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Charmed Meson Production by e'e” Annihilation

James Ernest Wiss

ABSTRACT

Compelling evidence will be presented for the production of the
lying (D°,D+) isodoublet of charmed mesons by e'e” annihilation. A
study of the recoil mass spectra against these mesons reveals the
presence of more massive charmed states, the p*0 and D**, produced
in association with the D isodoublet. Mass values and upper limits on
the width of the D and D* are established, and the branching fractions
for several D* decay modes are obtained. An analysis of the production
and decay angular distributions shows that the D is probably a pseudo-
scalar state and the D* is probably a vector. Finaliy, upper limits are

obtained for DO-D° mixing.
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INTRODUCTION

The evidence for the existence of massive, Narrow vector mesons
announced in November of 1974 (Augustin 74, Aubert 74, Abrams 74) has
greatly stimulated the high energy physics community during the past three
years. The mystery of the J/¢ (3095) and the y' (3684) now appears to be
solved, and a beautiful phenomenology--the spectroscopy of charm--has been
revealed. This thesis will review the evidence for charmed meson produc-
tion by e+e- annihilation at SPEAR, and discuss what is now known about
the properties of the SPEAR charmed meson candidates.

We shall begin with a brief discussion of the phenomenoclogy of charmed
mesons emphasizing those characteristics expected for a charmed meson in
the formulation of Glashow, Iliopoulos, Maiani (GIM) (Glashow 70). Evidence for
charm predating the announcement of the SPEAR charmed meson candidates
will then be reviewed, followed by a discussion of the apparatus and
experimental techuiques employed in the charm search of the SLAC-LBL
collaboration at SPEAR. Evidence for the existence of marrow, new mesonic
states with masses near 2 GeV/c2 decaying into Kini, K?“:“i, K;nin+n_, and
Kin'n~ will then be presented, folloyed by a discussion of the properties
which identify these new charged and;neutral mesons with the predicted
(D°, D+) isodoublet of charm. We will then turn to a discussion of
charmed ﬁarticle phenomena including a study of the recoil spectra
against the new mesons and a discussion of their spin and parity. We
shall concl 'de by presenting evidence limiting thc presence of charm |

changing neutral currents.



1. THE PHENOMENOLOGY OF CHARM

We shall explain the COncept‘of charm from the viewpoint of an
expefiméntal physicist by reviewing the properties expected for charmed
mesons. We begin with a few words concerning the theoretical fiamework
behind the introduction of the charmed quark. .

In 1970 Glashow, Iliopoulos, and Maiani (Glashow 70) demonstrated
that the inclusion of a fourth quark (c), with the same cénventional
quantum»numbers as the "up" quark (u), would fix a long-standing difficulty
with the weak interaction. The application of ideas from spontaneously
broken gauge theory to- the weak interaction led Weinberg and Salam (Weinberg
67) to the formulation of a unified model for the weak and electromagnetic
interaction.. It was later shown that their formulation had the hidden,
theoretical virtue of being renormalizable--the first renommalizable formu-
lation of the weék interaction. A spectacular prediction of this model
is the existence of first order weak neutral currents. The original
formulation of their model, in terms of the conventional 3 quarks admitted
both strangeﬁess-conse;ving and strangeness-violating terms offering
experimentaliéts the possibility of seeing neutral current effects without

having to perform technically difficult neutrino experiments by searching

' - : + - + -
for such kaon‘decay modes as: K1 +numn, K +7vv etc.

The absence of these decays with the rates anticipated for a first

order weak process was origina}ly interpreted as evidence against the
existence of ﬁeutral currents entirely. Becaus: neutral current effects
.were finally observed in neutrino interactions, the suppression of
strangeness changing neutral currents posed a serious prohblem for the

weinbefg-Salam model.




GIM recognized that the inclusion of a new charmed quark would solve
this problem by adding a new current able to cancel the strangeness-changing
neutral current. Cancellation would only occur if the charmed quark had
the same conventional quantum numbers as the up quark (S=0, Q=2/3, B=1/3)
and had an additional quantum number (C=1), conserved in strong and
electromagnetic interactions, to distinguish it from the up quark. The
inclusion of any new quark flavor will spectacularly affect the spectroscopy
of the known hadrons by creating a multitude of new hadronic states. Hence
in the original GIM formulation the new quark had to be massive enough to
avoid upsetting the then-successful 3-quark spectroscopy, but light enough
to effect the desired current cancellation. We shall discuss the proper-
ties of states containing this quark paired wi.k a conventional u, d, or §
antiquark, i.e. charmed meson states. What should one require of a charmed
meson?

A variety of requirements for a charmed meson candidate follow from
the fresence of an additional conserved quantum number alone. These pro-
perties are similar to those which separate the kaon from the pion, which
foreshadowed the extension of SU(2) to SU(3) in their time. First of all
one expects the lightest charmed members to be hadronically ;table and
long~lived. If produced with sufficient momentum they might even be
expected to leave tracks in an emulsion. At any rate they would give mass
distributions comﬁatible with delta functions when analyzed by a conventional
spectrometer. In additioﬁ, they should be associatively produced by the
strong or electromagnetic interaction. They couid be produced singly by

neutrinos, however.



In light of our knoﬁledge of conventional quarks, one can make the
additional observation that a chammed meson, or any new meson mﬁtaining .
a new massive quark would appear in an SU(3) triplet consisting of an
isodoublét and isosinglet. Throughout this thesis we shall denote the
ground- state SU(Z) charmed meson triplet as DP, p*, and F* with the
latter state being an isosinglet. This charge assignment is determined

from the 2/3 charge of the charmed quark. Assuming a meson were found

wvhich met these requirements, what more would be expected for a charmed

meson--a meson identified with the GIM mechanisn?

- The unique characteristic of a charmed méson is a preference for
the isodoublet.states to decay into final states containing single kaons
due to the ma‘_:h‘inations' of a AC = A5 rule for non-leptonic decays and a
AQ = AS = AC rule for semileptonic decays. These rules follow from the

structure of the weak current within the GIM model:
H=a v+ ys) {d cos6, + s sinoc}

+ ev¥a + y5) {s cos8 .- d sinec}.

3

In the above express:.on u, d, z,'and ¢ are the fields of the up, down, -

and strange quark and 9 15 Cablbbo's angle which relates the strength

Vof strangeness-changmg and strangeness—conservmg semleptomc decays in

the convent:.onal, pre-:harm theoty of weak 1nteractlons. This form has

the 1 (1 + 75] space-tme structure of conventional V-A thcorxes and

.exlublts Catubbo quark lunng between the strange and down quark. Because

v

, of the “smallness” of Cabibbo's angle (tane ¢ ® 0.27), terms proportional

. t
to cosZg e within the weak Lagrangian: = G/ (J:J“ + J“J” ) dominate



over mixed terms proportional to siné . cosec and doubly forbidden terms
proportional to sinzec. Direct multiplication shows that the Cabibbo
enhanced non-leptonic charm-changing Langrangian terms have a flavor
structure given by ¢ s ud or ¢ 5 u d. This structure implies the
selection rules AC = 4S and AI = 1.

A particularly striking application cf the AC = AS rule occurs in
the nonleptonic decays of the p'. Since charm is destreyed in such decays,
the AC = AS rule requires the p* to decay into states of negative strange-
ness such as Ka's", K0°, etc. Such Q = +1, S = -1 final states are
exotic. If they were present due to the strong decay of a meson, the
meson could not be constructed from a quark-anti-quark pair of the con-
ventional u, d, s quarks. For our two examples, the exotic mature of the
final state can be seen from isospin as well. These two decays have
I, = 3/2 firal states, where as the maximm isospin of a 2-quark meson is
1. Any nonexotic, non-leptonic p decays with single kaons in the final
state can be shown to be doubly Cabibbo suvpressed and hence rates should
be down by a factor of 5 x 103 from the exotic decay. Since no experimen-
tally compelling exotic meson candidates exist thus far, the observation
of an exotic p* decay would provide a striking signal not easily confusable
with a conventional K*.

We see that the content of the GIM paper alone showed that the
discovery of cham might be l;eralded by the zppearance of an isodoublet
of mesons whose charged member appeared to be a narrow, exotic K*. The
discovery of the Psi particles in Novecmber of 1974, and their explanation
in terms of charmonia, even told one where to look. We begin with a

brief discussion of several facts about the Psi family.



Fig. 1
One photon exchange diagram for ¢ production

and subsequent muon pair decay .
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The J/¢ (3095) was simu}taneously observed in p Be collisions (Aubert
74) and in e e annihilation (Augustin 74). Fits to the SPEAR e'e  annihi-
lation data revealed that the ¥ had a total width, T, of 69 * 15 keV, and
a width into electron pairs of 4.8 *.6 keV. Because e'e” amihilation
is dominated by 1 photon exchange (see Fig. 1), one conjectures that the
Psi is a vector meson with photom quantum numbers (JPC =1""). This
prejudice was borne out experimentally through the observation of a
y-photon interference term in p-pair and e-pair production (Boyarski 75).

A search for additional vector mesons at SPEAR revealed the presence
of the "',', (3684), a broader resonance at 4415 MeV, and comnsiderable--and
complicated--resonant structure in the vicinity of /s = 4.1 GeV (see Fig.
2). The |p" was found to have a total width of I = 228 + 56 keV and a
width of 2.1 # .3 keV into electron or muon pairs. Direct observation
of §*'-photon interf2rence again established the ¢* quantum numbers as
3% - 177, The next highest mass resonance, the {(4414), can no longer
be considered anomalously narrow. It has a total width of 33 + 10 MeV and
a leptonic pair width of .44 & .14 keV. ( Luth 75)

The property which set# the J/¢ and ¢' apart from the conventional
vector mesons, the p; w, and ¢, is their very narrow width. The widths
of the p, w, and ¢ are 152, 10, and 4 L‘leV respectively, whereas the ¢ and
i héve widths on the order of 100 kilovolts. We now believe their narrow
width is due to the ope;-ation of a phenoménological selection law known
as thelﬂkuba-lﬁeig-liz'uka rule or Zweig's rule for short.

- The Zweig rule states that procésses inﬁlving disconnected quark

‘diagrams are suppressed relative to processes which do not. A disconnected

‘quark diagram is one in which one or more particles can be isolated by
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Fig.3
ITlustration of Zweig allowed ( ¢ + KK ) and

forbidden ( ¢ » w n n ) decays of the ¢ meson.




drawing a line which does not cruss any quark lines. Such a rule was
originally invoked to explain the relatively marrow width of the ¢ into

3 n's. The conventional spectroscopic wisdom claims that the ¢ is almost
a pure s s state, and, asAFig. 3 illustrates, ¢ + wnw is Zweig suppressed,
whereas K K is Zweig allowed. Zxperimentally one does find that K F is
the dominant ¢ decay mode in spite of the lower pkase space, and

T(3m) _

T(wo3a) .075 which contradicts phase space arguments as well.

If the ¢ and ¢' were comprised of a new quark and antiquark pair
/(and at the time of their discovery the charmed quark was a likely
contender), they too could be anomalously narrow if below the charmed
meson pair production threshold. This argument provides a lower limit
for the D mass of MD > 1842 MeV/c? (half the width of the y'). An upper
limit of MD < 2208 HeV/c? can be established through the observation of
the broader resonance at 4.415 which is allowed to be broad because it
presumably lies above D pair threshold. In light of the complex structure
in R = uhad/ouu in the vicinity of the 4.1 (shown in Fig. 2}, one might
do best looking there for evidence for charmed meson production.
As infométion on the ¢ and ' system accumulated, the evidence that
’the ¥ was related to a heavy qﬁark-antiquark bound state mounted. We
- shall call such an interpretation of the y a “charmonium" interpretation,

. a.lthqt_ngh there is littlé to link the heavy quark to GIM charm from a

' stu:iy of Psi phenomenology alone. A study of pien multiplicities in ¢
‘qécays demonstrated that the ¥ has odd ‘G-parity and conserves isospin in
its decay. Strong evidence was seen for a p p decay mode which demonstrated

the isosinglet character of the ¢, expected in a charmonium model.
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Although the p p system can couple strongly to an I = 0 or I = 1 resonance,
the odd G parity and odd C parity of the ¢y shows that the ¢ has even
isospin and is thus an isosinglet. This last conclusion was corroborated
through the observaiion of a 3 + A i decay mode. Evidence that the v
is an SU(3) singlet was provided by the observation that decays of the
form ¢ KLKS were suppressed relative to analogous decay modes allowed
to a C = -1 SU(3) singlet state such as ¥ + K K*. (Vanucci 77, Jean-Marie 76)
A particularly striking confirmation of the charmonium picture is the
observation of the three well ;stablished X states produced in e'e”
annihilation via the chain e'e” + ¢', ' + yx. Three states were found
at masses of 3412 £ 3, 3508 * 4, and 3553 + 5 MeV/c2 (Trilling 76). In
the charmonium picture one expects a series of c ¢ bound states in analogy
with the spectroscopy of positronium. The three observed x states appear
compatible with the 3P;, 3P,, and %P3 term assignments. Because all
three states have been observed in the reaction §' -+ yx with nearly equal
branching ratios of ~7% (Biddick 77), we assume that they have even C-
parity. The states at 3412 and 3553 MeV/c? are observed to decay into
pseudoscalar 1 or KK pairs, thus establishing that they have natural
spin parity. Because of the large branching ratio of the y' into thesg
states, it is natural to assume the transition is via electric dipole emis-
sion; hence all three states have even parity and spins of 2 or less. This
means the x(3412) and x(3553) have JP of 0* or Z+. A study of the produc-
tion angular distribution favors a scalar assignment for the x(3412).
This agreement in quantum numBers for the 3P states of charmonium provides

striking evidence for the validity of the charmonium picture. One has
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faith that the 3508 MeV state will be shown to be J'C = 1** in the future
and the missing states will be found to complete the picture.
We conclude our discussion of the phenomenology of charm by summarizing
the evidence for charmed particle production predating the announcement
of the SPEAR charm meson candidates. This material neatly divides itself
into evidence provided through the analysis of single events and evidence
based on inclusive particle correlations observed in v interactions.
Perhaps the. earliest experimental indication for charmed particle
was the appearance of a short ( 100 u ) gap between a primary and secondary
vertex observed within an emulsion exposed to cosmic rays by Niu et al.
(Niu 71;. The presence of a secondary vertex could be most readily '
explained as the decay of an 2 GeV/c? object decaying with proper times
on the order of 10-12 _ 10-1% seconds. The rece.nt observation of a
similar emulsion event in a v-induced exposure at Fermi National Accelerator
Laboratory (Fermilab) has considerably strengthened this earlier, first
_indication (Cline 77).
The .apparent observation of the reaction: vp -+ 1A r r s within
the Brookhaven National Laboratory (BNL) 15' hydrogen filled bubble
chamber provided a ﬁarticularly well measured example of probable charmed
‘. baryon .production. although it too was based on one event (Cazzolli 75).
This reaction is stri'kin‘g because it violates the well-tested AS = AQ
rule for weak'interaétic'ms and, hence, presumably occurs in two stages:
. the weak production of a massive new baryon and its subsequent weak
decay. - Uniqﬁe mass estimates fgr the baryoﬁ could not be made or: the
’basis of one event since the pﬁrticle'uas possibly produced in associa-

tion with one or more final state pion. " Two combinations were found,




Fig 4
Charmed meson explanation for v induced

dimuon events .
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i
however, which agreed with charmed baryon mass estimate§ made hy De Rujula,
Georgi, and Glashow (De Rujula 76a)using the observed ¢}and y' masses as
a theoretical input. These mass values were later foufa to be in agree-
ment with the recently discovered charmed baryon candidates observed in
an FNAL photoproduction experiment (Knapp 75). .

Additional evidence for charm production by neucrinos came from
the early observation of ne  .no-induced dimuon event;:produced in FNAL
counter experiments (Benvenuti 75, Barish 75). Early studies demonstrated
that the two muons tended to have the opposite charge with the u~ being
considerably more energetic tham the u+ {for an incoming v rather than
v beam). The u+'s were sufficiently energetic, however, to exclude
production by conventional sources such as 7 or K decays.

The observation that E(r”) > E(r") suggested that the u''s were
produced at the hadron-W vertex (see Fig. 4 ) and presumably represented
the decay of a new, massive hadron of mass from 2-4 GeV/cz. This inter-
pretation was bolstered through the observation of neutrino-induced
u'e+'v° events in heavy liquid bubble chamber exposures at CERN and Fermi-
lab (von Krogh 76, Blietschau 76). As previously discussed, semi-
leptonic decays of charmed parficles are expected to result in strange
particle production. In addition, dimions from charmed particle production
would be expectéd to have opposite sign as illusfrated in Fig. 4.

We have thus seen that 2 diversified pattern of experimental obser-
jvations*brecedes the discovery of the SPEAR charmed meson candidatesf
We turn ﬁext to a description of the apparatus which made that discovery

possible.
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2. SPEAR AND THE SPEAR MAGNETIC DETECTOR

The data of this experiment were co11ected over a 3-year period,
from the summer of 1973 to the summer of 2976, by a large collaboration
of physicists from the Stanford Linear Accélerator Center (SLAC) and
the Lawrence Berkeley Laboratory (LBL) as part of a general survey of
high energy electron positron annihilation. iThe initial goals of this
survey were the study of the quantum electrodynamic processes ete” + u+u_
and e'e” + e'e” in order to investigate the validity of QED at large s
and the study of the little understood process: e'e” + hadrons. Both
processes are expected to be dominated by ly exchange as illustrated in
Fig. 1. Fig. 1 suggests that the study of hadronic production by e'e”
annihilation will shed light on the constituent structure of elementary
particles. Constituent effects should be noticeable for collisions with
center-of-mass energies (Ecm) on the order of several GeV's.

In order to obtain such energies with existing techmology, it is
necessary to employ colliding beams rather than single positron beams
against electron targets. Unfortunately one suffers a considerable
reduction in luminosity (i.e. the factor multiplying cross section to
obtain rate) with colliding beams. This is especially serious for electro-
magnetic processes whose cross sections are typically on the order of
nanobarns (nb). Storage rings, where many pulses from a conventional
accelerator can be stacked into two bunches which collide millions of
times per second, enable one to achieve the luminosity necessary to do

+ - . . " . e 3 s
e e physics, with the energies necessary to make it interesting.
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Illustration of the similarity between hadron production

and muon pair production in the one photon exchange model.
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In 1974 the original SPEAR storage ring RF system underwent substantial
modification in order to achieve peak luminosity at higher center-of-mass
energies. I shall describe the operation of the machine after these
modifications, which is relevant operation for the data sample under dis-
cussion.

The SPEAR ring is filled with electrons and positrons from the 3-km-
long SLAC linear accelerator. Filling generally takes 20 minutes with the
luminosity exponentially degrading to about 1/2 over a time period of
several hours. The electrons and positrons counter rotate at 1.28 Miz
in two bunches, time synchronized to collide in two diametrica.ly opposite
intersection regions. Because each beam shares the came magnetic lattice,
the beam momenta are equal and opposite to high precision, making the lab
system equivalent to the cm system.

The SPEAR Rf system (necessary to pump in the energy lost by the
beams to synchrotron radiation) is capable of maintaining center-of-mass
energies from 2.5 < Ecm < 8 GeV with a luminosity varying from 107%- 10-2
sec”Inb-1. SPEAR luminosity peaks near Ecm = 7 GeV and falls quickly as
one moves from the peak according to L = 10~2 (Ecm/7 GeV)* sec~lnb~! for Ecm's
than 7 GeV. At 7 GeV, muon pairs will be produced with a cross section of
1.8 nb, which, assuming .01 sec nb™! luminosity, gives a rate of .018
events/sec or i mu pair'per minute. Using the experimental value of
R = °had/°uu = 6, one expects 1 produced hadronic event every 10 seconds.
Rates are certainl& low by strong interaction standgrds!

The beam profile at either. of the two intersection regions is approxi-

mately Gaussian in each dimension with o =1 mm, & = .1 mm, o = 50 mm,
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- where z is along the positron momentum, and y is the vertical along the
ring B_ending magnet’s magnetic -fiéld. The spread in z is energy dependent.
The vajue of 50 mm is typical for most of the charm rumming. The natural
- -energy spread of the beam is due to quantum fluctuations from synchrotron
radiation. The energy distribution is expected to be approximately

Gaussian ﬂlt!l an energy dependent width given by gsy nch

= 0.12 MeV (Ecm)?
‘where Fc:: is measured in GeV.

The center-of-mass energy caubrauon of the SPEAR ring is conserva- -
tively estimated to be good to within £0.1%. The ring energy is a function
of both the gedn'ietry" of the electron and positron orbit and the strength
of the fields present in the ring bending magnets. Magnetic field measure-
ments are obtained with a long flip coil rotating within a reference
bending magnet duplicate placed in series with the functioning bending
magnets of the ring. ‘l'hg properties of each ring bending magnet were
extensively measired prior to installation. For every ficld measurement
made on a ring wmagznet the same measurement was carried out at the same
time on the reference magnet in series with the ring magnet. Hence the
magnetic field at any given position in the ring is accessible by a proper
measurcment of the reference magnet's field. Magnetic measurement by this
technique is expected to contribute a relative error of less than § 10-4
to the ‘absolute energy calibration of thé‘ﬁng. This magnetic field error
i; dbminatt;d by uncertainties in the bending magnet fringe fields.

The remaining energy calibration error is due to orbit uncertainties.

» Deviations of a given orbit from the ring equilibrium orbit is monitored

.by a set of electrostatic beam position monitors. An absolute measurement

of-the equxlxbrwm orbit circumference is obtained by measuring the RF
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frequency needed to produce an orbit of minimm distortion from the equili-
brium orbit. The orbit circumference can then be obtained from the speed
of light and the orbit pefioni as determined from the RF frequency.
Circumference measurements obtained through this technique are within

5 mm {out of a total ring circumference of 234 meters) of the design
circumference. The error in energy calibration due to such a +5 mm

circumference error is 5 x 107%,

A. Functional Description of the SPEAR Magnetic Detector

The SPEAR Magnetic Detector is basically a cylindrical array of spark
chambers survounding the e'e” anpihilation region concentric with the beam
axis which detects charged particles satisfying |coso| z .65 where 8 is the
track polar angle with respect to the beam axis. Magnetic momentum analysis
is provided by a solenoid enclosing the cylindrical chambers. The solenoid
provides a nearly uniform 4 kG magnetic field. Time-of-flight particle
identification is provided by a riag of scintillation counters (trigger
counters) just outside the cylindrical spark chambers. Pulse height infor-
mation from a series of lead scintillator shower counter provides some
degree of neutral detection and electron tagging (see Fig. 2 ). We shall

A give a description of the detector components as one travels out from the
beam axis.

After traversing the .15 mm thick corrugated stainless steel vacuum
chamber at 8 cm radius, tracks enter the two .7 cm thick pipe counter

rséi:ntillator cylinders at 11 and 13 cm respectively. These counters are

required in the trigger. At 17.3 and 22.4 cm radius a track traverses the
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two proportional chambers which cover the polar region of |cosd| < .83
and have wire spacings of 2.1 and 2.8 mm respectively. The proportional
chamber wires run parallel to the beam axis. At mean radii of 60, 91,
112, and 135 cm, the track traverses the 4 cylindrical wire chambers.
Each chamber consists of 2 gaps, one with wires skewec at ~#2° wrt the
beam axis, ana the other at 1#4°. The stereo angle provides information
in the z intercept of a track with a given gap. The chambers are con-
structed of .19 mm diameter aluminum wire spaced 1.1 mm apart. Signals on
the wires are read out magnetostrictively using 100 wands. These chiambers are
supported by a 1.3 cm thick aluminum cylinder outside the outer chamber
and by 6 aluminum support posts at a radius of 79 cm.

The major component of the time-of-flight system is a cylindrical
array of 48 2.5 cm thick Pilot-Y scintillation counters placed at a 1.5
meter radius. We shall describe the timing system in more detail in &
later section. After passing through a 1 radiation length water-cooled
solenoidal coil, the tracks penetrate a ring of 24 shower counters
consisting of 5 layers of .64 cm thick lead sheets interleaved with .64
cm thick Pilot-F plastic scintillator. This "sandwich” is enclosed in a
1.3 cm thick aluminum box. The shower counters are used in comjunction with
adjacent trigger counters as part of the hardwire trigger and provide some
electron and photon identification. After traversing a 20 cm thick iron
flux return, a track enters a double plane of magnetostrictive spark
chambers used to offer m-u discrimination. Additional n-p separation is
provided over 210% of the solid angle by several additional spark chamber

planes interleaved with 5 interaction lengths of concrete.



Storag'e ring luminosity is monitored by a set of 4 luminosity monitors
arranged into 2 small angle counter telescopes placed at +20 Mrad with
respect to the beam axis. Each luminosity monitor consists of a tungsten-
scintillator sandwich in back of a solid angle defining scint?llation
counter. The pulse height of the tungsten-scintillator counter is required
to be above a threshold set to discriminate against hadrons and muon pairs
in favor of electrons. By demanding a small angle coincidence of back to
back pairs, one is monitoring luminosity essentially through the space-like
photon exchange Bhabha process (e+e- -+ e+e'). The luminosity monitors are
calibrated from quantum electrodynamics by accumulating large angle Bhabhas

and p pairs with the detector at energies away from known resonances.

B. Momentum Resolution

Two major track fitting algorithms are used in the analysis of data
from the SPEAR Magnetic Detector. The single track algorithm (s.t.) finds
track parameters which minimize a x2 constructed from the closest approach
distance of a given track to elach of the measured space points. The
measured space points are constructed from information from the 2 propor-
tional chambers and 4 wire spark chambers. The track is constructed from
a given set of trial track parameters by a 4th order Runge-Kutta inte-
gration through the measured field (described by a polynomial with
-experimentally measured coefficients), and hence is not perfectly helical.
'l"he beam constraint. algorithm is identical except tracks are assumed to
come_from the é'e” interaction region, znd a new point, the beam origin,

is added to the x? calculation with appropriate errors. The exact beam

i
I




Fig. 3

IMlustration of the sagitta (s) of a chord of length L .
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origin changes on a run to run basis, but can be computed with sufficient
accuracy from a weighted average of closest approach positions of muon
pair and Bhabha tracks with respect to a nominal ovrigin.

It is useful to obtain an idealized modél for how the momentum
resolution of a system like the SPEAR Magnetic Detector depends on such
factors as the magnetic field (B), prong transverse momentum (P.I.)' and
the distance over which a track is measured (L). Ignoring small variations
in the detector magnetic field, particles will travel along helical tracks
or circles in x-y projection. For h{gh momentum tracks the transverse
momentum measurement process can be idealized as the measurement of the
sagitta (s) of this circle or the perpendicular excursion of an arc
from the straight line of length L, drawn between its end points (illus-
trated in Fig. 3 ). In this model one expects the relative error in trans-
verse momentum (Pl) to equal the relative sagitta error (as) or:

P

= 66.80 L
SLZ

a
P.I./Pl
where all linear dimensions are in.meters, PJ. is in GeV/c, and the value

66.8 is appropriate to the 4 kG magnetic field. The effective chord length (L)
for the single track fit is 1.18 m, while that for the constrained fit (b.c.)

is 1.3. m, which gives for a 4 kG magnetic field als,'t = 48 PJZ_ o, and
b.c. L
%

1

but canmmot use.it for prongs suspected of comprising a Ks' or A0,

= 37 Pfu . One obviously does better with the beam constrained fit,

Because tracks traverse only 5% of a radiation length of matter while
in the trackmg ﬁduc1al volume, sagitta error is dominated by wand position

error rather than by multiple ‘coulomb scattering error for pions with momenta
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exceeding 350 MeV/c. One naively expects that sagitta errors are
roughly equal to the rms deviations of measured space points from
fitted tracks. This latter quantity is determined by many factors in-
cluding chamber wire spacing, chamber misalignment, and the response of
the magnetostrictive read-out system. As a consequence of obtaining the
alignment corrections described later in this section, we have observed
typical rms deviations in the magnetostrictive spark chamber system
of approximately .3 mm after gross misalignment errors are corrected
out. In Fig. 4 we show a typical deviation distribution obtained for

a sample of muon pair tracks from data taken at the y. We have fitted
these tracks employing the constraint that they have the momentum appro-
priate to muon tracks from the ¢. Fig. 4 shows the distribution ohbtained
for the chamber of nominal radius 1.10 m. Superimposed on the histogram
is a fitted gaussian resolution function with a linear background term.
The fit gives an rms deviation 6 = .34 * .02 mm with a centroid shift of
9.03 + .0Z mm.

Using this estimate for the sagitta error we estimatc:

us.t. ab.c.

P P

—— = 1.6% P, =1.3% P .
P 1L P 1L

Although it is experimentally difficult to measure momentum resolution
in the momentum region where multiple scattering effects are important, one

can naively include these effects in the resolution model by adding a
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sagitta error proportional to the rms coulomb scattering angle in quadrature
to the sagitta error due to position uncertainty. Hence our expression for
the uncertainty in the beam constrained transverse momentum for tracks

traversing all spark chambers is:

b.c.
ag

P

Py

= /(1.3% Pl)2 + (.6%)2(1 + (M/P)2)

where M is the mass of the track, P is its total momentum, and 0.6% was
chosen to give agreement with Monte Carlo simulations incorporating the
effects of multiple scattering. This function is plotted in Fig. S.

' We turn next to a discussion of the various types of corrections
applied to the data in order to obtain this expected resolution and will
present a simple measurement of the SPEAR Magnetic Detector momentum
resolution using muon pairs from the ¥.

Momentum corrections begin with the determination of 300 alignuent
constants used to correct tracks on the spacé point level. A more complete
description of these constants appears in the thesis ovar. John Zipse
(Zipse 76). The first 200 of these constants give the azimuthal locations
of the starting and stopping waﬁq fiducials, for the wands used in reading
out the 4 wire chambers. Wand azimuthal location for a spark on a given
wire plane is éomputed by linearly interpolating tﬁe arrival time of the
spark signal relative to the arrival time of the 2 wand fiducial signals.

- . By arrival times ve mean the delay time from the apblication of the chamber
‘ hiéh»voltagg pulse.to the arrival of the hagnetostiictive signal at the
;wand sensing cﬁii, The next 74 éonstan;s give the orientation and

position of the 16. cylinders (2 cylinders/gap) relative to the magnetic
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field centered coordinate system. These constants are followed by 16
constants giving the exact stereo angles cf each wire cylinder vith
respect to the beam nxis. The final 10 constants give the position and
orientation of the 2 proportional chambers relative to the coordinate
system set up by the other constants.

The zero order alignment constants were determined by a survey éf the
apparatus upon construction. It soon became obvious, however, that a fine
tuning of the constants was necessary to achieve respectable momentum
resolution. Fine tuning is accomplished in general by an iterative
procedure whereby moments of the deviations of a fitted track from its set
of space points are accumulated and used to compute a modified set of
alignment constants. As itorations proceed, the fitted track becomes
increasingly closer to the actual path of the charged particle through
the detector and the differences between successive sets of alignment
constants will diminish.

One can judge the quality of a given set of alignment constants by
making a scatterplot of momentum divided by beam energy (p/E) for muon
pairs vs. azimuth. It is best to make separate scatter plots for the
positive and negative members of the pair. Relative shift misalignment of
the chambers will create a single cycle, sinasoidal variation in the p/E
‘vs. @ plot. Relative azimuthal chamber misalignment will shift the positive
particle relative to the negative particle baseliﬁes. Wand fiducial misalign-
ment will create sharp local fluctuations in the plot.

- The general alignment algorithm works best when one can place

constraints on the tracks used rfor alignment. For this reason early‘
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- alignment work was done with straight, cosmic ray tracks taken with the

solenoid off. Unfortunately cosmic rays tend to be vertical and thus
offer little information on horizontal chamber alignment. Hence subsequent
alignment was performed with'back-to-back Bhabha or muon pairs.

These events were fitted as if there were no initial or final state
radiation. They were thus assumed to be perfectly back to back in
projection (i.e. 0° coplanarity angle) with momenta computed from the
SPEAR ring emergy. Certainly such assumptions are not technically valid,
but they do allow for a considerably improved set of alignment constants
as judged from a decrease in azimuthal variation seen in a plot of Bhabha
or mu pair momentum vs. azimuth at fixed energy.

Because the coordinates of the beam origin in the magnetic centered
coordinate system is a sensitive function of the pioportional chamber
alignment, it i# necessary to determine run-to-run beam origins after
tuning the alignment constants. After beam origins are determined, one can
finally psrform beam constraint and single track fits and write summary
(Pass 2) tapes listing the track kinematic paranmeters.

Separate.sets of alignment constants were obtained whenever major
structural modifications were made to the magnetic detector by design or

accident. Three sets-of alignment constants were made: for the period

_ preceeding the installment of the concrete muon identifier, for the

period bgfore the fire which destroyed much of the muon system, and

- for the period after the rééoﬂstruction'of the system. It is abviously

important to determine the alignment constants quickly, near the start of

a run cycle, so that Pass 2 processing can begin. For this reason the
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alignment constants are often statistics limited, giving less than satis-
factory resolution. Hence we make a second level of track correction
consisting of an eapirical correction to the track momentum as a function
of the measured track ‘azimuth. Because these corrections involve only
measured quantities, they can be performed with a relatively minor expen-
diture in computer time after the bulk of Pass 2 processing is completed.
Mu pair events are used for this purpose. The detector is divided
into 36 azimuthal regions and deviations between the expected and
measured muon momentum are averaged separately within a given azimuthal
region. These averages are used to obtain 36 azimuthal constants Ai
which are stored on computer files. When analyzing SPEAR data in a
summarized format (DST)}, the user can call a subroutine which aufomatically
corrects the momentum magnitude for all tracks in a given event according

to the algorithm:

1
=P (1 +4° P )
corr uncorr uncorr

where ‘i is appropriate to the track's azimuthal region. The scaling law
implied by this relation is a consequence of believing that this algorithm
corrects out systematic sagitta error due to residual chamber or wand mis-
alignment.

Muon pair production from the ¢ and ¥ has proven quite useful in
determining the experimental resolution of the Magnetic Detector. Both
resonances are delta functions comparéd to the mass resoiution of the
detector; and final state radiation from muons is negligible. One can
work out a simple r;lationship between the mass resolution and the muon

momentum resolution by ignoring the uy mass compared to the y momentum.
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In this limit

M =P + P or o
L4 ug uz2 M,,

= /2 op.

By measuring the muon pair mass resolution, rather than the spread in
momentum of either prong, one is ignoring any broadening effects due to
initial state radiation or finite beam spread.

Fig © shows the invariant mass distribution of muon pairs taken
from ¢ running. Muon pair candidates are selected from events consisting
of 2 prongs of opposite charge which are coplanar within 20°. Each
prong is required to have a momentum exceeding 1/4 of the mass of the y
and have a lower shower counter pulse height in comparison_ to the mean pulse
height. expected for electron pairs of that momentum. We note the momentum
requirement on muon prongs could have been tightened up considerably, but
backgrounds are quite tolerable with th. looser cut. The mass resolution
deduced from Fig. 6 is oy = 50 MeV/c? which implies op = 36 MceV/c or
UP/P = 0.15 P. This is in excellent agreement with the model described in
the previous section. For the purposes of this momentum resolution deter-
mination, momenta were obtained from the beam constrained fit corrected for

dE/dx loss in the pipe counters and beam pipe.

C. The Time-of-Flight System .

A nice description of the hardware aspects of the trigger counter
system appears in the thesis of Dr. Scott Whitaker (khitaker 76). In
this section I will give only a brief overview of the timing system and
will present several simple measurements of its performance during the

acquisition of the “charmed* data sample under discussion.
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A signal from one of two electrostatic beam pick-up electrodes is
used to start the trigger counter TDC's. The beam pick-up signal records
the passage of either one of the two 0.3 ns long beam bunches before they
collide in the detector center. Each of the 48 trigger counters is viewed
on both ends by 2 Amperex 56 DVP photomultiplier tubes. Signals from
these photomuitipliers, after passing a suitable discriminator threshold,
serve to stop the 96 TDC's and provide the basic timing information of the
system. A TDC overflow indicates a "no hit"” condition for a given trigger
counter. Zero order time compensation for the effects of finite light
propagation time down the trigger counter is aci:dieved by a simple
hardware averaging of the times recorded for each of the two photomulti-
pliers.

Signals from the 96 photomultipliers are also sent to separate ADC's,
and pulse height itnformation from each "hit" trigger counter is recorded
along with the TDC information. This pulse height information enables
one to improve time-of-flight resolution by compensating for "slewing"
effects or the tendency for timing signals with large pulse height to
prematurely meet the TDC threshold condition. An overall approximate
factor of 2 in time resolution was realized due to this innovation on the
original Magnetic Detector.

In Fig. 7 we show a fitted histogram of the difference between the
measured and expected time-of-flight for prongs with momenta of less than
300 MeV/c. We have cqmputed the expected time-of-flight from the measured
prong momentum and calculated flight path assuming that the prong was a
pion. These data are from the "charm" running (3.9 < /& < 4.9 GeV) which

constitutes the data set under discussion throughout this thesis. The fit
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in Fig. 7 consists of a gaussian peak over a linear background, with
the background be ing included to allow for false TDC readings from
multiple hits in a single trigger counter, as well as the kaon tail.

From this fit we obtain a time-of-flight resolution given by o = 0.472

TOF
+ 0.003 ns with a systematic shift of less than 0.01 ns. Errors in the
expected time-of-flight due to uncertainty in the flight path are
expected to be negligible (0¥32cking = 0.05 ns) and dominated by uncer-
tainty in the polar angle.

The difference between the time-of-flirht recorded by the two TDC's
on a given trigger counter provides a useful estimate of the z intercept
of the track along the counter. This estimate (ZTOF) can then be compared
to the more accurate intercept estimate provided by tracking (ZTRACKINGT
‘for the data sample under consideration, the distribution of the :z
estimaté differences is approximately gaussian with a sigma of 5.7 cm
over a nearly flat tail. This tail is presumably due to the presence
of trigger counter accidentals or multiple hits. Throughout this thesis

we shall invalidate flight times satisfying |ZTOF -z | <15 cm,

TRACKING
which should invalidate less than 5% of legitimate flight times and
over 80%~6f accidental and multiple hit fiight times.

Cur final measurement of the time-of-flight system concerns the
frigger counter efficiency. We have crudely measured this efficiency to
be NQS% by examininé how often a given counter fires if a track of momentum
exceeding 350 MeV/c is aimed towards the middle 1/3 of the trigger counter.
The value of 350 MeV/c was chpsen to insure that the particle would not

stop in the 1.3 cm thick aluminum spark chamber support can between the

spark chambers and the trigger counter array. Because the effects of
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accidentals and multiple hits were not eliminated, this represents a

less than perfect measurement.

D. Hardware Trigger

The hardsare trigger used at the Magnetic Detector involves coinci-
dences between the pipe counters, trigger counters, and shower counters.
The trigger used for the data sample under discussion required the below
2 conditions:

1. A coincidence between the inner and outer pipe counters. Each
pipe counter is divided into 2 sections by a vertical plane, and
valid coincidences require inner and outer counter firings on the
same side.

2. Two "tashes" or two trigger and associated shower counter combi-
nations. An associated shower counter lies radially outward
from the given trigger counter or is the next closest shower
counter. Configurations where there are only 2 tashes which
share the same shower counter are invalid.

If the above conditions are met within a 200 ns window after the pulse
from the beam pick-up -electrode, the spark chambers are pulsed, ADC's and
TDC's are started and stopped, and ultimately the event is written on tape.
If not, all trigger and shower counter flip-flops are reset to a no-hit
condition, and the detector waits for a new electron and positron bunch.

Because of the high efficiency‘for the pipe and trigger countérs,
tashing efficiency is essentially determined from the shower counter
efficiency. Clearly the probability that an event will trigger the magnetic

detector depends primarily on the number of charged tracks within the
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triggering volume and on the momentum of these tracks. For the purposes
of understanding the trigger, it is convenient to introducs a quantity
known as the tashing efficiency. The tashing efficiency is defined as the
number of tracks of a. given momentum which fire a trigger counter and its
associated shower counter, divided by the total number of tracks of the
given momentum. It is known (Whitaker 76, Hollehes<l- 75) that this proba-
bility depends strongly on the prong momentum but weakly on the prong polar
angle 6 for prongs satisfying |cose| < .60.

Fig. 8, redrawn from the thesis of Scott Whitaker, shows a measure-
ment of the tash efficiency as a function of the prong momentum. No effort
is made to use time-of-flight information to tag particle type; however
pions are expect to dominate. Bhabha and muon pair events have been
eliminated. As Fig. & illustrates, the trigger essentially requires events

to have at least 2 prongs with momenta exceeding 250 MeV/c.

E. Detector Simulation Program

We have developed a detector simulation program incorporating many
of the previously discussed features of the SPEAR Magnetic Detector. This
program has proven useful in understanding efficiency and resolution
effects for several processes described in this thesis. It is generally
run in conjunction with standard Monte Carlo phase space 4-vector genera-
tion subroutines which serve to generate a user coded process (Friedman 71).
The detector simulation then begins on the space point level.
Tracks are traced through a uniform 4 kG magnetic field to sequential

detector elements. Tracks are scattered at the central radii of the bean
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pipe and two pipe counters according to a random multiple coulomb scattering
angle drawn from a gaussian distribution. Multiple scattering in the
cylinder of wires of the proportional and spark chamber system is simu-
lated in two steps. As a track is traced to successive wire planes, a
uniformly distributed random number is drawn to decide whether or not a
scattering will occur and through how much wire material the +rack will
traverse. This decision depends on the angle of the track with respect
to the wire cylinder normal. A Gaussianly distributed random scattering
angle is then drawn and the tra;k is scattered as before. Energy loss
effects are incorporated within the subroutine which handles multiple
scattering.

Space points are recorded at 6 radii corresponding to the propor-
tional chambers and 4 spark chambers. These points are "wiggled" in z
and azimuth according to a Gaussian distribution. Space points are, of
course, not recorded for tracks intercepted beyond the physical length of
the chambers, thus insuring automatic implementation of the proper
geometrical cut., Helix fits are performed for tracks with at least 3 of
the possible 4 space points in the spark chambers.

Helix fitting proceeds in 2 steps. A circle fit in xy projection
provides an estimate of the track t}ansverse momentum, azimuth, and projected
distance of closest approach to the beam origin. The dip angle and z dis-
tance of closest approach are determined by a linear fit relating the z
chamber intercepts to the accumulated arc length for each space point.
Thése fitting procedures can be done with or without a constraint that
the circle pass through the origin in xy projection. We can thus simulate

single track as well as beam constraint fits.
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Timing information is simulated for tracks intercepting the trigger
counter cylinder within the physical length of the counters. A fraction
of these events are randomly refused timing information in order to
simulate counter inefficiency. Timing information is suppressed in
addition for tracks which will range out within the spark chamber support
cylinder. The remaining tracks are assigned flight times which are
Gaussianly distributed arouna the correct times. Time-of-flight deduced
z information is simulated in an analogous fashion.

Shower counter efficiency is simulated using the measured distribution
of Fig. 8 . A record of the trigger and shower counter firings is made
for the event as a whole for the purposes of hardware trigger simulation.
The trigger algorithm is applied to the simulated shower and trigger
firing pattern and only events satisfying the trigger are written out
on tape in the same format as rcal data. This last featufe allows one
to analyze simulation data with the same programs as real data, although
provisions are made for circumventing momentum and flight time correction
precedures in the simulation data.

A controversial issue in the simulation of charm processes concerns
handling of charged K decays in flight. One (rather arbitrary)} solution
is to simulate the exponential decay position and drop K tracks falling
within a certain cut-off radius from the origin in xy projection. This
approach follows from the belief that such K tracks would be badly
kinked and hence mis-measured or even dropped by the tracking routines
and might have bad timin& information as well. The effect of this pro-
cedure is to reduce efficiency by a factor of exp (-Rc/7.5 Pl)»ﬁhere RC

is the cut-off radius, and P, ‘is the kaon tramsverse momentum in GeV/c.
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It is difficult to decide on the proper value fof Rc because of the
complexities of the fitting and tracking programs. Reasonable guesses
run from 0.80 to-1.5 m. We shall generally use Rc = 1.0 m but can
simulate with the extreme values of Rc to monitor systematic uncertainties
in simulations. For the work described in this thesis, the uncertainties
presented by Rc are considerably smaller than the uncertainties due to
low statistics.

We note that in principle one could diminish the systematic uncertain-
ties present in the above method of handling charged kaon in flight decays
by a de;ector simulation on the magnetostrictive wand level. For such a
simulation to have any meaning, tracks due to kaon decays would have to
be subjected to the identical tracking and fitting programs used on the
raw data--a task unequal to the simple space point simulation program
employed here. The tracking algorithm employed in the analysis of the
SPEAR data under discussion is known to be efficient for long tracks passing
close to the beam axis. How well the algorithm performs for short tracks
which are essentially uncorrelated with the beam axis is a matter of
speculation. i; is my opinion that such a complete treatment of kaon

decays is unwarranted for the size of the charmed data sample under consid-

eration.
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3. DATA ANALYSIS TECHNIQUES

In this brief chapter, we discuss several analysis techniques used
repeatedly throughout this thesis. We begin with a description of track
dB/dx corrections, followed by a discussion of the track identification
through time-of-flight algorithm.

Minimum ionizing tracks suffer an approximately 3 MeV energy loss
while traversing the beam pipe and pipe counters. Unless corrected, these
energy loss effects can broaden and shift the positions of invariant mass
peaks by non-negligible amounts. We have adopted the following correction
algorithm. Three sets of 4-vectors are constructed for each track under
the n, K, P particle mass hypothesis. The 4-vectors are the beam constraint
track parameters corrected for alignment effects. If the beam constraint
fit fails, parameters are taken from the single track fit. The track total

momentum is incremented by an amount APi computed from:

3.78 MeV/c
4P, = .
i 3..2 MeV/c for B. < .93
s 2.65 i
sind Bi

where 6 is the track polar angle, and ‘B.1 is the track velocity under the
given particle hypothesis (i = m, K, or P). Four-momenta are then constructed
from this incremented total momentum and the measured azimuth and polar
angle.

As previously noted, time-of-flight particle identification plays a
crucial role in charm studies. Although there are numerous ways of using

the time-of-flight information, unless otherwise noted we shall employ at
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most mild variations on the following algorithm for tagging tracks with a
definite particle type. For a given track we shall compute separate ;'s
between the measured and expected flight times under the kaon and pion
hypothesis. If the track is more consistent with the kaon hypothesis it
is tagged as a kaon; otherwise it is tagged as a pion. Tracks with no
recorded flight times or faulty timing information as judged by z mismatch
are tagged as pions as are tvacks with x's exceeding 3 under both hypo-
theses. This tagging bias towards piens reflects the general observation
that pion production dominates hadron production at SPEAR, especially for
prongs of low momentum.

Such a tagging procedure is of course imperfect and will be of little
use for high momentum prongs. To gauge the efficiency and effectiveness
of the tagging algorithm we have developed a simple analytic model
described in APPENDIX 1 and summarized by Fig. 1. The selid curve of
Fig. 1 shows the fraction of true kaons tagged as kaons as a function of
kaon momentum. The dip below 500 MeV/c reflects the effects of K inflight
decays. We reiterate that prongs not tagged as kaons will be tagged as
picns. The dashed curve of Fig. 1 gives the fraction of pions which
will be tagged as kaons as a function of pion momentum. Thus the upper,
solid curve is basically a measurement of the kaon cut efficiency, whereas
the lower, dashed curve measures pion contamination.  These curves show that
the tagging algorithm is reasonably good for prongs of momentum less

than 1 GeV/c.
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4, PRESENTATION AND DISCUSSION OF CHARM SIGNALS

Figs. 1 ‘and 2 show the k%, k¥t , and X¥5*n" 2" invariant mass
distributions for data taken at E em = 4.028 and 4.415 GeV respectively.
These energies were chosen, after the initial charmed meson discovery, to
lie at the most prominent peaks of the R = ahad/"uu distribution (Siegrist
76). Approximately equal integrated luminosity was coliected at these 2
energies and in a highly non-uniform scan from Ecm = 3.9 - 4,6 GeV. This
latter sample constituted the data where charmed mesons were initially
found by Gerson Goldhaber and Francois Pierre in May of 1976 (Goldhaber 76).

The signals of Fig. 1 are considerably cleaner than those of Fig. 2
Hence we display the 4.028 data in 10 MeV/c? bins and the 4.415 data in
20 MeV/c? bins. The data of Figs. 1 and 2 were fitted to a Gaussian
peak over a linear background. The fit parameters are summarized in the
Table.

We estimate possible 10 MeV systematic shifts in these direct mass
values. A better set of mass values will be obtained through an analysis
of the recoil spectrum presented in Chapter 8.

- Measured widths at E., = 4.028 GeV are consistent with apparatus
resclution as determined by Monte Carlo simulation based on the model
developed in Chapter 8. Simulation resolutions at 4.028 GeV are 20
MeV/c2 for the Km signal and 9 MeV/c2 for the K3rm signal. ‘

It is relatively easy to account for the detector mass resolution
for the Kn(1865) at Ecm = 4,028 GeV. Mass resolution is dominated by
IWmentum measurement error with a smaller contribution coming from Kz

interchange by the time-of-flight algorithm. The recoil study presented
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Table 1.

SIGNAL MASS WIDTH
K 171 + 20 1865 + 2 20 + 2
©0
o
o
M Krm 84 + 19 1872 + 3 13+ 3
=
o
= K3w 92 + 30 1869 £ 5 14 £5
T
Ku 125 + 34 1876 + 7 25+ 7
@
=
N Knn 70 + 25 1882 + 9 19 ¢+ 9
= :
=
L K3 105 + 30 1870 £ 5 10 £ 6

All mass units are in MeV/c2.

All errors are statistical only.
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in Chapter 8 vshows that the vast majority of Kn(1865) combinations have
velocities of less than 0.3 c. Hence the 2 prongs comprising the Kw(1865)
will be nearly back-to-back with almost equal momenta of A860 MeV/c. Multi-
ple scattering effects are negligible in such a topology; hence the mass

resolution in the absence of ambiguity broadening would be:

o, ﬁl’o
M~ M P

which for MK = 1865 MeV/c2, P = 860 MeV/c gives 0, = 15 MeV/c2.

M

The calculation summarized in Chapter 3, Fig. 1 shows that 47% of neutral
2-prong combinations classified as Kr will have prongs interchanged and
hence suffer an additional ambiguity broadening. Calculations show that
interchange effects do not appreciably shift the centers of mass distribu-
tions, but tathet broaden mass distributions by an amount proportional
to the Kv momentum for momenta of less than 2 GeV/c. By explicit
numerical integration we find the BMS invariant mass broadening due to
interchange to be uam} = .07 /ﬁ?&y where (P121K) is the second moment of
the Kr lab mot;lentum spectrum. In obtaining this expression we assume
an isotropic decay of the Kv (1865) system and integrate over the kaon
helicity angle. With knolwledge of the momentum spectrum discussed in
Chapter 8 we compute OSMB = 47 MeV/c?. Including this additional source
of broadening for 7% of the events with the 15 MeV/c2 broadening due to
momentum mismeasurement, we obta'in a total mass resolution of UM = 19.5
MeV/c? which is in excelleﬁt agreement with the :Monte Carlo estimate.

It is of interest to use this value for the expected resolution of

. the K7 (1865) signal to extract an upper limit on its natural full width

at maximum (I‘j. For thé purposes of this measurement, we use Kn (1865)
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signals from the entire charmed data sample 3.9 < Ecm < 4.6 GeV
subject to a sharp cut in Kv missing mass (described and justified in
Chapter 9 ) to improve signal purity.

The Kn invariant mass distribution is fitted to a signal term over
a linear background. The signal term is a Gaussian resolution function
numerically convoluted with a Breit-Wigner of various trial widths. Speci-

fically we fit to the form:

g% =AS(M +BM+C

where

1 1 e
SM) = du
"(M/2) opm ] g 1t [Z(M-Mo-u)

For a given trial T we perform a binned maximum liklihood fit varying

A, B, and C. M° is fixed at 1865 MeV/c2, and o = 20 MeV/c?. Denoting
the maximum liklihood for a given TI' as P(I') we extract a confidence level
distribt “ion CL (I) via:

r
P(r*) dre

o
CL (1) = oWV swarr

(1]
This distribution is shown in Fig. 3a. The 90% CL upper limit is
I < 22.5 MeV/cZ (90% CL). 1In Fig. 3b we show the K invariant mass

distribution with curves appropriate to the best fit value of
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T(F = 10 MeV/c2) and the 90% CL value (T =22.5 Mr./c?). The value

T = 10 MeV/c? should not be taken seriously. The data are consistent
with T = 0 and a more stringent upper limit will be extracted from a
study of the recoil spectrum.

A similar analysis has been applied to the Knw and Kunw signals. In
both cases, one is hampered by larger backgrounds and poorer statistics.
Hence, although the mass resolution is better for these signals, the 90%
CL upper limits on T are comparable. We find I' < 30 MeV/c2, and T < 35
MeV/c2 for Kwn and Kmum respectively.

From the preceding discussion it is apparent that new, statistically
strong, narrow signals have been observed iﬁ two charged states with masses
in the vicinity of 2 GeV/c2. A demonstrat.on that the signals involve
kaons, however, is an obviously important component to any argument
identifying the new mesons with the charmed (D?,D*) isodoublet.

Kaon momenta in the Xwnw and Kaw signals nearly always lic below 600 MeV/c
where Chaptér 3 Fig. 1 shows the time-of-flight tagging algorithm offers
good rejection against pions. For the Kn signal with kaon momenta near
860 MeV/c, contamination is no longer negligible and one can legitimately
question whether or not the signal is truly in Kw or is rather a reflec-
tion of a signal in wnr or KK.

Low momentum D® -+ Kw signals would be expected to produce narrow
reflection peaks at 1985 MeV/c? in KK, and at 1745 MeV/c? in nw. The
positions of the three bééks are of course independent of which of the
three channels répresents the true decay mode of the new resonance. We
use the complete charmed data sample from 3.9 - 4.6 GeV = Ecm’ with no

additional kinematic cuts. As Figure 4 shows, all three expected peaks
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Table 2.

PEAK POPULATIONS
Kn T KK ¥2/dF C.L.
DATA 319 + 33 | 172 + 35 | 65 + 11
K (1865) 337 143 75 1.8/2 1%
(.29) (.69) (.83)
[95]
& | wn(1740) 200 322 39 37/2 <10-5
=] (13.0) (18.4) (5.6)
=
KK(1990) 211 22 322 575/2 <1075
(10.7) (18.3) (546.0)

¥2 contribution is in ()
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are found in the data. Fits to Figure 4, consisting of a Gaussian signal
over a smooth background, reveal 319 + 33 signal combinations classified
as Km, 65 * 11 signal combinations classified as KK, and 172 % 35 signal
combinations classified as wm. 1In Table 2 we compare this signal break-
down to the signal breakdown for three simulation models. The three models
assume that the true signal is Kw(1875), ww(1745), or KK(1985). The only
model with a confidence level exceeding 10-5 is Kn(1865) with a confidence ‘
level of 41%. We conclude, therefore, that one is indeed seeing a new
particle whose known decay modes involve kaons. As a final demonstration
of this fact, in Figure 5 we present the Ksﬂ+ﬂ- invariant mass plot
obtained by Vera Luth for the 4.028 GeV Magnetic Detector data. Clear
evidence is seen for a Ksﬂ+ﬂ-(1865). K5 selection, described in Luth 77

is both kinematic and geometrical and is estimated to have less than 10%
_contamination. -

We see from the foregoing that reasonably strong evidence for charm
exists from fhe mere observation of the signals in Km, K2n, and K3r masses
in the Spear data near Ecm = 4 GeV. The signals were found at the expected
energies, with the expected widths and decay modes. Evidence was present
at the very onset of cham work that the new mesons were produced associa-
tively in e*e"annihilation. This evidence is reviewed in Chapter 6.

A final piece of evidence , presented in Chapter 5, considerably strengthens
the case that the neutral and charged signals observed near 2 GeV can be

identified with the (D%,D%) charmed isodoublet.
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S. EVIDENCE FOR PARITY VIOLATIONS IN THE DECAYS OF THE D'S

Throughout this Chapter we shall denote the Kw(1865) as the DU and
the Knn(1875) as the D', We will begin by analyzing che "+ Knw Dalitz
plot in an effort to investigate the spin and parity of the K:nint final
state.

As discussed in Zemach 64, the Dalitz plot for a 3 pseudoscalar
final state of a given pure spin-parity exhibits a characteristic pattern
of depopulation. For example, the Dalitz plot for a patural spin-parity
final state of 3 pseudoscalars must exhibit depopulation along the
boundary, owing to the necessity of forming the decay amplitude from an
axial vector. Additional areas of depopulation are often found for
specific spin-parity assignments due to the operation of additional
symmetry requirements. The heavy lines of Figure 1 show the position of
zeros in the Dalitz plot expected for various low lying spin-parity
" assignments of the final state K:ntnt. In order to obtain a relatively
clean sample of K#n(1876) events we make use of the result that for the
Ecm region, 3.9 < Ecm < 4.25 GeV; the recoil mass(Mrec) spectrum shows a
sharp spike near'2 GeV. We thus used a data sample with the Ecm region
chosen as above coupled with a cut 1.96 < M. < 2.04 GeV/c2. Figures 2a
and 2b show the resulting exotic and nonexotic Kwr invariant mass distri-
butions. A fit to the spectrum of Fig. 2b was appropriately scaled to
léerve as a backgr;und for Fig. 2a. Figure 2a shows a fit to a Gaussian
peak’oﬁer this background. Figure 3a shows the (folded) Dalitz plot

F &+ s s . . s
for K 7 = events with the additional invariant mass (M) requirement
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1.86 < M < 1.92 GeV/c2. We find a sample of 126 events in the Dalitz

plot of Figure Sa‘of which we ecstimate 58 are background. In Figure 3b

'ﬁé show a background Dalitz plot consisting of 112 nomexotic combinations

K¥n+n' satisfying the same mass and missing mass cuts as the exotic

combin;tioné'of Figure 3a. Neithef'plot shows obvious boundary depopu-
! lation which’argues for a2 pattern of non-natural parity. Such a super-

ficial®analysis has serious drawbacks, although we shall see that it gives

™

the correct answef.
it is ﬂighly desirable to make a statement on the statistical strength
. of this observation. This cannot be easi}y done without knowledge of the
expected extent of the boundary de}opulation, i.e. how close must one get
to see a substantial reduction in Dalitz density.

Unfortunatsly one cannot answer this question from symmetry considera-
tions alone. Howeverzlreasonable estimates can be made for <pecific spin
assignments by using the simplest amplitudes which vanish at the places
rcquiréd ffom»syhmctry cénsiderations. By simplest amplitudes, we mean
the amplitudes iﬁvolving the least power of particle momentum or kinetic
energy consistent with the requirements of symmetry. The discrepancy be-
tween these expressions and the densities computable in a complete theory

.uohld be expressed as multiplicative form factors. Experience has shown
‘(Stevenson_62) such functions are generally slowly varying functions of
the Dalitz variables for hecays with limited availablg phase space. In
suéh cases moméntav[K] are small or Eomparable to the reciprocal range of
,intera:tion; (R) and one is effectively approximating the decay amplitude
by a low order éxpansion in KR. He.shall compare our Dalitz distributions
‘to ﬁoséible simplest' matrix elements, although admittedly we are pushing

their range of applicability. We limit our amalysis to low lying spin states
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and explicitly consider 1~ and 2. A final state of three pseudo-scalar
particles cannot have pure o spin-parity.

For JP = 17 the matrix element is constructed from an axial vector
symmetric under the exchange of the two pions. The essential form of such
a quantity is (T"1 - Tnz);l x ;ﬁ, where T represents a pion momentum in
the rest frame of the Knw(1876), and T17 represents its kinetic energy.

For the case of unpolarized production one then expects an intensity I;-
given by
I[[-«= IT,,[ - T,,2|2 [51 * 5,)2.

For 2* we construct a symmetric, traceless, second-rank tensor which
is also symmetric under the exchange of the two pions. We use A.j = Aﬁiqj
+ Anjqi where Ar is  the difference of the pion momenta and q is their
cross product. For unpolarized production one expects an intensity given

by:
Ip¢ = ]} AijA-i = [f1 - W22 |F1 x T2,
ij

We note that the pion exchange symmetry implied by Bose statistics
creates a zero along the y-axis for JP = 17 and a higher order boundary
zero at the top edge of the JP = 2* palitz plot in addition to the
boundary zero due to parity and angular momentum considerations.

Owing to our limited statistics we display signal for events
falling in either of two Dalitz discrimination regions separately chosen
for our two hypothesis 1 and 2*. The discrimination region boundaries
were chosen as contours of constant 17 or Z' matrix elements. The parti-

cular contour chosen was such that the product of detection efficiency
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times phase space would lead to an expectation of equal numbers of events
on cither side of the contour, if the matrix element were constant. Events
generated using the 1~ or 2+ matrix elements, of course, will not evenly
populate their respective discrimination regions. They will preferentially
populate the region where matrix element is large.

The four discrimination regions have nearly equal area in the Dalitz
plot owing to the approximately uniform Knr detection efficiency as
judged by Monte Carlo simulation. The only substantial efficiency drop
occurs near the upper right hand corner of the Dalitz boundary (large x
and large y,. This Dalitz region corresponds to a configuration where
the pions share a small amount of the available kinetic energy, and the
sharing is quite unequal, meaning that one pion is nearly at rest in the
D' rest frame. Such pions have a laboratory momentum of only 40 MeV/c
and are near the magnetic fiecld cut-off momentum for track identification.
We perform the simulations with D+ momentum of 535 MeV/c, which is the
momentum expected for the reaction ete o p'D*"(2008). Our analysis of
the recoil spectrum presented in Chapter 6 will demonstrate the presence
of this state of higher charm excitation and show that the assumed reaction
does indeed dominate D' production near threshold.

In Figure 4 we show the K2r invariant mass distributions for events
with Dalitz variables in the four discrimination regions. We estimate
the signal by a f@t of a Gaussian signal over the scaled non-exotic ba- :

ground. The table below summarizes the results:
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1~ REGIONS 2% REGIONS
Peripheral Central Peripheral Central
DATA 34 +8 38 + 9 31+9 35 + 10
PHASE SPACE
MONTE CARLO 36 36 35 33
1~ MONTE CARLO 7.8 64.2 —— —-
2" MONTE CARLO - — 10.0 56.0

We see consistency with the phase space Monte Carlo for either
discrimination region. The 1~ assignment and 2* assignments are ruled out
on the 4 and 3 standard deviation level respectively. We argue that,
since higher spin-parity assignments will possess boundary zeros, the
ample signal in the 2" peripheral region argues against these assignments
as well.

We conclude that the final state into which D* decays is not consis-
tent with being a natural spin-parity eigenstate, unless the spin is
improbably high (i.e. 3 or greater). On the other hand the two body decay
D% + Kn implies that the D® has natural spin-parity. We may then infer
that either:

1) D® and D' have different spin-parity assignments. Despite their

c}oseness in mass, they are not members of the same isomultiplet.
or 2) The Dp(andlor D+) is actually two particles of opposite parity
,with nearly degenerate mass (parity doublets).
or 3) The decay of the DD.;r D" does not conserve parity, and hence

the decay is via the weak interaction.
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Although alternatives (1) and (2) are technically valid possible
explanations for this effect, they both require an exceptional, and
rather unnatural, coincidence in the masses of newly discovered, narrow
states. Alternative (3), on the other hand, is quite natural and expected
if the new states are indeed the D°, D+ %godoublet of charm and must decay
into ordinary hadrons weakly.

We note from the preceding that the data appears consistent with a
phase space Dalitz distribution. This distribution would be expected
for a pseudo-scalar final state. In light of the demonstrated parity
violation, however, the Dalitz plot is no longer a useful tool for inves-
tigating possible spins for the charmed meson candidates because of
possible interference effects between the natural and unnatural parity
amplitudes for a given spin. In Chapter 9 we will investigate possible
spin assignments for the new mesons using an algorithm not dependent on
parity conservation.

This exhausts our evidence for the contention that the Kn (1865) and
Knn (1875) are the expected DY, D’ charmed isodoublet. There appears to
be evidence for a 2 sigma enhancement in n+ﬂ- (1865) but this is not as
yet statistically compelling. When more data are taken and the Kn/7w ratio
is shown to be consistent with cot_BZCabibbo this issue should be resolved
to anyone's satisfaction. We assume our signals are charmed from here on

and explore several properties not crucial to the charmed identification.
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6. A QUALITATIVE LOOK AT THE RECOIL SPECTRUM
AGAINST éHARMED MESONS
In Figure 1 a,b,and ¢ we show the recoil spectrum against the
K;n: (1865), ‘the I(; 11: wtn (1865} and the K;n:ni (1875} for the data
collected‘from 3.9 < Ecm <4.6 GeV. In Figure 1 we require the Km and
K3x invariant mass to lie from 1820 and 1900 MeV/cz, and require the
K2% invariant mass to lie from 1850 to 1910 MeV/cz. All three spectra
are subtracted spectra , computed with a fixed p° mass of 1865 MeV/cZ.
For the neutral meson, the backgrounds are taken from adjacent regions
of the Kr and K3r invariant mass plots, while for the p* signal, we use
a background taken from the non-exotic K;n+ﬂ- system subject to identical
cuts in iz;variant mass.

" As we have noted in Chapter 4 , approximately 60% of the legitamate
p® + K'v" candidates will be classified as # 7 or K K by the time of
flight tagging system owing to out finite time of flight resolution.
Experimentally , such misidentified D° candidates can be easily found
because they create narrow reflection peakg in the KX and # 7 invariant

~mass plots. Excgpt for negligible differences in the energy loss

corrections for pions versus kaons, the D° momentum will be correctly
measured for these reﬂecti_on p° caqdidates. Thus they can be easily
‘em‘:el"‘ed in a recoil mass distribution if the recoil mass is computed

* with a fixed Do mass.

All three recoil speétra show evidence for sharﬁ recoil peaks
. 'indicating‘“t:hat charm production occurs primarily through two body

'proc’esses “for the energies under discussion. These peaks appear at
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nearly the same recoil mass for all three signals, but the area
ratios are quite different for the charged versus the neutral recoil
system. The peaks shown in Figure 1 appear to represent charm

meson production via the neutral and charged versiomns of :

ete > DD Reaction (1)
*x o x
+DD+DD Reaction (2)
* _ %
+ D D Reaction (3)

For D masses near 1870 MeV/c2 and D"r masses near 2010 MeV/c2 one would
expect the peaks due to Reaction 1 through 3 to lie at 1865 hhvlcz, 2010
Mevlcz, and 2150 MeV/cZ respectively. The sharpness of the peak ascribed
to p" o production indicates that D*'s can cascade to D's via pion
emission as expected for a pair of mesons which carry a common conserved
quantum number. A quantitative analysis of the recoil spectrum , which
we shall discuss later, shows evidence for Diq+ DOY as well, occuring
at a rate comparable to-D*°+ p° °.

In Figure 2a we present the "Ki" recoil spectrum for data collected
at Ecm = 4.028 GeV. The solid curve of Figure 2a gives the expected

*,
shape of the p° recoil system for Reactions Z and 3 , where D o, D0 °

*o

We have computed this curve u.ing a nominal 0° ,D ° mass of 1865 and 2005

MeV/c2 and have adjusted peak areas to crudely match the data.

The interpretation of the second peak near 2150 MeV/c2 as a
kinematic reflection of Reaction 3 may appear surprising in light of
its narrow width. An alternative ipterpretation is that this peak is
due to the production of a higher mass charm state at 2150 Mevlcz. This
interpretation is contradicted » however, by the data of Figure 2b, which

shows the D° recoil spectrum at Ecm = 4.415 GeV. The solid curve



again gives the positions of peaks due to Reactions 2 and 3. We note
that the peak that was at 2150 MeV/c2 in Figure 2a has shifted to

2200 Mev/cz. This is what would be expected for a reflection of Reaction
: 3 , whereas a new resonance at 2150 MeV/c2 would not be expected to change
‘position when the center-of- mass energy changes.

We note the presence of an enhéncement at 2440 MeV/c2 in the recoil
spectrum obtained at Ecm = 4.415 GeV. The solid curve of Figure 2b
represents this enchancement by a Gaussian peak centered at 2440 MeV/c2
with a width of ¢ = 50 MeV/cz. Such an enhancement may be due to
multibody charm production such as e’ e+ D Dr , or the formation
of a new, higher mass charmed state. Higher mass states are expected
in the charm theory, but since this enhancement can be tolerably
fit by a multiparticle phase space Monte Carlo , we cannot prove that

such new states exist.
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* s
7. OBSERVATION OF D "= 0%p* AND LIMITS ON B° - D° MIxIng'

Up to this point our evidence for the existence of the D* comes
through the observation of structure in the D and D' recoil spectra .
In this section we will present direct evidence for the existence of the
Dﬂr+ by constructing its invariant mass from the Kn'r" final state
obtained via the sequence D*++ﬂ+ p° H %> K_n+. Because of the low Q
value for the reaction -*++ at - , the cascade pion moves in the
detector frame with -entially the same velocity as the D*+, and
hence has only 7% <. the D*+ momentum . Because of the 4 KG magnetic
field of the SPEAR Magnetic Detector, particles having momentum less
than about 70 MeV/c will escape detection. Hence in order to observe
the n+ from D*++ n+ D0 , one must operate where D*+.momenta exceeed
1 GeV/c . For this reason, the data reported here come from data
collected at center-of-mass energies from 5 to 7.8 GeV. This sample
represents a total integrated luminosity of 17,000 11b'1 .

Figure 1 shows the Km invariant mass distribution for neutral
Kt pairs with momentum exceeding 1.5 GeV/c . In this analysis we
employ a previously described time - of - flight weighting algorithm
(Goldhaber 76) , rather than the track tagging algorithm described
earlier. Under this weighting technique, each track is assigned

a weight for being a pion, kaon , or proton, computed from the measured

time of flight, T, , and the time-of-flight expected (T‘i’ ) from the

+Huch of this Chapter is essentially a paraphrase of the work of Gary

Feldman, Ida Peruzzi, and Marcello Piccolo’ (Feldman 77)

’
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measurcd momentum and flight path  under the given mass hypothesis. The
weight is computed via thc expression:
W exp [ -% (TM‘T'ia) 2
0.35
with wi normalized such that : z Wi =1 ,i=nK P .

One cai then construct histograms, say the Kn invariant mass histogram ,
for e»umple, by entering in a given neutral two prong combination with

a weight given by Wk W: . The same two prong combination will enter

the histogram under the assumption that particle 2 is the kaon and
2
K -

We sce clear cvidence for high momentum 0° production in the data

particle 1 is the pion with a new weight W: W

of Figure 1 . In fact the signal to background is improved by requiring
PK > 1.5 GeV/e. The signal of Figure 1 is considerably broader than
that of Figure 1 of Chapter 3. This broadening is duc to the effccts
of Kn interchange in the calculation of the Kr invariant mass.

For D° 's with momenta exceeding 1.5 GeV/c, such Kn interchange can
cause the computed K invariant mass to shift by nearly 200 McV/cz.

In Figure 2 a and b we show the o° and D° #~ invariant mass
plot. Because the calculation of MDont is dominated by the mass that
one assumes for the D° , we plot Mo ’: - Mo rather than Mno"t -

For this plot we require the p® candidate to have a Kr invariant mass
from 1820 to 1910 McV/cz. This mass cut is considerably narrower than
the signal seen in Figure 1, and hence tcnds to exclude p° candidates
with transposed pion and kaon. A clear peak is seen in the 0° 1° mass

difference plot~ tfigure 2)a M - Mpo = 145.3 2 .5 MeV/c2 .
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Using a nominal p° mass value of 1865 Mo.eV/:.:2 we find that this peak
corresponds to a D*+ mass value of 2010 MeV/cz. This agrees very well
with the position of the D,.r+ recoil peak of Figure Ic in Chapter 6.
The width of the signal is completely consistent with the resolution of
the Magnetic Detector, and serves to set an upper limit on the natural
width of the D’lr+ ( or D°) of T < 2.4 MeV/c2 (90% C.L.) . By comparing
the area of the D° signal of Figure 2a with the area of the peak of
Figure 1, and taking into account the p° »* detection efficiency,

we estimate that 25 = 9 % of all D%'s produced with Ecm from 5 to 7.8
GeV and having momentum exceeding 1.5 GeV/c come from the process

. +
p =7 p°.

A. Limits on 0° - T° Mixing Effects

The observation of a strong D’|r+ signal in the Dou’ invariant
mass distribution of Figure 2a , and its absence in the Bo"+
invariant mass plot of Figure 2b, can be used to set limits on the
presence of ° - P mixing effects , a topic receiving considerable
attention in the literature (Weinberg 77). Barring the presence
of first order, neutral IAC | = 2 , weak currents, mixing would proceed
via virtual Cabibbo suppressed intermediate states, such as
p°+ x n ~+D° and hence mixing amplitudes would be on the order of
t:n‘lZ -} Cabibbo (Gaillard 75) . If , on the other hand, first order
charm changing neutral currents existed, p° - °° mixing would be
nearly complete ( i.e. the characteristic time it would take a p°

to mix into a D° would be considerably shorter than the ° lifetime) .

The data of Figure 2 élearly rule out complete mixing , since
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*
complete mixing implies that there should be as many D * 15 observed
ina @ Kn' (1865) plot as in a « K= (1865) inmvariant mass plot.
A quantitative measure of possible mixing effects is provided by the

mixing ratio , FM , which we define as:

Eos NI (o 2y ot )

N[ D P (K'7) 771+ N[ D e (kYY) 1)

where the particles in parentheses are required to be consistent with

DO

's . We find 38 events within p 2.5 MeV/c2 of the peak in Figure Za
and 11 events within the peak of Figure 2b. Here we count any comb-
ination with a weight greater than 0.1 as an event. After imposing
the additional time-of-flight requirement that the K and w , comprising
the D® have been correctly identified is at least three times the
probability that they have been interchanged, the 38 events drops to
26 events, but the 11 events drop to only 3. These latter 3 events
are consistent with coming from known background and instrumental
effects. We expect 1.4 events from background (i.e. uncorrelated )
particle combinations and 0.6 events from residual Kn interchange.
Thus at the 90% confidence level we find FM < 16% (Feldman 77)

It is of interest to compare this measurement of p? - o° mixing
to an iﬁdependent measurement based on the lack of apparent strangeness
violation in events containing a K n (1865) candidate. By apparent
strangeness violating events , we mean events with kaons in the recoil

sysetem having the same charge as the kaon in the p°® decay products.

Barring mixing, one expects the kaon due to the p° decay to be of the
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opposite charge as the kaon of the 7°. This is because the GIM
mechanisn favors D°'s decaying into final states containing a K~, and
p°rs decaying into final states containing a K*. If, on the cther hand,
a significant numer of Do's convert to ﬁo's before decaying , there
will be events with two kaons of the same charge. An additional source
for these events are doubly Cabibbo forbidden decays were the p° decays
into a state containing a K rather than a K*. This will occur on the
level of tan4e Cabibbo °T 2 x 10'4 and is negligible compared to the
statistical accuracy of this measurement.

In order to obtain a purified sample of p° 's we use Kn pairs
selected by our standard time-of-flight technique subject to
simultaneous cuts in invariant and recoil mass. We require masses
to lie between 1820 and 1900 MeV/cz, with recoil masses lying in one of
four bands 1840< Mrec< 1900, 1960« Mrec< 2080, 2120<_yrec< 2220, or
Mrec >2390. We find a sample of 423 Kr combinations satisfying these
cuts in the data taken from 3.9 to 4.60 GeV center-of-mass energy.

We estimate that 61% of these combinations are signal (s) , and 39% are
background (b). Within this sample, we find 77 events with one track

classified as a kaon in the recoil system. The below table summarizes
our knowlege of the charges of tracks in the recoil system. We denote

the charge of the tagged kaon in the p° as Qz .

T K
= q 425 15
Q= -q 308 62

733 77
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Hence, of the 77 events with a track classified as a kaon in the recoil
system, 62 kaon tracks had the opposite charge as the kaon from the Do,
while 15 had the same charge. Defining an asymmetry As+b equal to the

difference of these numbers over their sum we find:

_ 62 -15 +

A 57 = .61 - .11

s+h

We have performed the same analysis for background Kv combinations
taken from two 50 MeV/c2 sidebands on both sides of the 1865 peak and
find Ab = .37 % .12 . Because the background events presumably conserve
strangeness, the observation that Ab< AS+b may appear surprising. In
fact, the low value for Ab is due to track misidentification by the
time-of-flight system. A major p? background source are o pairs
with one pion identified as a kaon by the tagging algorithm. This
source would be expected to have Ab = 0 , whereas the portion of the
background due to real Km pairs will have an Ab near 1. The value
Ab = .37 then, represents an averaging over the two types of background.
If, in fact, p° - P° mixing is small, it is quite reasonable that
Ab< As+b , since tagged Kr pairs in the signal region are more likely
to contain real kaons.

Using the expression:

with signal and background fractions given by fs = 617 .02 and
fb = .39 ¥ .02 we obtain a signal asymmetry of As = .76 I .19 which is

4.5 standard deviations from 0 , the value for complete p° - p° mixing.
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In establishing an upper limit on the strangeness violating fraction
Fv , it is important to estimate how often one would get apparent violation
due to faulty K identification by our time of flight technique. This
number depends on such factors as the track momentum distribution, the
number of pions in the recoil system, and the number of D's decaying
via KS N KL . In order to gauge these effects , we have estimated
an intrinsic asymmetry A* which would be the observed asymmetry expected
for purely strangeness conserving events for two different Monte Carlo
models. Both Monte Carlo models simulate charm production at 4.028 GeV

. + - 0=0 _0="0
via the three processes : e e>D D, D" D

, and p°pe° using
masses and fraction determed by fits to the recoil spectrum discussed

in Chapter 8. For each simulation, the p° decayed via K= with the

D) decaying into the channels shown under the column headed " Recoil
System”. The topologies of the model recoil systems were chosen to
roughly match the observed prong multiplicity and momentum spectrum. In
addition to computing the Monte Carlo asymmetry, we have computed the
fraction of tracks which are kaons (KfJ , and a quantityf equal to the

total number of recoil tracks (n's and K's ) with charge equal to Qﬁ

minus the total number of tracks with charge equal to -Qg over the total

number of tracks irrespective of charge.

Model 1
™ K Recoil System
Qe=q 1100 52 1/2 K5t
Q =_QE 566 337 +172 K 05

*
A =.73 I os Ke= .19 © .01 £=.12% .02
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Model 2
w X ) Recoil System
Q=q 1093 26 4 Krr' e+ 1/8 K a%%°
Q =-qp 821 173 +1/4 K'a7n%n° 4 1/8 X an'n
+1/8 Ka°n'n” + 1/8 K a'n'n°
A; =.74 % 05 Ke = -084 2 .01 £ =.059 I .021

The quantity £ is related to the difference in K, acceptance
due to the effects of K decays in flight (it is zero when K decay is
negltigible ). For the data, these quantities are AS = .76 T .17 .
Kf = .095 ¥ .010, £= .09 1 .05 which is in substantial agreement with Model
2 ( we neglect the background subtraction for Kf and £ ). The happy
fact is that the intrinsic asymmetries A* are quite stable.
We can now estimate the strangeness violating fraction FV .
note that the observed signal asymmetry is the average of the conserving

We

asymmetry and the violating asymmetry weighted by their respective
signal fractions. For the conserving decays the Monte Carlo predicts
an asymmetry A* which is weighted by 1 - FV . For violating decays ,
the recoil kaon charge is reversed, creating an asymmetry of - A*,
which is weighted by FV . Hence A5 = (1 - FV ) A* -~ FV A* .
Thus : Fv =1/2 (1 - A5 / A* ) ="-.014 I 117 where the error on A
- incorporates statistical Monte Carlo error only. Going out 1.6
standard deviations we obtain a 90% C.L. upper limit of FV< .17 .
The precise relationship between FV and FM depends in detail on

the p° production mechanism. Naively one would expect FV = FM for

processes of the form e+ e+ D% p” X+ and FV =2 FM a - FM) for processes
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of the form e” e™> D° D° X° . Here X refers to the rest of the final state.
This is because FM is a direct measure of the prohability that a p°
will mix into a D° within its lifetime. For final states of the type
p° D~ X* there is only one D° which can mix to create an apparent
strangeness violation, while for 0° 7° x° there are two D° 's.
This reasoning is wrong because it neglects the 0° - B° inter-
ference effects possible in e" e D% 1° x° when X° is an eigenstate
of C parity. For example , Kingsly shows that if C (XO) = +1 , as
°n%:°

T, Fv = FM rather than 2 FM( 1 - FM)

. =0 : P
once proper account is taken of the ° , D antisymmetrization.

would be the case for e" e™» D°

(Kingsly 76)

We have insufficient data to fully analyze the p° production
mechanism over the full data sample from 4.9 to 4.6 GeV center-of-mass
energy, and hence will adopt the most conservative assumption that
FM = FV'- Under this assumption our 17% upper limit on FV serves
as an upper limit on FM . Combining the independent information
on Fv and FM we compute a slightly better upper limit of

FM< 13 % (90% C.L) .
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8. ANALYSIS OF THE D%,p" MOMENTUM

SPECTRA AT Ecm = 4.028 GeV

As discussed in Chapter 6 charm meson production at Ecm = 4,028
GeV appears to bc domimated by two-body processes such as the charged

and neutral versions of:

e'e” »DD Reaction 1
pb* + DD* Reaction 2
p*D* Reaction 3

These mechanisms were deduced from the structure observed in the recoil
mass spectra against the DO and D" shown in Figure 1 of Chapter 6.

In this Chapter we quantitatively amalyze this structure in order to
learn information on the masses of the D and D* mesons, the decay
mechanisms of the D*'s, and the relative rates of reactions 1-3. For
this purpose it is convenient to fit momenta spectra at fixed energy
rather than recoil spectra. The momentum variable offéfs the advantage
that momentum resolution is umiform to +10% over the full range of D
momenta considered, whereas the recoil mass resolution is highly non-
uniform. Before describing the details and results of the momentum
spectra fits, we will present the D? and D" momentum spectra and show
that considerable information on D and D* masses can be obtained through

just a visual inspection of the data.

A. The D*,D® Momentum Spectrum

In Figure 1 we show the D0 (Fig. 1a) and D" (Fig. 1b) momentum
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spectrum for data collected at the fixed energy of Ecm = 4.028 GeV. Our
p%, and p' selection procedures have been described in Chapter 4 pors
are obtained from their two-body decay D% + Kr and p*'s are obtained
through'fheir three-body decay D' + Knn. The D9 spectrum of Fig. la
is dominated by two striking peaks. We attribute the first peak,
centered at 175 * 10 MeV/c, to D*95*? production, where p*0 & 50p0,
The second peak, centered at 560 + 10 MeV is presumably due to p*p?
production.

The position of the first peak, which we denote as P;. provides
an accurate measure of the D*0 mass. The narrowness of this peak implies
that the Q(= MD*G - MDG - M“) value for the D*0 4 ;0D0 decay must be
small compared to the D*0 or DO mass. Hence the lab velocity of a DO
from the reaction D*0 » 70DV must be quite close to that of the parent
D*0 or Phw = MD*O/MDD P, where PD* is the momentum of D*’s produced via

reaction 3. These D*V's have an energy of Ecm/Z, thus a mass given by:

M .ol2
Mpxo =\/'}E§m - [%,‘ P2 Eqn. 1
J

Although Eqn. 1 depends on the mass of the D*0 and D?, the dependence
is sufficiently weak that nominal values of M , = 2005 MeV/c? and
MDO = 1865 MeV/c2 can be safely used. Inserting our value P; =175 £ 10
MeV/c? into Eqn. 1, we find MD*O = 2005 + 3 MeV/c2. The error is dominated
by the +4 MeV uncertainty on Ecm.

The position of the D*D peak at P, = 560 + 10 MeV/c provides an
estimate for MD*O + MDO' One can write the expression for P, in terms of

the relevant masses and energies as:
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1/2
[E(?:m - (MD*O + MDU)ZJ (E‘z:m h (M-D*U - MDD)Z]

Pz =
4 E2
cm

Assuming Lb*o - 550 < Ecm, this expression can be simplified and rearranged

to yield:

My.a *+ Mo = /Egm - 4py2 Eqn. 2

Using P, = 560 * 10 MeV/c we estimate that MD*D + MDU = 3869 + 6 MeV/c .
The 1* momentum spectrum shown in Fig. 1 is dominated by a single
peak, centered at a momentum of P3 = 535 * 10 MeV/c which we attribute to
D**DP”  production. Using the charged analogue of Eqn. 2 we find
My + Mye = 3883 £ 6 MeV/c2.
Hence, from the positions of the three prominent peaks of Fig. 1
a and b, and the observation of the reaction D** -+ 7*D?, discussed in

Chapter 7 we have learned:

MD*+ - MDD = 145.3 * .5
MD*O = 2005 %3
MD*D + MDO = 3869 6

i+
[«

MD** + MD* = 3883

These relationships imply crude mass values of:

Mo = 1864 + 7 M), = 1875 £ 8

MD*O = 2005 + 3 MD** = 2009 ¢ 6



and Q values of

QD0 » NOy0)
QUo*® > D*x-)

[}
&
I*
@8

Qo »0"x% =0 + 10

1]
{
-]
#*
-]

QID** » 00r*) = 5.7 & .5

where all quantities are in #HeV/c?.

The mass values quoted here are im excellent agreement with the values
which will be deduced from the complete fit to be discussed shortly.
However the values from the complete fit have sbout 1/2 the errors of
these crude values since they wse information om the shape of the various
peaks as well as their positioms.

There are clear indicatiues in the data for the presence of D*® » p%x0
and D** » D9r*. The B** » 1'DY decay has beem directly observed as dis-
cussed in Chapter 7 while the presence of 2 marrow B*%5*® peak in
the data of Fig. 1 stromgly suggests the presemce of 0*0 » 7000, we
mote that there is the barest himt of a B peak mear 200 ¥eVW/c in the
data of Fig. 1b. Such a peak, if existing at all, could be due to
either e'e” = D**D*-; D** + 20D* or possibly to e'e” + D*0P*0; p=0 . p*.
¥e note ﬂlat the preiiginary § vaiue for the latter reaction is megative

by about 1 standard deviation. The more accurate mass values obtaimed im

" the complete fit show that the Q value is megative by about 2 standard

deviations. Heace this D*0 decay mode is probably kimematically for-
‘bidden. TIn addition, the data cf Fig. 1a .argmsl for a substantial amount
" of DA production. Unléss Br(d® » Kr*e*)/Br(0® » K'5") is considerably
less than 1, one would expect that the number of 0" events in the 200
MeY/c peak of Fig. Ib would favorably compare with the mmber of D9 in
the 200 MeV/c pesk of Fig. 1a , if the reactions 0*® + z D" and



1*C » z00? pccur at comparable rates. In fact, statistical model estimates
(Jackson 76) favor Br(D* » K n*r*)/Br(D® » K-x*) values exceeding 1, thus
the smallpess (or mon-existemce) of a2 D' momenmtum peak mear 200 MeV suggests
that at best D*? + n § is a mimor decay mode of the D*C. The G*8, p*
tass values cobtained through the fit favor excluding it mmple;ely-
Ve have thus seen that there is comsiderable imformation im Fig. 1
We have wsed the positions of the 3 promiment peaks to deduce the masses
of the B°, B°, 0*?, and D**. The relative area of the D*F*D and
D*90° peaks of Fig. la suggests that these reactioms occur with compara-
ble rates and domimate D? productiom at Ecm = 4.028 GeV. There is a
small peak at 750 MeV/c im Fig. 1a , which, if present, would be due to
B70° production, but clearly this must be a minsr scurce of DY production.
In this next sectiom we discuss the expected shapes of the various
contributions to the DY, D* spectrum as a prelude to discussing the

complete D?, D' spectral fit.

B. The Shape of Contributions to the D?,0° Momentun Spectra

We begin by anaiyzimg the expected shapes of the variocus comtributioms
to the P momentum spectrum im the limit of perfect detector resolution.
These shapes can then be later folded with an appropriate resolution
function to obtain realistic shapes which imcorporate momentum uncer-
tainties..

The various D sources cam be characterized as direct sources amd
secondary sources from D* decays. Neglecting any matural width for the D

and D*, direct sources such as e’e‘ + DB will provide delta function
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contribations to the D momentum spectrum. The shape of the momentum
spectrum of D's from secondary sources such as D* - aD or D* > yD, can be
dednced from the polar amgular distributioa of D's imn the D* helicity
frame. For example, isotropic D* decay distributions produce the ramped,
secondary-D momentum spectrum illustrated in Fig. 2. From the Lorentz
trans formation ED = y(ED' * PD'Bmse') where v and B are boost parameters )
appropriate to the D* lab velocity, we see that a flat .o0s8' distribution
implies a flat D energy distribution. This implies a limear D-momentum
distribution since dN/dp = dN/dE dE/dp and dE/dp = p/MD (for non-relativistic
DU's).

If one assumes that the D is a pseudoscalar and the D* is a vecter
as suggested by the conclusion of Chapter 9 the two D* decay angular
distributions can be computed for D production via reactioa 2 as shown in
Appendix 2. The D* decay distribution for D*'s produced via reactiom 3,
however, canmot be computed from first principles. For computational
simplicity, we have calculated the .pectral shapes for secondary D's
assuming isotropic D* decay angular distributions for both D* » yD and
D* + o). A comparison of the spectral shapes so obtained with a Monte
Carlo simulation esploying the correct (anisotropic) D* decay distributions
for D's produced via reaction 2 will show that this is an excellent
approximation. v

Monte Carlo sinulations show that the DY and D* momentum resolution
functions for a given momentun is well represented by a sum of two Gaussian
distributions of different widths. We have deduced the momentum resolution
finctions by performing high statistics simulations for D%'s and D'*s pro-

duced at momenta of 180, 550, and 760 MeV/c. The following table gives the
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widths (ai) of the two Gaussians and their respective weights (ai ). It

was obtained by fitting the simulated momentum spectrum to 2 sum of two

Gaussians.
Table 1
P al “1 a2 9y
180 - 0.33 9.7 .67 18.9
v 550 0.26 30.0 .74 16.5
76D a.39 31.0 .61 18.0
180 . 0.52 13.3 .48 21.4
" 550 0.58 12.6 T.a2 21.8
760 0.71 14.5 .29 26.2

The three momenta of 180, 550, and 760 MeV/c wvere chosen to correspond
to typical D nomeata for B's produced via D*D*, DD*, and DD. In computing
V the fnlcled spectral shape for a guren process we use the most appropriate
of the 6 msoluuon fum:tmns That is, even thuugh the ramped distribu-
:Ij.mn for D sewndanes fml p*+yD extends over a momentun range of nearly
: ‘300 ii-.vl'c," ue'ft;_lfl tiié_raq with the resolution function appropriate to
the ramp's center rather than a function with a continuously variable Gaussian
width. . '

Dizact D9's have a normalized momentum spectrum given by the appro-

priately displaoed resolution function or:
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1{P %
3 2| o5
e 1 Eqn. 3

where a, is the weight of the term in the resolution function of width o5

e
Y
L]

DeP) =

i=1 o.
i

and P_ is the position of the direct D? womentum pesk. Secondary DP's
produced under the assumption of isotropic D* decay have a mr “entum
spectrim given by:
p-p)?
R pCfA 2
pr i S

n(P) - arr
Lc-n 28Pe 51 o, /30

o]

where PC and A are defined in Fig. 2. Performing this integral we obtain:

2
1
D(P) = P, i=)1: a,[S(P, P_+ 2, ;) - S(P, P_ - &, o;}]
2
where _l(“'!
S(x,a,o)=%Erf ex _ S ez a
72 Zn
and
2 4 -)"2
Erf(y) = — dy* e Equ. 4.
/o 1o

We note that both Eqn. 3 and Eqn. 4 are normalized such that
r D(pldp =1
=

The coaplete D momentun spectrum due to reactions 1-3 can be written
as a linear combination of the functions given in Eqns. 3 and 4. In
general the values of A and P_ are relatively complicated functions of the
relevant masses and energies. However, considerable simplification in
these expressions occurs near threshold where the problem is essentiaily

non-relativistic.



94

¥e consider a D* of pass M* and momentum P* decaying imto a D of
mass M by either D* + yD or D* > 3D. Non-relativistically, the D lahora-
tory momentum Pis P= (/M) (f*) +B* , where $* is the momentum of the D

in the D* rest frame. Provided that IF'IIH < ﬁ‘*]lﬂ". one notes that
M M,
g P - 1B < IP] < lbe] « 8] -

From the definition of P_and 4 we see: P_ = QM) {B*] and A = |B'].

For D* + Dm, B can be computed from non-relativistic energy

conservation:
lfllz Ifl IZ _ _
2“,, + 5y —M-H*-M_“=Qm.
Thus:

= = = Eqn. 5
-1 - [ A = 1eAy
where Q,, and A are in MeV.

For D* » yD, B ois equal to the enmergy of the y in the D* rest frame.

Hence:

2
A-]i’-l—"*“z ‘;';‘,'Qv_omq' Eqn. 6.

¥e see from Eqns. 5 and 6 that the spectral half width A essentially
measures -the Q value for the given D* decay. In particular, we know Qn
for the reaction I)*o > i“l)“ is quite small (v5 MeV/c?), and thus small
‘changes in Q_. can greatly effect the lndth of the D*“D‘“ peak. Changing
'Q, from 5 to 6 MeV, for exalple, bmadens the unfolded D*D*0 full width
by nmly 7 uevlc. ¥We estimate that the D*0D*%peak of Fig.la has a full
width of less than 100 MeV/c. Neglecung momentum resolutiomn, this sets

a conservative upper limit on A of 50 MeV/c and, using Equ. 5, an upper
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limit on Q*n < 10 MeV/c? which is appreciably lower than previously obtained
limit.

In Fig. 3 we show these various computed contributions to the D?
momentum spectrum produced at Ecm = 4.028 GeV. The masses and areas
of these contributions are typical of values obtained from the momentum
spectrum fit, although we have adjusted them within errors for illus-
trative puiposes.

In Figure 4 we use the expressions developed here to fit a Monte Car
1o D? momentum spectrum. This simulation employed the proper D* decay
angular distributions for D*'s produced via Reaction 2, although it was
fit under the assumption of isotropic D* decay. The simulation para-
meters were chosen to be close to our best estimates of the true para-
meters. The parameters returned by iche fit were found to be in excellent
agreement with tnose used in the simulation. We thus conclude that the
fitting procedures must be relatively unbiased.

For the fits described in this Chapter we used a D? relative
detection efficienrcy given by:

1.20 P < 0.35 GeV/c
Eg(P) =
1.0 P > 0.35 GeV/c

and assumed that the D* detection efficiency is uniform over the full range
in momentum. The success of the fit to the Htlmte Carlo spectrum, which
automatically incorporates efficiency effects, shows that this scoewhat
arbitrary DU efficiency is adequate for our purposes. The 20% efficiency
rise for low momentus D?'s reflects the fact that slow D?'s decay into
nearly collinear Ka pairs which have higher geometrical efficiency than

non-collinear pairs.
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C. Backgrounds

The signal to b?ckground ratio for the DU candidates of Fig. la_
is 1 : 1, while that of the p* caqdidates of Fig. 1b is 1 : 2. It is
possible to improve the D? signal to bukgwmd rati§ considerably by the
use of the time-of-flight tagging algorithm described in Chapter
For this analysis, however, we have boosted statistics by including po
candidates classified as wg* K7 and "n' a7 as well as Kz .
‘ Included as a contributien to Figure 3 is a smoothed momentum
distribution appropriate to background Kz combinations which satisfy
the DY selection criteria. The backgfoimd momentum spectrum shown in

Fig. 3 is of the form:
r12P/u
W2+ T, For P < n
B(P) =
ry?
m For P>
where y, T}, and Ty are obtained from a fit to a sideband deduced background

spectrun. The same functional form, with different values ef p, Ty, and

. .
Ty serves as a D background momentuam spectrum.

D. The Luosely Coqpled Fit

- Ye have performed two basic fits of the joint D"D" momentum spectrum.
- The first of these fits, the "loosely coupled" fit, invelves a minimal
number of éssumptions and hence a maximal number of free parameters.
Tlus joiqt na, p fit is parameterized essentially in terms of the DY, D+.
,' p*? masses a_m'l the area under each of the various pl, D* spectral contri-

butions. The mass of the D*' is computed from the known p**,0? mass
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Table 2. Definition of loosely coupled fit area parametei's

The area parameters are: F2N, FIN, F10, F2C, F1C, F10, BGN, BGC, and FD.

The fraction of non-background D9's arising from sources is given below:

Source Fraction

1 pigo FoN

2 piped 1Ew

3 DOps0; p*0 - OO % (1 - BY) FIN

4 DODU; PO o DO 1 ean ry

5 pHODs0; peD 4 LOpd (1 - B) F2N (1.2
6  DOP=0; p*0 L yp0 (BGN) F2N (1.2)

7 D*Ds Dt o D0 3 () FIC

6 DeDe; v - 1o (D) F2C (1.2

The fraction of non-background D*'s arising from various sources is given

below:

Source Fraction

-}
[~
<
e ]
8

10 D" % FIC

1 po'; ot - 20t % (1 - BGE) FIC
12 ot et et 3 (BGC) FIC

13 p*'p*7; p** 4 n0p' {1 - BGC) FIC
14 p'p*": p** s+ y0* (BGC) F2C

‘The factor of 1.2 expresses the higher efficiency assumed for D0's of

momentum less than 350 MeV/c.
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difference, Mp** - Mg = 145.3 MeV/c?, which was cbtained in Chapter
7.

The use of this relation maturally couples the D° and p* spectra
and thes mwiivates 2 single joimt EW,[I)‘F spectral fit. The reaction

B+

+ 1*D?, which we czll the “feed-down™ reaction, provides a second
reason. One expects two feed-down pesks, located im the DY spectrum

near 200 MeV/c and 560 MeV/c €or D**'s produced via the charged versions
of Reactions 2 and 3. The widths of these pesks are enqual and computable
from the known D**-DP mass difference. The position of the Reaction 3
feed-down contribution is computable from the beam emergy and the P** mass
alome, while the position of the Reaction 2 feed-dowm comtribution is

sensitive to Mﬂ?“' * MD* This last quantity is essemtially determized

by the position of the peak mear 550 MeV/c im the D" spectrum which
provides a further reason for a combimed 0P, B* spectral fit.
Other than the 3 independent mass values, the loosely coupled fit
has 9 additional parameters describing the area under the various spectral
contributions. In Table 2 we define these area parameters by wsing
them to compute the fraction of 0%'s and B*’s arising from cach of the
fourteen D sources. With the exception of FD, these parameters have a
physically transparent meanimg. FD is a measure of the D** » " D% branching
fraction multiplied by the ratio of branching fractions BR(D%-K ") /BR(D*-K 1 1"}
We have performed this fit for a variety of starting paramcters,
resolutions, and background parameterizatioms. Typical resuits of this
fit are presented im Table 3. The ztatistical ervors on the mass values
for a given loosely coupled fit are less tham 1 MeV/c?. fiowever the sys-
tematic errors as judged by the different fits are typical of the errors

quoted in columm 3 of Table 1. For easy comparisom with the “tightly
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coupled" fit to be described shortly, we presemt the DP, 0° source
fractions (normalized to umity) cemputed from the area parameters rather
than the parameters themselves.

The fit is compared to the data im Figure 5. Although the fit
has am acceptable averall x? ftypically 210 for 188 D.F.), it clearly
has difficulty im matching the width of the D*UH*P. The width of this
peak is consistent with a Q(0*? » 2%09) value of 22 MeV/c? rather thaa
27 MeV/c? as indicated in Table 3. Such a discrepancy could arise from
systematic mismeasurement of the D? momentum. Differentiation of Egms.

1 and 2 show that the Q value discrepancy could be caused by am 40 MeV/c
systematic shift of the position of the D*0*? peak or by an 27 Mev/c
shift in the position of the D*PD peak, or by some combination of the
two.

A systematic shift of ~7 MeV/c out of 560 MeV/c appears unreasonably
large from instrumemtal comsiderations--a shift of 40 MeV/c out of 175
MeV/e is out of the question. If ome attributes the discrepancy to systema-
tic mismeasurement of the D*°H? peak, the value of the D? mass would rise
to 1869 MeV/c2 rather tham 1864 MeV/cZ. However, because of the Moo - Mo
constraint, the My , mass must rise to 2014 MeV/c?, which puts D*'D+-
production at 4.028 GeV perilously close to threshold. As previously
stated, there is evidence for substamtial DD production in comtradiction
to this solution. 1In light of these considerations, we favor the solution
presented in the table._ R

The success of the "loosely coupled” fit in fitting the D“.D*
momentum spectrum shows that D production at Ecm = 4.028 GeV is dominated

by the two-body ptocessesl of Reactions 1-3. In order to estimate the
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B Fig. 6
Expected momentum spectrum for D's produced
via. ¢ e+ DD w at Eca = 4.028 GeV.
Dashed curve gives a phase space momentum
spectrum. " Solid cixve is computed with the
patrix element described in the text.
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the presence of D preduction through multibody processes, we have per-
formed a fit of the loosely coupled variety where we have included a .
spectral contribution from the process e'e + 0%9%7. The shape of this
contribution is shown by the solid curve of Fig. 6. The dashed curve of
Fig. 6 is a phase space distribution. The solid curve is obtained from
the dashed curve through a multiplication of [P x B,]2, where B; and -
B, are the labovatory momenta of the DY and D°. This multiplicative
factor causes the DD%2? Dalitz plot to be depopulated on the beumdaries.
As discussed im Chapter 5 such a boumdary depopulation is required for
a final state comprised of 3 pseudoscalars in the spin-parity state

Jp =‘l- {i.e. the spin-parity of the intermediate photon). Evidence that
the B® is a pseudoscalar will be presented in Chapter 9.

The spectnum of Fig. 6 is seen to peak in the vicinity of 400 MeV/c
in a region shere experimentally there are at most a few D%’s abave
background. For this reasom, this special loosely ’coupled fit prefers mo
09D94:% contribution and sets the 90% coafidence level upper limit that
less than 10% of D®'s produced at Ecm = 4.02E GeV are produced via
e'e” -+ DP9%P0. Three-body production due to e'e” » D DO~ would produce
a spectrum very similar to that of Fig. 6 owing to the relative closeness
of the DY and D' mass; hence the 10% upper limit applies to three-body
production in general. o? production by four or more body processes should
be negligible coapared to three body production, in light of the exceedingiy

linited available phase space.

E. The Tightly Coupled Fit

The t.ightly coupled fit to the joint D9, D" momentum spectra uses
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various thet_)retical assumptions linking the arcas of the various o*
spectral contributions to those of the DY and thus reduces the mumber of
free paraceters. Inm this fit we use isospin considerations to relate the
charged and neutral production cross sections for Reactions 1-3 amd quark
model considerations to relate the various D** decay branchiang ratios

to those for the D*?.

The tightly coup_led fit allows one to estimate quantities which can-
not be estimated from the loosely coupled fit. By relating total D?
production to " production, one obtains an estimate for the ratio of
branching ratios: BR(D? -+ Kz )/BR(D' - K'n*'w*.). This ratio and the quark
wmodel assunptions allow one to estimate the D** feed-down branching ratio:
) BR(D** + #'DY). Becawse this fit couples area information to mass infor-
mation through phase space and angular momentum barrier factors, it
provides an independent estimate of the quantities of Table 3. Compari-
son of the results of these two fits allows for estimates of the systematic
uncertainties of tihe fitting procedure. Lastly, the success or failure
’of such a fit bears on the validity of the isospin and quark model assump-
tions.

Our fu:st assumption is that, apa:rt from phase space aud angular mo-
mentum barrier considerations, ¢(@%59) = u(D D), ¢(0*"D% = a(0*'D"),
and u(n*"nfﬂ) = g(0**D*7). In the eon\rentlonal charm model, tke D and
l)‘ _are assuned to have even relauve parity, and hence all three final
states (oD, DD* and-l)'l)") cnuplgvto the time-like photon in a P-wave.

" Thus angular -nentul-ph.ase space corrections’ follow a p3 law, where p
is the center-of-mass mentu- 61':‘ the D 01; D*. Assuming that the (D9,0")

and (D*0 ,D*‘) systen- form isoddublets. as expected in the conventional
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charm model, our assumed equality of charged and neutral cross sections
is equivalent to assuming that the D and D* are produced in states of
pure I = 1 or I = 0 isospin. The equivalence of these assumptions
can be easily seen by writing the amplitude for the charged and neutral
versions of one of the Reactions 1-3 in terms of am isosinglet amplitude

Ag and an isotriplet amplitude Aj. Using the Condon and Shortley phase

corvention for the Clebsh-Gordon coefficients, we find:

: 1 -
A('.hal'ge /3 G Ag)

_1
Aveutrar = 5 (1 * 40)-

Squaring these amplitudes we find:

2ReAg*A,
Icuargel® = 3 QM2 + 140l [‘ NTRTT)
!Aﬂl '!All

1 2ReAg*A
I“Neuttallz Tz dal® « {a1D [1 - L] -
12912+ 14,12

Hence the difference of the phase space reduced cross sections for the
meutral and charged versions of Reactions 1-3 directly measures the
isosinglet-isotriplet interference term. A popular production mechanism
for chammed mesons in e € amnihilation is (De Rujula 76):

Q{_ C

G
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- Because the charmed quark is assume(! to be an isosinglet, this model will
automatically satisfy our isospin production assumption.

OQur second assumption is that, neglecting phase space and angular
momentun barrier factors, the r;n:e of D*f radiative decay is suppressed

relative to D*Y radiative decays according to:
at +

‘%ﬂ"};’_gﬂ% = é Eqn. 7
where theoretical estimates of S range from 4 to 25, depending an the
magnetic moment of the charmed quark (Ono 75). D* to D radiative decays
are assumed to occur via quark spin-flip, due to coupling of the photon
and the quark magnetic moment. Im the limit of negligible charmed quark
magnetic moment, radiative D* decays will occur by a spin flip of the light
quark with a rate proportional to the square of fhe light quark's charge.
The radiative width of the D*? meson which contains a u quark of charge
-2/3 will thus be 4 times larger than the radiative width of the D** meson
which contains a d quark of charge +1/3. The fit used for the entries in
column 3 of Table 3 assumes S5 = 4. Most of the entries are stable to
changes in S within the quoted errors. We will discuss later the satries
which dgpend on S. ‘

Our assumptions on the relationship between the D** and D*® radiative
widths, when coupled w1th the assumption that D* pionic decays conserve
ﬁospﬁ, allew us to compute the complete set of ot decay branching
‘ratios in terms of the branching ratio for b0 -+ Doi(B_g) from the

equations below:
o PETI B 3/2
r(o** » »*n%) L-BY Poe0 -Mpo] [Mpes - Mo - My

DG 1.5[—31— [ Tr| e — 00— H.,o] Fan. 8




109

3f2
T > 1Y) 1 PID*“ - Mg - M Ean.
T(D** > 70 2 !_MD*+ _ M_“', - HDDJ qn.

The factors of 2 and 1/2 in Eqns. 8 and 9 come from Clebsh-Gordon
coefficients. The mass ratidos in these expressions are approximations

for p? phase space angular momentum barrier factors in the same spirit

as the approximations of Eqns. 5 and 6. Here the p3 factor refers to

the momentum of the D in the D* rest frame in either pionic or radiative
D* decay. If one assumes that parity is conserved in P decays and that
the D and D* have even relative parity, either D* decay mode has its decay
products in a P-wave, thus giving a p3 phase space angular momentum barrier
factor.

The foregoing considerations allow us to reduce the number of fitting
parameters from the 12 required in the loosely coupled fit to 8 in the
tightly coupled fiz. This redugtion is accomplished as follows. Using
the area parameters defined by Table 2 we note that under the assumptions
of the tightly coupled fit the parameters FOC, FI1C, and F2C are computable
from the D meson masses and FON, FIN, and F2N can be written in terms of these and
a new parameter a which is a function of the DV - K'r and D' + Kr'n'

branching ratios. Specifically, one has the relatiomships:

N ot - 2w ]3/2
FOC = NK_'u FON m“.":.
Ko L - MD“
N ECy - - 32
FIC =¢“1—a FIN | o+ :!“';I
e T
N ECM - 2 ¥2
F2C = X o mx My

Van ECH - 2.
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where

. = Xz BR(D** -~ K-w‘z*)
T e BR(DY + K-7%) -

Knw

In the above expressions, N _/N; . the ratio of P +K v to D+ K wa
signal events, is necessary becawse FOC, F1C, and F2C are fractions of s
arising from Reactions 1-3 respec*” -_ly rather than the absolute number.
The efficiency ratio El(-;ml Egn was computed via Monte Carle simulation to
be g .15, Kn .35 for the cuts employed in the data. Last, the
parameters BGC and FD were computed from o, and the radiative D*? branching
ratio were gotten from Eqns. 8 and 9.

In Table 3 we show typical results of the tightly coupled fit.
These entries represent a composite of results from tightly coupled fits
performed with a variety of starting positions, resolutions, and background
parameterizations. Comparison of columns 2 and 3 of the table shows that
the tightly coupled and loosely coupled fits are in essential agreement,
-- except for the percentage of DU's due to D** decays and the D*? radiative
branching ratio. The large amount of D** feed-down required by the
tightly coupled fit is a consequence of the assumed suppression of D**

radiative decays.

We see from the table that both fits attribute 1/3 of the total D

* . production to prtpe production. Because the fits chose p** ,D* values

which place the reaction D** > D'x? just at threshold or right below
threshold, the.substantial observed l)*"l)*‘ signal in the o* spectrunm is
- presumably due to radiative D'*_ decays. Because the radiative D** bran-

chmg ratio is forced to be small, the amoumt of p*'p*- production must
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be quite larze, and much of it will appear in the DY spectrum as a feed-
down contribution. The tightly coupled fit avoids attributing the
entire narrow peak in the p? spectrum near 200 MeV/c tc feed-down by
raising the D*? radiative branching ratio above the value found in
the loosely coupled fit. We see from Eqn. 8 that by raising the D*?
radiative branching ratio from 0.45 to 0.75 the tightly coupled fft
manages to increase the D** radiative branching ratio from 10.5% to
31%. Lastly we note that in order to accommodate the large D*'D*- feed-
down D® contributicn, ihe tightly coupled fit forces “D*o to equal MD**’
making the feed-down spectral contributions indistinguishable from
D*0§+0; ps0 , pOL0,

We have previously noted that there is considerable theoretical uncer-
tainty in the expected suppression of D** radiative decays relative to
D*? radiative decays. In order to understand the effects of this uncer-
tainty, we have performed tightly coupled fits at values of S = 8 and 16,
as well as the value S = 4 used in Table 3 (see Eqn. 7). We have found
that increasing S from 4 to 16 causes ?he p*? radiative branching fraction
(Bg) to increase from 0.75 to 0.90. All other fitted parameters change
by amounts which are negligible compared to their errors. We note that
this response keeps the quantity S[(l-BgllBgl stable to about 25% in spite
of fhe factor of 4 variation in S. From Eqn. 8 we see that the fit is
thus changing (BR(D*? + yD?) in order to keep BR(?** + D*39) relatively
stable. Although the x? of the tightly coupled fit is still acceptable
for fits with large values of S, the values for Bg in excess of 0.75

no longer fit the triangular momentum spectrum of the data due to D*? + yDU.
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We have seen from the foregoing that it is possible to fit the joint
D“.D‘ momentum spectrum under the two major assumptions of the tightly
coupled fit. The tignuiy coupled fit attributes a rather large fraction
of D? production at 4.028 GeV to the feed-down reaction D** + a*D? in
sharp contrast to the more empirical loosely coupled fit. As discussed
in Chapter 7 the feed-down reaction contributes substantially to DY
production above Ecm = 5 GeV so this conclusion of the feed-down fit may
be correct. The feed-down fit does, however, force the D*? radiacive
branching ratio to be uncomfortably high, iﬁ contradiction with theore-
tical estimates (Ono 76) and one's visual impression of the data. The
confirmation or rejection of the feed-down fit's assumption will have to

await the acquisition of more data.

F. The Relative Rates of Reactions 1-3

It has been suggested (De Rujula 76a) that, apart from phase space
and anguiar momentum barrier facters. Reactions 1 through 3 should be
produced in the ratios 1 : 4 : 7. Such a prediction postulates that
D mesons are produced in e'e” ann‘hilation by a diagram in which the
virtual time-like photon couples directly to a ¢t pair as in the
C

diagram below: G

. oo ra
It further suggests that spin correlations betweea the ¢ and u quark

should be negligible in light of the large mass (or low magnetic moment)


http://tign.il/
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of the charmed quark. This lat'er assumption implies that the DD, DD*,

and D*D* photon couplings shouid be universal, and hence the cross sections
should be proportional to the phase space angular momentum barrier factors
multiplied by the number of available spin configurations for a given

final state. Naively, if one assumes that the D is a pseudoscalar and
and the D* is a vector, one would expect spin counting ratios of 1 : 6 :. 9
for Reaction 1-3 respectively. As Close 76 has shown, however, some of
these configurations violate parity conservation at the production vertex
henve the proper ratio is 1 : 4 : 7.

The data of Table 3 contradict this prediction. Using the table's
entries for the DY production fractions, and applying a p3 correction
factor computed from the table's DO and D*? mass estimates we find that
reactions 1-3 are produced in the ratio 0.2 2 0.1 : 4.0 + 8.8 : 128 24}
rather than 1 : 4 : 7. These errors incorporate uncertainties in p3
due to uncertainties in the D*? and DU mass. Various theoretical
explanations for this discrepancy have appeared in the literature ranging
from anomalous form factors (Lane 76), to production of axial vector

charmed particles {Suzuki 76), to finally D* - D* molecules (De Rujula?77) .
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9. SPIN AALYSIS OF THE NEN MESONS

M@@ugin, wé have imsufficient data to determine umiquely the spim-
pm:ity assignments of the mewly discovered charmed meson candidates, we cam
-discﬁmimi:e betuween several low spim possibilities. We demste the meutral
‘low lying mmdidéu:e with a Wn mass of 1865 MeV/c? as the D, with the
ﬁres&md'mited state observed mear 2006 MeV/c? in the recoil spectrum
against the D 35 the D*. [p this sectiom we will discuss the fol lowing

possible 5 assignments for the D and D*:

ir] D*
4 4
(U o
+ +
0 1~
o+
1- U

It is apparent that higher possible assignments will have to wait for the
future.
It is, of covrse, imtrimsically interesting to determime the spim
and parity of any mew state, but there are other reasons for this work
l 3s well. One reasom is that it is not really theoretically obvious what
the low lying charmed meson spin parity assignments should be. Im the
conventional wisdom, the lowest lying charmed meson is a pseudoscalar,
‘and tlhe first éxtita;l state is a vector weson. Suck a belief follows
From the .assymption that the hyperfine quark splitting of charmed mesons
should be of the same sign as the hyperfine splitting betwzen the p and

) ﬂw 7. However we mote that the D*-D mass difference is considerably

- swaller than the mass splitting within an SU(4) multiplet; hence it may




be dangersus to extrapslate to SU(4) results that are known to hold in
SU(3). Such a fear has added justification in light of the reduced mag-
netic moment of the charmed guark due to its larger mass. [Im static guark
theories it is the interaction of the two guark magnetic moments which

give rise to the splitting betweem ground amd first excited state quark
mltiplets. Such consideratiomns have led some theorists to speculate

that the lowest Lyimg charmed meson is imdeed a2 vector rather than a pseudo-
scalar {Brochard 76) (Altarelli 75).

If the lightest charmed states are pseudoscilars, purely leptonic
two-body dedays of these mesons will be strongly suppressed by the helicity
selection rules responsible for pions decaying leptomically to muons
rather than phase-space favored electroms. Because of this suppression,
one estimates that purely leptonic DY decays should be megligible relative
to senileptonic and hadronic decays (Gaillard 75). From the expression
{Commins 73) for the decay rate of a pseudoscalar of mass m decaying intoe

a lepton of mass m, and a neutrino:

we see that
2
M~ E"_ = 4 x ]l@"'
(™ > ety) m, - -

s o A

Hence purely leptomic D , D decays could not be 2 significant source of
the SPEAR e-y events (Perl 76) because these decays would strongly favor
+ - . ’

pu u Pproduction rather tham ey production.

Considerable spin parity information on the charmed mesons comes
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almost’ for free. The likely D* to D cascade mechanisms are D* + z D or
p* » yD. Stromg evidence exists for both as shown in Chapter 8 and the
existence of either implies that the D and D* cacnot both be spinless.
P* » Dy wiolates amgular mmentum conservation along the photon axis if
both mesomns are spimless. The presence of the decay D* + %D implies that
the D and D* have odd relative parity if both are spimless, but then they
could not couple to a photon im a P-wave without violating parity cemser-
vation iﬁ the electromagnetic production process. As shown in Chapter 8
e'e” » B*D® is the domimant production mode for charmed mesons near
threshold, however.
Observation of the pionic cascade implies that the D and 0* must have
even relative parity if one mesom has zero spin and the other has spin 1,
as in our two remaining possibilities considered here. This observation
is quite helpful becausse it allows for unique predictions of production
and decay distributions for the reaction e e - DJ*, D + Kz owing to the
elinisation of one of the two independent production helicity amplitudes.
We turn next to a brief discussion of the expected joint production and
decay distributions for the remaiming cases. Our conclusions can be
easily reached through an application of the Jacob-Wick helicity formalism,
but we shall esploy arguments based on the form required for amplitudes
. by rotational and gauge invariamce. We feel comfortable im using non-
relativistic approsimations in deriving these results because of the low
- p* velocity (8 = .3) present in Db* production at Ecm= 4. 028 GeV.
Defimng vectors. as in Figure 1 we can write the production ampli-
' tudeﬁoree +m*aspmportmnal tof- exi’ where § refers to the

slnn‘of either the D or D* and £ refers to the transverse polarization



>
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Fig. 1
Definition of vectors used in text. B is the center-
of-mass vector of the D° s ® is the transverse
virtual photon polarization vector, and E is
the X momentum in the D® rest frame.
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vector of the virtial photon. (See Appendix 2.) The assumed trans-
_versality of the virtval photon follows from quantim electrodynamic
arguments applied at the e'e’y vertex in the limit E_>> m_ (m, is the mass
of the electron). (See Cabibbo 61 and Schwitters 75.) A spinless D wiil
of course decay isotropically in its own rest frame, whereas a spin I D
will decay with an amplitude proportional to (§ - q)_ (See Appendix 2.) ’
Hence the joint production and decay amplitudes for our two remaining spin
parity possibilities are:
Foy Fon
Amp =8 -2 xPx 1 o '

§.3a 1 0
Squaring and summing over the polarization of the spin 1 particle we obtain:

e < 32
fampl® = o,
P - xaqf®
Sumsing over the virtual y polarization (assuming umpolarized beams) we
obtain:
1+ -2

|Amp|2 =
1-18-312-2-Fxqj2.

This summation will be reviewed in Appendix 2. The z umit vector points
along the ammihilation axis.

1t is convenmient to express these distributions in terms of the lab
production and helicity frame decay angles. We orientate the helicity

frame with the z' axis along the 5? momentum vector and the y' axis along
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the reaction plane normai (y' ] z x F). We obtain:

do 1 + cos?B (n

sin28(cos2$ + cos28 sinZy) (@3]

where © refers to the polar production angle with respect to the amnihilation
axis and ©,9 are the K momentum spherical angles in the D helicity frawme.

The discrimination between these two expressions comes from the expected
anistyropy in the D + K7 decay under the spin 1 D hypothesis. By cutting

on D missing mass, a fairly clean sampie of the reaction e'e” » DD* can be
obtained and a search for such anisotropies canbe performed. Unfortunately
two problems arise which complicate the procedure of comparing equations

1 and 2 to the data.

The first difficulty is the acceptance problem inevitable with a 2.6 =
cylindrical detector with essentially no efficiency for detecting prongs
within a cone of half-angle 249.5° on either end of the amnihilation axis.
The kinematics of D production near threskold can be characterized as a
slowly moving D in the detector frame exploding into 2 fast prongs of 861
MeV/c momentum. Because of the low momentum of the D in the detecisr frame,
one expects reasonably large acceptance for picking up the D decay products
over the full range of cosB énd cos6. One expects, however, considerable
variation in the ¢ (in the helicity frame) acceptance with minima at 0°
and 180° and maxima at 90° and 270°. In addition the geometrical accep-
-tances in all three variables are coupled together. For example, acceptance
is nearly ¢ independent for cos6 near 1, but has zeros at sing = 0 when

ws0 = 0. For this reason we shall always compare the experimental angular
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Fig. 2

Expectet'l angular distributions for events generated according
to Eqn 1 (solid curve) , Eqn 2 (dashed curve), and isotropic decay
X (dashéd and dotted curve). This curves are the result of

- " of an intggi-a'tifm of the angﬁlar distributions multiplied

by a siapie efficiency factor which is explained in text.
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distributions to distributions obtained by Monte Carlo simulations with
the 2 sets of theoretical matrix elements.

In order to gauge the effects of pure geometrical efficiency in ©, 9,
¢, we have performed integrations of the distributions of eqn. 1 and 2
multiplied by a simple, purely geometrical efficiency factor appropriate
for DV's produced mear rest in the laboratory. For D?'s produced near
rest, the K,r decay products are mearly anti-collinear in the detector
frame, and the D will be detected if the polar angle of either the K or
T momentunm satisfies [cosBKJ_"! < .65. In the set of variables & and
(e,$) this polar angle is given by lcosex.-_ni =Q = icosﬂcose - cos¢sindsing].
Hence our idealized efficiency is given by: )
] if ¢ > .65

E(B.8,%) = ’
1 of Q < .65 .

In Figure 2 we present the angular distributions obtained for egqn. {1}
(solid curve), eqn. (2) (dashed curve), and a flat distribution in 0,9,¢
(dashed and dotted curve). The curves for a given angular variable are
obtained by Monte Carlo integration over the remaining angular variables.
All curves in a given plot are normalized to the same area. Fluctuations
in the curves are due to statistical errors in the integration.

The coupling between the production and decay angular distributions
is evident in Figure 2. ’ Integration of eqn. (2) over the (8,¢) decay
variables (meglecting efficiency factors) shows that it has the same
1 + cos?p polar production distribution as eqn. (1). When efficiency

factors are included, however, the distribution appears to be more like

1 + 3.7 cos?p. Similarly eqn. (1) represents an isotropic DU decay
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distribﬁtioﬁ; yet, when correr;ted for efficiency, one obtains a slightly
parabolic distribution with a maximum at cos6 = 1. Because of the
complexities of the 0,6,6 coupling illustrated by the preceding, we shall
always compare experimental O, and 8 distributions to Monte Carlo
simulations which naturally incorporate these purely geometrical effects
as well as more subtle effects such as kaon decay corrections and triggering
biases. i

Our second problem is concerned with the effects of secondary D%'s from
from D*0 and D** decays. The presence of D?'s from D* cascades dilates
the discrimination power between our two spin-parity hypotheses since the ex-
pectéd anisotropy in the decay of D? under the spin 1 assumption is destroyed
if the given DY arises from a spinless D* intermediate state. Secondary
p?'s are from the three D* cascade processes: D*0 + x900, D*0 -+ yD9, and
p** » 7*D%, where D*'s are produced via e e + DD*. Under either of our
two spin-parity hypotheses, secondary DU1s will follow a joint production
and decay distributions approximated by eqn. (1). Secondary D?'s from
pion cascades will have polar angles within 5° of the polar angle of the
D9-D* axis owing to the small Q value for the reaction D* + 799_ (Fron
the recoil fits of Chapter 8 we find Q < 8 MeV for both charged and
neutral D* pionic cascades.) D%'s from D*? radiative cascades follow a
more isotmpic polat distribution fhan eqn. (1) owing to the larger momen-
tui of the DV in the D* rest frame. Because of this larger relative
momentum, however, D9's from radiative D* decays tend to have wide momen-
tum distributions and thus are a minor source of contamination for a
narrow ré,f.oil cut. It is clear from the preceding that one's ability to

:'-_vj'di'scri.lAinate between the two spin-parity hypotheses depends critically




on the recoil of cut chosen to isolate primary D®'s in the reaction
e'e” » DPD*D. Unfortunately we cannot resolve these D®'s from the
secondary DV's, so we must estimate the fraction of primaries within a
given recoil cut from a fit to the recoil spectrum shape.

Throughout this analysis we use Dlts found within 35,000 multi-
hadronic events collected at center-of-mass energies between 3.90 and
4.15 GeV. This spread of energies was used in order to include some of
the “old™ (pre-charm discovery) data collected while scanning the region
near Ecm = 4.028 GeV. In order tc combine data over a rangr: of energies
we employ a cut .on DU recoil mass (M ) (computed with a fixed DY mass

of 1865 MeV/c?); 1970 < Mre < 2030 MeV/c2. Because our previous analysis

<
of the recoil system was in terms of the momentum distribution of DV's
at fixed energy (see Chapter 8 ), we ncte that this cut corresponds to

a momentum region of 513 < Py < 616 MeV/c for data collected at a fixed

energy of 4.028 GeV.

We estimate that (64 + 4)% of DU's satisfying this cut are primary
D0's. We shall try to justify this fraction and quoted error obtained
from the results of the fit of Chapter 8 by demonstrating the fraction's
sensitivity to the recoil fit parameters. The largest uncertainty in the
primary fraction comes from the fraction of D?'s from the process
D** » ¢*D? which we shall call the feed-down process. In Figure 3 we
show the various contributions to the D? momentum spectrum near 500 MeV/c
for three different feed-down percentages. Here we define feed-down
percentage as the fraction of events beneath thé solid curve attributed
to feed-down. Recoil fits, described in Chapter 8 attribute from 5%

to 20% of events in the vicinity of 500 MeV/c to feed-down. The two heavy
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Calculat:wn of the primary fractlon (FPR) for
three dlfferent feed down percentages. The two
parallel vertical lines show the position of the recoil
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vertical lines show the position of the recoil cut. The dashed curves
represent DY production via e'e” + D*DY. (The most prominent dashed peak
shows direct DO production, the broad ramp is from D*U radiative cascade,
and the smaller peak to the left of the direct peak is from D*U pionic
cascade.) The dotted curve shows the feed-down contribution. The fraction
of primary D%'s within the recoil cut (FPR) is shown to range from 66% -
to 57% as the feed-down is increased from 0 to 33%. This fraction is
determined by a direct integration over the function illustrated in Fig. 3.
The positions and shapes of the individual spectral contributions depend
on the 0%, D%, D*a, and D** masses and the DY momentum resolution (esti-
mated to be o = 20 MeV/c from Monte Carlo simulation). Calculation of

the spectral shape is discussed in Chapter 8.

We have computed these fractions using masses of 1865, 2006, 1875,
and 2010 MeV/c¢2 for the D?, D*O, D*, and D**, respectively, and note
that FPR is stable to within 2% as these masses are varied within the
extreme limits allowed by the fits. The relative area underneath the
peaks due to D*0 cascade is determined by the D*? radiative branching
fraction Br, = [r*® + yd%)1/{r(d*0 » yb% + r(*? > x%09)]. The
values BrY allowed by the fit of Chapter 9 range from 45% to 75%. In
Figure 3 we use the lower limit of 45% and note that varying lh-Y from
45 to 75% increases FPR by 3%. .

We se‘é from the foregoing that the primary D? fraction depends on
numerous factors but is ;'xcutely sensitive to only one, the percentage of
feed-down. Our primary fraction estinﬁte FPR = (64 * 4)5 was deduced

from a composite of recoil fits described in Chapter '9. Although the -
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feed-down percentage is poorly determined by these fits, recoil fits
" preferring large amounts of feed-down tend to prefer a large Bry. which
tends to compensate in the calculation of FPR and allows for a relatively

small FP €error.

R

With all that out of the way, we present the data consisting of
153 DO + Kr candidates produced with center-of-mass energy betﬁeen 3.9
and 4.6 GeV and satisfying the recoil cut 1970 < HRec < 2030 MeV/cZ.

For this amalysis ;ve eschew the particle identification by time-of-
flight technique described in Chapter 3. All neutral two-prong combi-
nations are considered as potential D% candidates with the track having
time-of-flight most consistent with the kaon hypothesis called the kaon.
The other track is taken to be the pion. For ~40% of the real D"'s this
amounts to little more than a random selection. For the production
angular distribution» this K-r ambigunity is irrelevant; however it could
matter in analyzing the decay distribution of the kaon in the DY helicity
" frame. Fortunately it does not, since, for slow DU's, K-r interchange
effectively reverses the dil-'ection of the kaon in the DV helicity frame, 4
and the angular distributions we are testing are invariant under this
transformation.

Figures 4b and 4a show the observed cos6 and cos@ distributions
for D® candidates satisfying the recoil cuts and the cut on invariant
mass from.1820 to 1920 MeV/c2. Superimposed on these distributions

.. are suitably normalized disti'ibutions for our two spin-parity hypotheses.
Both’ cﬁrves.a:e computed from a Monte Carlo program ihcotporating the

effects of efficiency, resolution, and DY secondaries, as well as a I5%
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: ﬁmmw of uncorrelated (i.e. mon-D9) mcutral 2-promg combinations.
The 15% background is estimated from the Krm imvarisnt siass plot (see Fig.

’ 5). We have used isotropic backggmmds in both production and decay and
have checked this assumption with background events from sidebands im the
Kv invariant mass plot. In both portioms of Figure 4 the solid curve
is computed from egu. (1) and the dashed curve is computed from eqm. (2).
In Figure 48 we have included 2 dashed and dotted curve siowing a sin?e
distribution appropriate for the case of spinless D%'s and BP*'s, corrected
for acceptance, background, and the presence of secondaries. The % for

these various curves sre sumnarized belosw:

leﬂegn_ae of Freedom

Sﬂ Spe Production Decay

. 0 1 . 5.6/9 (76%) 8.2/9 (51%
1 4] 11.8/9 (28%) 23/9 (0.6%)
0 o 74.0/9

Confidence levels are im { J.

) These %% and confidence levels do ndm reflect uncertainty im the model
distriﬂmti&ms (due to umcertainty im Fm for example).

4 Clearly the comventional hypothesis of spin 0 D - spin 1 D*9 is
fawoted One is tempted to cnmbme the production and decay x? im order
to- mxxmw the statistical dnscnmmtnm between the two serious
"hypothcses. Houever, caution must be applied owing to the correlation

between the pmductm and decay angular distributions created by the

geometrical acceptance. It would also be desirable to use ¢ information
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events im the angular region given by
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+0 diécriminate between eqns. (1) and (2). This information is less use-
ful than ome n\ight initially assume, due to the stromg éfficiency varia-
tim: i §. "Lastly it is important to include uncertainties im background
estimtion and.‘ primary fraction when evaluating the statistical discrimi-
nation betwccn.our two spim-parity hypotheses. For these reasons, we
have devised an altcimative statistical test modeled after the techmique
. used to establish parity vielatiom im Chapter 5.

The techmique displays the imvariant mass plot for events satisfying
the recoil mass cut and having variables within one of two angular regions
chosen to imsure discrimination beiween eqns. (1) and (2) by dividing the
space of angular variables by a surface of constant I3 = sin?8(cos?¢+cos20sin2y).
Figures Sa and Spb show the K;wt invariamt mass distributions for events
satisfying I3 < 0.32 and I3 > 0.32 respectively. The fit of Figs. 5a and
Sk, consisting of a3 Gaussiam signal over ap expomemtially falling back-
ground, gives 58+ 8 and 73:10 sigmal events respectively. Defining an

'asymmetry variable As equal to the difference in the number of signal
cvents over their sum, we obtaim As = 0.1120.10, which is im good agrecment
with the value of 0.1140.01 expected for spin 0 D's and spin ! D*'s and
inconsistent with 0.41 z 0.03, the value obtained for spim 1 D;s and spin
.0 Pis (x2 = 8.3, fL = 3.5 x 10-3}. The errors on the expected asymmetries
undér the two hypntﬁesés reflect the errors on the fraction of primary D9's.
Corroborating evidence for this spin hypothesis can be obtained from
a study of the D*® polar distribution for the reaction e'e +D*0p*0.

The P* polar distribution for this reaction is of the form

(do)/(d cas6*) « 1 + a cos?e* (3)
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where unique predictions for z cannot be made by symmetry arguments except
for spin 0 where a = -1. Because D* decays involve either neutrals, as in
the cases D% » 29p0, p*? 5 4p0, or very low momentum (p < 60 MeV/c) pions,
as in D** » 7*DY, one must infer the D* polar distribution from the polar
distribution of the observed p?.

“In Figure 4c we present the production polar distribution for D's
from the reaction e'e” -+ D*D* chosen by selecting D% invariant masses from
2139 to 2156 MeV/c2 (at a fixed Ecm of 4.028 GeV this corresponds to a
momentum region from 120 to 220 MeV/c). From the fit of Chapter §
we estimate that 15% of DO's satisfying this
selection are background,with 75% of the legitimate 0%'s arising from D*
pionic cascades and 25% arising from radiative D* decay.

A fraction of the DP's which we attribute to D* pionic cascade are
presumably due to the feed-down process e e + D*'§*7, D*+ , 7+D0. As in
the case of e'e ~+ DD*, the feed-down fraction is highly umcertain. If,
however, we assume that the D** and D*C are members of the same isomultiplet,
the feed-down fraction is irrelevant because e*e- » D**D*~ has the same
angular distribution as e'e > D*5D,

The 0P polar production distribution from D* pionic cascades closely
follows eqn. (3) owing to the low D*, P relative momentum. The 15% back-
ground P _contribution is consistent with an isotrepic cosg distribution
as determined from a D? backgroumd sample taken from sidebands in the Ky
invariant mass plot. The D? contribution from D*9 radiative decays will
be a broad convolution over eqn. (3) owing to the larger D, D* relative
momentum.

In computing this convoluted version of eqn. (3) we assume that the

0* momentum lies uniforsly on a cone of half angle 3 which depends on the
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momentuns of the observed D? (Py) via the expression:

1
cosd = ?’:FD-}; [ ZED*ED - uizjﬂ' - “DZ}

where ¥, _, H,, are the masses of the D* and 9° and:

ED"=

|1

Ecm; ED = ﬁlz) * ;% H PD. = {Eizr . le) *‘__

Under these assumptions, the D* polar angle (8*) and the DY polar

angle (©) are related via the expression:
F(cose,q&,PD) = ¢cosB* = cosd cosf - sinb sind cosp

where ¢ ranges uniforaly from 0 to 2z and gives the orientation of the D*
momentun on the surface of the cone around the D momentum. For z given
va'line of a in egn. (3), the 0% cos® distribution (dn/dcos8), can then be
computed from the D° momentum spectrum contribution for the process

p*? > 1D°(dn/dl’nl via:

220 MeV/c 21
dn 1 [ 3 ] gp_ dn [ a 2
a2 on I {1 + aF4(cos9,),P )}. 1)
d cosg B g mevie P %0 D

In the limit of perfect D? moméiitum resolution and isotropic b* - yD%decay:
- (dN)/ (dPn)' - Pn. For the purposes of this fit we use this form analytically
convoluted with a Gaussian resolution function as obtained in Chapter 8.
In 'Fiéure 6 we compare a linear combination of eqos. (3) and (4) to a
full Monte Carlo simulation predicated onno background, I}rY = 50%, and

= -1, The relai:ive amounts of eqns. (3) and (4) are fixed by the known
Brv, leaving no free paraleteré; The full Monte Carlo includes the effects

of resolutiom and efficiency.
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We estimate that o = -0.30 + 0.33 by fitting the data of Fig. 4c
to a linear combination of eqn. (3) for pionic decays, eqn. (4} for radia-
tive dec:j,‘,'s, and an isotropic background. The curve superimposed on Fig.
dc represents the above fit. This result is 2.1 standard deviations from
the value expected for spinless D*'s. It is, however, in agreerent with
a =-.20. The values are computed assuming the virtual y couples directly ‘to
the g:harge of the charmed quark (Suzuki 76) (Cabibbo 61).

In summary, we have shown that the production and decay angular distri-
butions for D%*s produced near threshold via the reaction ete- + DPD*? + pOp+0
are incompatible with p%, D* spin-parity assignments of lz, o; and combatible
with 0;, 1*. In addition the angular distribution of D*®'s produced in
reaction e'e” -+ D*9D*0 js incompatible with a spinless D* on the 2 standard
deviation level. These two results show consistency witia the conventional
spin-parity assignments 0 and 1~ for low-lying charmed mesons, and argue
strongly against the alternative assignment where the D*? is a pseudoscalar

and the D? is a vector meson.
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10. SUMMARY AND CONCLUSIONS

In this thesis we have presented comellﬁg evidence for the
existence of the (Do, D+ ) isodoublet of charmed mesons. Both mesons
were initially observed in electron ~ positron annihilation at center
of mass energies near 4.1 GeV. The established decay modes for the
p° are K7 *, l(s-n+-n_ ,and Ko7'~ . To date , <he only established
p" decay mode is K'z*z' . The masses of the D° and D" are 1863 T 3
MeVIc2 and 1874 I 5 MeVlc2 respectively. Both mesons appear consistent
with having zero natural width.

The new mesons were discovered at center-of- mass energies associated
with considerable and complicated structure in the total hadronic cross
section. This energy domain can be characterized as the region directly
afrer the onset of narrow resonances { the ¥ and ¥') in e’ e annihilation
and right before the onset of broad resonances such as the ¥" (4415) .

A popular interpretation of the psion family of resonances. is that they
are ¢ ¢ bound states which, because of the operation of the
phenomenological OZI rule, prefer to decay into final states containing
charmed mesons. Under this interpretation, psions with masses below
3726 HeVlcz (the D pair threshold) could only decay into OZI suppressed
final states, and would thus be narrow ; while more massive psions could
dec;xy inte final states containing a D D pair and would thus be broad.
The discovery of narrow, new mesons in the transition region between
the narrow and broad psions ceﬁai.nly lends credence to the c ©

bound state interpretation of the psi family. Measurements (Piccolo 77)

of the inclusive 0° and D" production cross sections at Ecm = 4.028
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and 4.415 GeV for the three observed D° decay wodes. indicate, however,
that the observed D production cross section is small. They find that
the observed D° production cross section at 4.028 and 4.415 GeV is
2.5 0.4nband 2.1 2 0.6mb respectively. Hence if ome attributes
the total excess cross section observed in e e annihilation at these
energies to D production, the observed D cross section must be onl'y
about 10% of the produced D cross section. This suggests that D's
often decay into final states containing at least one neutral particle.
We have presented evidence that the new mesons possess a new
quantum number which is conserved in strong and electromagnetic
interactions. The new mesons were first discovered at energies
exceeding twice their mass, thus suggesting that they must be p;'iir
produced. No evidence for the new mesons appears in the copious data
collected while investigating the ¥ and ¥' . Our analysis of the recoil
spectrum against the new mesons shows directly that the new particles are
always produced in association with systems of greater or equal mass.
Finally, in Chapter 5, we presented evidence for parity non-conservation
in the decays of the new mesons based on a study of the D'+ K'r'x"
Dalitz plot. This result implies that the new mesons decay weakly and must
_ carry a new quantum nuuwber which forbids their strong or electromagnetic
decay. |
Ne see from the decay modes of the new mesons that this new quantum
number is most likeley charm ~- as originally formulated by Glashow,
- Illiopoulous and Miaisi (Glashow 71 ). The structure of the weak current
in their theory imples the selection rule AC = AS for Cabibbo enhanced

‘non - leptonic decays. This selection rule when applied to the decays of
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the 0° or D' means these mesons will preferentially decay into final
states containing a single kaon. This law is satisfied by all of the
known D' and 0° decay modes. The application of this rule to the
decay of the p* is particularly striking. The AC = AS selection
rule states that a state of positive charm and charge will decay into a
final state of negative strangeness and positive charge. Such final
states are known as exotic final states since they cannot be due to the
decay of a meson constructed from a quark - antiquark combination of
the conventional three quarks. No compelling evidence for resonances
decaying strongly inte exotic final states have yet been established,
hence the observation of a state decaying into Kx'r is rather
surprising except in the context of a weakly decaying charmed object
where it is natural. Upper limits have been established for the
A € # AS decays of the new mesons such as n'm ~ Kot ete.,
which are in accordance with the expected Cabibbo supression factor
(Piccolo 77).

Other than discovering the F* (the charmed isosinglet state) or
¢bserving the Cabibbo suppressed decay p%1*n” and using it to measure
Cabibbo's angle, there is little more that could be done to convince the
skeptic that charmed mesons have indeed been produced in et e
ammihilation. We thus adopt the viewpoint espoused by De Rujula,

" Either charm has been found, or these mesoms are the world's greatest
imposters ! " (De Rujula 76 b)

An analysis of the recoil spectrum against the new mesons produced
at Ecm = 4.028 GeV has Tevealed the existence of a higher massed pair of
charmed mesons, the I)’ro (2006) and the D*’ (2008). These heavier states

can be naturally accomodated in a charmed meson spectroscopy as a SS
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cocbination of c u or c d . The lighter charmed mesons would then be
s cu ro'r c'd quark combinations. This spectroscopic assigmment
implies that the D is a pseuﬂoscaiar and the more massive D‘r is a vector.
This is a natural spin assignment in light of experience with the old
mesons (i.e. the pseudoscalar v , and K are lighter tha their respective
vector particles , the p and K*) , and is borne out experimentally as
discussed in Chaﬁter 9. One of the heavier states, the D*+ (2008)
has been directly observed via the sequence D St D° p% K.
This observation has resulted in a very accurate determination of the
D D mass dlfference ( MD*+ - MDo =185.3% 5 Mevlcz) , and a very
restrictive 11m1t on the D width (T < 2.4 Mevlcz, at the 90% C.L.) .
Because charm is conserved in the strot:g and electromagnetic
interaction, D"..‘é'"'must nearly altaays decay into final states containing
a D. The closéness of the D and D‘r mass limits these decays to the
WO types D*-W D and D*-* T D, For the D*?. the decay D*°->1r_ p' is
kinematically forbidden, and the decays D*Q' Y p° ama D*Q TroDo occur
A comparably. Our amalysis of the 0° momentum spectrum indicates:
I (0% 1%

T %°%)

= 1.2%01

o e g . g + o
'l'he only'clea:rly estabhshed D~ decay mode is. b *7 D The
( decay D > YD certamly ex].sts, but it is expected on theoretical
;grounds ( Ono 77 ). to occur ata considerably smaller rate than

' Because ‘of the uncertamty of the p* mass ( HD+ 18741 s

¥
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kinematically allowed. There is some evidence for this mode in the p*
momentum spectrum at Ecm = 4.028 GeV , but it is statistically insignific:mt.
Using a rather technical set of assumptions concerning the isospin
character of the charm production vertex and the relation between the
gy - *o . . - - o+ [4)
D.7and D © radiative decay widths, we estimated Br (D> w D) = .60
.15 . These assumptions are discussed in Chapter 8.
In Chapter 8 , we presented evidence that at Ecm = 4.028 GeV,

D's are nearly always produced via the charged and neutral versons of

the reactions :

e e + DD )
— — *
D D+DD (2)
*
D D (3)

'The relative rates for the neutral version of reactions 1 , 2, and
3is1.0°% .60, 7.6 2 1.6 , and 8.0 - 2.0 respectively. These rates
indicate considerably more D* production than one would naively expect
on the basis of phase space and spin counting arguments (De Rujula 76a).
Perhaps this observation bears on the nature of the rather narrow
cross section enhancement at 4.028 GeV.

Finally, we have obtained upper limits on p® - D° mixing.
In Chapter 7, we presente_d evidence' that less than 13 $ of 0°'s mix
into D°'s u-itl{in the _Do lifetiﬁe (90% C.L.} . Current theories
(Weinberg 77 ) indicate that the first order charm changing neutral

=0 . .
D" mixing. Hence

currents would be expected to create éomplete o° -
- this observation implies _thatfneuiral currents conserve charm as

well as strangeness.
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APPENDIX I: Modeling the Time-of-Flight Tagging Algorithm

_We wish to model the efficiency and effectiveness of the time-of-
flight tagging algorithm described in the text. We begin by computing
the pmbability that a Kaon is tagged as a kaon as a function of kaon
momentun. © The kaon will be tagged as a pion if either time-of-flight
information is missing or it has a flight time more consistent with the
pion rather than the kaon mass hwoﬁesis. We denote the probability
of no-time-of-flight as Py, and the probability of time-of-flight
inconsistency as pinc’ then: pl{,l( =1 - P'mF - pinc + Pﬁ pinc 1)
where pK.l( is the probability that a K is tagged as a K.

Assuming flight times are normally'dvistributed with resolution
(;1 = _45 ns), we compute P, for kaons of momentum p as:

nc
T, - T
1 - erf]-£ T 2)
) 2/7 o

1=

P.
inc
where:

erf(x) =

and

T - S.SPns ,p_2+Min 'K' .

w,K

' 'l‘he galué :5.5 ns is- the pbl‘ar‘ayeragéd -flight time for high momentum prongs.
L 1ﬁmé¢q’{i’7ﬁigi{t ‘information may be missing because of intrinsic counter
y or mefficiency dué to kaon decay. Hence

© Bghp= D+ (1-€) - Dl-e) ©
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where D = 1 - exp[-RC/ (7.5p)] (using notation developed on the section
describing the simulation program, Rc;. 1 m) and ¢ is the trigger counter
efficiency (g = .90). The solid curve of Figure 1 of chapter 3 is com-
puted from eqn. (1) with egqns. (2) and (3).

We turn to the modeling of the probability that a pion of momentum
p will be tagged as a kaon (P“'K); This can occur if timing information )
is present and seems to be more consistent with the kaon rather than pion

hypothesis. Hence:
P = gP, 4)

where Pinc is again computed from eqn. (2). This function is shown as

the dashed curve of Figure 1.
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APPENDIX II. Derivation of Angular Distributions
Used im This Thesis
The purpese of this appendix is to derive the angular production and
decay distributions alluded to throughout this thesis. The results we
obtaih( here have application in the study of threshold charm meson
production via the process e € ~+ D D* + D D* where D*'s can cascade to
D's via pion or ¥ emission. The gemeral problem addressed here is the
production of a vector (V) and psendoscalar (Py) final state by e
. annibilation, with the vecter decaying into a mew pseudoscalar (Ps) by

pion or v enmission. We imdicate this sequence of processes with the

V—,i‘_P&

diagram:

These results will hold equally well if the parity of ¥, Py, and Py are

reversed. We will assume parity comservation at the production vertex

’ "am’ﬂ mm tlhe mdlnatnve decay process. It will be unnecessary to assume

. panty wmserwatnm for ‘thepion decay process. We shall compute these
angullar dnstnﬂmtmns lby c@mstmctmg mtatmmlly invariant, non~relativ-
1st1c amhtudes in tems of the a\vanlalnle vecmrs at each vertex. A

‘non—relatxnsmc treament wlmmld be wahdl for chamm production near

threslmld (IE = 4. @28 Gew valhere the velscity of the D* is approximately
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0.3 c. All expressions computed by this technique can also be obtained
by the wse of pure angular momemtun arguments using the helicity formaiism.

We begin by introducing some notation for our gemeral problem. Let:

z = the direction of the positron monmentum alomg the anaikilation

axis (unit vector).

transverse polarization vector of the timelike, virtual photon.

L34
[}

)
\

= direction of the vector particle momentum in the overall CM
frame (unit vector).
g = Cartesian representation of the vector particle's spin {i.e.
§=10,+ )T, (3, -339/77, 3 D).
:‘i = direction of the second pseudsscalar im the wvector particle’s
rest frame (unit vector).
and if meeded
£ = transverse polarization of the final state, real photon.
We are assuming, as discussed in Chapter that e'e” » T ¥ proceeds via

a single, tinelike, tramsverse photon.

1. Construction of the Production and Beczy Auplitudes

We wish to comstruct our production amplitude out of the three 3-vectors
P, 2, and §. We require that the amplitude be rotationally invariant (i.c.
'scalar or gseudoscajlar) and be li.ne;r in the fields of the timelike
photon, pseudoscalar, and vector particle. This linearity requirement is
naterally fulfilled in anplitudes deduced from a field theoretic lagrangiam,
and operationally means our amplitude be limear in 3 and . These comsi-
derations restrict the prodn;qtion amplitude to the three forms:

p.2x% . z.3 ¢-96 -9

N <
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. (Forns such as P - cor P » 4 are not linezr in both € and £.) Parity

" conservation applied at the production vertex implies that our amplitudes
do not change signs under the transformation: P + -B, € » -, § » §, which
leaves the umique amplitude: P-ex3.

Identical comsiderations apply to the V » yP; decay amplitude which
must bé of the analogous fora ﬁ - ¢ x§. The linearity condition applie:i
to the amplitude for V + sP requires a form proportional to 3. The only
other vector around is 4, hence the decay amplitude must be of the form
4 - $ irrespective of parity considerations. ¥We thus obtain joint production

and decay amplitudes given by:

p.ex8 §-:| for V -+ oP

13
LY

M. . .
Joint ex§ q—E'xg for V » yP.

- To average conveniently over the observed spin of the vecter particle, we

cyclically permute the triple scalar products and obtaim:

P xe]® (33 8
#x2® (% qxpf?

-

whexe averaging is denoted by the angle brackets ((), = and # Tam from 1
. to S'andv:efe'lz to yectﬁr components, and we use the convention that
:rg'pc_ated indi.ces iggly sumiﬁn. For massive vector particles, this
spin 'aée_rég'e ‘is ‘independent of the vector particle's momentun and hence

. of theﬁorn: (s%P) « 6#. Thus:

Px?.q . (eqn. A1) for V > 1P,
£-4

x e’ (eqn. A2) for V + yP,.
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In order to compute angular distributions for production by umpolarized
electron and- positron amnihilation we will need to average (actually sum)
over 2. In the SPEAR Detector there is no way to monitor photon polariza-

tion; hence we will average over 2 as well.

2. Photon Polarization Averaging

The photon polarization summation technique involves usc of the
quantity ("®). This quantity is a tensor which can only depend on the
photon momentum (k) and hence is of the form eaes = T:B = A" + BE® i;B
Any overall multiplicative factors in ‘I:B are irrelevant for our analysis;
hence we arbitrarily set A = 1. The transversality condition =0
implies £* #¥=0 or (1« 5K - RIK® = 0. Thus 158 = &%F - &% &8 where

£ = T7)k|.

3. The Angular Distribution for e'e” + IV; V + zP,

We begin with the simple caée first. Squaring eqn. {Al) and averaginmg

> -
over £, we obtain:

"

T M2 =4 (F x € - P2
P « al® (%P (7 ~ a1

(P~ a1* 128 1P = q1°.

[}

This last step follows from the fact that ¢ is g:rénsverse to the e'e”
annihilation axis. Using the expression for T‘;S abtained in the last section

we find:

M2 = [ x q “116°2%- 2 1 (P = q1f

[
—
o}

it
——
)

x§l2 - 1z - 2 * dl%
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ft is usef;ll t§ express thg above expression in terms of the 3 produc-
tio;l and decay angles 6 and i(e,tpr), where 6 is the § polar angle and (8,$)
are the q spherical angles in the vector particle;s’helicity frame. WHe
orientate the helicity frame with its polar axis (z' axis) along the vec-

tor particle's momentum and its x' axis along the reaction plane normal

(such that x* = Z x ). By direct computation we find:
d3g 2 i 2 2 2 .2
dcos6 dcos6 d§ ju]2 (sin%e [cos?¢ + cos?e sin?¢]. eqn. A3

This distribution is appropriate to the process e'e” + D %5 D* + 1D where
the D is a pseudoscalar and the D* is a vector as expected and demonstrated
in Chapter This result is used in Chapter for the proper simulation
of the DV momentum spectrum for D*s produced via that two step process.

The same distribution is also used in Chapter for the process e'e” > b p;
D + Kz for vector D's and pseudoscalar D*'s in order to rule out this spin-

parity ass1grment.

4. The Angular Distribution for the Process e'e” > PV V - P,

Hie begin with a few manipulations of eqn. (A2):

MaPxgegqxet=@-qQ(-7 -(@-eQq - 2.

- Squanng and nntmg out’ selected dot products in terms of repeated indices,

ue obtaln'
Illl2 « (P - q)z(s1 i) (ed erdy - 2P - q(sl i) (P 2)(qk &)
o .(l’1 c'l) (# E'J)(q" &) @Gt ..

Averaging ’oirer ¢ and E" and noting that ' is transverse to the q axis, we
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M2 = (- q2 T T;J -2p - qp T‘Jll 1';“ q"

inserting our forms for the tensors T:J and T;J and simplifying gives the
expression:

MZ2e1-3G-q2+2(-9)(z-~q-P).

This expression can be written as:

a3p

[ N —- 2 2g . 24 sin26 sin?
dcoso deoss 49 I + cos48 cos“B - cos“¢ sin“0C sin“8. eqn. Ad

Eqn. (A4) is obviously appropriate to the process e'e” DD*; D* ~ yD.
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