peak.

The cuts used above are illustrated in Figure 36 by
plotting the cut yuantity separately for the
packyround-subtracted K9 and for the backyround region. ‘The
radial and z position of the primary vertex for events

containiny kK% are shown in Figure 37 to demoustrate that
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tne 1Y decay products (whicu were included ia the priamary
vertex fit) did not pull the primary vertex oulside our culs

of 4 cm and 10 cm respectively.

tvents with their primary vertex witnin 10 cw in 2 from
the beain crossing point were used as signal. Those betwcen

20 and 30 cm away were subtracted as background.
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5.2 KU mOusNTUM DISTRISUTIONS

The wmomentum parallel and perpendicuiar to the jet axis
was calculated for each TT*ﬁ_Pair. Back jround-suntracted
distributions of kY momenta were maae by plotting X|| and
pe? with aiaplitude +1 for each pair witin mass in the sigynal
region (.48~.52 GeVv) and with amplitude -1 for each

coubinatioin in the side-bands (.44-.486 and .54-.506 GeV).

Two models for X© production were used to calculate the
kY detection efficiency. The first was the Feynman-Field
model, in which the stranyge sea quark fraction was set to 2%
in approximate agreement with the data. The second was a
sodified version of the all-pion linited-transverse-momentui
plhiase space model in which caco event contained one KP.
vents were gencrated with each wodel and subjected to the
same KY selection criteria as the data. The efficiency
incluued the ~fifects of initial state radiation and tue
error in the jet axis, as described in detail in the
previous chapter. The two models ayreed within the
statistical errors for the efficiency as a functicn of X]].
The was disagreement as large as 20% in some reglons of Ptz;
tue error bars were increased accordingly. The re-ults frow

3

tie two models were averaged and are shown in l'igure 338.

The corrected KY gistributions in A1] and Pt? are

compared to those for ail chargyed particles in Figyure 39.

(The charyed particle distributions were divided by 10 for



convenience in comparison.) Above X||=.15 and Pt2=.2 Gev?
the KY and chargyed particle distributions have roughly the
same slope. The entire KO pt? distribution is well fit by
the for '
dn/dprt?=nexp (-B Pt2)
with B=4.6 +/- 0.2. This is in good ayreement with the
B=4.3 +/- 0.5 found in € p scattering.27 Such ayreement is
surprising, since the e~ p data is below charm threshold,
while most of our K% come from charmed particle decays.
The KO distributions are in good agreement with the
Feynnan-Field model, as shown in Figure 40. However, one
should note that since most of the K9s -come from D decay,

this is as much a test of the D decay model as of the

Feynnan-Field mnodel.

‘

In Figure 41 we compare the momentum distributions in the
Feynnan-Field model of KOs in events in which the primary

yuarks are (a) Q or d, (b) strange, and (c) charm.

271. cohen et. al., Phys. Rev. Lett. 40:1614, 1973.
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Chapter VI

e 0 prODUCTION

when the available energy is larygye compared to a pion or
a rho mass one might expect pion and rho production to be
approximately equal. waive spin statistics sugyest that
spin 1 particles would be produced three times as freguently
as spin O particles. Measurement of rto production is one
step towards any eventual understanding of fragmentation of
quariks into nadrons. It may also have a significant impact
on any study of charye correlations or leading particle
effects, which can be created or diluted by resonance
decays. Since high statistics are required for measurement
of rho production, it will be sowe time before the work

presented here can be replaced by results at higher eneryy.

reasurenents were wade of thie averaye number of eos per
event and of the QU x1] and pt? distributions. Tune eo was
ovserved in its decay to MHU. all chargjed particles were
assuwied to be plouns and the invariant imass was calculated
for all pairs of opposite siyn. Tne resulting mass
distribution is shown in Figyure 42a. The mass distribution
was also plotted separately for 10U bins in X[l of the
di-pion system from 0.0 to 1.0 and 10 bins in pt? from 0.0

to l.u GevZ. Then adjacent bins in which the signal was weak
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were combined to allow a statistically significant result.
The wass distributions for the final choice of bins are

shown 1in rigure 420~-1.
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€
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6.1 BACKGROUND DETERMINATION

The larye width of tue eo and the larye backyround under
it make the determination of the shape of the background
both difficult and important. Several methods were tried
and the resulting eo yields comnpared. The gyood ayreement

vetween methods yives confidence in the result.

6.1.1 methed 1

One would like to measure the backyround from the data
itself. One possibility is the mass distribution of sane
sign pion pairs. Another is the mass distribution of
opposite sign pairs, one of which has been rotated through
an arbitrary angle (restricted to be within the solid angle
of the detector). The first of these is necessarily biased
tovards high multiplicity events by the reguirement of
charye counservation; the second lacks the restrictions of
monentum conservation. A distribution that avoids these
difficulties, but also lacks the connection with reality, is
the T¥W pass distributions obtained from the Feynnman-t¥ield
monte Carlo. This model includes production of several
resonances, some of which imay produce peaks in the T'W nass
distribution. For example, the K*o(890) appears as a pedak
near 670 MeV. In order to obtain the background from this
mudel we have excluded the true eo signal from the W'~

distribution; all other cowbinations were included.
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cach of the three backyround forwns was used in turn and

thie results were compared. In each case the backyround was

normalized to the data in the rejion .9 to 1.2 GeV and then

subtracted from the data. None of the three backyround
forms is yood enouyh to leave behind only a e signal;
hiowever tiey do take out most of the background. The
sane-siyn bacxkground is compared to the data in Figure 43.

‘Plie subtracted data was then fit with a breit-wiyner glus
a first or second deyree polynomial to acconmodate the

repaining backyround. ‘The form of the dreit-wigner used

was 2l
m s 0
2 6]
Bw = -~
e 2 2 2 2
(M = ) + (™ )
[q] 0

with

D= (s/m) (K/K)
0 0 0

whnere o is the nowinal F wass and r; its nowinal widtn, &
is the nowentum of the pion in the e center—of-mass when the

5

e nas wass n; kg 1s that nowmentua at mass Hg.

Tne fit obtained with the saame-sign pion subtraction is
shown in lFigyure 44a with a straignt line backyround and in

Figure 44b with a guadratic background. In these fits the e

28 1. Jackson, Nuovo Clw. 34:1644, 1964.
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mass and width were fixed at the standard values of 775 and
1155 seV respectively. It is clear that the observed e has a
lower mean mass. Allowing the mass to vary gives a best fit
value of 748 +/- 5 meV ( Fiyure 44c ). Tnis discrepancy is
present tinrouyhout this analysis, althouyh the preferred
mass increases somewhat with the momentum of the e. Siace
tne K¢ shows no such deviations, the effect cannot be due to
a problem with the momentum scale or ti:e eneryy loss
corrections. Further discussion of the mass problem is

given in a later section.

Fits were performed in each of the momentum bins with
each of the three backyround forms, with the e mass fixed
and variable, anu with first and second deyree polynomials
added to the Breit-~wigner. The results were averaged and
assigned errors that encompass the variations found frowm fit

to fit.

6.1.2 method 2

Several previous measurenents?? have used an exponential
backyround wnich also multiplies the sBreit-wigner peak. The
data above 560 or 600 meV were fit with the form

exp ( =8 m - C M%) * (A 2+ D ewn )

2%¢or exanple:
Deutscimmann et. al., Nucl. Phys. B103:426, 1976.
Higgins et. al., Phys. Rev. D192:65, 1979.
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where ow Is tue preit-wigner forw das given avbove and #,8,C
and Y are [rec parameters of the fit. This fori deviatus
froa the ddata rapidly below about 600 #eV. The fit is
improved 1f the data is first corrected using the
stass—-dependent efficiency obtained witn the all~pion sonte
Carlo. Therefore this correction was made for each wowentun

rangye and fits were perforiwed between 600 and 1200 meV.

The wultiplying of the dreit-wigner by the background is
intended to approximate the effect of tune pnase space
suppression of the production of nigh=-mass Qs. The peak of
tne Jreit-wigner is shifted down slightly, vut not enougii to
agree with the data using a nowinal wass of 7706 seV. In
Figure 45 fits are shown with the ¢ mass fixed at 770 meV
(a) and allowed to vary (). Tne best fit value was 753 +/-

5 mev.

The stabiliby of the fits was investigated by repeating
tnewm with diftferent starting values and Ly varying tie nass
range of the fit. Errors were assigned wnicn covered the
range ot variation seen from fit to tit as well as the

statisticel error.

The efficiency obtained from the ail-pion Monte Carlo is
not necessarily a yood representation of the eo efticiency.
Therefore we nmultiply the results obtained in this section
by the all-pion efficiency to ugive raw GO yields which can

be compared to those obtained with the other methods.
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3.1.3 fmetnou 3

It was decided that a more flexisle bachground saape

wiiciu could curry the tit below tue k% was needed. ‘The wass
range from 349 to 1200 meV was fit with a fourth order
®O

wolynowial sackyround plus a Gaussian peak and the

drelt-wigner eo peak. The polynomial
CO Pu + Cl TL + C2 %2 + C3 T3 + C4 T4

was foraed from the first five Chebyshev polynomials:

1O = 1
Tl = x

2 o= =1 + 2 x?

T3 = -3z + 4 x?

T4 =1 -8 x% + ¢ x*

with x norimalized to ranye from 0. to 1. over the nass ranye
ot the fit. The free parameters of tne [it were the
coefficients CO tnrough C4, the amplitude of the Gaussian

peak, and tae auplitude and mass of the Brelt-wWigner peak.

Tne stability of the fits was investigated by repeating
tuew witn different starting values and by varying the mass
range of the fit. Errors were assigned which covered the
range of variation seen from fit to fit as well as the
statistical error. In some wonentum bins satisfactory [its
were obtained without the fourth order tat.n; in those cases

that result was included in the averaye and error.
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liie appropriateness of the fourth-order polynomial was
investiyated with monte Carlo data. Good fits were ootalned
to the detected mass distribution from tune all-pion wmonte
Carlo. wWhen tais distribution was fit with the polynonial

backyround plus a Breit-iwiyner, tne resultiny ueUn

yields
were small and consistent with zero. <The parameter
controlling vector particle production in the Feynman-tielad
Monte Carlo was adjusted so that the total EU yield ayreed
approximately with the QU yield obtained from the data (in a
previous iteration of this whole process). The fits
rerformed to the data were repeated on a comnparable nuaover
of events from the Feynian-Field model. The results of the
fits were compared to the true nuubers of detected Pos. The
discrepancies found were conparable to tune errors we yuote
for the data,

Typical fits are shown for each wowentuwn bin in Fijure

.

42.

6.2  KLSULTS

The results obtained with the three wethods above are
yratifyingly consistent. Tiae X1l and pt? distrioutions are

shown separately for the three methods in Fiyure 46,

The results of methods 1, 2 and 3 were averaged toyetiler
and assigned e¢rrors that cover the full variation of all

tiree methods. The contribution of tiie heavy lepton to tne
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eo production was estimated usiay tune »onte Cartn and
subtracted. The eos from tihe taus come frow its Al decay
node, which has been assumed to be 10% +/- 5%, with 100% oi
the Als decayinyg to MTW. we have assijned 1lUU% errors to
the resulting eo momentulm spectrun. Approxlimately 3% oif all
detected events are tau events. This subtraction is small
compared to the errors in the fits; we do it explicitly for

the sake of clarity. The numbers are ygiven in Table 5.

TABLE 5

eo Production

oin ?O yield tau efficiancy Qo/event

all 8603 + 1767 | 517 | .52 + .06 | .39 + .09

0.< A1 <.3 5186 + 1736 109 .51 + .06 B8+ .3
.3< X1l <.4 | 1535 # 471 | 104 | .50 + .07 | .7 % .3

LA< Xl <.5 8G1 + 398 9¢ | .55 + .08 | .4 % .2
.5< X1 <.5 822 + 260 81 | .52 %+ .03 | .38 + .13
L6< X1 <.7 262 £ 215 81 | .57 + .10 | .11 + .09
L7< K11 <1. 150 + 123 44 | .55 + .10 | .02 ¥ .02

0.< pt? <,1 | 4315 + 1295 | 273 | .67 + .10 | 1.5 + .5
J1< pt? <.3 | 3093 % 1619 | 177 | .49 £ .06 | .75 & .26
L3¢ Pt <.5 756 + 228 50 | .36 % .05 | .25 & .11
.5¢ Pt2 <.7 338 + 260 14 ] .34 £ .04 | .12 + .09
L7< pt2 <1. 306 + 139 2] .29 + .04 | .06 £ .10

The raw 9 ylield, the predicted number of Os from tau

decays, and the detection efficiency are yiven for all
imonenta and in bins of longitudinal wmomentum (in units of
the beaw energy) and in bins of transverse wmomentum in Gev?2.
The cogrected total po production and the dn/dX|| and

dn/dPt< are normalized to the efficiency-corrected nuamber

of produced ihadronic events ( tau events excluded ).



lu4
he eU detection efficiency was calculated using two
gitterent production models. The first was thne lFeynman—rield
iwodel. Tihe second was a modification of tie all-gion wodel
in wnich every event had one PU' The results agreed wituin
tne statistical errors. A 10% uncertainty was added to the
statistical errors tov allow for the difference in trigyger

efticiency between these two models and the all-pion nodel.

ihe corrected A|| and pr? distrivutions are shown in
Figure 47. For comparison the [ijure includes the sane
distrioutions for all chargjed particles multiplied by 0.5.
It is sven that the L]| distributions have approxiwately the
sane siape above X|1=0.3. Tne Pt distrivutions are
consistent with baving the same slope above Pre = .1 Geve,
ilowever the chargyed particle distribution is steeper at low
Pt2, whereas the QO distrioution can ba rtit by a sinyle
exponential:

an/dpt? = a exp ( - B PL2 )

with o = 5 +/- 1.

Charged particles at low moientum can come fromw Qdecay,
as well as KO, eta, omega, and charmed particle decays. The
multitude of sources weans it is not possible to measure the
distribution of primary pions., It is also nct known iiow many
of the es themselves may have coie frow higher mass
particles. In the version of the Feynman~Field model used

here, eus can cone from the primary vertex or from =ta'
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particles, multiplied Dy 0.5. Thg straight line is the fit:
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decay, out not from charued particle decay. An input ratio
of 1:4 of vector pgarticles to pseudo-scalar garticles at the
wrimary vertex produced agproximate agreement with the
wicasured total ea production. The average nuuber of eos per
event 1in the model as a function of the vector garticle
fraction V {( V = vector / vector + pscudo~scalar ) is sliown
in rigure 48 and couapared to the data. In Figure 49 the
wouel X[l and Pt2 distripbutions are cowmpared to the data.
The Pte distributions are in good agyreement., The X[}
distribution of the wodel is approximately exponential
wnile the data has siynificantly fewer eos at low momentun.
tHowever the Feynman-Field wodel is not really designed to
operate at these low energles, A slight change in t.e nethod
of terwminating eacih jet can reduce the number of EOS at low
nowentun to give sovuewiat better agrecuent witihh the data.
The data above Xll=.3 are consistent with the comnonly used
equal vector and pseudo-scalar production. (The eo momentum
dgistrinutions are not sigypificantly changed by the increase
in the vector particle fraction.) Therefore eyual vector and
oseudo-scalar production 1Is in disagreement with the data
only at low momentum. Without a wore sophisticated wodel to
fit the entire ponmentunm spectrum, we cannot say whether 0.2

or 0.5 is preferred for the veclor parcicle fraction.
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p° Production in Feynman-—Field Model
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Figure 48: p® production in the Feynman~Field Model.
Results from the Feynman-Field model for the number of
0

p"'s per event as a function of the vector particle

fraction parameter.
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6.3 COMPARISON WITd PR¥VIOUS MEASURLMENTS

6.3.1 mass

Trie acceyted30 value of the 90 mass is 776 +/- 3 meV.
ihe effect of e—m‘interference in the W'7T decay mode is
small3l,  towever several experiments have observed the QO
at approximately 750 MeV.32 Jackson33 has suyyested that a
broad resonance sucn as the Q can be expected to appear with
different peak values in different reactions. T. Fields and

. Singer discuss34

2

a possiple explanation of the lOW(9 mass
in terms of tue limited phase space available at each step
of the chain decay of a neavy firepall. They sugyest that

the effect might be larqer for lower mowmentum Gs.

A possible problew with our Q fits is the presence of a

%*%in the T'*T mass distriobution just below the position of

30npeviews of Particle Properties™, Particle Data Grouyp,
Phys. Lett. 75B:1, 1474.

3l4.w.m. Allison et. al. Phys. Rev. Lett. 24:613,1970.
P.J. Biyys et. al., Phys. Rev. Lett. 24:1201,15790.

32Kaja et. al. Phys. Rev. D16:2733, 1977. (o p at 100 Gev/c)
Alorow et. al., Nucl. Phys. B155:39, 1979. (pp atVs = 23.5
to 63.0 GeV)
Ermilova et. al., Wucl. Phys. E137:29, 1973. (p P at 22.4
Gev/c)
Sinyer et. al., Phys. Lett. 603:335, 1976. (pp at 205
GeV/C)

333. v. Jackson, Nuovo Cim. 34:1544, 1964.

349, rields and R. Singer ,"tiass of the ?O in NN

fnnihilation" in the Proceedings of the 4tn International

Syuposiua on Nucleon-antinucleon Interactions, Syracuse,
1975, ed. vy T.E.Kalogeropolous and K.C. wali.



tne Q- To investigate this possinility, the data was
re—analyzed using the time-of-flight inforiation. Eaci
charged particle was assigned a pion weight. If the particle
nad no time-of-fligyht information, the weiyght was O.
Otherwise the difference was calculated between the expected
time-of-flignt for a pion of that momentum and the measured
value. The welgnt was

W=-exp (=.5AT /0 ),
where 6 is the resolution of the time—of-flight system,
which was 0.4 ns for tiis data. Each combination of
oppositely charged tracks was plotted weighted with the
product of the two pion weiyhts. All the fits described in
section 1 were repeated on the weighted data, and the
corresponding efficiencies were calculated. The resulting
corrected X|| and pe? distributions ayreed with those
obtained in section 1 within the errors guoted. The best fit
values for the ?0 mass were also in agrecement witir those
obtained with the unweighted plots. Monte Carlo studies
indicate that the time-of~fligint weighting would
substantially reduce the k%0 contamination in the TN~ mass
spectrun. Since the weightiany did not affect our results, we

conclude that the %9 is not a problem.

6.3.2 Rate

Our average nuamber of eos per event corresponds to

meo) =@ (e —> ?O X) / TieTE = pThT) = 1.7 +/- 0.4,
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- - - s 35
Tire vLUTO collaboration

reports a value for u(eu) of aoout
1l +/- .2 frouw 4.1 to 5.0 GeV center-of-unass eneryy. A ;.lot
of H(eu) vs. center-of.nass eneryy is swown in rigure 50.
n(go) is increasing with eneryy. Jsing tne sark 1 results3?
for the total nadronic cross section and the averdge char jed
wultiplicity, we can translate tne sark 1 and PLUTU results
for R(QO) into the relative nuribers of Pos and charjed
parciclas. The resulls are .06 +/- .01 at 3.6 Gev, .05 +/-
.01 at 5.9 Gev, and .07 +/- .U2 at 7.3 GeV; this is
consistent with a constant ratio. Wwe can also translate tune
PLUTVU results into the average number of FUS per event and
tuen coupare the clark 1 and PLUTO results with those fron
inelastic aati-neutrino proton scatte;ing.37 As shown in

igure 51, tihe results [ron the anti-neutrino experiment are

. Lo + - :
consistent witn the ¢ e experidents,

6.3.3 momentwl Distrivutions

A review by Kirk et. al.3% of non-strange heavy wmeson

production in nadron collisions (where Pt is measured

35J. Guerger, moriond Conf. v.2:133, 1973.

365, L.5iegrist, "dadron Production by ¢ & anniuilation at
Center-of-mass bnergies ketween 2.5 and 7.3 Gev",
SLAC-225, 1979. {Thesis)

37, Berrick et. al. ANL=lEP-pi-79-41, CO0-3066-137, PU-487;

dov. 1979,

»85;. Rirk et. al., mucl. Phys. Bl25:397, 1%77.
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1i4
relative to tiie bean axis) witn beann mouwenta ranging Lrom b
to 2u5% Gev/c reports tuat taey can all wve fit ny the fora
an/dpt? = A exp ( -5 prl )
witu o = 3.4 +/- .1 (Gev/c) 2. cur vilue of 5 +/- 1 yives a

steeper slope, but the error is large.

our Pt? distribution is compared to that from the
anti-neutrino experiment, for whicii the averaye W was 3.4
GeV, in Figure 52. jere Pt is measured relative to tue
quark direction in both experiments, The results are

roujghly consistent.

we know of no other data on X|| of eos. PLUTD has
measured the distribution in Ag = b / ibean between 3.5 and
5.U GeV. 1This can be transformed intv a distribution in X =
p / Pmax, which is approximately Xil| for large womenta. The
anti-neutrino experiment measured the distrioution in 2 =t
/ cmax, where the energlies are measured in tue lab frame.
Agaia, for large mouwenta, this snould be approximate Xif.
Tne 2 distribution of eos was also nmeasured in inelastic
mucii~nucleon scattering.39 All of these results are coupared
in Figure 53. The ayreement on an absolute scale of such a
wide range of experiments is yuite remarkable. This is an
indication that the process of yuark fragymentation is

independent of the source of the guark.

39¢. del Papa et. al., Phys. kev. Lett., 40:90, 1978.
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Corrected X of pos
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Chapter VII

CONCLUSION

The data taken with the mark 1 detector at sPear nave
demonstrated the existence of jets. The angular distribution
of these jets, along with the nearly constant value of R
above char.» threshold, provide str@ng support for the
existence of the reaction ¢te — q q as the underlying
mechanism in hadron production in F e~ anninilation. the
SPEAR results have been strikingly confirmed in the much
higher eneryy data taken recently at PETRA. In addition to
very clear ewvidence for two jet events, the PETKA data
indicate the existence of some three jet events, where the

third jet is presumably the result of the fragmentation of a

high eneryy gluon radiated frow one of the Juarks.

The study of the reactions &téd —> g7 and ¢'& — 44y

has a problen in that we observe not the quarks and yluons
themselves, nor even necessarily the hadrons groduced
directly from the guarks and gluons, but the long=-lived
decay products of these hadrons. Thus twice removed frow tie
reaction of interest, one is dependent on nodels of the
intervening processes. We have in the Feynnan~Field model a
phenonenalogyical parameterization of the uark fragmentation

process, which predicts womentum distributions as well as

- 117 -



113
particle types. The decay properties of most particles are
#cll known, but to date thne study of charmed particle decays
nas concentrated on exclusive decay channels, and we know
nothing, for exaaple, about inclusive eos in D meson decay.
In e' ¢ annianilation, charned particle lJecays provide a
substantial fraction of the final state particles we
ovserve., In particular, it appears tunat wmost of tihe kaons
come frowm chara decay, so tnat the k9 momentum distributions
reflect the charmed particle womenta yenerated in Juark
fragmentation folded with the K9 mowentum yenerated in
charmed particle decays. ‘The resulting distributions from
our model ayree well with the data. The GO distributions
are not in such yood ayreement, but, lackiny information on
the contributinn of charmed particles here, we don't yet
rnow hiow to intergret this disaygreement. In addition, the
Feynuan=tield model is intended for higher eneryies, where
particle masses’are not important. The relatively small
number of POS observed at low momentum may be an effect of
the small phase space available for producing heavy

particles, an effect which is not included in the model.

These diificulties arc unfortunate, but at present
unavoidable. tiowever, the real point of this thesis is not
the wodel but the data, whicih is now availaole for
comparison to any iwmproved models which may be developed in
the future. Although the present thrust of high eneryy

physics lies in studying tile guarks and gluons, work in
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whicin the necessity of loorkiny at hadrons is regyarded as a
nuisance, we hope that some attention will e turned in the
future to an understandiny of how quarks turn into nadrons,

anu tnat this thesis is a step in that direction.



Appendix A

RADIATIVE CORRECTICHE

In e+e~ anniiilation either of the initial state
particles can emit a photon bLefore tre anninilation. Then
tne et+te~ annihilate at a reduced center-cf-mass eneryy and
in a center-of-mass frame which is no longer at rest in the
laboratory frawme of reference, Ftor example, In two jet
events, tue two jJets are not colinear in the laboratory
frame. To include these effects in our Monte Carlo, we must
generate events with the correct photon distribution.
Fortunately the initial state radiation is describead® by

well-understood Quantum Electrodynamics (QED).

to third order in of, tite total cross section consists of
a radiative part that has a final state photon and a
non~radiative part with no final state gphoton:

o (3) = g () + g (s).
r O nr QO

Tite relevant Peynman diagrauns are shown in rigure 54 .
The non-radiative part is ovtained frow the second and

fourtu order graphs { 32 and g4 ) :

40donneau and sMartin, Nucl. pPhys. B27:381, 1971.

- 120 -
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Fijure 54: Feynwan yraphs for ¢ ¢ — ¢ g
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where J% is tie total cross section calculated to second
order. fThe radiative part is obtained from the third order

gragus (43 )

2
g () =133
r O
Eb 2
dg Q v
= t _ (1 - — + ) o (s")
i ED 2 Q
2 Eb
0
2 2 kb
t = ( -1 + 2 1ln )
e te

s' is the syuare of the e+e- center-of-nass enecyy after
radiation; Eb is the nominal bean energyy. The intcgral
diverges at its lower limit. This divergence is cancelled by
a divergence in the g2 * g4 terms of the non-radiative part,
Since emission of very low eneryy photons is not detectable,
we change the lower limit of the integral to Qmin=.0l*ub and
transfer to the non-radiative cross section that part of the
radiative cross section involving photons of eneryy less
than Quin. Toen

g (s) = (1+8") O (s)
nr O J 0
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2
2 X r 17 13 Qmin
§'" = ——— - — ) + t ( — + 1n )
i 5 35 12 Eb

we approximate the strong forward peaking of rthe
bremsstrahluny process by puttinyg the emnitted puotons
exactly parallel to the electron and positron alternately.
Then s' = so(l—Q/Eb). The expression for the total cross
section at a yiven eneryy involves the cross section at all
lower ecnergies. However, when the pnoton carries off a
substantial fraction of the eneryy the largye Lorentz bLoost
sends all the particles down the Leai pioe so that such
events are never detected ir. an experiwment like the mark 1.

' Delow 1

In practice, we need not generate events with s
Gev?, rhis gives an upper limit to the photon eneryy of
gnaxk = b (1 - 1 Gevz/so ). <This neatly avoids the

uncertainties in tne cross section at low energies.

For each event we choose a pnoton eneryy 3 by picking a
randow nuwaber X between O and 1 and solving
PR(2) = K*PY(Ginax)

for ¢, where

PU(Q) =d,(s,) (1 + &' ) for v < pumin
POQ) =G (s ) (1 +§' )y +
0O ©
]
2
dQ ¢ Q
t — (1-— ) o (s*)
J Lo 2 Q
2 Eb

Qiuln



for vmin < 9 < Puiax.

actually, we cannot solve tiie eyuation analytically, so
we create an ai_dy PQ(IQ) with Q/Eb = 100.*Ig. Thea find I
so that

PO(IN-1) < A < PR(IQ) and interpolate:

Q PO -~ P(I2=1)
— = LUl ( IQ=-1+
Eb PQ(I3) - PY(ID-1)

This binniny would smooth out the fluctuations in R, so
instead of usiny the measured cross section in calculating
PJI(Q), we assume a cross section eyjual to a constant times
1/s. Then when a { is cuosen, it is weighted witi
K(s')/Rmax, i.e. events are kept with prowvability
R(s')/knax, where hkmax is the highest value of R betweea 1

v a2 amd o
GeV< and Sq -

‘o yet efficiencies for calculating the total cross
section, etc., it is not sufficient to use the ratio of
detected events to produced events. Convention has it that
we are to determine not ¢ but 07, the second order cross
section. Our data corresponds Lo those isonte Carlo eveants,
both with and without radiated photons, which are detected.
Since the non-radiative part of the cross section is
{1+§')g, , the efficiency is

# of detected events

Ff = (1L+§') =m- - ———————————
# of events produced with no radiation
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the number of events produced as a function of s'/i5, Lot
sc=(7.3 GeV)2 are Jgiven in Table 6 alony witi tiwe

corresponding detection efficiency.

TABLE ©

Initial State hadliation.

| s / s | # events | efficiency |
f O | produced | |
| s e e fom e |
| 0.=-.1 | 256 i 0.0 |
| W1-.2 | 170 | .03 }
| .2=-.3 | 140 | .14 {
| .3-.4 | 19 | .27 !
| <4=-.5 | 151 | .34 |
[ .5=.5 | 196 ] .41 |
| «6=-.7 | 232 | .47 |
| «7=-.3 | 317 | .51 |
| .8=-.9 | 50l | .56 |
I .9-.99 | 1701 | .60 ]
I 1.0 | 5147 i .61 ]
| total | 10000 | |

Distribution in effective center-of~inass energy

for a typical dioate Carlo run of 100DV events, The
efficiency quoted for a ygiven ranye of s' is tne
fraction of events produced witi tnat s' which pass
the standard analysis cuts described in Chapter 2.

aAn inclusive efficiency is obtained by binning the produced
and detected particles in the appropriate variable. For
example, for the kY mowentun spectrun

4 of KY's detected with wmomentum
eff O(y) = (148') =m=e-ee- e e e .
K § of KOvg produced with womentum p
in eveunts with no radiation



tigure 55 _hows tue eftect of rauiation on the jel akis.
1the ainjle of bend in the produced jet axis wnen transior.ed

tu tne lab Lrame i3 plotted vs s‘/so.
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Figure 55: Effect of kadiation on Jet Axls
Detected events frow a typical monte Carlo run at 7.3 GeV.
Only events witih initial state radiation are included. for
ecacih event the 2 produced jet axes are transformed to the
lab frame. The angle of non=colinearity is plotted vs s'/s4.



Appendix o

LImITLD TRANSVERSLE UMW TUm MOCEL

LINMPT generates events according to phasc space
multiplied by a matrix eleament that linits mowentum
transverse to the jet axis. when the natrix element is
cilosen to be Gaussian 1t gives the jet wmodel that was used

in the discovery of jets at SPLANl.

Lvent -jeneration starts with a call to RAJIAT to select
an initial state 4-vector taxinji into account the
wrobability of photon ewnission from one of the initial
leptons. If tue user has asked for tau production by
setting MPARAM(S) = 1, the cross section used in cadlculating
tie radiation probability is the total hadronic cross
section plus the tau cross section. Otherwise it is just

tne hadronic part.

The choice between a hadronic event and a tau event is
made accordinyg to the ratio of the tau cross section tu tne
total cross section at tnis (radiated) eneryy. If the

decision is made in favor of tie tau, control is passed to

subroutine TaUPRD to accoaplish it. Otherwise we proceed.

- 128 -
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Thie nadrons are scelected according to one of Lae variouo
v033i0le technligues (called subuodels). due selection ot
the suomodel is wade by tihe 1nput value of HPAKAN(Z2). 1
usually use subnodel 6 but I will Orieily descrive tioen ull

nere for cowpleteness.

If «PARAN(2) = 0, then we gencerate ¢ fixed state witn tuoc
particles given by the contents of NCUTY(3,40) in tne cowmon
vlock CNPRUU wnich must be set vy the user in subroutine
INIYT,. The first index is the charge: 1 = -1, 2 = 0, 3 = +
1; tie second index is the particle type as descriped in the

cownon block AmCaTyY.

If mbkakam(2) = 1, then we yenerate an all-pion state
Poisson in number of pi+ with average = ZPARAM(1) and

Poisson ia nuuaber of pi0 witi average = APARAMN (1) *AXParAm (7).

If wibARAM(2) = 2, then we generate an all-pion state
roisson in nuaber of pi's with average = Kparan(l). Toe

1vi's are made neutral witih probability XPARAM(T7).

If mPARAM(2) = 3, then we yenerate a yeneral state of
pions, kaons, nucleons, etas, etc. The total multiplicity
is Poisson with averaye = APArRAM(1l). The selection of
particles is done in subroutine SELECT. Particles are
chosen frowm amony classes of differing strangeness and
baryon number. ‘The present classes and tneir weights are:

plons and etas l-sum of otners

kaons APaRrAI(11)
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nucleons XPARAM (12)
neutrinos APARAM(14)
rho's XPAKAM(15)
omeya's APARAM(1G)

Particles are chosen in pairs from the first 3 classes and
singyly from the last 3. Due to the effects of the
conservation laws, the weiylits are not exactly equal to the
achieved particle fractions.

within each class, particles afe chosen accordiny to
input random numbers, but the charge of the final state is
constrained to 1 or U, 7The final particle is selected to
balance charge.

XPaARAM(7) = fraction of piU's in the pion/eta class

XPAWAM(10) = fraction of eta's in the pion/eta class

fraction of KO's in the kaons class

XPaitAm (8)

fraction of n's in the nucleon class

XPAKAA(9)

rlio's are chosen 1/3 neutral

I MPAIlAM(2) = 4, then we generate a yenceral state
exactly as in subrmodel 3. However wihen an event is
discarded because of its phase space weiyht we will return
to SELECY to choose a new state. This means that the
particle fractions that come out in the end are influenced

by their relative phase space weights.

If MPARAM(2) = 5, start with an all-rho state of poisson

nultiplicity with mean = XPARAM(1l)/2. make thewr chargyed or
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neutral withh neutral fraction = APAxAr (7). make sowe of towia
into pion pairs, withh APARAM(15) of the ruos renainin, as
rhos. in tnis way the final state nmultiplicity is

indepgendent of the rho fraction.

If MPARAM(2) = 6, yenerate gquarks and wake thew into
nadrons (taken from Feynman-Field model [ducl. Puys. 8136:1,
1978])) .

The ydark flavor at the gamma =-> ¢ ybar vertex (IJUaik)
is chosen with probability proportional to the quark cnarje
squared. MEARAM(4) is the index of the higlest mass yquark
to naxke here with l=u, 2=d, 3=s, 4=c¢, 5=L, and 6=t.

The nadron aultiplicity WP is chusen according to a
Poisson distribution, with the mean (AVMULT) deteramined by
APARAM(L) .  AVMULT 1s caorrected for the center-of-mass
eneryy and for the excess multiplicity frow the prigary

yuark:

AVMUL'T = APARAN({Ll) + 4.3 * ALOGS (SuTS/TaCH)

- 2. % AVHQ(IUARK) .

SURTS is the center~of-mass eneryy after radiation and TkCnm
is the nowlnal center-of-aass energy. AVMd 15 zero except
for heavy gyuarks. For the charwed guark it is tiie average U
decay multiplicity minus 1.

To wake the NP hadrons we add awP-1 y-ybar pairs from the

sea to the primary y ybar. u—ubar and d-dbar gairs are



132
chosen with equal probability. Tie provabilities for s-—-sbar
and c-cbar pairs are egual to XPARAM(3) and XPARAM(4)
respectively., sStarting with the priwary quark, we work our
way down the uarik cuain making hadrons out of each adjacent
g and yovar. 1Tous charye, strangeness, etc. are automaticually
conserved. For neutral cowmbinations sSU(3) mixing is used to
choose between the three possible hadrons. The spin is
cihosen to be 0 or 1 with spin 1 having probability
APARAM(G) . To keep the multiplicity under control, vector
particles and etas count as twe particles., This means we
must reiove a y—ybar pair from the chain for each such
nadron wade, and this is done in such a way as to not
disturb the cvonservation laws. yYuark pairs will also be

deleted if we run out of eneryy.

Now we are ready to yenerate the 4-vectors by calling the
GAGL subroutine GENIUS, which is so naned because it
produces linited-transverse—nonentun phase space s$o nuch
more efficiently than anythiny wihich was written previously.
(Actually it was given that name at SLAC. ‘'The authors Carey
and bLrijard [JCP 28:327, 1978] called it GENLON in the
Ferwilab prograimn package NVERTX. It was obtained by Roger
Cnatfee and installed as part of the SLAC copy of SAGE.)
Lven so, it is not perfect, so it assigns each event a

welght equal to the correct probability divided by the
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actual probability. 1o obtain an unbiased sawmple ob events,
we determine the maxiaun possible welqght and taen Keey.
eveints with probavility egual to tneir weijgnt dividged uy tie
digx limun weight.  The nazxiauw weigut is an unknown function
of the center-of-mass eneryy, the wmultiplicity, and tie
prarticle masses. The naxiwum weignht is found once for eacn
multiplicity and event type IWYPEV (which 15 always 1 except
for subnodel &, for which it is IQUARK) Dy generatingy
mPARAN(3) events in each class. (1f MPARAM(3) 1s less than
0 all events are kept.,) The maxzioum weight 1s corrected

for energy by

WMAKXT = WTHAX (NP, ['TYPEV) * (TECH/SURTE) **2

* ( ALDGlU(BQRIS) / ALOGLO(TECMm) )Y**(iP=2)

This forwmula was ovtained :froun the infinite-eneryy liait of
the lonyitudinal phase space integral given in Byckliiy and
Kajantie [Particle Kinewatics, p.122, John wiley & Sons
Ltd., London, 1973]. lowever it is only approximate at our
eneryies. pue to this and the unknown dependence on wasses,
we protect ourselves frow horrid inefficiencies by resetting
the waxiaum weight after MPARAM(3) unsuccessful tries to the
highest in those wPARAM(3). For stvbmodel 3, every time an
event 1s discarded we yo back and select new hadrons keeping
the same nultiplicity. Fror all other models we retain tie

sane particles until an event is kept.



LImpPl takes advantaje of the various matrix eleaents
availanle in GENIUS.

If MPaAm(l) = 5 tie matrix elewent squared is

] **2 = exp ( =wP/(AP=-1) sum PL**2 / R*¥*2 ), R = XParAmM(5) .

[f mPARAIM(L) 51 it is

fmp**2 = exp ( = sum |PE] / R ), R KPARAM (D) .

52 it is

If wPAav(l)

Jm|**2 = product { m**2 / (wm**2 + suw Pt**2) j**y,

R = XPARAM(5), m = XPARAW(17).

I1f MPARAM(Ll) = 53 it is

|m]**2 = exp ( = sun Pl*¥*2/QR11*%*2 ~ sum P2®*2/R2%%2 ),

Rl = XPaRAM(5), R2 = XPARANM(1l7).

GENIUS uses the 2z axis to calculate PL; i.e, the jet axis
is along z. iow we choose a jet axis accordiny to the
distribution

d signa 1.+ alpha*cos(theta) **2



+ alpha*polsy*cos(2pti) *sin(theta)**2
I P

wihiere alpha = APARAM(2) and the beam polarization sguared
polsy = XPARAM(13), theta is the angle to the bean, and tue

beam polarization is alony phi = 90 degrees.

The event is rotated by an arbitrary anygle about the z axis,
then rotated to the chosen jet axis, and then boosted to the

lab frame,

The pacrameters for the LIMPT model, the usual values used
to fit the 7.4 GeVv data, and the subiodels to wiiici tuey

apply are summarized ia Table 7.
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TAbLE 7

Parameters for LIAPT model

raraneter jusualjsub- neaning
valuenodel
MPARAM (L) 53 all form of matrix element
meAaRAM(2) 3,5 all submodel
wPaiacd (3) 50 all nuaber of events to make in finding
maxiinum welghbt
FMPARAM(4) 4 6 highest mass quark to make at
gamma —-—> { (ybar vertex.
l=u 2=d 3=s 4=c 5=b &=t
mPARAM (5) 1 all 1l to produce taus. O for none.
AParari(l) 10.57 1-6 averayje multiplicity
APaRAM (2) 1.0 all alpha in jet axis distribution
Kbauwam(3) 0.0 [ provability of s sbar yuarks in sea
KPARAL(4) 0.0 [ srobability of c cbar yuarks in sca
KPARAN (D) .55 all R or Rl parameter for matrix eleaent
XParal (5) 0.1 ) vector particle traction (rest is
pseudo=-scal=r)
APARAM(T) 0.5 3ud pi0 / (piteca)
1,2,5] neutral fraction
XParAM(3) 3&4 KO / «
XPI\R[\M(")) 3&4 n / (n+,:))
APanabi(10) 3&4 eta / (pi+eta)
APAKAM(11) &4 kaon wei.jght
XPARANM(12) 3&4 nucleon weight
APArAN(13) ] 0.0 all vean polarization syuared
APaRkal(14) 3&4 neutrino weight
XPARAM(L5) 3&4 cho weignt
KPoiRari (18) Ju4 oniega welight
APARAM(17) .55 all m or K2 parawneter for macrix element




Appendix C
FeYamAN=TIoLD MODLL
seidend! ana Feynuan and Fielad? nave proposed a
plienonenaloygical model for tue fraymentation of Guurks inco
hadrons. we have adapted this model Lor e7¢” anniibilation
in a way that conserves charge, strangeness, and charw, and
eneryy and nomentunm., Tihe details of the podel as we anave

implemented it are glven here.

Lvent generation starts withh a call to KADLIAT to select
an initial state 4-vector caking into acrcount the
probability of photon ewission from one of the initial
leptons. If toe user has asked for tau production by
setting mPanAmM(5) = 1, the cross section used in calculating
the radiation probability is the total hadronic cross
section plus the tau cross section. Jtherwise it is just

tue hadronic part.

The choice between a hadronic event and 2 tau event is

made according to the ratio of the tau cross section to the

A. Selden, Puys. Lelt. 68p:157, 1977.

4. Seiden, T.L. Scualk, and J.F. Martin, Phys. Rev. L
18:3930, 1978.

42, 0. tield and R.P. reynaan, wucl. Phys. 8513G6:1, 1u74.
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total cross secktion at this (radiated) energy. I tie
decision is awade in favor of tie tau, control is jpassed to

subroutine TAUFRD to accomplisih it. Otuerwise we proceed.

the juark L[lavor at che pioton —>» § 4 vertex is
cuosen withh probability proportional to the guark charge
syuared. MPaRa(4) is tie index of the highest wmass uark
to make nere with 1l=u, 2=d, 3=s, 4=c, 5=b, and 6=t. The
primary yuarks are assumed to be nmassless with eneryy egyual

to the beam eneryy.

The primary 4 and g are separately fraymented into
hadrons by subroutine GOJET. Tue frayuwentation proceeds by
itzrating the process 4§ -—> y' + hadron until the encryy
contained in the hadrons is approxiwately eyual to the
initial yuark eneryy. “The steps involved in ecach iteration
are described below and illustrated in the [lowchart of

Fijgure 56.

First a new 4 q pair is chosen from the sea. u and d
Juarks are taken with eyual probability, strange quarks witn
some smaller probability (F-F use .2), and neavier yuarks
never. The ¢ and § are given eyual and opposite transverse
momentun witn respect to the primary yuark direction. The
transverse momentum is chosen according to the distribution

dn/d pt2 ~ eXxp ( - P2 / r? )
where r has been adjusted so that tine observed transverse

momentum distribution agrees with the data ( r ~ .35 Gev ).



Figure 5G:

FLOW CHART OF GOTET
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e aowadron 1o Loraed ifon tae 01y suark Gans tue acw
anii=-juares. fme hadrons are always mesons in tnils uodel
slace we alelys get . G pairs. lucy are cnoscn to Se

L ocud0=sCuasarl and vector witn some relative provability for
witlein r=t uwne 1. The SU(3) miging for the 1z=0 casc i3 :one.
Jae transverse aomentun of tie aadron is siampl,; the vector

sele Ol Lo franusverse wonenta of its constituents.

e nadron longituciaal wouentum is rfound frow a
sriwordial splittiny function £(x). It 1s assuned taat the
sawe splitting function can be used at each step in tie
itvration. In other words, we aust ve at a hijgh enocuyn
enery; so that only relative wonentae are lwmportanc ang mas:s
elfects can be ignored. Since enerdy and aouzntul Cannot
LOCn o conserved in the decay ol a wassless guara into a
Ld3ACS ang a nadron, we use tue varlable € = £ + 2¢, wilcu
Cain we cunserved., Tne forw of the splitting function
Lop:used oy kFeymman and Field for light quarks (u,d,s3) 1is

N
£1x) = 1=a + & (N+1) (1-x)
wiiere £ = €(aadron) / €(old uark) 1is obetween O and 1.
reyaaan and Field use N = 2, and A = .77 to .04 . Tae
constant term is there so tie resulting inclusive
diotrioution kF(x{|) does not jo to zervo at all=1l. If that
terae is left out (i.c. A=1), there Is a siwple relationsuip
vetween the splitting function and tue inclusive
distrioution:
AL BE(ALD) = £(x) .

w¢ use a constant splitting function for tue heavier qudrks,



ae o not wisn to ollow nadrons LO G2 DaCnwafl su, L.w.

re
.

LaVe a0CNTUL enti-paraellel to the priviar, guark's oo oo
sods reguireuncnt sets a lower liait ou & Lor eaCs aawro:,
wulCa Jdepends on the hadron sass gL transvellce wolwvile
and v the € ol tue old guars:

Lala = s4rt | al o+ Pl } / € (oly j4uari)
1t zaln is larjer than L0 we cannot jive the baalon lufwsts
nomentlull, S0 the current aadron is discardey ana toac
iteration is stogped wita the previous hadron s tae laot

t-article in the jet.

1f we had no other weans of stop.ing tie iteration, toe
finite hadron nasses ang transverse wonenta would lean tuet
tue averaye total cuvryy ia uadrons would e larjer than tiw
Lrinary quark encryy. To avoid this, we sLop the iteration
whiei tne total eneryy ia hadrons aas couwe withln £CULC of Lue
Sean energy. sCurl is cuosen to e a reasonable yuess at tne
eneryy required to make anotier hadron, we have Lrica Lottt a
Flon wass and tioe averdage transverse aass calculated
assueding a plon wass.  The results are cowguted in bl jure
57. w«when the iteration is completed, we nave o uaidrons and
n+l quarks in continuous chain witin a khown €, Pt and masis

for ecacua ctf thew.

" ; + - - :
fhe two primary quarks frow ¢ ¢ —> g § are frajuented

independently. 7Then wé have two separate jels, eaca wita a

left over 4 or 5. The two jets could be joined by naning a
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Charged Particle X;: in Feynman- Field Model
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tigure 57; Feynman-Field Charyed Particle Xylor various
woaifications of the model (sce text).
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aadron frowm tie left-over o and 4. ifowever, since ecaci ot
the jets unave already used up on averaye nearly all ol tue
available energy, we instead split up tae last hauron ot one
of the jets and delete the last 4 J pair. 'fhen the reaainia,
left-over 4 and § are made into a hadron. Tae joininj;

process is illustrated in Figure 53.

Since the quarx chain is now continuous, the cua ol ¢ anu
—_

Pz are now conserved, as well as Pt, chargye, stranjeness,
etc. Lneryy and momentam are not Separately conserved, &s
snown in Figure 5Y. uowever we can adjusl separ/ tely the
two primary quark energies to achileve exact ener.gjy and
domentull conservation. The € for each hadron is then
re~scaled to the new yuark enerygy, aud the hadron encryy ang

monentuw calculated Lrow &,

There is a certain awmount of arbitrariness in this model
in now to end eacn jet and ia how to join then. soti affect
tite low womentun hadrons directly, but throuyh the
re-scaling they affect the high mowmentun nudrons as well.
I'wo fonte Carlo runs were made at escw = 7.3 GeV, one in
which a jet was terminated whnen the rewaining eneruy becaine
less than one pion mass; in the other tiue enerjy cut-ovil was

2

2 25 )

set at tue averdge transverse wass = sSyrt ( mg + <t
The results are cowgared in Figjure 57. Since siailar
changes can be achieved by changing the parawmeters of Lie

splitting function, it is clear that these parameters can
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Figure 53: ‘The Joining of Two Jets.
a) by combining tie two lelt-over quarks.
b) vy discarding a y § palr and re-making the last hadron.
Method (L) is used in our progran.
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not be unijyuely deterwined. Another monte Carlo run was
made with the average transverse mass for thne energy cut=-off
anu ~N=1, a=.77. The results are shown in rigure 57. The
Feynuan~Field nodel which we compare to the data in this

tuesis 1s actually the suw of thesce three runs.



