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ABSTRACT

The production of D mesons in e+e_ annihilation for the center-of-
mass energy range 3.7 to 7.0 GeV has been studied with the MARK I magnetic
detector at the Stanford Positron Electron Accelerating Rings facility.
We observed a resonance in the total cross-section for hadron production
in e+e— annihilation at an energy just above the threshold for charm
production. This resonance,which we name y'", has a mass of
3772 1 6 MeV/cz, a total width of 28 £ 5 MeV/cz, a partial width to
electron pairs of 345 T 85 eV/cZ, and decays almost exclusively into )
pairs. The y" provides a rich source of background-free and kinematically
well defined D mesons for study. TFrom the study of D mesons produced in
the decay of the y" we have determined the masses of the p° and D+ mesons  to
be 1863.3F% 0.9 MeV/c2 and 1868.3 T 0.9 MeV/c2 respectively. We also
determined the branching fractions for D° decay to K, KO%Tn~ and
K—ﬂ+ﬂ_ﬂ+ to be (2.2 T 0.6)%, (4.0 T 1.3)%, and (3.2 1 1.1)% and the
branching fractions for pt decay to %%t and KT to be (1.5 % 0.6)%
and (3.9 % 1.0)%. The average number of kaons per D dgcay was found to
be 0.52 ¥ 0.14 K°'s and 0.42 * 0.12 K''s.

The rate for inclusive production of D mesons at center-of-mass
energies above the Y" has been measured; we find that it can account for
most, if not all, of the observed increase in the total hadronic cross-—
section for center—-of-mass energies above 4 GeV. The inclusive momentum
and energy spectra for D's have been measured at the highest available
center-of-mass energy (7 GeV). The energy spectra are rapidly decreasing
functions of energy with a slope similar teo the slope of the charged
‘pion spectrum at the same center—of-mass energy. This behaviour suggests
that the fragmentation function of the charmed quark into charmed mesons

is a decreasing function of the scaling variable z = 2ED/ECM'
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CHAPTER I

- INTRODUCTION

In this work we will examine the general features of the inclusive
production of D mesons in e+e- ammihilation for center of mass energies
of 3.6 to 7.8 GeV. We will first discuss the discovery of the ¢'(3772),
a resonance just above the threshold for DD production that decays
predominantly into DD pairs, and we will study the D mesons produced
in its decay. We will then turn to the study of the:inclusive pro=-
duction of D mesons at higher energies. Finally, we will examine the
characteristics of D meson production at the highest available energieén
in our apparatus (7 GeV) with the aim of obtaining some information on
the fragmentation function of the charmed quark.

Before embarking on this long task we will review the overall
picture of hadron production in e+e_ annihilation within the context
‘of the quark-parton model. We will also give a short account of the
theoretical expectations for charmed particle production in e+e_
reactions, within the framework of thecHarmenium model, as well as a
review of the current theoretical prejudices on the form of the frag-
mentation function of heavy quarks.? _

Rather than devoting a disproportionate fraction of this intro-
duction to a description of the quark-parton model and of charm pheno-
menology, we will assume that the reader is familiar with these topics.
We will expand only on the particular areas of direct relevance to our
work. This significant drawback of this work is mﬁt?gated by the .
existence of a large number of excellent feviewg in-the recent litera-
ture.l“8 As a poor substitute, Table I summarizes the properties of
the SU{4) quarks, and of the predicted.and esfablished charmed meson

states.
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TABLE I

a. SU(4) quarks

Name u d s c
I 1/2 1/2 0 0
Iz +1/2 +1/2 0 0
Q +2/3 -1/3 -1/3 +2/3
B 1/3 1/3 1/3 1/3
Y 1/3 1/3 -2/3 0
S 0 0 -1 0
c 0 0 0 1

b. Charmed Mesons

Name Mass Spin Isospin  Favoured decays

(GeV/cz) Iz

p° 1.8633 0  -1/2  Kwt, &%, K nntn,
Eov+ﬁ—,K_ﬂ+ﬁ°, Kfn+v0,
K—e+v,..

p* 1.8683 0O +1/2 EPH+,K_ﬁ+ﬁ+}fpﬂ+w_w+,
-0 +
Kew,

+ + -
Fr 2.03 (?) 0 0 ar, g1, KK aT,KK ...
* .

p° 2.0060 1 -1/2  yd°,n°p°

+% + + 4

D 2.0086 1 +1/2  yp, 0,7 D°

1 2.14 (2) 1 0 yF




- A, HADRONIC PRODUCTION IN e+e_ ANNTHILATION

Figure 1 shows schematic diagrams for thie major processes occuring

in e+e_ annihilation for relatively low center of mass energies (Ec o
less than' 10 GeV). Diagrams (a) and (b) illustrate’ the major quant;m.
electrodynamical (QED) processes: Bhabha scattering (e+e_ elastic
scattering, a combination of graphs (a) and (b)) and lepton pair proQ
duction (b). These processes proceed through a singlé virtual photon
and can be easily calculated in QED. Diagram (c) shows the annihilation
of a positron and an electrom into two photons, another copious

QED process. Diagram (d) illustrates the '"two-photon" production
mechanism that contributes to the total hadronic cross section. The
.conﬁribution from such processes at our energles turns out to be almost
negligible. This contribution is expected to increase like (1n 5)2
and should become significant at higher energies.g
. Finally, diagrams (e) and (f) are the diagrams for hadron pro- 5
duction which is the subject of our study. Hetre we have assumed that
the only significant contribution to hadron production comes from the
formation of a single intermediate wvirtual photon which, in turn,
* couples to a quark-antiquark (qq) pair. The qq pair then decays,
jthrough an as yet not understood mechanism, into a final hadronic state

PC_ neutral,

with the quantum nuwbers of the photon, i.e. a J
non-strange, non—charmed state. ‘The possibility of the virtual photon
cdupling to a vector resonance (which may be a bound state of a aq J
pair) is shown explicitly in (£). _ !
The naive picture of hadron Production, as the manifestation of"
the production of_mo:e'ele@gntarygéginﬁglike_fermipnﬁﬁ@gbgﬁgparks,i
allows.us to relate the total ha&toﬂic cross section to the cross
fsectién for -the productien of a paierf,ghagggdg&eptq?s, e.g« u+u—

production. From QED we have that

| + - 4+ -. 42’ $6.86 nb _* 21.72 nb
c =c(ee »unu)= = =

WU 38 . _(eev? 2 s
g(GeV™) Ebeam (va)
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Figure 1 . Some schematic diagrams of processes taking place in

e+e— collisions: The wavy lines represent photons,

the ctraigit 1ines are leptons and hadrcus.



For the total hadronic cross section we have, in a similar manner,

o = cr(e+e_ ~ hadrons) = cuu x 3 z? Qi
where Qi is the square of the charge of the i'th quark flavour in units
of the electron charge, the sum runs over all the quark flavours which
can be preduced in pairs at a particular center of mass enefgy, and the
overall factor of 3 accounts for the three quark colours of quantum
chromodynamics (QCD).

It is by nowcustomary to display results in terms of R, the ratio

a
R--L .32 .
g . 1
o 1

R in the quark parton picture of SU(4) (see Table I) should be constant

and have the value

JEPY S S N
Ra = 3(9 + 9 + 9) = 2
for energies below the charm threshold (3.7 GeV) where only the

"econventional” u, d, and s quarks contribute. At higher energies,

where the ¢ quark contribution has to be included, R should be

1 y =202 3,33 |

3

\O| &~

- 1 4
Ro=3x(G+g+tg+

Figure 2 shows the value of R as a function of energy as measured in

wl

It

our experiment. We find that Ra 2.5 approximately for Ec n - 3 GeV

and that R = 5.2-1 = 4.2 at 6 to 7 GeV. In the last value ; ;nit of R,
due to the pair production of the heavy lepton T which is included in
the data of Fig. 2, has been subtracted. |

The general features of R validate the predictions of the naive
quérk model. .We indeed observe a step in R of approximately the
expected magnitude at Ec.m. = 4 GeV. As we shall show in Chapter &,
‘all of the observed increase and structure in R can be accounted for
by the production of charmed mesons. The deviation of the asymptotic
value of R from the naive model's predictions can be explained as a

correction arising from QCD quark-gluon interactions. Far from
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The ratio of the total hadronic cross section to the 'y
c

5 , a8 a function
Uy

of the center of mass energy. The bulk of the data are

pair production cross section, R =

from Ref.'51, the data at the w"(3772) have been added to
them. The contribution te R due to pair production of the
heavy lepton T has not been subtracted. Radiative corrections

have been applied and the radiative tails of the ¢ and ¢’

have been subtracted.



thresholds and resonances QCD predictslo that

2
() a_(E)
- _ r .2 s

: Foep =3 g=1 {1t k[lsﬂ ]

where aS(E) is the running coupling constant of QCD analogous to the
QED ¢, and k is a numerical constant with a value close11 to 1. 1In
the standard (SU(4) x SU(3)) model of quarks the coupling constant has
the value

a (B )

o (E) = =
8 1 25

t Tow %

2,.2
(E)) In(E /Eo)

with aS(Eo) determined from experimental data. Our values of R in the
3 to 4.5 GeV region imply a value of uS(G GeV) v 0.6. !
The onset of the step in R is accompanied by significant structure ;
in the 3 to 4.5 GeV region. As seen in Fig. 2 and Fig. 3 at least five
distinct resonances are obgerved in this region: the $(3095), the
P'(3684), the ¢"(3772), the ¢(4.03), and the ¢(4.41). The parameters

of these resonances can be found in Table III of Chapter 3. It should

be noted that at experiments at the DESY colliding beams facility another
resonance at 4.16 GeV has been observed. TFigure 3 is a compilation of
all the published measurements of R,

The most striking feature of the data are the extremely narrow
widths of the first two resonances, the (3095) and the {'(3684), both
of which lie below the threshold for charmed particle production. The
reason for this extraordinary occurrence can be found in the Okubo-

Zweig-Iizuka (0ZI) mechanism.12 This poorly understood semi-empirical

selection rule states that tramsitions in which the initial quarks
Aannihilate each other and do not survive to the final state should be l
suppressed. This rule, originally proposed to explain the enhanced }
branching ratio of the decay ¢ + KK relatively to decays with no
strange mesons in the final state (e.g. ﬂ+ﬁ_no), is evidently at work
here. The $"(3772), which lies above the DD threshold,.has a width
two orders of magnitude greater than the width of the y'(3684) and

decays, as we shall show in Chapter 3, almost exclugively into pD. ,

Figure 4 is a schematic illustration of this rule.
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corrected. T palr production is included in R. The data in (d) at
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experiment and do not include the data presented in chapters 3 and 4.



The observation of the narrow resonances, together with the
observation of intermediate y states in the electromagnetic

cascadeslB’41

v+ vy and ¥' > vy .
—-vyy L—» hadrons

provided the impetus for the development of the charmonium model.7’14’15

In this model the.w's are viewed as bound states of a non-relativistic
- *
cc system with a binding potential of the form

c‘S r
V(r)=—?+'—2' .
a

This form, dictated by the asymptotic freedom features of QCD, is
Coulomb-like at short distances and allows for a treatment of the cc
system along the lines of the treatment of positronium (bound system

of e+eh) in QED. [For energies below the charm threshold, this model,

if one includes non-relativistic spin~dependent forces, predicts a
spectrum of hydrogen-like excited states which decay electromagnetically
to the ground state. 1In this model, the ¥'(3684) is a radially excited
state with the same quantum numbers as the ¢(3095). The rich spectrum

>*" and is a major

predicted7 has been observed in our experiment1
success of the charmonium theory. The spectrum is shown in the form
of a Grotrian diagram in Figure 5.

The extension of this model to energies above 3.7 GeV, using the
parameters of the yand the y' as input to adjust the variables of the
model, leads to ﬁefinite predictions for the cross section for inclusive
production of D mescns in e+é_ annihilation. The predictions 3 are
shovn in terms of AR, the expected increase in R due to D production,

- in Figure 6. The existence of an isolated 3D1 resonance at 3750,
which decays into DD, and the subsequent discovery of the y"(3772) form
the most spectacular success of the model. At higher energies,

charmonium gives a qualitatively correct respresentation of the data.

*It should be noted that o in this formula, as determined7 from Y(3095)
decays through an intermediate three gluon state, is approximately 0.2
This value is in strong disagreement with the value of 0.6 obtained

from the R values. This is one of the major outstanding problems in

the charmonium model.
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435(4414)
?  (4160)
- 335(4028)
CHARM
THRESHOLD
(2Mge =3727) 13D, 3772)
235(3684)

3p,(3550)
3
Po(3415)
1S (3095)
X (2830) W28

Figure 5 . The observed charmonium levels with the notation n25+1LJ

and masses in MeV/cz. The correct identification for X(2830)
and x(3455) is not known and even their existence is in doubt7?
ZObserved radlatlve transitions are shown in solid directed
1ines. The dotted line represents an Ml transition which has
not yet been observed. Splittings are approximately to

scale.
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The opening of the DB and DD chammels at 4.03 GeV and the dominance
of D*ﬁ*over the other modes are features of the measured D meson
production.

Even though the validity of the model at energies above 4.2 GeV,
where there is enough energy to produce higher mass charmed mesons
(e.g. FF), becomes suspect, the predictions of Fig. & serve to
illustrate the expected behavior of D production. Since D mesons
are the lowest lying charmed mesons, their production, either directly
or as the result of the decay of heavier charmed particles, should be
a major fraction of the 1 %—units of R due to charm.

In addition to D mesons, F mesons and charmed baryons are also

+ - .
expected to be produced in e e annihilation and contribute to R.
Poasible indications for the F and F -mesons have heen observed in the

process
- Fo
NP A
L =
nnt
by the DASP experiment,3’16 and as a small enhancement in the imvariant mass
distribution of KKv in our experiment?lT’ls There has heen no measure-

ment of theinclusive production of F mesons in e+e_ annihilation. The
results of Chapter 4 allow for at most % unit of R to be due to F pair
production.

Charmed baryon production should manifest itself as an increase in
the rate of inclusive production of protons and A's, provided that the
c.m. energy is abové the threshold for their production. Measurements*
of Rp+§ and of RA+K’ the contributions to R due to proton and A prﬁ-

duction, from our experiment are shown in Figure 7. We observe an

increase in Rp+§ of approximately 0,3 units at Ec . o 4.5 GeV which

can be attributed to charmed baryon prbductioﬁ.

*
Whenever we use the symbols Ra+5 or o_ they always refer to the sum

+a
: . . + - - .
of the inclusive processes ete~ + a + anything and e e ~ a + anything,

unless otherwise noted.

'*A recent unpublished analysis of the results from the MARK IT collabor-

ation at SPEAR, of comparable statistics, indicates that the KKw enhance-

ment we observed is probably a statistical fluctuation.80
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Figure 6

4.4
W (Ge\/ ) 3:347A9

The charm contribution to R as computed in the
coupled-channel charmonium model of Ref’, ‘15 . The
heavy solid curve is the sum of the contributions
from DD (short-dashed 'curve), Dﬁ* + Dfﬁ (lonéﬁ&ashed),
and D*ﬁ* (light solid); F meson production makes a

negligible contributioni®
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B. INCLUSIVE PRODUCTION OF HADRONS IN e+e‘ ANNTHILATION AND THE
QUARK FRAGMENTATION FUNCTION

The quark-parton mode12’20 offers a simple and understandable
framework in which one can analyze the inclusive production of hadrons
in any scattering process. The basic assumption of this approach,
pioneered by Feynman, is that the underlying mechanisms in any process
involve quarks, i.e. point-like charged fermions. The quarks can
scatter in two-body collisions, can be generated in quark-antiquark
pairs by the strong (colour) field and the electromagnetic field,
and can be probed by weak and electromagnetic forces (e.g. in lepton-
hadron scattering). The result of this approach is that any particle
interaction can be factorized into distinct stages, each stage being
described by a set of universal functions that characterize the quark
content of hadreons, the quark-quark séattering cross section, and
the quark 'decay' properties.

For example, in the case of hadroProduction of a hadron h, shown

diagrammatically in Figure 8a, the differential cross section is given
by°21’22

Ed g
d ph

'l ~1
> f f L (%06, (e )DR(2) ~l; l-d“(s £5q,9,79,9,)

a,b?c a min Xb ,min

(s, £, u; AB > hX) =

where G (x } describes the probability of finding a quark of flavour
a in the hadron A with a fraction X, of the hadron's momentum;gg is:
the differential cross section for quark-quark scattering expressed in
terms of the &, t invariants of the quark system q, + Qs and DE(ZC)’
the quark fragmentation function, is theprobabillity of a quark of

flavour c to fragment into a hadron h carrying a fraction Z, of the
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E c, c
do’ ~ (0+b—c+d)}
S %

B GB--b Xp)
gl
g - q’ Dgl(z)
q -—CE———h
N— {%
(b}

q _
/,r DE(Z)
Sa
a\
é RS
4-79 (c) 358847

Figure 8 . Quark-parton-model mechanisms for :
(a) hadron-hadron collisions,
(b) hadron production in lepton-hadron collisions,
(¢) hadron production in e+e_ annihilation.
Wé have emphasized the assumed underlying constituent

interactions,
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*
quark's energy.

In a similar way, the cross section forthe leptoproduction of

hadrons (Fig. 8b) can be written as

do (gN+g'hX)o:'EGN_m(X)D2(2) s
dxdz n

from which we observe that the G functions are directly related to
the nucleon structure functions determined from deep Inelastic eN and
vN scattering.

Finally, for the inclusive production of hadrons in ete annihi-

lation (Fig. 8c) we have:

2

dg , + - _ Ahrma 2 _h
% (efe” > nx) = 22 Eilqini(z) ;

i.e. the cross section of producing a hadron h having a fraction z of
the beam energy is directly related to the fragmentation functions
and the charges of the produced quarks. We see that e+e_ annihilation
provides a very clean mechanism for studying the fragmentation function.
Information from such a study together with the nucleon structure
functions obtained from leptoproduction experiments can then be used to
analyze the results of hadroproduction, in particular high Py pheno-
mena, and obtain information on the underlying quark scattering cross
section.

It must be emphasized that the above picture 1s extremely naive

and wrong. Effects such as the contribution33 of QCD gluons have not

*Thére is.ﬁo accepted meaning of z. Some authors define z as the
,fractioﬁ of the quark's energy carried by the hadron, while others use
z = p/Eq, the ratio of the hadron's momentum to the quark's energy.
This is a significant distinction when the quark energy is not much
larger than its mass. To avoid this problem Field and Feynman

suggest the use of a rapidity-like variable y = %—jiP%L, where E and

p are the energy of the hadron and the component of the hadron's
momentum along the original quark direction, and Eq and Pq are the

energy and momentum of the quark.
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been included and they could alter our view significantly. Furthermore,
we once again assumed that the one-photon exchange mechanism dominates

. . A ips
quark pair and hadyonic production in e e annihilation, Lacking any

better description we will adhere to this simplistic view.

In the case of charmed meson production the situation is even simpler:

do
dz

2
(eF +e” >D+ ) = 42“ (59‘- DE (z)) ,

that is, the sum of the previous equation over all allowed quark
flavours simplifies to a single term. Here we haveused the assumption
that thezonly quark fragmenting to charmed particles is the charmed one.
This asgumption is justified on the basis of the relatively high mass
of the charmed quark (mc v 1.5 GeV/c) which supprz;ses+the Eroduction
EE—(e +e >D+X)
is, under these assumptions, a direct measurement of the charmed quark

of c¢ pairs from the vacuum. The measurement of

fragmentation function.
The relatively high mass of the charmed quark has led a number
of theorists to propose a variety of forms for its fragmentation
function, some of them different from the generally accepted form
for the fragmentation function of conventional quarks. Suggested forms

+
for conventional quarks (e.g. DE (z)) are:

Form: ' Author:
%(l-z) Sehgal and Zerwasz4
1 Seiden25
z .
(n+l) (1-2)" with n=l or 2 " Gronau ety al.
. 1 i o -.‘a( i ma.-,"-. N 2] + (_' _1;;-3 : 1;‘_ - 3a N - + 2a (232_35_2) 2.72&] With r'\_,. 8
A —-a "I: Fa —Z) B‘r (3-23)(23—1) Z . a_ K

3-9a z © Za-1Z

Field and Feynman >

S . | 27
(lzZ) + §(z-2) Ellis, Jacob, and Landshoff
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These forms, derived mostly from dimensional counting,28 are likely
to be asymptotic expressions appropriate when the quark and hadron
masses are negligible compared to the energy of the fragmenting quark.

Forms suggested for heavy and/or charmed quarks are:

(a) D(2) ~ 8z - Eum—f—-a) =5z - .84)
c

with my = 1,87 GeV/cz, m, o= 1.5 GeV/c2 and Q a flavour independent para-
29

meter of the order of 1.0 GeV/cz. ‘This has been suggested by Suzuki“’ on the
bagis of athermodynamic fireball model in which the energy is distributed
to the fragmentégion hadrons according to a Boltzman distribution.

(b) D(z) « 23(1¥z);'a‘model of Kartvelishvili_gg_gl.,30 based on

the reciprocity relation at z ¥ 1, which requires that
Dh(z) NG (z) for z~+1
q H+q ’

i.e. that the probability that the quérk q decays to a high momentum
hadron h is the same as the probability of finding a quark q with a
high momentum inside a hadron h.

(c) e_bz, a phenomenolégical parametrization of Barger, Gottschalk,
and Phillips,31 used in their analysis of the lepton energy spectrum in
opposite sign di-lepton events observed in neutrino interactions.

This spectyum, due to electrons produced in the semileptonic decays
of charmed particles, can provide information on the D function's
shape. Their analysis of the Fermilab data33 gives b ¥ -3.

An analysis of CDHS data, along the same lines, by Odorico34
gives b = 0 or b = +3 as better wvalues.. This author remarks that the
data demand that "D{z) must bgdppnﬁsggll near z=1", , .

(d 0(z) = A e—B{(z - <Z>DIA] with (z> % .7,A2 .1, another shape
favoufing the high z end of the D function proposed by Dias De Deus.35

(e) Bjorken suggested,36 without proposing a specific forg,%mﬁga“

that D(z) should be peaked at high z values. The argument behind this
suggestion is that the c¢ quark.is very massive, carried most of the
momentum and is not perturbed much by the simultaneously generated
light qll.lar_ks-.) S L o i

‘ig‘summary, there is a large amount of controversy on the shape of
theﬁfragmentationﬂfunétion,Qf_thg;cparggg}ﬁqgrkr‘”Manx_aqtyoFs suggest

T

.
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that it-should be drastically different from the D functions of the
conventional quarks, being either a constant independent of z or con-
centrated at high z values. These considerations provided the moti-
vation for our study of the inclusive production of D mesons at high
c.m. energies.

Before ending this discussion we should emphdsfze two points:
First, the energies available to us are rather small (Eb am Y 3 GeV)
and comparable to the charmed quark mass (mc v 1.5 GeV/e"). Modifi-
cations to the fragmentation function due to threshold effects and
the limited available enérgy may be very large, making both the appli-
cation of asympfgfic formulae 4 this energy regime and the extraction
of conclusions that may be applicable to higher energies questionable.

Second, in all of the preceding discussion we have assumed
scaling, a natural property of any parton model. In our case scaling
is equivalent to the statement that the fragmentation function depends
only on z and does not depend on Eq’ the quark's energy. QCD implie523
a breakdown of scaling. D(z, Eq) is then an increasing function of
E for z ~ 0 and a decreasing function of Eq for z » 1. We should
expect the fragmentation function to become more concentrated at z = 0

as the energy of the primary quark increases.



21

CHAPTER 2

APPARATUS AND DATA ANALYSIS

Both the Stanford Positron Electron Accelerating Rings (SPEAR)37
SLAC and the SLAC-LBL Magnetic Detector MARK I on which the data for
this experiment'ﬁére collected are by now justly famous and have been
extensively described elsexfarhere.?’a—44 The discussien that follows is
limited in scope, its aim being only to provide a framework such that

the results of Chapters 3, 4, and 5 will be intelligible.

A. SPEAR

The SPEAR Colliding Beam Facility>’

1t consists of aroughly circular ring of 32 m radius around which a
single bunch of electrons and a single bunch of positrons injected
from SLAC's LINAC circulate on a coincident orbit in a common vacuum
chamber and magnetic guide field in opposite directions. Energy to
the circulating particles, to compensate for synchrotron radiation
losses, is supplied through the R.F. system which operates at a fre-
quency of 356 MHz. The energy of the beams, Eb’ is controlled by
the intensity of the magnetic guide field and can cover the range:
15 E .
which is the same as the error of J¢;3d1 on the beam orbit, is ¥,1%
.and the .error. .in setting the. energy Ls-_.l MeV S,
The bunches collide with zero Gr0531ng angle at each of the two
.1ntgractlenkreglou§, thg east and west experlmental pits, with a
frequency of 1.28 Miz. Each ofthe bunches occupies an ellipsoidal

volpmg;qi;q£.=w6gcm, g . 02 cm;.;with the long axls along the

direction of motion. The luminous volume at the interaction area has

. 7] v
X J = o] - O —
the dimensions . -4 cm,,. 7 Oy L015 cm .

- F

is shown in outline in Fig. 9.

: 4 GeV. The error in the calibration of the energy of the ring,
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Figure 9 . Layout of the SPEAR e+e- colliding beams facility.
’ This experiment was carried out in the experimental

pit at the bottom of the figure - the west pit.
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The instantaneous luminosity at SPEAR at the beginning of a

fill is approximately (E /1.8) x1030 -2 SEC_I for E_ X 3 GeV and

1031 cn? sec”! for E, > 3 GeV. The beam currents ang luminosity
decay exponentially in time. When the luminosity has dropped below
optimum, the beams are dumped and the ring is refilled.

This experiment was carried out in the west pit interaction
area of SPEAR using the SLAC-LBL Magnetic Detector.?'g-44 For the.
first part of the experiment the original detector without any
modifications was used, while for the second half the detector was

modified with the addition of the Lead Glass Wall system.

B. THE SLAC-LBL MAGNETIC DETECTOR

The SLAC-LBL Magnetic Detector (Figs. 10 and 11) is a cylindrical

array of counters and chambers used to track and identify particles,
Starting from the interaction region and moving outward, the various

components of the magnetic detector are:

1) The beam pipe -- it has a mean radius of 8 cm and is made of
0.15 mm thick corrugated stainless steel. The average effective
thickness, due to the corrugation, is 0.20 mm.

2) The pipe counters -- there are four semi—-cylindrical plastic
seintillation counters forming two concentric cylinders at radii

of 11 and 13 cm. Each cylinder is 7 mm thick and 36- cm long.

They are part of the trigger and serve primarily te reduce triggers

from cosmic rays. The efficiency of each counter for detecting
minimum-ionizing particles is greater than 95%, as measured with

cosmic rays.

3) The proportional chambers - there are two cylindrical proportional

SR

chambers at radii of 17 and 22 cm w1th active regions 1n-p01ar
angle of 34° - 146° and 29° - 151 . -Each of them consists of

“512 sehee %iréé perelielwtolthg beam axis. The wire speciné'in

the inner chamber is 2 mm and the wire Spacing inthe outer chamber

is 3 mm. The eff1c1ency of each chamber for detecting prongs in

multi-prong hadronic events is greater than 90%.
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Figure 10. Exploded view of the SLAC-LBL MARK I magnetic detector.
" The Lead-Glass Wall system is on the right. The center of
SPEAR is to the left.
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Figure 11. The MARK I magnetic detector as seen looking along the

T beam line. The proportional chambers around the beam
pipe and the trigger counters are not shown. The Lead-
Glass Wall is shown on the left side of the figure. The

center of the ring is to the right.



4)

5)

6)

~26—

The cylindrical spark chambers -- there are four modules of con-
centric cylindrical magnetostrictive spark chambers at radii of

66, 91, 112, and 135 cm with active regions in polar angles of

31° - 149°, 40° - 140°, 43° - 137°, and 45° - 135°. Each module
consists of two gaps and four "planes" with the wires at 12° and

fﬁo with respect to the beam axis. The wire spacing in each

"plane" is 1,1 mm. Since the analysis requires sparks in three

out of the four modules and two out of the four wires in each module,
the efficiency for reconstructing tracks. is generally greater

than 95%. The angular acceptance of the cylindrical spark

chambers is approximately 0.70 x 47 sr. The rms momentum reso-—
lution for a 1 GeV/c track is about 15 MeV/c. The structural
support for the chambers consists of six, 6 mm wall, 5 cm diameéer,
aluminum posts at a radius of 79 cm, and a 1.3 cm thick aluminum
cylinder at a radius of 1.49 m. _Thése posts subtend about 6% of

the solid angle. Since they can be major sources of multiple
scattering, charged particles whose trajectories pass through one

of them must be discarded, thereby reducing the effective angular
accepfance of the detector.

The trigger counters -- there are forty-eight plastic secintillatiom
counters immediately outside the aluminum cylinder supporting the
spark chamberé. Each counter made of Pilot-Y scintillator is

2.5 cm thick, 23 cm wide, and 260 cm long. They are viewed from
each end by a 5 cm diameter Amperex 536-DVP photomultiplier tube.
These counters are part of the trigger. They also provide
time-of-flight (TOF) information with a rms resolution (UTOF) of
0.35 - 0.45 ns. This time-of-flight information allows a one-
standard—-deviation separation, between m and K at 1.2 GeV/c momentum
and a one-standard-deviation separation between K and p at 1.8 GeV/c
momentum, for o = .35 ns. .The solid angle subtended by these

: TOF
counters if 0.653 X 47 sr.

. The solenoid .-- an aluminum,solenoidal coil 3.6 m long, 9 cm thick

aﬁd 3.3 m in diameter provides an axial magnetic field of approxi-
mately 4 kG which is uniform to 5% in the active region of the

tracking chambers.
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The shower counters —— there are twenty-four shower counters
outside the solenoid. A counter consists of five 0.64 cm thick
lead sheets each followed by a 0.64 cm sheet of Pilot-F
scintillatér. The counters are 48 cm wide and have an active
length of 3.1 m. They are viewed from each end by a 13 cm
diameter RCA 4522 photomultiplier tube. These counters are
part of the trigger. However, theilr primary function is to
discriminate between electrons and hadrons. They also have
been used to a limited extent to detect photons. The plastic
Scintillatotg in the'shower counters were 1lnadvertently scratched
during assembly of the counters. As a result, the attenuation
length was reduced from 145 cm to typlcally 75 cm.

For the second half of the experiment three shower counters
in one octant of the Magnetic Detector were removed and replaced

by six scintillation counters. This was done to accommodate the

. Lead Glass Wall system and still preserve the original two-charged

particle trigger of the Magnetic Detector. These scintillation
counters are arranged in such a way that every two of them replace
one of the shower counters. These scintillation counters are 1.3
or 1.9 cm thick, 46 c¢m wide and 152 cm long. They use exactly

the same photomultiplier tubes, electronics and software as the
three shower counters they replaced.

This alteration of the experiment does not change perceptibly
the response of our detector to events with a hadronic multi-
particle final state, which are‘the only class of events used in
this work.

The iron flux return -- the detector is surrounded by iron which
acts both as a flux return and hadron filter. The iroﬁ is 20 cm
thick around the circumference of the detector and § to 12 cm
thick on the ends. One octant of the iron flux return has been
removed and replaced by ‘the Lead- Glass ‘Wall system.

The muon spark chambers - theré are one or two large planar
magnetostrictive wire spark chamﬁers outside the return iron in
each octant to detect mMUGCHS . The inner detector and the return

iron are 1.7 interaction lengths thick, absorbing muons with
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.

momenta less than 500 MeV/c. For better hadron rejection, five
spark chambers and two 1.7 interaction length thick concrete
absorbers are placed on top of the detector. The minimum
average momentum required for a muon to pass through the first
concrete absorber is 910 MeV/c. A spark chamber and a 1.7
interactionllgngth thick iron absorber are placed behind the
return iron intimrdétant opposite to the Lead-Glass Wall system.
The luminosity monitors -— there are four counter telescopes,
two at each end of the detector at 20 milliradians from the
beam line iqfhervertical plane, each one consisting of a defining
scintillator followed by a lead-scintillator shower counter,
monitoring the luminosity of the storage ring by observing small
angle e+e_ elastic scattering events. Large angle e+e_ elastic
scattering events in the main detector are also used to determine
the luminosity.
The Lead-Glass Wall system, which replaced for the second half of
the experiment one octant of the shower counters, consists of 318
lead~glass Cherenkov shower counters and three wire spark chambers.
The arrangement of the system into two horizontal rows of 26 active
converters (.10 m x .90 m x .11 m) each and 14 horizontal rows of
19 back blocks (.32 m % .15 m x .15 m) interleaved with spark
chambers ig seen in Fig. 10.

This system allowed for very good electron and photon identi-
fication over the limited solid angle it covered (6% of 4m).
Since the following analysis did not use any of the information of -
the Lead-Glass system we refer to Refs. 43 and 44 for more informa-

tion on this system.

TRIGGER

The data presented hete were collected with the 'two-charged-

particle" trigger which was the standard trigger for the Magnetic

Detector before the addition of the Lead-Glass Wall system. The

trigger rate of the Magnetic Detector 1s limited to a few triggers

per second by the time required to recharge the spark chamber pulsing

system. The rate of coincidences of two-or-more trigger counters
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with the solenoid on and 25 mA of stored current is approximately

3 KHz. Therefore, two—or-more shower counter latches are required

in the trigger to suppress the low-energy machine background and

a coincidence between the inner and the outer pilpe counters on the

‘same side is required to suppress the cosmic ray background.

A pickup electrode upstream from the detector along one or the
other beam detects the passage of the partlcle bunch and generates
a master strobe, This master strobe Is split and delayed to generate
gates for the various counter latches. A coincidence between:

1) The beam pickup strobe; '

2) A coincidence-of the inner and outer pipe counters on the same
side;

3) Two trigger counters firing in coicidence with the radially
outward shower counter or the next closest shower counter
("2-TASH" requirement);Al

4) Two shower counters firing in coincidence with one of the two
trigger counters directly inward or one of the closest two trigger
counters ("2-SHAT" requirement);41 defined the two-charged particle
trigger. |

The requirement of shower counter firings in the trigger,
necessitated by the ferocious background, introduces a momentum bias
since low momentum particles may interact in the preceding coil and
never reach them. This bias, together with the bias intrinsic in a
two particle trigger, can only be corrected with the help of a Monte:
Carlo simulation of the detector's re3ponse and is the cause of
the largest part of the systematic uncertainty in measuring the total
cross section for e+e_ annihilation into a hadronic final state.

For the second half of the experlment two additional trlggers,
the "one particle and neutral energy" trigger and the "total neutral
energy" trigger which 1ncorporated information of the total emnergy
detected by the Lead Glass system were added. The events collected
with these trlggers were not 1nc1uded in our analysis presented here

& ar

and we will not discuss them any further..
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D. DATA ANALYSIS

The digitized information for every event, consisting of latches
of counters that fired, pulse heights for all the frigger and shower
counters, TDC readouts for the trigger counters and magnetostrictive
wand readouts were processed off-line on SLAC's IBM-370 computer
system.

The off-iline analysis program performed the following functions:

1) Rejected events that did not contain sufficient information to
warrant further analjsis or events for which the TOF readoutg indi-
cated that'éﬁéy were due to cosmic rays. “

2) By an exhaustive search procedure39 of combining the reconstructed
spark chamber points into groups, found the tracks in an event )
and determined the momentum of each track by fitting a circular
helix to these points (CIRCLE fit). At this level the momentum

resolution was
a
—pEE .15 p(GeV) .

3) Using the previously determined tracks, a rough vertex position
was determined from which all, or most, of the tracks originated.
4) More accurate vertex and momenta were determined through the CIRCE
fitting routines,45 that incorporated a very accurate representa-
tion39 of the detector's solenoidal field. This part of the
analysis consisted of three steps: '
i) Vertex CIRCE

The constraint that all of the tracks originated from a common
vertex, the location of the vertex being a free parameter, was
imposed. This fit gave a momentum resolution %?'2 .05 p(GeV) and
the most accurate estimate of the vertex locatiom.
1i) One-track CIRCE _ _

The momentum for each track was determined without any con-
straint és to a common vergex for all tracks. The momentum reso-
iution obtained was again 7?-2 .05 p(GeV)ﬂ These momenta overwrote
the ones determined by the vertex CIRCE.and pyroved very waluable
in the search of secondary vertices from pgrticles Yike KZ oY A‘s

that decayed a short distance from tfeinteraction region.
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i1i) Beam Constrained CIRCE

Identical to the vertex CIRCE in (1) except that the vertex
location was constrained to lie within the ellipsoid of the
interaction region. With this constraint the arc length for
most tracks increased by about 307 leading to a much better

, o
momentum resolution: E?-QI.OIS‘p(GeV).

Pulse heights and TOF were corrected for known shifts and drifts
of offsets and gain factors. At this level a tentative particle
ldentification for each track was made to be used in Step'6.
Events were‘Elassified39 in a variety of classes (e.g. likely candi-
dates for the processes e+e— -+ e+e—, e+e— +'u+um, e+e_ + hadrons),
or as background events (e.g. events with a vertex very mear the
beam pipe, cosmic rays) based on the number of tracks, vertex
location and the best guess as to each particle's type.

Selected events were written on output data summary tapes. The
selected events satisfied the following criteria:

1) Two-or-more charged tracks detected;

ii) ©No cosmic rays in the event;

iii) The vertex was within a large fiduecial volume, roughly the
size of the interior of the beam pipe (]z] < .17 m, R < .l m).
Three classes of events merit more discussion:

the e'e” > e+e_, Bhabha scattering candidates.

These events identified by the collinearity of the two oppositely-
charged tracks, the fact that Ptra

X E
ck beam
pulse height in the shower counters or the Lead-Glass system,

/c, and the large

served as the "reference'" class. By relating the number of
events in this class, using the estimated detector acceptance,

to the QED cross section:

:%%-(e+ef +.e+e_) =
- uZ(l + cos'(8/2) _ 2 cos'(8/2) +Llay coszle))
se2 \ sin”(8/2) sinZ(6/2) *

‘an absolute value for the luminosity of SPEAR was found. This

was a better value than the number derived from the luminosity
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monitor which could be off by % 10% due to small orbit variatioms.
The ratio of the two luminosities was typically 1.0 .1 except
when running on the ¢ and ¢' where processes like e+e- + Y > e+e-
interferred with Bhabha scattering. In such a case only the
luminosity monitor derived luminosity was used.
the e+e_ - u+u", QED n-pair candidates.
Once again two oppositely charged high-momentum collinear tracks,
with the particles having a low pulse height in the shower counters
or the Lead-Glass system.

This c;igs of QED events allowed a further check on the lumin-
osity measurement from (a) and served as a general purpose )
calibrating process, since events of this type have an angular dis-

tribution of the form:

do _ o

a8 16E2

(1 + cosza) s

and populate more or less evenly the angular acceptance of our
detector.

hadronic events.

These are the events on which our results are based. These are
events with 3-or-more detected tracks or events with two equal

charge tracks of momentum greater thanm .3 GeV/c and events with

two oppositely charged tracks with a coplanarity angle ecopl in
the range 20° £ ecopl 2 160°. Figure 12 defines the coplanarity
angle ecopl'

MOMENTUM RESOLUTION AND PARTICLE IDENTIFICATION USING THE
TIME-OF-FLIGHT SYSTEM

The results of our analysis depend crucially on two factors:
the momentum resolution of our apparatus. o .
We are trying to identify D mesons through their decays
‘ -+ -+ 4
) K‘ﬁ*”and"D+ >Kw w+
by looking at invariant mass distributiens of two or three

particle combinations. The width of the characteristic peaks

| +
for the D° at 1863.3 MeV/c2 and 'at 1868.3 MeV/c2 for the D
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Figure 12, TIllustration of the coplanarity and collinearity angles

for an event with two hadrons, h1 and h2 .
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depends directly on the accuracy with which we measure the

momentum of their decay products. A better measurement results

in a sharper peak and a better signal-to-noise ratio.
Our limited momentum resolution arises from two sources:

a) measurement error in the location of the sparks at the
spark chambers, and .

b) multiple scattering of the particles as they travel through
the beam pipe and pipe counters (.01l radiation lenths), the
proportional chambers (.009 radiation lengths), and the supporff
material, gas , and wires of the spafk chambers (.006 radia-
tion lengths} all of which add up to .026 radiation lengths.

The resolution achieved in the MARK I Detector was

2
a

[.045 ¥ p(cev/e)]? + [L006]
P

for the regular or one-track CIRCE, and

2

2oy 2 2
B = 015 % p(cev/e)]” + [.006]

P

for the beam constrained CIRCE. The first term in these formulae
represents the measurement error contribution which dominates over
the second term which is the contribution due to multiple scattering.
As a rule, we used the momentum generated by the beam constrained CIRCE,
while the one-track CIRCE momentum proved valuable when searching for
relatively long-lived particles (K:, 2% that decayed some‘distancé
away from the interaction region. '

An illustration of the effect of our resolution 1s shown in
Figs. 13(a) and 13(c). We show the expected mass width for D° and
D+ decaying into Kfﬂ+ and K“ﬂ+ﬂ+, respectively, as a function of
their momentum.h The width, .determined from a Monte Carlo simulation
incorpofating our limited momentum resolution shows significant
momentum dependence% .Eor example we flnd that a (pD 0) - 18 MeV/c
“and @ (pD = 2,5 GeV/e) ¥ 40 MeV/c for the D°. This variation has
to be taken dnto.account in our. analysis.. .

F1na11y1 Fig. 15(a) (page 41) 1s another’ illustration of our momentum

R ] e e
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( The figure can be found on the next page)

Monte Carlo estimates of the mass resolution and the detection

efficlency for
The results of
afid Dok A

Open circles -

Crosses Co-

Solid eircles-

The superposed

D mesons using the TOF weight technique.

three different simulations for the decays D°+K"ﬂ+
are shown for comparison :

D's produced with an angular distribution of the form

do _ 3 24°
38 = 167 ( 1+ cos=8)

D's produced isotropically

D's produced with an angular distribution of the form

%% = "%E} (1+ cos26 ) but excluding any corrections

for the decay-in-flight of the charged kaon.

lines are eye-ball fits to the Monte Carlo points.

The x and z scales at the bottom refer to the x and z bins used in

the analysis of the high energy data of chapter 5 .
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Figure 13. ( The figure caption can be found on the preceding page )
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resolution. We plot the ratio E_/E for muon pairs produced at
U “heam 2 2
C.m.

The 3uperposed;‘ line is the shape expected for a momentum resolution

of f% = (0.015  p(Gev/c))? + (0.006)7.
P

E = 7.4 GeV (Eu is the energy of the muon given from ElJ =P, + mﬁ).

2) the time-of-flight resclution

The timing informatioﬁ provided by the 48 trigger counters
affords the only means of separating heavy particles from
lighter ones. As such, it was the only measurement that allowed
us to ident;iy ﬁartiéular tracks as chargéd pions, charged kaons
or protons.

The importaﬁce of this system is émﬁly illustrated by the
fact that the D mesons were discovere646’47 through the use of
this information while an earlier search that did not make use
of it failed.48

The signal from each trigger counter phototube was divided
in two, the one half wasused to provide pulse height information,

and the other half was used in conjunction with the beam- crossing

signal derived from the beam pick-off electrode to provide timing

information (see Fig. 14).
In the off-line analysis the TDC, ADC readings and the z
intercept of a track with a trigger counter were used to derive a

corrected time-of-flight for each track. The correction formulae

were.
k ’ 2
= . - -t - - o+
R R Tl B [(az +V)z+agz ]
2
s ea7zc + aszC
1 6 c
+ (1)
a.4 + a5 H',k Hi,k
_ ¥, -.z/cB F.. + z/cB
' 2
(TOF) =‘ él et — 1 c ] :
blzc + bzzC + b3 blzc 4 bzzc + b3

[21 +21 l(?‘)
blz + b zc + b b zc + b zc + b3
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Block diagram of the time-of-flight electronics.
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where:
k is 1 or 2 for the North or South phototube,
i is 1 through 48 for the trigger counter being considered,

Ti K is the raw TDC reading for each phototube,
, ,

Bik
Cik
t0 is an overall offset for all counters,

is the conversion factor (~ 5 counts/nsec) for each TDC,

is an adjustable offset for each counter,

Vi is the signal propagation speed for each counter,
Hi,k is the pulse height,
z is the z intercept for a track and the trigger counter,
z, is (L/2 - |z|), the distance between the phototube and the
intercept of a track with the trigger counter
a,b are constants,
¢ is the speed of light,
Bc igs the average signal propagation speed for all trigger
counters (¥ .53),
(TOF)i is the time-of-flight for a track pointing to trigger
counter 1i.
The term in square brackets in (1), corrects for the 2z
dependence, the second to last term for pulse height slewing
and the last term for attenuation due to multiple reflections
in the scintillator. The weighted sum in Eq. (2) assigns a
greater weight to the measurement derived from the phototube
that was closer to a track's trajectory. This weighting improves
our TOF resolutiom by about .05 ns.
The constants a and b were determined once for all, while
g4 and v, were adjusted very infrequently (™ every year), the
Ci,k were adjusted every one Oor two weeksland to was re-determined
for every run (i.e. once every two or three hours). The objective
of these laborious and complicated adjustments was to minimize
the resolution of the TOF system and thus increase its particle-
identifying capability. For this minimization procedure e+eu
elastic scattering events wére used, since they travel with.B 21
and thgir expected flight time is accurately known once their

trajectory (or equivalently thelr momentum) has been determined.
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Thé achieved resclution was of theiorder of ¢ ¥ .37 ns, and
is illustrated in Fig. 15(b). Figure 16 shows a mass plot for
tracks in hadronic events as determined from the time-of-flight
system and their momenta. As we see, for high momenta we cannot
separate particle types unambiguously, the n/K separation starts
being p;oblematical at p = 1.0 GeV and the X/p separation at
p = 1.5lGeV. Nevertheless, the TOF information allows particle
identification on a statistical basis through the use of the
weight technique.46 -49

Each paEFicle iﬁ an event is assigned a weight proportional
to the probability that it is a =, K, orrp. These weights are

determined from the measured time-of-flight and momentum of each

pereiele: - tmeasured - texpected) /20
2.8, wi(,n.) « a

where texpected is the expected flight time of a particle being

a 7, having the measured momentum and following the observed
trajectory in our apparatus and O is the measured resolution

of the time-of-flight system. When we are investigating particular
multi-particle combinations, e.g. K+ﬁ" for the Do, atl possible
combinations of tracks and particle hypotheses are made with

each combination weighted by the joint probability that the tracks
satisfy the particular particle hypotheses assigned to them. For
example: for two tracks (1 and 2) of opposite charge to form a p°

o . . . .
or a D the weight associated to' the combination under the

hypotheses that track 1 is a w and track 2 is a K would be

2 2 2 2
-(tm-tﬂ)1/20 . e—(tm—tK)Z/ZU

- e
’ sz: e"(tm_tm)%/zoz ' jz: e—(tméts)§/252

a=71,K,p B=7,K,p

On occasion, a threshold was imposed on the weight associated with
a comblnatlon in order to improve the 51gnal—to-n01se ratio, or
a variatlon of the above technique was used: the particle

hypoth331s for a track with the hlghest weight was assigned a

welght of 1
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(a) Ratio of muon energy to beam energy for e+e—+u+u_

events at Ec.m. = 7.4 GeV. The superposed shape is described
in the text.

(b) Difference between expected and measured time-of-flight
of electrons in e+e_+e+e“ events at Ec o 7.4 GeV. The
data of this graph are approximately 36%.0f the data used

in the analysis of chapter 5; The parameters of a fit of

a Gaussian to this data are shown in the figure.
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There are some important points that need ﬁo be emphasized:
a) Particles may not have a good time-of-flight measurement.
This may be due to counter inefficiency (<1%), or more
frequently due to the fact that either two particles hit
the same trigger counter or a particle was produced with
a large polar angle 6 so that it passed near the edge of
the spark chambers and did not hit the trigger counters.
As a rule, tracks with unreliable time-of-flight information
were called pions (since pions are the majority of particles
produced) or were not used. A correction for these losses
has to be made in the analysis procedure.

b) The hypotheses allowed, w7/K/p, do not include the cases of
electrons or muons. While we have to correct for this in
the case of single particle inclusive distributions, in
the case of D meson studies, combinations that include a
missidentified lepton populate the invariant mass distributions
more or less uniformly and are simply a background under the
peaks that correspond to the charmed mesons. There is no
need to explicitly correct for this effect.

¢) This is a statistical technique and its results cannot be
interpreted in a naive manner. What we mean can be illustrated
by the following hypothetical case: If no K's were produced
in e+e- annihilation this analysis technique would generate
erroneous kaons. The interpretation of a result has to be
made by comparison with a Monte Carlo simulation of the looked-for
process in our detector.

The last point, being of paramount importance, will be illus-
trated by describing in detail the techniques used in obtaining
the rate of inclusive Kt and D production.

In the case of charged kaons, the TOF system provides un-
anbiguous K-1 spearation (i.e.> 3¢) for momenta up to .65 GeV/ec,
and partial K-u separationm(i;e:> 16) ~for- momenta-up to 1.2 GeV/ie: &
For momenta smaller than .65 GeV/e, the number of kaons obtained

using the“nbrmalized“TOF'weight§ 41s the ‘same as*the ‘one-obtained

. )

by a straight cut in the TOF derived mass of the track and no

rosag
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explicit correction for misidentification is needed. For
momenta in the range .65 to 1.0 GeV/c we must correct for the
resolution of the TOF system: We compute the 3 x 3 matrix of
7, K, and p identification probabilities as a function of momen-
tum. The diagonal elements of this matrix give the probability
that a particle i1s correctly identified while the off-diagonal
elements give the misidentification probabilities. Figure 17,
ghows the values of the matrix elements as a function of
momentum; we observe, as expected, that for low momenta the
diegonal elements have values close to unity, while for high
momenta all the elements tend towards the asymptotic wvalue of
1/3. * The 1nverse of this matrix relates the observed (and
weighted) 7/K/p rates to the produced rates. TFrom a Monte Carlo
simulation we have found that this gives the correct number of
charged kaons but with an error larger than the statistical ome.

For momenta higher than 1.2 GeV/c the above method deterio-
rates rapidly and we have to resort to a different method. We
extrapolate the observed kaon momentum spectrum by fitting it
to an exponential. This correction is of the order of 10% at
Ec.m. = 4.0 GeV and gets worse as the c.m. energy gets higher;
For this reason, we chose not to report any measurements for charged
kaon production for c.m. energies greater than 5 GeV. We have
checked that'this correction is consistent with the fraction of
Kg‘(for which our acceptance for momenta greater than 0.4 GeV/e
shows little momentum dependence) with momenta greater than
1.0 GeV/e.

In the case of inclusive D production at higher energies,

we evaluated the efficiency for detecting a D meson as a function

e

of momentum through a Monte-Carlo sifftlation that incorporated

This is easily seen if one makes the observation that the metfix ele-"

ments. are the average welght for a particle of type i to be called a

particle of type j. At high momenta where the TOF prov1des almost 1o ;
information, particle identities are assmgned ‘almost randomly and the -

G e T gt S I Xy g g

average welght is 1/3. - ]

T
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IDENTIFICATION BY

TOF vs MOMENTUM

| ! T T 1
Produced p Identified as:

7 T T ] T )
(b)  Produced K* Identified as:

Po {Gev/c)

T T T I I
Produced 7+ Identified as:

1

Pk (Gevre)

Figure 17 ., 1Identification
Top 0+33 1S

as determined from a Monte Carlo

probabilities for ¢

simulation. At very low momenta:
the tracks do not have a large
radius of curvature and fail to
reach the TOF counteré. As a
result, low momentum tracks are
called 7n's, This effect is
explicitly illustrated in the
case of prﬁduced p's. Tracks with

no TOF information are called w's.

3588C)
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the effects of the geometric acceptance of our detector, of

the TOF resolution, of the kaon decay in flight, as well as the
effects of non-isotropic production (if any) of the D's. Figures
13(b) and 13(d) show this efficiency for the two extreme pro-
duction models, isotropic D production and i + c0526 distribution.
This efficiency was used to correct the number of observed

+
welghted D°'s and D 's in a particular momentum interval.

F. X° IDENTIFICATION

Neutral kaons were identified through their decay KC - ﬁ+ﬂ—
Our techniqueso can be summarized as follows: First thesevent was
projected on the x-y plane, i.e. the plane normal to the beams, and
for every charge . zero two particle combination with an opening angle
in the x-y plane greater than 10° and smaller than 170° an intér—
séction was determined. In general, the trajectories intersect at
two points. Only the intersection cleser to the origin (intersection
of the e+e_ beams) was considered. The projected distance of this
intersection from the origin was required to be greater than 0.4 cm
and smaller than 16 cm, i.e. just inside the first wire chamber, and, in
any case, greater than five standard deviations from zero. .The vertex
location in the x-y plane is checked using the z coordinate: if
the two tracks were separated by more than 15 cm along the z direction
they were rejected. For the pairs that survived these cuts we
‘required that their invariant mass be in the range 0.47 to 0.52 GeV/cz.
Furthermore, the vertex position was required to be consistent with
the flight path of a kaon: the angle £ between the three dimensional
vector defined by the origin and the decay vertex and the momentum of
the kaon (as determined by the vector sum of the mometita of the two-
particles) had a) to be smaller than four standard deviations from zero
and b) to be smaller than 60°. _

Figure 18(a) shows the £/Af distribution with the four standard :
deviation cut indicated, ‘and Fig. 1§(b)fshows the two particle invarLanE
mass distribution after alltﬁe~0ther cuts were applied. The Signa;—' i

cEL L e e v Ea

to-noise ratio is approximately 2.5
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Figure 18 . Identification of the decay K +ﬂ+ﬂ in Hédronic final

‘states produced at the w"(3772) (a) E/AE distribution for the angle

" £ (defined in the text) for K candidates selected-by cuts on the
vertex p051t10n and opening angle The invariant mass of the pair was
required to be greater than 0.47 and smaller than 0,52 GeV/c . Back~-
grounds estlmated from events in adjacent invariant mass ranges have been
Subtracted The cut in E/AE = 4 is indicated by the arrow. A typical

value of AE dis 9°. (b) Invariant mass of the pion pairs after all

other cuts were applied.
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G. MONTE CARLO SIMULATION; DETECTOR EFFICIENCY

In order to obtain physically significant quantities from our
measurements we have to correct for the efficiency of our apparatus.
Our efficiency is roughly détermined by the geometric acceptance of
the detector but other factors such as the bias associated with the
two—particle trigger, angular correlations between the particles
in a final state, and the momentum and position dependent shower
counter efficiency, complicate the pilcture to the point that the only
reliable estimate for its value has to be obtained through a Monte
Carlo simulation.

In this simulation4 events were generated according to either
Lerentz-invariant phase space or a jet model in which phase space
was modified by a matrix element squared of the form H2=e_sz2/2b2
where Py is the momentum perpendicula; to a jet axig. The jet axis
angular distribution was of the form-a% « 1 4+ a cos §; where & is the
polar angle relative to the e+ beam. In both models either only
charged and neutral pions were produced or kaons, etas and nucleons
were also included to provide a more realistic representation of the
final states in the e+e_ annihilation process. The total multiplicity.
was given by a Poisson distribution., The simulation included the
geometric acceptance, trigger efficiency, wire chamber inefficiencies,
momentum resoclution, conversion probability of photons and all the
other features of rthe detector (including a simulation of the TOF
system) . _

The parameters of the Monte Carlo (produced multiplicities, pér—
ticle type fractioms, o, b, etc...) were adjusted in a way such that
the Monte -Carlo derived average obs%rved charged-particle multiplicity .
and‘the’median“obséf%ed‘chargéd-ﬁafticlé”mcmentum*agféed&withwthé‘hamﬁ'«
quantities derived from the real dafa. This Monte Carlo caleulation
resulte@ ina matrix of efficienctes for -detecting~a certain mumber— »
of pafﬁiéles for each charged partigle multiplicity in the final state.
The pfbdﬁCEd mﬁlﬁipIicitf”diétriﬁufiﬁnéﬁas“fhén’bbtaiheﬂ‘thféugh%an*
‘unfolding procedure as the maximum-likedihood solution to an over-
determined set of linear Equét13h31ﬁ'Thebaverage detection efficiency

was simply the ratio of detected to produced events.
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The average overall detection efficie.ncy,51 for detecting hadronie
events, shown in Fig. 19, is a slowly rising function of the energy and
can be approximated by a simple analytic formula. The efficiency seems
to be an almost linear function of the mean multiplicity (Fig. 20). The
increase in efficiency as a function of energy can be accounted by an
increase in mean multiplicity as the energy riges,

The efficiency for single particle inclusiﬁe production can
be evaluated in two different ways. For simplicity we will discuss
the case of D mesons, similar comnsiderations apply, mutatis mutandis,
to the case of kaons.

One aggroach_is to produce a variety of specific final states,
e.g. DD, DD*, D*D*, DD*W, DD etec., and choose a mixture of these
states in a manner such that the momentum spectrum and angular
distribution of the D's, together with the overall multiplicity and
.average charge particle momentum obtained from the Monte Carlec agree
with the observed ones. From this studf, an overall efficiency can
be obtained in a single step. We used this technique in the study
of D meson production in the c¢.m. energy range 3.7 to 5.8 GeV, where
the final states with D's are rather easy to simulate,

The aléernativé approach is to determine the efficlency as a
product of two terms:

e = epley) regleps B p) -

is the efficiency for detecting D mesons of a fixed

D
- - + .
‘momentum decaying into K ﬁ+ or K ﬁ+ﬂ . This part of the efficiency,

The first term, ¢

which depends on the momentum and angular distribution of the D's as
well as the geometric acceptance of the apparatus and the TOF resolu-
tion, is the correction shown in the lower half of Fig. 13.

The second term, is the probability for an event with a

Ems
detected D to trigger ozrapparatusand satisfy our event selection
criteria. This quantity depends on the multiplicity and dynamics of
final states containing D's. Its accuracy is limited by our lack of
knowledge about the production mechanism. In the case of D's, this
limitation is not a significant factor since the multiplicity of events

with D's is relatively high. ¢_ is larger than .9 for a wide variety

T
of models.
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Average detection efficiency for detecting hadronic
events versus Ec‘m~‘ The smooth'curve, which was used
in the cross section determination of chapter 3, is .
given by : )

e=[0.186 + ln(g, /2] / [0.955 + In(E_ /D] .
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In the case of kaons, this term is less accurately determined.

In the Monte Carlo simulation used to determine €, the detected

T?
kaon momentum spectrum, the average multiplicity and momenta of all
detected charged particles have been adjusted to agree with the data
for the various c.m. energies under.study. These parémeters are
found to be the most critical in the determination of tPe trigger
efficiency. They vary Sméothly and slowly as a fuﬁction 6frc.m.
energy. Likewise, Eq is a smooth function: it increases for
increasing energy because the multiplicity of the final state rises,
€ decreases Wigh_increaéing kaon momentum. These model calculations
include corrections due to particle correlations described by the

formation of jets.
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CHAPTER ITI

D MESON PRODUCTION AT'Ec m. - 3.772 GeV/c2

. -

A, THE ¢" (3772)

The most striking feature of the total cross-section of e+e-
annihilation into hadrons, with the exception of the very narrow ¥ (3095)
and §(3684), is the structure observed in the energy range Ec.m. = 3.77 -
4.5 GeV. The most distinctive landmark in this region is a rather
narrow peak at 3.772 GeV, the ¥(3772). (In the rest of this work we
will refer to the ¥(3095), V(3684), and ¥(3772) as ¥, ¥', and "

respectively.) This resonance5 *

occurs just gbove the threshold

for charmed meson production and is, as we shall see, almost teotally due
to DD production. The §" is an interesting object for study, not only
in its own merit, as a confirmation of quarkonium predictions, but be-
cause it also provides a rich source of kinematically well-defined and
relatively background-free D mesons for study.

The events used for this total cross—-section analysis are hadronic
events, as described in the previous chapter. Events were accepted if
the reconstructed vertex lay in the region-.12m<z < .1 m and R < .04 m.
Events with a vertex in the two regioms -.12 m > z > -,17 m and
dm<z < .17 m with B < .04 m, were used to estimate the background from
beam-gas interactions. Runs taken with single beams have a uniform
longitudinal distribution of the vertices; colliding-beam runs show,
in addition, a peak corresponding to the overlap region of the beams
(-.12m < z < .1 m). This subtraction was of the order of 2%. Events
with =12 m < z < .1 m and .04 m < R < .06 m were used to estimate the
loss due to the radial cut. Studies of radial vertex distributions Qndﬂ
visual scanning of earliér data54 show that such losses do not favour
any particular multiplicity. = This loss washapproximately,QZ;and the
data were corrected for it.

The contamination -from two-photon processes was estimated from an
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earlier studyf:}0 that used the small-angle (25 wrad) luminosity monitor
counter in coincidence with the main detector to tag one or both of the
forward-angle electrons and positrons that characterize these processes.
This was a rather small correction (<1%).

To correct for the inefficiency of the apparatus we used the
average efficiency ¢ mentioned in the previous chapter. The use of
such a simplistic form of the efficiency can only be justified if the
most salient features of the data (the observed mean particle momentum
and the observed mean charged-particle multiplicity) vary smoothly,
and slowly, withﬂgnergy dver the region of interest. TFigure 21 shows
the variation of these quantities with Ec.m.'

There does not appear to be any significant structure, with the
exception that the observed multiplicity is higher in the region where
Y' radiative tail is important. This is caused by the relatively high
multiplicity in ¥' decays. As a consequence of using a smooth function
for £, we measure a slightly larger magnitude for the y' tail than we
would 1if we used a locally varyiﬁg g: however, since we subtract the ¥’
tail experimentally using the same technique, as will be discussed
below, no error is introduced in the determination of radiatively
corrected cross—-sections. The values of € used vary from 0.51 at
fEc.m. = 3.7 GeV, to 0.53 at Eé. o= 3.9 GeV.

Rather than displayingc& (the total cross—section) directly, we
follow the usual practice of plotting the ratio R of Op to the theo-
‘retical cross-section for production of muon pairs. Figure 23(a)

‘shows R before radiative corrections. The error bars represent only

the statistical uncertainties. There is an additional overall systematic
uncertainty of 15%, arising largely from the uncertainty in €. There is
clearly an enhancement near 3.77 GeV, but it is partially obscured by

the ¢' radiative tail. _

Corrections for radiative effectsss_s7 in the initial-stgte can be
divided into four parté' the radiative tail of the ', the radiativ?
tall of the ¥, the correction due to the contlnuum and the correction
due to the resonance 1tself All four of these corrections have the
same physical process as their origin and the division into these four

parts is arbitrary but convenient,
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The radiative corrections to the lowest order diagram (Fig. 22(a)),
which is the one used in theoretical discussions of e+e_ annihilation,
including the second order diagrams in Figs. 22(b) and 22(c) were first
derived in a convenient form by Bonneau and Martin.55 Their formula:

16 reads (with minor modifications):

SopsErvED - °(Sy) £(5,) (1 +8) n
2 .
Lo 17 2E _ 13
6_1T[6 36+‘:22nme ]x(12+
Y TR T A ICRT 1])]
o K E 2E2 U(So) e(SO) :

where £(S) = our apparatus detection efficiency, S0 = 4E2, E = beam

energy, S = 4E(E-K), K = energy of radiated photon. Rewriting this

formula, as done by Jackson and Scharre,56 we have

]

(s

opsErvED (So? = 9(5,) [t +¢] + _ (2a)

. |
4 tjo K (05 () - a(s,) (5 ) -

 LE
- %J'O dr(1l - —2%) c(S) e(8)

where
2
L 20 (x” 173 13
E_'n(6 36)+12t (2b)
and SR t=-—2~o—t[22n2—E—]
y i m,
e o e - . P

{In forﬁﬁla (2a) the three different iparts can be given a direct physicai
;meaniﬁgg ‘the first ‘term corresponds to radiative modifications of the-
verteg Egrm factor due to vacuum polarization and mass renormalization
as wefi'ds"a”part of the external Bremsstrahlung which' is' independent - -
of K; the second term corresponds to soft photon emission and the last

term to hard photon emission.
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Figure 22 . QED diagrams for initial-state radiative corrections:
- for*efei“annihilation via one-photon exchange.
(a) lowest order-diagram, -
(b) higher order diagréms involving real (soft) photon
o emission, and , | ;?“ '
| {¢) higher order diagrams in§dlving ﬁne additional virtual

photon.
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The last term is significant only when K is large. The second
term becomes important when there is significant variation of the
cross—section in themear vicinity of the energy we are interested in
and is the one that gives rise to the radiative tails of resonances.
In such a case the summation of the infinite number of soft photons
leads to the usual exponentiation prescription, and in the vicinity

of a resonance we have:
opsErvED (O) T 9(8;) (5 ) (1 +E) +

1 —
dk Kt
+ tS a (E)
0
& dK K.t

0(50) E(So)g +t SO X ()" o(8) e(S) + hard photon term

(c(8) e(8) - U(So) E(So)) + hard photon term =

For a narrow resonance like the ¥, ' we have (as shown by Jacksoen and

Scharre):56

2(E - Eo)'\t ! , E-E
OoRSERVED (ZE) Tt A E /__ (Z(E =5 ¥ 2 (4)
e T WRR S
where
Ao « e(F)
S
07? + &

and Ab =.];(S)dS is the are of the resonant cross-section in the absence
of radiation. The original Bonneau-Martin formula gives the underlined
terms only. ‘ :

In our case we subtracted the ¥, V' tails using formula (4), the
-correction due to the continuum was estimated from (1) by the Monte Cérlo
(with ‘the emission of photons according to (1) and assuming a slowly
varying cross-section without resonances) and the correction due to the

-resonance itself was estimated from

E
dK K
LD

= G L gV (2E=K) + ¢'(2E)  (5)

g’ (ZE) = tf
» OBSERVED LOW END OF "

where o' refers to the resonance cross—section above the continuum.

e

. 3 . i i i '
Equation (5) was solved by numerical iteration, Where ¢ OBSERVED

was a parametrized form of the raw cross—section above the continuum
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and after the subtraction of the yY' and § tails, until the value of

)
¢' stabilized. The ratic of —1"*51*—- was used to correct

o S OBSERVED
OBSERVED"
The subtraction of the ¥ tail was dome by using the published

values of Ab and mass, while the {' was done empirically. A two-parameter
fit to (4) (freeparameters.Ab = magnitude of ¥' tail and the non-
resonant part of R) in the Ec.m. region from 3.692 to 3.730 GeV, allowad
us to determine its size experimentally. To avoid energy callibration
problems the mass of the {' was re-determined from a small set of runs,
the resulting mass being 3684.4 T .2 MeV in excellent agreement with the
value measured with the same apparatus a year earlier (the error quotedl
here is only statistical and this should not be interpreted as a more
accurate determination of J' mass).

At 3.77 GeV the relative size of these correéfions are -5% for
the part due to the continuum, -2% for the tail of the ¢, - 137% for the
tail of the ¢', and + 9% for the V" itself. The radiatively corrected
values of R are shown in Fig. 23(b), and in Fig. 24 along with an
additional measurement at 3.6 GeV and the result"of previous measure-

»9,60 in the same detector. Table II shows the values of R before

*
and after radiative corrections. -

ments

Since, as we shall see, the y" peak is almost totally due to DD

pair production we fit it with a Breit-Wigner shape so that

0T 3 I'ee r(E)
R = = s

o} 2 2 2
Wi o, m (Ec _— m? + I'°(E)/4

where m is the mass of the resonance, Pee is the partial width to

electron pairs, and T(E) is the total width whose ehergy dependence

*When these results were first published a correction to the external
radiative corrections for é+e- collinear events that‘resultk'in‘an'BZ“i
increase of the evaluated luminosity was not included. . The results
presented here include this corrgcgioﬁ;'with the exception of Figs. 23

and 24.
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Figure 23 ,- R vs Ec o "{a) before and (b) after correctionsxfér radiative
effects. The curve is a p-wave Breit-Wigner shape described,in the text. The
s H -o—*
mass of the ¢ and the positions of the thresholds for p°p° and DD

production are indicated.
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TABLE II

R Values Near the " (3772) Before and After

Radiative Corrections

R before any R after all
Ec.m. corrections corrections
3.598 __ 2.86 + 0.17 2,46 = 0,17
3.692 8.57 + 0.34 2.40 # 0.34
3.710 4.72 £ 0.35 2.35 £ 0.35
3.730 3.92 + 0.19 2.48 + 0.19
3.740 4,07 £ 0.19 2,94 = 0.20
3.750 4.26 = 0.19 3.34 + 0.21
3.762 4.62 + 0.20 3.92 + 0.22
3.766 4,95 £ 0.22 4,40 £ 0.25
3.770 4,89 £ 0.21 4,34 = 0.23
3.774 5.08 £ 0.12 4.59 + 0.13
3.780 4.84 = 0.21 4,23 £ 0.23
3.786 4.17 £ 0.20 3.40 = 0.21
3.790 4.06 £ 0.19 3.27 £ 0.19
3.800 3.95 % 0.18 3.12 + 0.18
3.810 3.68 * 0.17 2,85 + 0,17
3.821 3.57 £ 0.17 2.77 £ 0.17
3.830 3.45 £ 0.17 2.68 £ 0.17
3.850 3.43 + 0.18 2.72 £ 0.18
3.865 3.81 £ 0.22 3.21 # 0.22
3.870 3.53 = 0,18 2,93 % 0.18
3.886 3.90 * 0.20 + 0.21

3.39

e
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0O | | I | |
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Figure 24 . Radiatively corrected values of R vs E, m‘.'The solid circles

I320Cy -

are from this work, open squares are from Ref. 59, and the crossed point
"is from Ref. 60. The '3.8 GeV' ;6iﬁfrfr6m Ref. 60 with R=3.28 T 0.28 has
been omitted because the exact energy at which it was taken is not known
with sufficient accuracy to loéaée‘it properly on the high energy side
of the y"(3772). |
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3 3
' s Py
is given by T(E) « 5 +
1+ (rp)) L+ (epp)

2

Here P, and P, represent the momenta of a D° and a D+, respectively,
from D pair production; and r represents an interaction radius.61
Although the data are fitted better with energy-independent widths, we
can obtain acceptable fits for all values of r greater than 1 fm. A
fit for r = 3 fm is shown in Fig. 23(b). The form of the background
was found not to_be critical, and for this fit it was arbitrarily taken
3). The fit has a x2 of
14.3 for fifteen degrees of freedom. The parameters of the fit are

given in Table III along with the previously determined58’59’62 para-

to be a constant plus a constant times (pg +p

meters of the other isolated ¢ resonances.

Figure 25 shows the same data, in terms of cross-section, with
the previously mentioned fit superposed . (solid line) as well as a fit.
with an energy-independent width with the same background form{dotted
line). This second fit had a xz of 9.11 for 15 degrees of freedom and
it gave a mass of 3771 MeV/cz, a total width of 31 MeV/cz, and a leptonic
width 389 eV/cz. The errors given in the Table IIT take into account the
uncertainty in the form of the fitting function,

The parameters of they ' are in striking agreement with those
predicted by Eichten gg_él.lB for the 3D1 state of charmonium. In a
calculation which was updated to include the measured p° mass, Lane

and EichtenIH5 correctly predicted the mass and total width but under- .

) * .
estimated the leptonic width by about a factor of 2. In a non- )

‘*We should note that the only other measurement of the leptonic width
of the $'"(3772) differs significantly from our measurement. The
DELCOﬂexperiment (Bacino et al. 53) which ran simultaneously with our
experiment at the east experimental pit of SPEAR found that: m " =
3.770 ¥ .006 Gev/c?, Fiopar =24 55 Mev/c? and r,. = 180 60 ev/c.
A detailed comparison of the two results indicated that only 207% of
the difference in Fee between the two experiments can be attributed
to relative normalization uncertainties. The remaining 807% arise
from the fact that in our experiment y'" appears both as a wider and

a larger bump. We can offer no explanation for this discrepancy.
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Figure 25 .. Radiatively corrected values of o, V8 Ec.m.' The solid
curve is the p-wave Breit-Wigner shape, and the dotted
curve is the Breit-Wigner shape with an energy independent
width. Both shapes are described in the text. The mass of

the §' and the thresholds for DD production are indicated.



TABLE ITI: Resonance parameters for the isolated { resonances.
T is the full width,T,, is the partial width to electron
palrs, and Bgy is the branching fraction to electron

pairs.
* T
State Ma552 T ) Pee ) Bee
(GeV/c™) (MeV/c™) (keV/c™)
w(3095)a 3.095 + 0.004 0.069 + 0.015 4.8 + 0.6 0.069 + 0.009
¢(3684)b 3.684 £ 0.005 0.228 £ 0.056 2.1 0.3 (9.3 £ 1.,6) x 10-3
P"'(3772) 3.772 + 0.006 28 + 5" 0.34 * 0.09 (1.2 + 0.2) x 107>
-w(4414)c 4.414 = 0.007 33 ¢ 10 0.41 * 0.14$ (1.2 + 0.3) x 10_5
*Error includes a 0.13% uncertainty in the absolute energy calibration of SPEAR. The mass difference

between the ¥'(3684) and ¥"(3772) is 88 *
9Ref. 58.
bRef. 62

3 MeV/c2.

“Ref. 58, corrected for the 8% luminosity error mentioned im the text.

*#Energy dependent width evaluated at the mass of the resonance.

*Corrected for luminosity measurement error explained in the text.

_gg_
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e , 6 : —
relativistic approximation, a D state does not couple to e+e .
It can obtain a leptonic width, however, by mixing with an § state. It

is normally assumed that the 3D1 mixes primarily with the 2381, which

is 1dentified with the ¢°.

.'t.
In the simple two-state approximation the mass matrix has the

form

M, is the "bare" mass of the |2351> state before mixing,
M, is the "bare" mass of [13D1> state,

A is the mixing inducing term.

The physical states |¢§:> and lws:i with masses MS and MD are the
eigenvalues of the mass matrix.

Introducing the mixing angle § we have:

Iy

|w5j> = |p"(3772))

]
]

|$'(3684)» = cos 8]2%s.> - sin 8[13D> (6)
1 1

It

sin 6[2351> + cos 6[13D£> .

We then have 28

M, - M,

tan 20 =

+This approximation is an oversimplification. The partial width to

electron-positron pairs of a mixed S5~D state of charmonium is given by

167 ei az b d2¢D ' 2
leg™ 73 — * a¢s(0) N
- M Mo Ldr”.
n n “r=0

rather than our formula (7). Furthermore, relativistic corrections of
the order l/Mi have not been included. A discussion of these pdints
can be found in Ref. 81.
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My = 3772 MeV/c2 M, cos® 0 -M sin’ 8)/cos 28

]

1

M. = 3684 MeV/c2 (M1 cos2 p - M sin2 8)/cos 28

S 2
or
M, =M cos” & + Mg sin® b
2 2
= +
Ml MD sin” 6 MS cos ©
Using the qggtial wéve function ¢(¥) of the cc system, we have
for ?CE = 0, i.e. for zero quark separatiom:
$(0) = (¥ - = 0[1313 D=0
ce 17
and from Eq. (6)
64(0) =<F = 0]y} >= cos i = 0|27 >
6,(0) =<F = 0lyp> = sin oG = 0l2%s>
Thus
2
s lep@]
tan 0 = 2
14503 |

Tn the charmonium model, the partial width of a state wn into electron-

positron pairs is given by:7’63
: 167 ei ug 9
Ty = —7 — 4,€0) (7
L

where e, = 2/3 is the chargeof the charmed quark

ag is the coupling constant analogous to the QED a

Mn is the mass of the state.

Thus 2

o lep@1 o (M‘D)
tan” 0 = = Ay g
’ log@]? Telts) \s
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Using the values in Table III we have:

<©
1}

23.4 + 3°

and

3758 MeV/c2 , 4= 32.1 MeV/c2 .

2
Ml = 3698 MeV/c ’ M2

B. STUDY OF D MESONS PRODUCED IN THE DECAY OF THE ' (3772)

The §" provides a rich source of kinematically well-defined and
background free D-mesons. The D mass and some of the absolute branching
ratios for D decays, can be derived with minimal assumptions from the
study of this sample.64

The D m%sgns ¥e£e+dftec;ei fs peaks in ;he invaii%n§ maistdistri—
butions cf K 7w , K1 mwmw, KSW m (for the D) and XK' w 7 , Ksﬁ (for
the D+). The technique used was the TOF weight technique described
earlier, with unit weight assigned to a particular $ogbination 1f the
TCF weight exceeded a certain threshold: .01 for wa+ combinations
with the additional constraint that for a given doublet of particles
only the combination with the higher weight was used, .3 for all other
combinations.

The rationale behind this approach is that in the absence of signi-
ficant background any weighted combinations in the I} peak are most
probably true D particles and misidentificatioms, given the small
momentum of the D's and of their decay products, should give rise to lowl
weight combinations. The higher weight threshold for multi-prong
combinations was ;mposed in order to eliminate ambiguities between
medes such as K+W—ﬁfﬂ_ and ng+ﬂ_. _

Figure 26 shows the product of the cross-section e+e:;+ p° or
D° + anything times the branching ratio for p° » KT and_D0 + Khn”
as a function of t&e_center—of—mass energy. This value was determined
by the number of K—ﬂ+ combinations under the_‘DO peak in the invariant
mass distribution corrected for apparatus acceptance losses determined
from the Monte Carlo simulation. The superposed line is the para-

metrization of the y" line shape. Clearly the decay ¢" p°p° is one

of the decay modes of the ¥".
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Figure 26 . 0B for D (D) > K 7 as a function of Ec _ The cross-

-hatched bars represent 30%-confidence-level upper limits.
The curve represents the fit to the ¢" line shape and

charmed-particle background normalized to the EC . 3.774 GevV

point.
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For the remainder of this analysis we used the 24700 hadronic
events with a center-of-mass energy near the peak of the ¢" (73% at
3.774 GeV, 137% at 3.780 GeV, 8% at 3.766 GeV and 6% at 3.770 GeV),
which correspond teo an integrated luminosity of 1.21 pb-l.

Rather than plotting the D meson candidates' invariant mass as
determined by the measurement of the momenta of its decay products,
we plot the mass obtained from

2 2

mc - Eb - PD

where Eb =15 Ec-m and PD is the vector sum of the momenta of the decay

products of the D. Since E

b has a much smaller spread than the measured
energy of a particle combination, and since the momentum of the D is
small (PD 300 MeV/c), m, is determined more accurately (by a factor of
5 to 10) in this manner than from the direct measurement. In order to
make sure that a particle combination had an energy (determined from
the momenta and masses of the decay products) consistent with Eb’ we
required that the combination's energy should be within 50 MeV of Eb’
and then determined m .

The results shown in Fig. 27 show signals for the decays:

+ -+ + +
D > K

T ’ Ksﬂ-

and
p° + K1 , K rir . Koninin

+.

+ - -
T .

- + -
p° ~ K+w s KSW n , Kmm
2 , .
The observed rms widths of the about 3 MeV/c” are consistent with our
apparatus resolution alone.
The D masses were determined from fits to these distributions. The
results were

1.8633 T .0009 Gev/c>

=
]

1.8683 ¥ .0009 Gev/cZ .

=]
1

The reported . uncertainties include contributions from the statistical
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See the text for a discuss

ion of cuts and techniques.
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uncertainty (¥ .4 MeV/cz) and from systematic uncertainty (v .8 MeV/cz)
which includes contributions from the uncertainty in the absolute momen-
tum calibration (¥ .5 MeV/cz) and the uncertainty in the long-term
stability of measuring Eb (v .5 MeV/cz).*

Table IV gives the D masses, together with the D*O mass determined

*
42,65 and the D + mass determined48 from the

from previous measurements
Q value of the decay D*+ + D° mass. The deduced Q values and mass
differences are also shown in Fig. 28,

Table V gives the wvalues of 0 * B for the five detected decay modes.
The efficiencies.guoted were determined from a Monte Carlo simulation
with the same cuts imposed as the ones used in the real data analysis.

To obtain absolute branching fractions we need two quite reasonable
assumptions: (1) that the ¢" is a state of definite isospin, either O
or 1, and (2) that its only substantial decay mode is DD. The rationale
for the latter assumption is that the ¢' and ¢" differ in mass by only
88 MeV/c2 and thus should have similar decay modes to channels which are
open to both states. However, the total y" width is two orders of magni-
tude larger than the ¢' width. The simplest explanation for the difference
in widths is to attribute most of the §" width to the DD channel, which
is accessible to it, but not to the ¢'. The first assumption gives equai
P'" partial widths to p°D° and ptp” except for factors which depend on the
D momentum. The partial widths were assumed to be proportional to
p3ﬂl.+ (rp)z)where p is the D momentum and r is an interaction radius. As
r is varied from O to infinity, the fractionm of p°Dp° changes from 0.59
to 0.53. We thus take this fraction to be 0;56 1+ 0.03. The error due to
the uncertainty in r is small compared to other systematic errors. Glven
these+assumptions and the data on the total cross-section, the Do(ﬁol
and D™ inclusive cross—sections for this data sample are 11.5 ¥ 2.5 nb
and 9.1 * 2.0 nb, respectively. The absolute branching fractions derived
under these assumptions are also given in.Table V.

In Table V we have accounted for (9.4 T 2.3)% of D° decays and
(5.4 £ 1.3)% of D+ decays. The unidentified decays are not detected by

#* .
A .13% uncertainty in the absolute energy calibration of SPEAR has not
been included. What we are really measuring is the ratio mD/mw, with

mw taken as 3095 MeV/cZ.
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TABLE IV

Masses, mass differences, and Q values for the D meson system.

The quantities in parentheses are taken from Refs. 48 and 64 and are used

*
in the calculation of quantities involving D!

8. All units are MeV/cZ.

The errors quoted include explicitly the calculation of correlated errors,

+
e.g. the mass difference D -p° is more precise

ly known because most

of the systematic errors cancel in the mass difference.

MASS (MeV/c2) MASS DIFFERENCE (MeV/c?) Q VALUES (MeV/c2)
' = - *
°  1863.320.9 |p'-p° 5.00.8 |D %040  7.7:1.7
* * —_
ot 1868.3+0.9. | 0" t-p° 2.6£1.8 |D °+DTr -1.9:1.7
* *. * *.
D°  (2006:0¢1.5) { 0Dy~ =00 2.4x2.4 {70 (5.720.5)
4 : A+ 4 0
D 2008.6+1.0 D a0 5.320.9
TABLE V

Number of combinations, efficiency, cross

fractions (o°B) and branching fractions for va

section timeg branching

rious D decay modes. The

absclute branching fraction determination depends on assumptions discussed

in the text.

MODE # COMB. . “EFFICIENCY o+B(nb) B(%)

7+ ec.c. 13013 42 0.25£0.05 2.240.6
rir + c.c. 28+ 7 .05 0.4620.12 4.0%1.3
Knnin + coe. 4410 .10 0.36£0.10 3.241.1
r + c.e. 17+ 5 .10 0.14%0.05 1.5¢0.6
Krin + c.e. 8511 .19 0.36+0.06 3.941.0
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the techniques discussed up to now either because they contain neutral
particles, have too small a branching fraction, have too small a detect-
ion efficiency, or are obscured by backgroﬁnds.

The angular distribution of D's relative to the incident beams

must be of the form

P(B) =1 +a cose, lal <1,

for any D spin and & must be -1 for spin 0. Figure 29 shows the
angular distribution for D's for the D+-+ K—w+ﬁ+ and D° - ng+ decays.
The values of a are found to be -1.04 t 0.10 and -1.00 t 0.09,

respectively, consistent with the assignment42’66

of spin 0 for the D
mesons.

In the events with a DD(D+) cbserved in an e+e- annihilation at
the $"(3772), since the y" decays into DD exclusively, the remaining
particles must be the decay products of a D°(D°). These "tagged"
events permit inclusive studies of the decays of D mesons. A summary
of tﬁe result of such studies follows.

The charged multiplicity in the decay of the recoiling D in these
tagged events can be obtained by counting the number of additional
tracks in each event. The true charged multiplicity in D decays can
be obtained from the observed multiplicity distributions through an
unfolding procedure patterned after a Monte Carlo simulation of DD°

and D+D_ production at the ¢'.

The results are

<nC>DO=<n> =2.3%0.3 .

The D°'s decay mostly into two charged particles while the D+'s decay
‘roughly equally into states with one or three charged particies. Tt
should be noted that in this multiplicity analysis Kg's were not identi-
fied and the charged pions from Kg decay are included in the quoted

values.
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From the study of the tagged events inclusive decay branching

. . 67
ratios can also be obtained. The results are:

DECAY BRANCHING RATIO
*
p° > KX 15 + 10%
+ k% 57 T 26%
ot 5+ KX wt oy
> KX 6T 6z
~ > K% 39 + 29%

where X stands for any other allowed particles in the decay.

Interesting results on D decays at the ¥" using the y-ray detection
and electron identification capabilities of the Lead-Glass Wall system
have also been obtained. We simple list them here:

a) The branching ratio for the decay of D mesons into an electron

plus additional particles, averaged over the neutral and
charged D, has been measured 68 to be 7.2 T 2.8%.

0

b) The decay p° > Kuﬂ+ﬂ , with 7° identified from two Y-rays

detected in the Lead-Glass Wall, has been observed.69 The
branching ratio for D° + K_v+ﬂo is 12 1 6%,
In summary, the study of D mesons produced at the P'"(3772) allowed for
an accurate determination of their mass, their decay multiplicity, the
measurement of absolute branching ratios into some exclusive states,
as well as into inclusive states with kaons and electrons, and a confirm-

ation that the spin of the D mesons is O.
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CHAPTER 4

INCLUSIVE PRODUCTION OF D AND K MESONS IN THE C.M, ENERGY
RANGE 3.6 TO 5.8 GeV

We started the previous chapter with the observation that the most
remarkable feature of R, with the exception of the ¥ and y', was the
" at 3.772 GeV. This chapter continues from that point on with the
examination of the next most striking feature of R: the rich structure59
of R at 4.0 — 4.4 GeV and its overall step-like increasel’52 from 2.6 at
" 3.6 GeV to 5.2 at 7.0 GeV,.

Even though there is considerable disagreement and confusion as
to the.exact number of resomances in region 4.0 to 4.4 GeV, the results
of all the relevant experiments, shown in Fig. 3, show the existence
of two clear resonances at 4.03 and 4.4 GeV and possibly of a third one
at 4.16 GeV. Above this resonance region, R reaches again a smooth
plateau 2.6 units higher than its original value at 3.6 GeV., The reason
for this truly remarkable behavior is two-fold: one unit of the increase
in R is due to the onset of pair production of the heavy lepton T and the
remaining 1.6 units of R are presumably due to the production of charmed
particles. D mesons, the lowest lying charmed states, are expected to
constitute the largest fraction of these charmed particles. It is-an
interesting question to ask whether the D prqduction indeed follows
the shape of R and what part of the observed structure can be explained
by it. _ '

In order to ellucidate this point we have studied70 the inclusive
production of D mesons as a function of energy for the c.m. energy
range 3?6 to 5.8 GeV. A closely related quantity to the inclusive
D meson production is the rate for inclusive kaon production. . Since
D mesons decay predominantly into final states that include kaons, an
enhanced production of D's should give rise to an increased preduction
‘of strange mesons. For this reason the scope of our analysis was

enlarged to include the production of K's.
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The data used for this étudy éré hadronic events with three or
more charged tracks detected in the final state. This sample was
collected during the second part of the experiment and the energy
range covered extends from 3.6 to 5:8 GeV. The total luminosity is
approximately 8 pbﬁl.

The D Eeions weEe+identified és peaks in the invariant mass distri-
bution of K~#T and K™%~ 1~ combinations. We chose these two decay modes
of the D° and D+'because they have the highest acceptance in our appara-
tus and the higﬁest signal-to-background ratio. Particle identification
was achieved through the TOF weight technique, which has been described
in nauseating detail in Chapter 2. Instead of using fractional "weighted"
combinations, we assigned a weight of 1 to the particular particle hypo-
theses that gave the highest TOF-derived weight for every two or three
particle combination. We also required that the recoiling mass against
the D be greater than 1.8 GeV/cz. This selectlon criterion was intro—
duced in order to reduce the background due to to uncorrelated combin-
‘ations and proved to be effective.at the lower c;m. energies under study.
As the c.m. energy increases the uncorrelated combination background
(i.e. the Km or Kmwm phase space) extends towards higher invariant masses
and the D peak is no longer on the tail of this distribution. For this
reason the 1.8 GeV/c2 cut does not reduce significantly the background
at high energies.

The number of D's was obtained from fits to the Kn and Krw invarlant
mass distributions. These distributions, together with the fits, are
shown in Fig. 30. The theoretical shape used in the fit was the sum of
a smooth background and a gaussian of fixed mass and width. The width
we used was the estimated width from the Monte Carlo simulation (see Fig.
13). The masses we used were not the true masses of the D's but approxi-
mately 7 ﬁeV/éz higher. This shift of the centroid of the D peaks, which
we attribute to an unexplained systematic shift of our invariant mass
calculation, appears consistently in all aftheobsef#ations of D's in
our apparatus.

: The detection éfficiency for D's was estimated from Monte Carlo
studies as an overall correction factor. At each energy we used a pro-
ductien mechanism which best reproduced the observed D meson momentum

distribution. At &4.16 and 4.3 GeV we used a production model of D D I
F_k _

for higher energies we used a mixture of DDTm and DD 7 .
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For the charged kaons we used the technique described on page 44.

As we noted earlier, the sensitivity of this method deteriorates

" rapidly for kaon momenta greater than 1 GeV/e, forciig us to use

an extrapolation in order to infer the fractiom of K~ at high
momenta. This correction, which is of the order of 10%Z at the c.m.
energy of 4 GeV, increases as the c.m. energy and the average kaon
momenta increase and becomes a major part of our results for c.m.
energies above 4.4 GeV., For this reason we do not report a measurement
for inclusive charged K production at that energy or at higher energies.
Neutral kaons were detecfed by their decay Kz - ﬂ+ﬁ+, using the techni-
gues degcribed in Chapter 2.

The detection efficiency for kaons was estimated as the product of
two terms, a term giving the probability of detecting a single kaon of
a certain momentum and a term giving the probability for an event with
a detected kaon to trigger our apparatus. In the determination of the
trigger efficiency we investigated the effect of introducing angular.
distributions due to jet formation versus isotropic particle production.
The differences between the two approaches were negligible, a reflection
of the fact that the c.m. energy is relatively low and jet formation is
not very pronounced.

The results of these studies are shown in Tables VI and VII.
Table VI shows the number of observed D's and the luminosity for every
energy interval. Our efficiency, estimate, together with the branching
ratios for D° -+ K_ﬂ+ and D - K+ﬂ_ﬂ_ decays allow us to determine the
cross-section for inclusive D meson production, These cross-sections, as

well as the ratio R, = (g - + 0

p° + D pt + D
"For completeness, the " results from the previous chapter as well as the

)/ 2o are shown in Table VI.
Hi

inclusive production of D's at 7 GeV, which will be discussed in chapter
5, and at 4.028 and 4.414 GeV, from earlier work7l, are included.

We observe a clear D signal in the intervals 4.0 - 4.2 GeV, and
4.4 - 5.0 GeV; no significant signal is observed in the region 4.2 -
4.4 GeV, a region where R also shows a dip.13 In the regionm 5.0 -
5.8 GeV, even though no significant D signal is observed, our efficiency
Vis quite small and our results not inconsistent with a sizable D meson
production. The quantity RD’ shown in Fig.3la, follows the overall

shape of R, Within our errors, RD together with the contribution due



TABLE VI : Energy, mean energy, integrated luminosity, observed number of D's,
cross section for DO and Dt inelusive production, and Rp for several
center—-of-mass energy intervals.

Mean Integrated Observed Observed

c.m. energy c.m, energy luminosity Number of Number of 9posfo S RD*

(GeV) (GeV) (nb~1) DO and B©  D* and D™ (nb) (nb)
3,73 - 3.76 3.74 180 2.8 <2.7" <1.77 <1.97 <0.29 "
3.76 - 3.79 3.775 | 1220 130 + 13 85 + 11 11.5 + 2.5 9.1+ 2,0 1:69 + .27
3.79 - 3.84 3.81 " 238 <1.47 <1.4f 0.7 <0.8" <0.13 "
3.84 - 3.89 3.87 236 5+ 3 2+ 2 2.1 +1.4 1.1 + 1.1 .28 + .16
4.0 - 4,28 4.15 1680 153 + 20 65 + 21 16.5 + 5.0 6.2 + 2.5  2.33 + .57 .
4.2 - b.b 4.28 854 15 + 9 30 + 12 3.5 + 2.1 6.0+ 2.9 1.03+ .40 ®
4.4 - 5.01 4,68 2376 108 + 28 117 + 30 10.9 + 3.8 10.1 + 3.5 2.64 + .65
5.0 - 5.8 5.36 1115 26 + 19 11 + 11 5.6 + 4.4 2.0+ 2.0 1.26 + .83
4.028% 4,028 1365 182 + 18 82 + 14 24,2+ 7.0 9.6+ 2.9 3.16+ .73
ALY 4.414 1752 92 + 18 67 + 19 12,6 + 4.2 7.8 + 3.0 2.29 * .60
6.0 - 7.8 % 6.96 22.5x103 173 + 31 90 + 31 3.2 + 0.9 1.7 f 0.7 1.34 + .33,
tp e %0 + 5o t %t 4 p” ' § 504 of thils data was taken at 4.16 GeV * From Ref. 71..

0 20u+u- _ B " Less than 10% of this data was taken in the tt From Ref. 75 and
+ 90% confidence level vicinity of the Y(4.4) resonance A chapter 5 .



TABLE VII :

Energy, mean energy, integrated luminosity, observed number of kaons, and

cross section for inclusive kaon production for several center—-of-mass
energy intervals.

Mean Integrated Number of Number of
Cc.m. energy C.m. energy luminosity observed observed ¥ UK: Ot + '
(GeV) (GeV) (nbnl) Kcs’ k¥ and X~ {nb) (nb)
i
3.6 3.600 48 17 + 8 130 + 32 3.3+ 1.5 6.3 + 1.5
3.73 - 3.76 3.743 215 1i8 + 19 916 + 136 4.7 + 0.8 10.6 + 1.6
3.76 - 3.79 3.775 1263 1138 + 58 8082 + 526 7.7 + 0.4 15.6 + 1.0
3.79 - 3.84 3.811 341 123 + 20 1522 + 265 3.1 + 0.5 10.4 + 1.8
3.84 - 3.90 3.869 258 128 + 19 976 + 156 4.2 + 0.6 8.6 + 1.3
3.90 - 4.00 3.956 188 126 + 18 896 + 160 5.6 + 0.8 10.8 + 1.9
4.00 - 4,10 4,040 383 360 + 29 3102 + 292 7.8 + 0.6 18.0 + 1.7
4,10 - 4.20 4,152 1297 1234 + 58 9006 + 566 7.8 + 0.4 15.1 + 1.0
4,20 — 4.40 4,286 854 606 + 40 3561 + 242 5.5+ 0.3 9.2 + 0.6
4.40 - 4.80 4,619 1830 1181 + 59 % 5.0 + 0.2 %
4,80 - 5.20 4,948 856 487 + 38 ~-% 4.3 + 0.3 —~%
5.20 - 5.60 5.394 667 321 + 33 ~% 3.6 + 0.4 —%

+ Number of events corrected for TOF losses.

* Above 4.4 GeV the high momentum of theKt makes identification unreliable.
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to pair production of the heavy lepton t can'acépﬁﬁﬁ'fér all of the in-

crease in R observed1 for.c.m. energles greater than 4.0 Gev,

Figure 32 illustrates.this point further. The uppex curve is
an eyeball fit to the R values as measured in our detector (see
Fig. 2). The various contributions to R are progressively added
starting from R = 0.

1) ROLD’ a constant value inferred from the measurement below

the charm threshold. This constant value of 2.5 units of R
represents the contribution of the old non-charmed quarks
u, d, and s.

2) The contribution due to T+T— production. We have used the QED
calculated value R 4= B(3 - 52)/2, where B is the velocity
of the T. Tr

" 3) RBﬁ’ the charmed baryoﬁ contribution as inferred from earlier
measurements of inclusive antiproton production (see Fig. 7).
The single antiproton inclusive cross-section rises from Rp+5=
.3 to Rp+5 = .6 as the c.m. energy varies from 4.4 to 5 GeV.
Above 5 GeV Rp+5 is approximately constant. We have ta%en the
value of RBE to be .3 at high energies to account for nn pro-
duction, which we assume to be equal to pp production.

4) We finally include the RDﬁ values of Table VI to the above as
points with error bars.

As we see the sum of these four contributions seems to account for
the totality of R. It must be noted that the uncertainty in RDﬁ apd
gand RBﬁ,are‘large enough so that ™s unit of R for production of the
"putative  F or for some other process can be

Figures 31(b) and 31{(c)  are pl;ts of the quantities
Rki = (0K+‘*GK-)/OH+H' and RKO = 2UKo/ou+u_, where the factor of 2
in RKO accounts for the undetected KE? These quantities, RKt and RK%
represent the contribution to R for events containing a kaon pair and
should be equal if cha¥ged”&nd neutral kaons are produced at the same
rate. Within our experimental errors this behavior is verified;
furthermore, Rkt and RKD ghow an energy dependence similar to the energy
dependence of RD, as expected from the production and subsequent decay

of charmed mesons.
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A composite graph illustrating the various contributions to
R, the tota} hadronic cross section over cuu. The top curve
is a sketch of R, hand drawn over the data of Fig. 2. The
following contributions are progressively added starting from
R=0: Rbld is a constant as inferred by the data points below
charm threshold; RT+T_ is the heavy lepton contribution as
calculated from QED; RBE-is the charmed baryon contribution
as Inferred by the data of Fig. 7. Finally we add the
contribution of Rﬁﬁ as data points, taken from Fig. 31 and

Table VI.
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A direct and significant by-product of this analysis is that the
combination of the inclusive kaon and D meson production allows us to

. determine the number of kaons per D decay, if_we make the (reasonable)

aséumption that the y" decays entirely into DD palrs. From the total
hadronic cross-section measurements of the previous chapter we see that
for the c.m. energy region 3.75 to 3.79 GeV one third of the total cross-
section is due to the y" and two thirds due to the non-resonant back-
ground, while for the regions 3.73-3.76 GeV and 3.79-3.84 GeV the contri-
bution of the ¢" to the total cross-section is only 10%. Using this
information we find that there are 1.03 * 0.27 neutral kaons and 0.83 t
0.24 charged kaons per y'" event. These imply that wehave:0.52 T o.14
neutral kaons and 0.42 T 0.12 charged kaons per D decay. For the non-
resonant part of the cross-section, we find that there are 0.26 T 0.08
neutral kaons and 0.32 F 0.10 charged kaons per event.

The last result ghould be compared with the results obtained
from the study of the D decays using the 'tagged events.67 On the
assumption that the p°:pt production ratio at the ¢ " is 56:44, the
values of the branching ratios for D decays into final states containing
kaons determined from the tagged events imply O.49 % 0.19 neutral kaons
and 0.27 t 0.07 charged kaons per D decay. We can find no reason why
the number of charged kaons per D decay differ by this amount. A
reasonable explanation is that the value obtained from the "tagged"
event study is a statistical fluctuation {(the total sample consisted
of 248 events only), but recent unpublished data73 on "tagped" D events
in the MARK II detector at SPEAR give results consistent with our :

"tagged" event analysis.
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CHAPTER 5

INCLUSIVE PRODUCTION OF D MESONS AT 7 GeV

As mentioned in the last part of Chapter 1, the dynamical mechanism
for fragmentation of heavy quarks into hadrons is a subject of considerable
interest, not only in its own right, but also because of its use in pre-
dicting the energy spectrum of leptons from the decay of charmed particles
produced in hadronic or neutrino experiments. Many authors;zz’zl‘mﬂ’29“30’33_36
have proposed a variety of forms for the gquark fragmentation function
for the charmed Juark and have analyzed the recently available data on
'di—lepton32’33 and D meson74 production by neutrinos trying to obtain
some Information on its shape. The production of D mesons in e+e_
annihilation provides a particularly clean way for studying the charmed
guark fragmentation function. Specifically, ﬁhe shape of the differential
cross—section g%-for inclusive D meson production (where z = ZElegs
can be directly related to the fragmentation function. The only drawback
of the study of g%-in e+e_ annihilation is that the maximum available

energy, i.e. Ebea » 1s comparable to the mass of the charmed quark

(z %mw

For this reason we studied75 the energy/momentum spectrum of D's only

1}

1.5 GeV/c”) and z may not be the appropriate scaling varlable,.

at the highest energies available to us, in order to obtain a glimpse
of the charm fragmentation function in a region that probably approaches
the asymptotic regime and is not dominated by threshold effects.

The data used in this analysis are the totality of the events
collected with our detector for which Ys is greater than 6.0 GeV. This
sample corresponds to an integrated luminosity of 22.5 pb—l at an
average center-of-mass energy of 7.0 GeV. We used events with 3-or-more
charged tracks. We searched for D mesons in this sample of 222,000
hadronic  events by looking at the invariant mass distribution of K_ﬂ+
comblnations for the D° and K_w+ﬂ+cémﬁinéfions’for the p". The analysis
technlque used was the weight techmnique descrlbed earlier.

1n order "tS "determine the inclusive’ momentum spectrum the data

2
were blnned into different z or x blns, where z = ek /Vs = 2thotal + mD/

and X tiﬁtmé i/VP. ‘Since we are quite close to Fhe "charm threshold

it is not clear which one of the two scaling variables is more appropriate
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to use.* For the same reason these warialbes do not cover the complete
range of 0 to 1. The kinematically allowed regions are z > 0.54 and

% < 0.84. The invariant mass distribution for the four z bins are shown
in Fig. 33 and for the x bins in Fig. 34. The number of weighted D's

in these plots was determined from a fit of a sum of a Gaussian of fixed
mass and width and a simple polynomial background. The widths of the
D's was the expected width estimated from the Monte-Carlo and shown

in Fig. 13, the masses of the D'swere taken to be 7 MeV/c2 higher than
their true mass, in order to account for the observed systematic shift

of the D mass. We include in the quoted errors a contribution due to
the slightly uncertain mass of the D's.

Our detection efficiency was determined in the two step procedure
outlined in Chapter 2 as the product of two terms € and s where €
is the efficiency of detecting D mesons of a fixed momentum decaying
in Kfﬁ+ (for the 0°) and K_w+w+ {for the D+) and €p is the probability
for an event with a detected D to trigger our apparatus and have at least
three detected tracks in the f£inal state.

In order to investigate the effect of a non—-isotropic angular
distribution of the D's, €5 was determined for the two extreme cases of
isotropic distribution (%% ) and for 1 + c0528 distribution
Gaﬁ-— 16w (1 + cos™8)). The values of € for these two dlstributions
is shown in Fig. 13. The efficiency whlch was flnally used was given

* .
Field and Feynman22 suggest the use of the rapidity-like variable

E. +p . .
= —————*JlE; where p|| is the component of the D momentum parallel

y
Ebeam +

to pq, the original quark's momentum, to avoid threshold related
problems. Unfortunately, the direction of pq is not directly
measurable. What we can determine, and not always reliably, is a jet
axis for an event. There are valid indications that_p'sare;moduced
in association with jets in e+e_ annihilation. We réfer thevéeader

' for more information to the excellent review by G.'Hanson7é on jet

. + - .
production in e e collisions.
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by : £

%

o

D~ %1 4 cos?g * €1sotroprc © (P T ®)

where o is a momentum dependent parameter determined from inclusive

‘ hadron production in e+e_ annihilation.77 A graph of o is shown in

Fig. 35, it ranges froma = 0 at x = 0 too =1 at x = .84. From

this figure and Fig. 13, we see that the effect of an angular distri-
bution is negligible at low x values, and at high x it reduces our
‘éfficiency by approximately 15%. Here we have assumed that the anguiar
distribution of inclusively produced D's as a funcgion of x is similar
to the angular distribution for single charged particles (i.e. pions)

as a function of x. The effects of charged kaon decay in flight

were also included in this part of the efficiency,* Fig. 13 illustrates
this effect too, which is of the order of 157 for all x values. Sys-—
tematic effects to this part of the efficiency due to long-time changes‘
of the TOF resolution** were investigated by analyzing the data 3 times
with a o,5p of .35, .4 and .45; the effects of such a change are small
(approximately .1 to .3 of the statistical error). A more severe source
of error is the variation of £y within a z or x bin. We overestimated
such uncgrtainties by'assigning an error to €y equal to approximately
70% of its wvariation in the corresponding z or x bin. In summary, we
estimate that the systematic uncertainty to € may be as high as 15%,
but the point-to-point uncertainty is less than half as much.

The triggering efficiency, ET,‘was determin:d from a Monte-Carlo’
simulation by generating a state of two D's or D 's with a few pions.
One of the D's was constrained to decay to K_ﬂ+ or K_ﬂ+ﬂ+ {the tagging
mode), while the other D decayed in a variety of modes in such a way

that its charged particle decay multiplicity was the same as the
measured67 decay multiplicity for D's. This part of the efficiency

*We simulated lgsses due to K decay in flight in a rather simplistic
manner. The K was allewed to decay randomly according to an exponen-
tial decay with a time constant equal to the charged kaon lifetime.
1f it decayed before reaching the last layer of the spark chambers we .

assumed it was never reconstructed by our tracking algorithms.

*%
The data was collected over a period that spans more than three years.

For this reason Opgp = .4 ns is a more appropriate choice.
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is both model dependent and dependent on the D momentum. The results

for a variety of models are shown in Table VIII. The fact that e

ds always larger than 907 allows us to assume that €, is independent

i . T
%ofrthe momentum of the D. The values we used are .95 F .05 for the

%DO and .99 T .02 for the D+.

After these efficiency corrections, and taking into account the
‘known branching ratios for the decays p° - Kfﬂ+ (2.2 ¥ 0.6%) and D+ -+
K w+w+ (3.9 1 1.0%) the inclusive momentum spectra shown in Fig. 36
‘were obtained. These results are summarized in Table IX.

For comparison the same spectra are shown again in Fig. 37 to-
gether with the Tharged 7 and K inclusive spectra observed in
e+e annihilation over a comparable range of energles.50 77 We observe
that the D meson production is similar to the 7 production and signifi-
cantly higher than the KS production over the range of z = .6 to 1.0.
All three of the displayed spectra are decreasing functions of z and
have approximately the same slope. It should also be noted that the
recently reported78 ¥ and 1° inclusive spectra in e+e_ annihilation
show a similar behavior. ‘

We fit the averaged D meson production spectrum with three of the

forms proposed for the guark fragmentation function. For the form

D(z) = ﬂ-(l—z)o-l we obtain a = .42 T ;g, for D(z) = b(l- z)B we obtain
B = .63 71 + 32, and for D(z) = ¢ eY% we obtain y = -3.6 t } 2 All of

these forms give a reasonable representation of the data. Table X
summarizes these results, together ﬁith fits to the individual p° and
D+ z spectra. Even though our\statfétical error is quite large and
even though charm threshold effects “could Be significant at this energy
range, our results, Fig. 36 and Fig.. 37, are in disagreement with the
idea that the fragmentation function;for heavy quarks should be an
increééing function of z. A similar conclusion can'be drawn from the
D meson spectrum observed in neutrlno reactlons.74
Flnally, the total number of D%'s ‘and p¥'s observed allows us to
determine the cross-section for inclusive D meson production in e+e
annihilation for the energy range Vs = 6 to 7.8 GeV. We find (e e =
n°

1.7 * 0.7 nb. Their sum correspondsto Ry = 2.7 + 0.7, where R, is the

or 7° + anything) = 3.2 % 0.9 nb and o(e'e” > D' or D + anything) =

‘ratio of the single charged and neutral D and D meson inclusive production

oo + -, . .
to the rate of y pu pair production.
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TABLE

VIII

Model Dependence of the Triggering Efficiency Emp

For Inclusive D Meson Production

Tagging Mode

Model p° » Kfﬂ+ D+ > K_ﬂ+ﬂ+
p'D” - .997
D+D—'n'0 .992
o*por .980 .995
o ot .998
220 O .997 .9996
p°p° .939
p°p°#° .910
0°p%5°r° .900-
°0°r .992
5°p°* . 936 . | .
Value usged .95 + .05 . f99 + .02
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branching fractions have not been included. Arrows indicate kinematic limits.



TABLE IX

Cross Section for Inclusive D Meson
Production at 7 GeV.

Number of ::Weighted

Number of Weighted do 2 do 2, .
Z bin p%'s Observed pt's Observed [SE;]DO(ub_GEV ) [dz]D+(ub_eeV )
, ) o i
6 - 96.0 = 19.0 32.0 + 20.2 .75 + .18 .22 + .15
7 - 32.9 + 12.5 26.3 + 11.8 34 0+ .14 .25 & 12
.8 - 35.8 + 8.8 16.5 £ 6.5 43 % .12 .19 + .08
.9 - 9.8 +19.4 8.5 + 4.4 13 ¢ .12 1 .06
Number of Weéighted Number of Weighted dg a2 dc] 2
X bin D?'s Observed pt's Observed [dx]Do(ub Gev™) [dx D+(ub GeV™)
0 - 13.1 + 14.8 8.6 + 16.3 .03 + .04 .02 + .03
2 - 65.0 * 20.6 14.7 + 20.9 ' .22 + .08 .04 + .06
. bbb+ 13,9 44.0 % 14.0 .22 + .08 .20 + .07
6 - 38.1 &7 9.5 26.1 + 7.4 .23 + .07 .16 + .05

_LG_
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Figure 37. Inclusive specﬁra for charged and neutralID mesons and for
charged pions and Kz. The KZ spectrum is taken from Ref. 50, the charged
pion spectrum is obtained from the single charged-particle spectrum of
Ref. 77 after subtracting the charged kaon contribution. The charged kaon

spectrum was assumed to be equal to twice the Kg spectrum of Ref. 50.
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TABLE X

Shape Fits to s%%—spectra of

Inclusive D Meson Production

Fitted Parameter Averaged p° D+
Function Spectrum | Spectrum Spectrum
a o + .28 + .42 + .37
z(l - z) o .42 93 5S4 Y 24 33

B + .30 + .45 + .39

b(l - z) B .63 24 76 "33 43 34
U i+ i

Yz _ + 1.3 | 1.7 {_ + 2.3

c e ¥ 3.6 _ 1.4 4.3 2.0 2.6 _ 5.2

TFor comparison, a fit of the form ¢ e'? to the last five points

of the pion sg%-spectrum of Fig. 35 gives v = -5.5 i 0.6




10.

11.

12,

13.

14.

15.
16.

17.

18.

-100-

REFERENCES

G.J. Feldman in Proceedings of the 19th International Conference

on High Energy Physics, Tokyo, Japan, 1978, p. 777.

G. Weber, invited talk at the IX International Symposium on High

Fnergy Multiparticle Dynamics, Tabor, Czechoslovakia, July, 1978,

DESY report 78/35.

G. Feldman and M.L. Perl, Phys. Rep. 33C, no 5, 285(1977).

G. Feldman and M.L. Perl, Phys. Rep. 19C, no 5, 233(1975).

J.P. Perez-y-Jorba, and F.M. Renard, Phys. Rep. 31C, no. 1 (1977).
A. W. Hendry and D.B. Lichtenberg, Rept. Prog. Phys. 41, 1707(1978).
T. Appelquist, R.M. Barnett, and K. Lane, Ann. Rev. Nuc. Part.

Sci., 28, 387(1975).

M.K. Gaillard, B.W. Lee, and J.L. Rosner, Rev. Mod. Phys. 47,
277(1975).

$.J. Brodsky, T. Kinoshita, and H. Terazawa, Phys. Rev. D&, 1332
(1971).

H.D. Politzer, Phys. Rev. Lett. 26, 1346(1973); D. Gross and

F. Wilczek, Phys. Rev. Lett. 26, 1343(1973).

Sapirstein, private communication.

Okubo, Phys. Lett. 5, 105(1963);

Zweig, CERN report TH-401, 412(1964);

Iizuka, K. Okada, and O. Shito, Prog. Theor. Phys. 35, 1061(1966).
Tanenbaum et al., Phys. Rev. D17 1731(1978).

Eichten et al., Phys. Rev. D17, 3090(1978); )
Eichten et al., Phys. Rev. Lett. 34, 369(1975); 36, 500(1976).
Lane and E. Eichten, Phys. Rev. Lett. 37, 477, 1105 (E)(1976).
Brandelik et al., Phys. Lett. 70B, 132(1977);

Yamada in Proceedings of the 1977 International Symposium omn

(- 2~ - B B c B = B > J < T s B ¥ B

Lepton and Photon Interactions at High Energies, Hamburg, August
1977, p. 47.

D. Liikke, Proceedings of the 1977 Meeting of the APS Division of
Pafticles and Fields, Argonne, Il1l., 1977, p. 441(1977).

A. Barbaro-Galtieri in Proceedings of the XVI International School

of Subnuclear Physics, Erice, Italy, July 1978, LBL report 8537,

to be published.



19.
20.

21.

22.
23.

24.
25.
26.

27.
28.

29.
30.

31.

32.

33.

34.

-101-

M. Piccolo et al., Phys. Rév. Lett. 39, 1503(1977).

For an overall review see: R.P. Feynman, Photon-Hadron Inter-

actions (Benjamin Reading, Mass. 1972).

R.D. Field, and R.P. Feynman, Phys. Rev. D15, 2590(1977);

R.P. Feymman, R.D. Field, and G.C. Fox, Nucl. Phys. B128, 1(1977).
R.D. Field and R.P. Feynman, Nucl. Phys. B136, 1(1978).

R.P. Feynman,_R;D. Field, and G.C. Fox, Phys. Rev. D18, 3320(1978);
R.D. Field, Physica Scripta 19, 131(1979).

L.M. Sehgal and P.M. Zerwas, Nucl. Phys. B108, 483(1976).

A Seiden, Phys. Lett. 68B, 157(1977).

M. Gronau et al., Nucl. Phys. B123, 47(1977).

s.D. Ellis, M. Jacob, and P.V. Landshoff, Nucl. Phys. B108, 93(1976).
S.J. Brodsky and G.R. Farrar, Phys. Rev. Lett. 31, 1153(1973); Phys.
Rev. D11, 1309(1975); V.A. Matveev, R.A. Muradyan, and

A.V. Tavkheldize, Lett. Nuovo Cimento 7, 719(1973); R. Blankenbecler
and S.J. Brodsky, Phys. Rev. D10, 2973(1974). §.J. Brodsky and

G.P. Lepage in Workshop on Current Topics in High Energy Physics,
CIT, Pasadena, Calif., February 1979, to be published, SLAC publi-
cation 2294 (1979).

M. Suzuki, Phys. Lett. 68B, 164(1977); 71B, 139(1977).

V.GC. Xartvelishvili, A.K. Likhoded, and V.A. Petrov, Phys. Lett. 78B,
615(1978); V.G. Karvelishvili and A.K. Likhoded, THEP report 78-33,
Serpukhov 1978, unpublished.

V. Barger, T. Gottschalk and R.J.N. Phillips, Phys. Lett. 708,
51(1977).

For a review see F. Dydak in Facts and Prospects of Gauge Theories:

Proceedings of the XVII Internationale Universit#tswochen fiir Kern-—

physik der Karl-Franzens-Universitdt Graz, Schladming, Austria,

1978, edited by P. Urban, Acta Physica Austriaca, Supplementum XIX,
p- 463.

For a review and references to this data see: C.H. Lai, Phys.
Rev. D18, 1422(1978).

R. Odorico, Phys. Lett. 71B, 121(1977);
“R. Odorico and V. Roberto, Nucl. Phys. B136, 333(1978).



-102-

35, J. Dias De Deus, Nucl. Phys. B138, 465(1978).
36. J.B. Bjorken, Phys. Rev. D17, 171(1978).

37. M. Sands in Physics with Intersecting Storage Rings; Proceedings

of Course XLVI of the International School of Physics "Enrico

Fermi'", Varenna, June 1969, edited by B. Touschek, Academic Press,
N.Y. 1571.
38. F. Vannucci et al., Phys. Rev. D15, 1814(1977).
39. R. Hollebeek, Thesis, 1975, LBL report 1874, unpublished.
40. J.E. Zipse, Thesis, 1975, LBL report 4281, unpublished.
41. J.S. Whitaker, Thesis, 1976 LBL report 5518, unpublished.
42, J.E. Wiss, Thesis, 1977, LBL report 6725, unpublished.
43, B.P. Xwan, Thesis, 1978, SLAC report 207, unpublished.
44, J.M. Feller, 1979, LBL report 9017, unpublished.
45. D.E. Fries, SLAC report 99, unpublished.
46. G. Goldhaber et al., Phys. Rev. Lett. 37, 255(1976).
47. 1I. Peruzzi et al., Phys. Rev. Lett. 37, 569(1976).
48. G. Hanson et al., Phys. Rev. Lett. 35, 1609(1975).
49. G.J. Feldman et al., Phys. Rev. Lett. 38, 1313(1977).
50. V. Lith et al., Phys. Lett. 70B, 120(1977).

51. R.F. Schwitters, Proceedings of 1975 International Symposium

on Lepton Photon Interactions at High Energies, Stanford, Calif.,
p. 355 (1975).

52. P.A. Rapidis et al., Phys. Rev. Lett. 39, 526(1977).

53. W. Bacino et al., Phys. Rev. lett. 40, 671(1978).

54. R.R. Larsen, Proceedings of the 1974 Meeting of the APS Division

of Particles and Fields, Williamsburg, Virginia, Sept. 1974.
55. . Bonneau and F. Martin, Nucl. Phys. B27, 381(1971).
56. J.D. Jackson and D.L. Scharre, Nucl. Instrum. Methods 128, 13(1975).
57. D.R..Yennie, Phys. Rev. Lett. 34, 239(1975).
58. A.M. Boyarski et al., Phys. Rev. Lett. 34, 1357(1975).
59. J. Siegrist et al., Phys. Rev. Lett. 36, 700(1976).
60. J'_E'AMgUStiREE_EE;,PhYS' Rev. Lett. 34, 764(1975) . N
1. J.D. Jackson, Nuovo Cimento 34, 1645(1964)

. A. Barbaro-CGaltieri, in Advances in Particle Physics, edited by
R.L. Cool and R.L. Marshak (Wiley, New York, 1968), Vol. II.
62. V. Liith et al., Phys. Rev. Lett. 35, 1124(1975).




63.

64.
65.
66.
67.
68.

69.
70.
71.
72,

73.
74.
75.
76.

77.

78.
79.

80.
81.

-103-~

R. Van Royen and V.F. Weisskopf Nuovo Cimento égég 617(1967);

514, 583(1967).

I. Peruzzi et al., Phys. Rev. Lett. ég; 1301(1977).

G. Goldhaber et al., Phys. Lett. 69B, 503(1977).

H.K. Nguyen et al., Phys. Rev. Lett. 39, 262(1977).

V. Vuillemin et al., Phys. Rev. Lett. 41, 1149(1978).

J.M. Peller et al., Phys. Rev. Lett. 40, 1677(1978); 41, 518 (E)
(1978).

D.L. Scharre et al., Phys. Rev. Lett. 40, 74(1978).

M. Piccolo et al., submitted to Phys. Lett., SLAC-PUB 2323.

M. Piceolo et al., Phys. Lett. 70B, 260(1977).

S.L. Glashow, I. Iliopoulos, and L. Maiani, Phys. Rev. D2, 1285
(1970).

R.H. Schindler, private communication.

C. Baltay et al., Phys. Rev. Lett. 41, 73(1978).

P.A. Rapidis et al., Phys. Lett. (in press), SLAC publication 2184.
G. Hanson in Proceedings of the 13th Recontre de Moriond on High Energy

Leptonic Interactions and High Energy Hadronic Interactions, edited
by Tran Thanh Van, Les Arcs, Savoie, France, 1978, Vol. II, p. 15.
G. Hanson et al., Phys. Rev. Lett. 35, 1609(1975);

G. Hanson in Proceedings of the XVIIT International Conference on
High Energy Physics, Tbilisi, U.S5.5.R., 1976, p. Bl.

D.L. Scharre et al., Phys. Rev. Lett. 41, 1149(1978).
T. Himel et al., Bull. Amer. Phys. Soc. 24, No. 4, 600(1979);

E.D. Bloom in Proceedings of the l4th Recontre de Moriond , edited

by Tran Thanh Van, Les Arcs, Savoie,France, to be published.
R.H. Schindler et al., Bull. Amer. Phys. Soc. 24, No. 4, 600(1979).

J.D. Jackson in Proceedings of the European Conference on Particle

thsics, Budapest, Hungary, 1977, edited by L. Jenik and I. Montvay,
p. 603.



	Scan 63.PDF
	page 1
	page 2
	page 3
	page 4
	page 5
	page 6
	page 7
	page 8
	page 9
	page 10
	page 11
	page 12
	page 13
	page 14
	page 15
	page 16
	page 17
	page 18
	page 19
	page 20
	page 21
	page 22
	page 23
	page 24
	page 25
	page 26
	page 27
	page 28
	page 29
	page 30
	page 31
	page 32
	page 33
	page 34
	page 35

	Scan 64.PDF
	page 1
	page 2
	page 3
	page 4
	page 5
	page 6
	page 7
	page 8
	page 9
	page 10
	page 11
	page 12
	page 13
	page 14
	page 15
	page 16
	page 17
	page 18
	page 19
	page 20
	page 21
	page 22
	page 23
	page 24
	page 25
	page 26
	page 27
	page 28

	Scan 65.PDF
	page 1
	page 2
	page 3
	page 4
	page 5
	page 6
	page 7
	page 8
	page 9
	page 10
	page 11
	page 12
	page 13
	page 14
	page 15
	page 16
	page 17
	page 18
	page 19

	Scan 66.PDF
	page 1
	page 2
	page 3
	page 4
	page 5
	page 6
	page 7
	page 8
	page 9
	page 10
	page 11
	page 12
	page 13
	page 14
	page 15
	page 16
	page 17
	page 18
	page 19
	page 20
	page 21
	page 22
	page 23
	page 24
	page 25
	page 26


