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Abstract

The Crystal Ball detector at the colliding-beam ring SPEAR has been used
to study the pionic and radiative decays of the neutral charm meson D*° in
ete~ annihilations at /s = 4.028 GeV. Measurements were made of several
D*° parameters. The D° mass was found to be m(D°) = 1865.3+ 1.0+ 2.0 MeV,
the D*® — D° mass difference was found to be Am = 140.0 + 0.5 + 1.5 MeV,
and the D*? branching ratio to pions was measured to be BR(D*® — n°D%) =
53.1+3.4+9.1%. Additionally, some information was obtained on charm meson
production cross-sections and combined production-and-decay angular distribu-

tions.
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Chapter 1

Physics of Charm D* Mesons

1.1 Introduction

1.1.1 The History of Charm Mesons

The investigation of the physics of charm mesons has been one of the more
successful proving grounds for high-energy physics since the introduction of mod-
ern field theories in the 1940s and the construction of sufficiently energetic par-
ticle accelerators to confront these theories with experimental results. The pos-
sibility that a fourth quark might exist was conjectured from the experimental
non-observation of strangeness-changing weak neutral currents: in the early days
of the quark model there was no reason to suppose, given the three known u,
d, and s quarks, that weak neutral currents should be suppressed with respect
to weak charged currents—but nevertheless they were not observed. A fourth
massive charm quark (c) would neatly explain this unsettling experimental fact.

[1-4

A four-quark model introduced by Glashow, Iliopoulis, and Maiani ! predicted
a natural suppression of weak neutral currents and some completely new physics:
narrow, bound c€ resonant states; the existence of charm mesons; indeed, a whole

8]

positronium-like spectroscopy’ that, as a result of the heavy mass of the new

quark, could be studied in terms of non-relativistic potential models.

Charm physics has absorbed much of the effort of the experimentalist as well
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as the theoretician: the early predictions of the four-quark scheme were confirmed
by the observations of the J/¢ and ¢’ in 1974, creating the famous “November

[¢#]  The discoveries continued with the D-

Revolution” in high-energy physics.
wave excitation of charmonium, the ¥"; the 3S-state at 4.03 GeV; the charm- and
charm-strange mesons D and Dg; and other structures observed in the ratio R
above E., = 4.0 GeV (see Section 1.2.1). Additionally, the charm region has
proven to be a good place to examine some types of non-charm physics: studies

of the existence and the properties of exotic states such as bound states of three

gluons (ggg) and searches for exotic mesons (¢gqg) have been performed here.

Investigations in the charm region have promoted constant efforts to improve
detector efficiencies and resolutions, and have motivated the study of newer de-
tector technologies such as large-scale CCD” use (yielding position resolutions
on the order of a few pum), Cerenkov velocity measurement schemes, and bis-
muth germanate (BGO) scintillators. The experience gained in the study of
charm physics has been invaluable in the design of detectors for the current set

of machines under construction or development (SLC, LEP, and the SSC).

1.1.2 Outline of This Thesss

The remainder of this chapter presents an outline of this work and a short
review of charm physics relevant to the measurements of D and D* meson proper-
ties to be described later. Chapter 2 is a discussion of the experimental apparatus
including the accelerator and storage ring, used to generate ete™ colliding-beam
events, and the detector system, the “Crystal Ball”, which was used to record
the data. Chapter 3 describes the first part of the data analysis, including the
conversion of the original electronics signals to physics information and the se-

lection of colliding-beam events of the type ete~ — hadrons; in Chapter 4 the

* Charge-Coupled Device: a very-large-scale integrated circuit (VLSI) device that integrates
the charge arriving in a rectangular array of picture elements, or “pixels”, where each pixel
can be as small as ~ 2 um on a side, yielding a spatial resolution o0 ~ 5 um. The active

area of such a device is nsually > 1 cm?2.
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description of the analysis of these hadronic events is continued, describing the
criteria used to select photon candidates and the generation of inclusive photon
and neutral pion energy spectra. Chapter 5 discusses the studies of the D*°
decay modes D*® — 7°D° and D*® — yD° using these inclusive energy spectra,
and the results of the measurements are given here. An appendix contains re-
lated material on angular distributions and correlations from D* production and

decay.

1.2 Overview of This Analysis

1.2.1 Physieal Processes of Interest

This study describes the measurement of the D*° — 7%D9 branching ratio,
the D° mass, the D*® — D° mass difference, and presents the information avail-
able from angular distributions and correlations in D*9 — 7%D9 decays. All of
these measurements are performed with ete™ colliding-beam data taken at the
E.n=4.028 GeV resonance; data samples at E.,=3.670 GeV, 3.685 GeV, and
3.772 GeV, respectively, are used to model the non-open charm hadronic back-
grounds and for experimental checks. Fig. 1.1 shows the integrated luminosity
used at each energy step in this analysis. The amounts of data taken were dic-
tated by limits of available time and competing physics motivations, and were

not optimized solely for the goals of this thesis.

Table 1.1 indicates some of the interesting features of the charm region in

ete” colliding-beam physics. These features can be seen in the ratio

T'(ete”™ -+ hadrons)

R Tlete™ — ptp~)

[1.1]

A plot of R as measured by the Crystal Ball experiment is shown in Fig. 1.2;'9]

measurements of R by other experiments is shown in Fig. 1.3.



1. Physics of Charm D* Mesons Page §
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Fig. 1.1 Integrated et e~ luminosity of the data sets used in this analysis. These data
sets were recorded during 1979-1980.

1.2.2 The 4.028 GeV Resonance

The 4.028 GeV resonance, occasionally referred to as the ¢, or the “D* D* fac-
tory”, is the first instance in increasing E.n where significant D* D* production
occurs. The threshold for D*®*° production is ~ 4014 MeV; the D*%’s are pro-
duced almost at rest with only some 14 MeV of total kinetic energy. The charge-
conjugate mode, D*tD*~, has a threshold at 4021 MeV—with only 8 MeV of

total kinetic energy.

This value of /s is something of a kinematic curiosity; a ¢é resonance pre-
sumed to be n?*+1L; = 335, with its large cross-section, occurring only some
10 MeV above D*D* threshold, produces D*D* pairs nearly at rest {Bpeo =~
0.08, .+ ~ 0.06). The width of the resonance I' = 50 MeV overlaps the D*D*

threshold, distorting the resonance and leading to a rapid rise in D* produc-
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Fig. 1.2 Values of R in the charm region as measured by the Crystal Ball
experiment.® These values have been corrected for initial state radiation
and r production.

E.m (GeV) Prominent Features

3.100 ¥(1S) or J/4.
3.670 Location of continuum hadron sample. Close to the
charm region in energy, but below open-charm threshold.
3.685 ¥(25) or ¢
3.772 ¥(1D) or ¢". DD threshold.
3.870 D* D threshold.
3.940 D} Dy threshold.
4.028 ¥(35) or ¢". D*D* threshold.
4.170 D**D* threshold. Possible resonance?
Table 1.1 Major structures in the charm region: 3.0 GeV < E¢y, < 4.5 GeV. Shown

are the resonances and thresholds pertinent to this analyis.
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Fig. 1.8 Measurements of R in et e~ colliding beams by a few experiments other than
the Crystal Ball. These values have been corrected for initial state radiation
and r production.

tion. Furthermore, the small Q-value (~ 5 MeV) available in the strong decay
D* — 7D allows only a small kinetic energy for the pion (8i° T oxest frame) 0.25);
when combined with the small boost of the D* in the e*e™ rest frame, the pion
provides an efficient experimental tag for detection of the D*—Ilook for pions
nearly at rest. This use of the pion as a tag was anticipated in a fixed target
experiment,[m_ml but here is doubly useful because of the large resonant cross-

section and the 7° — 44 mode which leaves a distinctive signal in the Crystal
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Ball detector.

Angular Distributions

The angular distributions and correlations of the photon and #° yield infor-

mation on the strong interaction matrix elements for D* production and decay; 124]

15-16 . .
k! I could not observe any non-isotropic effects, so a careful ex-

previous wor
amination is appropriate in this analysis. Using the Crystal Ball detector, an

effort can be made to measure the inclusive 7° angular distributions from D*°

0_-0

decay; even mV-7° angular correlations can be attempted with the existing data,
since the low-energy 70 (Ey;; < 20 MeV) used as the tag has a distinctive signa-
ture: two low-energy photons nearly back-to-back (= 140°) in angle. However,
measurements of the direct photon from D*° decay are not attempted since it is
difficult to distinguish these photons from those of other processes in the 120-
170 MeV region in the inclusive photon spectrum: the signal-to-background ratio

is too weak by a considerable factor, and no distinctive tag is available.

Preliminary attempts for all of these angular measurements were tried but

were not entirely successful; either large backgrounds (e.g., in the inclusive % an-

gular distribution from explicitly reconstructed pion four-momenta) or low statis-

0 correlation) hamper any significant measurements. The

tics (e.g., the 7%=
distributions are histogrammed, however, in Chapter 4, but without any fits per-
formed on them. This preliminary work does not rule out the usefulness of the
inclusive techniques discussed in Chapter 4 to reduce the backgrounds, but these
results are not the major thrust of this thesis and will not be further reported

here.

1.2.3 Crystal Ball Data in the Charm Region

There are two sets of runs at E., =4.028 GeV which were studied by the Crys-
tal Ball detector. These were recorded in April 1979 and November 1979 (approx-

imately 150 nb~! and 700 nb~!, respectively) with some 25 000 events remaining
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after hadron selection (see Chapter 3). Another sample at E.n=3.684 GeV (the
'), some 50 nb~!, was taken in the same SPEAR running period as the Novem-
ber 1979 data at 4.028 GeV. This allows checks on the calibration and analysis
processes by inspecting the energies and linewidths of photons from ¥' — vxo0,1,2.
These energies and linewidths are in agreement with Crystal Ball results from

1 1t can be seen from Fig. 1.4 and Ta-

the analysis of 1.7 x 10% ¢’ decays.
ble 1.2 that the detector response in the 100-200 MeV photon energy region is

acceptable and fairly well understood.

These runs at energies other than 4.028 GeV are very important, as will
be seen in Chapter 5, because the branching ratio and mass measurements are
extracted from fits to data using Monte Carlo spectra as input. Both energy
response and characteristic shapes of inclusive spectra must be modeled suffi-
ciently well by the event simulation algorithms to allow direct comparison with
data in the region 50 < E, < 250 MeV. The real data, taken at increasing
energies where new physics manifests itself stepwise, allow the fine-tuning of the

simulation programs.

1.3 Previous Measurements of Charm Meson Properties

The D*° mass is measured either directly or by the measurement of the
D*° — D° mass difference, which is then combined with a D° mass measurement;
measurements have been made both by magnetic detectors in ete~ colliding-
beams and charm photoproduction experiments using spectrometers. There are
several measurements of the D° mass extant at present; the weighted average
of these (excluding this analysis) is m(D°) = 1864.62 + 0.59 MeV.!*" The only
measurement of the D*0 — D° mass difference to date independent of this analysis
is m(D*°) — m(D°) = 142.7+ 1.7 MeV.""® Previous measurements of the neutral

|18,57]

D*0 branching ratio to 7°D° yield a weighted average of 51.5 + 7.6%.



1.8 Previous Measurements of Charm Meson Properties Page 9

Photon Energles trom ¥'+¥Xs12

T

T 7 T T '

Illlllf’ll"lr

1 1 i 1 l

T T

Background Subtracted

AN/(2.0% bin)
TTTHTTTT

§

‘llll‘lll‘lllll]

200

LELILI

)..

|

lllIlllllllllIllllIllllIIIJllllllllllIllll

Il

I

:14] 80 100

200

Photon Energy (MeV)

Fig. 1.4 A log-likelihood minimisation fit to the photon energy spectrum from ' —
7x0,1,2 from data taken in November 1979. The measured energies agree
with Crystal Ball results from the analysis of 1.7 x 108 ¢/ decays.

Photon energy (MeV) calculated

Photon energy (MeV) calculated

Transition from November 1979 data from 1.7 x 10% ¢’ decays
¥ = X0 258.1 + 0.7 +4 25844+ 0.4 + 4
P - x1 170.1 +£ 0.5 + 4 169.6 +£ 0.3 + 4
Y - X2 126.1+ 0.3+ 4 1260+ 0.2+ 4
Table 1.2 Measured energies of photons from the process ¢’ — vxp 1,2 from data taken

at £cm=3.684 GeV in November 1979. The energies are from a log-likelihood
minimization fitting the data to resolution- and Doppler-broadened lines with
a polynomial background. The first error is statistical, the second is system-

atic.
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1.4 Theory Predictions for Charm Meson Masses and Widths

The small Q-value of the D* — 7D transition makes this decay particularly
interesting since it allows the D* electromagnetic photon decay to compete with
a phase-space-limited strong decay—the larger the D*® — D% mass difference, the
greater the D*° width to pions. The study of this decay can yield some indication

of the symmetry-breaking effects in an SU(4) scheme.

A non-relativistic calculation by Ono,{wl using harmonic oscillator wavefunc-

tions to describe the ¢l system, provides estimates of the D*° widths:

*0 opoy _ 1 L f. ’ 2
r(p ~x00%) = 2 (J0) p 1.2
and
D™ — 3D%) = 365 lualu(k) + ele(k)] 13

where k(k') is the momentum of the pion (photon) in the D*° rest frame; f, is the
strength of the (u,d)-r coupling, determined from f; = 3/5 fyn, where f2, /4 =
0.082; py and p, are the magnetic moments of the quarks, assuming gyromagnetic
ratios of unity; and Iy, I., the overlap integrals, are functions of the u- and ¢-
quark masses. The overlap integrals are nearly one (2 0.99%°! ) for values of
m(D*%) — m(D°) < 600 MeV and will be taken as exactly unity here. This yields

a prediction for the D*® — #%DP branching ratio

e (&) rew

BR(D*® — 7°D°) = -
L2 (L) 2(k) + 45 [aLu(k) + e L (R)?

[1.4]
Using the parameter values above, and setting I, = 1, I, = 1, it is found that

—1
BR(D"® — 7°D°) = |1+ K 1.5]
- 62.1 \ k° ' B
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Ono's Relation for BR(D**-»7°D®) vs. m(D*°)-m(D°)

100 CT T 1T | T T l T T 7T [ T T 1 I T T T 1]
80 [— This —]
9 | Analysis n
~ ~+10 errors: : -
e, 60 t—\ Ao —j
[« . —
& [ ]
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a8 N ]
x - : World Averages -
m - . : +1c bands .
R0 — : : (see Note) .
0 [ I 1 11 1' I L1 ‘ Ll i1 ‘ L]
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m(D*®)-m(D°) (MeV)

Fig. 1.6 The relation derived by Ono!*®! for the branching ratio BR(D*? — z0D9)
as a function of the D*? — D? mass difference. The point indicates the values
found in this analysis with statistical and systematic uncertainties combined
in quadrature (see Chapter 5). The bands indicate the world averages from

Ref. 57, excluding this analysis. NOTE: The Sadrosinski result'*’! contained
in the world average for m(D*0) — m(DO) has been removed from the values
in this figure since it is not independent of this analysis.

The relation given by Eq. [1.5] is shown in Fig. 1.6; also indicated is the point
found by this analysis (see Chapter 5), and the one-standard deviation bands

about the world averages.

23] .
using

Another calculation of D* decay widths has been given by Thews 2.
finite-energy sum rule (FESR) methods. This gives values for the D*° partial

decay widths:

I'(D*® - n°D% =4+ 3 keV and (1.6]
[(D*® — vD°% = 4 + 2 keV. [1.7)
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Predicted Experimental
Decay Branching Ratio Branching Ratio

D*t — 7°D+ 30.9% 349+ 7.0%
D**t — 7+ DO 67.8% 489+ 83%
D*t — 4D* 1.8% 17 +11 %
D*® — 70D0 70.6 % 515+ 7.6%
D DO 29.4% 485+ 76%

Table 1.8 Predicted and measured D* branching ratios. The predicted values are from
Ref. 25; experimental values are the world averages, excluding this analysis,
from Ref. 57.

Assuming that the theoretical uncertainties associated with these predictions
may be interpreted as one-standard-deviation “errors”,” the branching ratio is

calculated to be

T'(D*° — x9DO)
(D*® = 70D0) + T(D*° — A DO)

=0.5+0.6, [1.9]

[1.8]

BR(D* — n°D°) = &

a value near the observed result but with errors so large it cannot be used as
a test; it is hoped that the measurement of the mass difference given in this
analysis will help in constraining this FESR prediction.

2% gives a set of branching ratio predictions for

In another calculation, Rosner
D* decays based upon experimental numbers for the similar K* decays. These,
along with the world averages of experimental results (excluding this analysis),

are given in Table 1.3.

» This is a reasonable assumption since the errors reflect experimental uncertainty in the
D*0 — D% mass difference used in the calculation.
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1.4.1 Uses of the D*°® Measurements

Measurements of D* properties have applications in several fields of current
interest. First, the branching ratios are needed to analyze B meson decays
from the T region; the Cabibbo-favored & — ¢ decay necessitates an accurate
knowledge of the D* decay parameters to understand the decays of the B. An

example is the analysis of the decay

B DY +tp, +e”

{_. o o [1.10

which is presently under study by the Crystal Ball collaboration. The precise
knowledge of m(D*°) — m(DP) is crucial to the analysis. Second, the recent

Bl of a likely candidate for the P-wave excitation in the cg system,

discovery
the D(2420), decaying into #D* has renewed the demand for an accurate D*
branching ratio measurement. This is partially because the experimental anal-
ysis of the D(2420) involves a transition to the D*, but also because the ra-
diative D* decay is a useful theoretical calibration point for heavy-meson decay

2l Given the D* branching ratios, one can use them to include

predictions.
SU(4) symmetry-breaking effects in calculations of D(2420) properties. Third,
experimental values of charged and neutral D* branching ratios, when com-
bined with SU(4) symmetry arguments, yield rates for radiative D* decays that
are inconsistent with theoretical calculations utilizing SU(4) symmetry-breaking

24 .. . . . .
B4 this inconsistency needs more information to be resolved—it may

schemes;
be that current experimental results are in error as well as the theoretical con-

straints.

1.4.2 Charm Cross-Sections

al.126-271

The coupled-channel charmonium model of Eichten ef has been

successful in calculating the cross-sections for the various charm processes as a
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function of E.m. In the analysis of the data for this thesis, cross-section mea-
surements are made (although they are subject to large systematic uncertainties,
and are therefore not one of the primary results) and may be compared with the
coupled-channel model at ey = 4.028 GeV. Figs. 1.7-1.8 illustrate the behavior
of the coupled-channel model cross-sections vs. E£.,. These were calculated using
the mass values m(D°) = 1865 MeV, m(D*%) = 2007 MeV, m(Dg) = 1970 MeV,
and m(D%) = 2070 MeV.” The sum of the cross-sections is shown in Fig. 1.9.

Comparison of the coupled-channel predictions with the results from this
analysis is perhaps not fully justified due to the large systematic uncertainties in
the cross-section measurements; however, a brief look is appropriate. Anticipat-
ing a later discussion in which the cross-section results of this analysis will be
presented (see section 5.5.5), they are previewed in Table 1.4. For convenience,
cross-sections will be expressed in units of R. Note that the sum of the measure-
ments is R::‘t:') = 6.01, somewhat higher than the typical experimental values of
R at E. = 4.028 GeV (we will neglect radiative corrections here since they are
on the order of < 10%). In Table 1.4, the predicted values are found; here the
sum is Ré:;;:f"h“’ = 4.88 { a constant value of 2.0 has been added to account for
non-charm physics). In order to compare them, both predictions and data are

normalized to Ry = 5.0, as is also given in Table 1.4.

As will be discussed later in Chapter 5, the measurements performed here
are not independently sensitive to each possible charm meson production process.
Measurements are available only in the combinations listed in the table, because
of the similarity of photon and neutral pion spectra that their respective decay
products produce, or because of phase space suppression factors. Note also that
isospin invariance has been invoked in the measured fits for DD and D*D+ DD*

production.

* A computer program supplied to the Crystal Ball collaboration by Eichten was used to
produce these figures. The program allowed only slight adjustments to be made in the
meson masses without violating its range of applicability.
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Fig. 1.7 Charm contributions to R using the charm coupled-channel model ?®~2" for
the gix charm non-strange processes. See the discussion in the text for the
D, D*, and Dg masses used.
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Fig. 1.8 Charm contributions to R using the charm coupled-channel model 12637 gor
the three charm-strange processes. See the discussion in the text for the D,
D*, and Dg masses used.

With these caveats, inspection of Table 1.4 shows consistency between the

coupled-channel predictions and the observed values in all but one case: D*9D*°

production. Here there is better than a factor of two difference, with the mea-

sured value being smaller. Perhaps it should be noted, however, that viewed as

a function of Ecp, the D**D* cross-section is rapidly changing in the vicinity

of E.;=4.028 GeV, and small changes in parameters in the model may possibly

make large changes in the cross-section. In summary, no significant discrepancies
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Fig. 1.9 Totalcharm contributions to R using the charm coupled-channel model. [36-37]

See the discussion in the text for the D, D*, and Dg masses used.

Coupled-channel Model (R)

This Analysis (R)

Process
Initial Scaled Initial Scaled
“Continuum-like” 2.69 2.76 4.40 3.66
D*°D°4+D°D*° 0.67 0.69 0.64 0.53
D**D-+D*tD*~ 0.72 0.74 0.64 0.53
D*Op*0 0.80 0.81 0.33 0.27
Totals 4.88 5.00 6.01 5.00

Table 1.4 Comparison of charm meson production cross-sections from the coupled-
channel model and from this analysis. The cross-sections, expressed in units
of R, are given, along with the same values normaliged to the nominal total
value of five. The “continuum-like” entry includes the following: non-open
charm and non-charm continuum, D%D°, D+D—, D*+D*~, and D;DE
processes (see text).

are noted between the coupled-channel model and the measurements, with the

possible exception of D**D*® production.
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Chapter 2

Detector Apparatus

2.1 Introduction

The possibility of building a large non-magnetic detector designed specifi-
cally for measuring photon energies to a few percent was first seriously discussed
during the 1974 PEP Summer Study.m_all Work performed by R. Hofstadter
and colleagues 42 had shown that thallium-doped sodium iodide, Nal{Tl), was
a most promising material for the high-resolution measurement of energy de-
posited by eleciromagnetic showers. A proposal for the construction of such a
device was approved in the spring of 1975 and the “Crystal Ball”, as it had come
to be known, was finished in the spring of 1978. The detector recorded the first
physics data in the fall of 1978 at the SPEAR e*e™ storage ring at the Stanford

Linear Accelerator Center in Stanford, California.

2.2 The SPEAR Colliding Beam Ring

The SPEAR” facility at SLAC is an electron-positron colliding-beam storage
ring with an energy range of 2.4 GeV < /s < 7.4 GeV, where /s is the total

= SPEAR is an acronym for the Stanford Positron Electron Asymmetric Ring.
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energy E.p in the center-of-momentum frame! SPEAR was completed in 1972,

and has run in its present configuration since an upgrade in 1974.

2.2.1 Deseription of SPEAR

The layout of SPEAR is shown in Fig. 2.1. The magnet lattice consists
of dipole horizontal bending magnets and quadrupole focusing magnets. Single
“bunches” of electrons and positrons circle the single beampipe in opposite direc-
tions with a period of 780 nsec. The beampipe in the interaction region is made
of aluminum, 110 mm in diameter, and is evacuated to ~ 1079 torr. The wall
thickness is 65 mils (0.019 radiation lengths) at normal incidence. Four radio-
frequency (rf) cavities are used to compensate for energy lost via synchrotron
radiation. The two interaction regions, where the beams collide at a 0° crossing
angle, are diametrically opposite and are labelled the “East Pit” and the “West
Pit” in Fig. 2.1. The Crystal Ball detector was housed in the East Pit from
autumn 1977 to autumn 1981° The SPEAR control and power supply buildings

are located near the center of the ring.

Throughout this discussion, the “SPEAR coordinate system” will be used.

These coordinates are defined at any given point around the design orbit by
(1) the +=z-direction is the direction of the positron beam,
(2) the +z-direction points toward the center of the ring, and

(3) the +y-direction is vertical (opposite to the direction of the magnetic bend
field).

t E¢m is defined by the relation Fem = 2 X Epear, where Eloan, is the nominal energy of
either a positron or an electron in the laboratory system.

* The Crystal Ball detector was moved to the Deutches Elektronen Synchrotron laboratory
(DESY), Hamburg, W. Germany, in the spring of 1982 to study T physics.
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Fig. 2.1 The SPEAR electron-positron colliding-beam storage ring, showing the lay-
out of the ete™ injection lines, magnet lattice, control buildings, and exper-
imental areas. The Crystal Ball detector was located in the East Pit from
autumn 1978 until autumn 1981.

2.2.2 SPEAR Operation

The e* and e~ beams originate in the 2-mile long SLAC linear accelerator*”

Positron injection is done first, followed by electron injection, taking approxi-
mately 20 minutes per beam. The injection process is called filling the ring, and
the useful running time until about half of the initial beam currents are lost is

called a fill. After acceleration to the desired injection energy (up to a maxi-
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mum of Epear = 2.5 GeV for SPEAR), the beams are transported through the
SLAC beam switchyard, enter their respective injection lines, and are added to
the SPEAR beam currents. One bunch of electrons and one bunch of positrons

orbit the SPEAR ring in opposite directions with a frequency of 1.28 MHz.

The beams experience betatron and synchrotron oscillations as they orbit
the ring. Betatron oscillations occur in the horizontal z-direction, and couple
to oscillations in the longitudinal z-direction via lattice imperfections. Vertical
oscillations are an order of magnitude less than the betatron oscillations. Com-
pensation for synchrotron radiation causes the bunches to become elongated,
with an approximately gaussian distribution!® At the interaction points, these
gaussian-shaped beams have a ¢, = 0.06 cm and o, ~ 0.004 cm. The longitudi-
nal beam spread is caused by quantum fluctuations in the synchrotron radiation,
and is about 2.4 cm at E.m = 4.3 GeV. The size of the luminous region is about

a factor of v/2 less than the beam size.

The synchrotron energy loss varies as ~ Ef ., = (up to Epean < 3.5 GeV), and
is approximately 46 keV/revolution at Ele.y = 2.014 GeV. The 1f cavities run
at a frequency of 280 x the revolution frequency. The energy spread, like the
beam spread, is limited by quantum fluctuations in the synchrotron radiation;

typically, each beam has an energy width of about 1 MeV at the ¢’ resonance.

An e*e” interaction is called an event. The event rate for a particular pro-

cess, dN/dt, is given by

%]-t! = Lo [2.1]
where the cross-section for the process is 0 and the machine luminosity is £.
A typical luminosity for SPEAR with E.y > 4 GeV is £ ~ 4 x 1030 ¢m™?
sec™! at the start of a fill; a fill will typically last four hours, during which the
beam currents will drop by a factor of two; at the start of a fill, beam currents
are usually 10-15 mA. A long-term average would typically find an integrated
luminosity, [ £ dt, of some 50 nb~!/day at Eyeq = 4.03 GeV.
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2.3 The Crystal Ball Detector

The Crystal Ball detector as installed in the East Pit at SPEAR in 1979 is
shown in Fig. 2.2. The apparatus consists of a highly segmented array of NaI{T])
scintillator crystals, charged tracking chambers, and data acquisition electronics.
Figs. 2.3 and 2.4 show the arrangement of these devices. The configuration of
the Crystal Ball detector as installed at SPEAR has been described at length in

{37,38]

several papers; here, an overview of the detector design and operation is

presented in the next several sections.

2.3.1 Main NaI(T!) Hemispheres

Two Nal(T1) hemispheres form the central part of the Crystal Ball detector.
They are constructed from 672 NalI(Tl) scintillator crystals, each 16 radiation

lengths long. See Fig. 2.5. The hemispheres have an energy resolution

o(E) _ 0.026 £ 0.001

o %3 (E in GeV), (2.2]

and an angular resolution, depending also on energy, of 1-2° (higher-energy pho-
tons will populate more crystals, yielding more information about the lateral
shape of the shower; this allows a more accurate position determination).*

The geometry of the nearly spherical hemispheres is based on that of the
icosahedron, as in Fig. 2.6. The icosahedron is a regular geometrical solid with

20 sides, as shown in Fig. 2.6(a). Each side is an equilateral triangle, and is called

a major triangle. Each major triangle is divided into four smaller equilateral

* The energy resolution in Eq. [2.2], o9 = 0.028, is observed in Bhabha events after calibration
(see section 2.5 below). The deviation of the functional form of the energy resolution,
o/Ex1/ YE, from a square-root law arises in part from shower leakage from the crystals.

The angular resolution quoted here is from Monte Carlo studies. It is consistent with the
resolution found in kinematic fits to well-constrained final states; inspection of the distri-
bution of §- and ¢-pulls from kinematic fits to data and to Monte Carlo events (performed

separately) indicates similar angular errors. i
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Fig. 2.2 Dlustrative drawing of the Crystal Ball detector installation at SPEAR
in 1979. The principal components shown in the upper figure are:”
VDG=Van de Graaff system; D=dehumidifier; PS=power supply for the
charged tracking chambers; P=high-voltage pulser, PP=prepulser for the
spark chambers; and Q=quadrupole magnet. The outermost environmen-
tal enclosure is shown by the double-dashed line. In the lower figure:
D=door; V=Van de Graaff proton beam entry port; A=dehumidifier port;
Q=quadrupole magnet port; and R=rooftop access port. The shaded mate-
rial to the left of the control room is concrete for radiation shielding.
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PHOTOTUBES

END CAP M.S.

\YCENTRAL M.S. CHAMBERS

— ) \

o | meter \M.W.RC. CHAMBERS

Fig. 28 The Crystal Ball experimental apparatus, showing the arrangement of the
charged particle tracking chambers, the two hemispheres of Nal(Tl) scintil-
lator crystals, and Nal{Tl) endcap arrays.

trianglest, called minor triangles. See Fig. 2.6(b). Each minor triangle is divided
into nine triangular modules. Each module in this geometry corresponds to one

Nal(TI) crystal. See Fig. 2.6(c).

The two halves of the ball are hemispherical shells, allowing for placement of
the charged tracking chambers inside them. The inner radius of the NaI(Tl) is

10 inches and the outer radius is 26 inches.

t Note that these four minor triangles do not lie in a plane.
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Frg. 2.4 A cut-away drawing of the Crystal Ball central hemispheres showing the
beampipe entry and exit tunnels, the charged tracking chambers, and the
photomultiplier tubes. [From Quarkonsum, by Elliott D. Bloom and Gary
J. Feldman. Copyright ©) 1982 SCIENTIFIC AMERICAN, Inc. All rights re-
served. Used by permission.]

2.3.2 Endcap Nal(Tl) Arrays

The sodium iodide hemispheres of the detector cover 94% of the 47 steradian
solid angle. This coverage is supplemented by the addition of four sodium iodide
crystal endcap arrays, bringing the total solid angle coverage to 98% 1% See

Fig. 2.3. The endcap arrays are located outside of the hemispheres and are
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Fig. 2.5 A single Nal(Tl) crystal in the main hemispheres and its phototube. The
crystal is 16 radiation lengths long.

tilted at an angle of 7° to the beam. There are 15 crystals in each array with
an hexagonal cross-section six inches across from corner to corner. Twelve of
the crystals in each array are 20 radiation lengths long; the other three are ten
radiation lengths long.” Fach crystal is viewed by a phototube attached to the
rear window of the steel canister in which it is sealed. In front of each array is a

double layer of magnetostrictive spark chambers for charged-particle tracking.

* These crystals were obtained from an earlier apparatus which used these shorter lengths.
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CRYSTAL BALL
GEOMETRY AND JARGON
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INDIVIDUAL “MODULES"
OR "CRYSTALS"
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Fig. 2.6 The nearly spherical division of an icosahedron into 720 individual modules
is the basis of the Crystal Ball geometry. (a) The twenty-sided icosahedron,
illustrating the division into major triangles. (b) The division of each major
triangle into four minor triangles. (c) The division of each minor triangle
into nine modules, yielding a total of 720 possible module locations. Only
94% of the total 47 steradian solid angle is occupied by the modules, leaving
space for the beampipe entry tunnels.
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FWHM FWHM Efii-
Detector Radial Thickness t Solid Aszimuthal Polar ciency
Component Distance (% rad. Angle Resolution | Resolution €
(mm) length) (% of 4x) (mrad) (mrad) (%)
Aluminum
Beampipe 59 1.9 100 — — —
Magnetostrictive
Spark Chamber 1 79 2.0 94 25+ 5 150 + 20 70-75
Multiwire
Proportional
Chamber 100 0.35 83 35+2 75-180 90-98
Magnetostrictive
Spark Chamber 2 137 2.0 71 25+ 5 115+ 15 7075
Steel Inner Shell 254 43 94 — — —_

Table 2.1 Magnetostrictive spark and multiwire proportional chamber parameters.
Also included are other inner detector components.

2.3.3 Charged Tracking Chambers

Enclosed in the 10 inch radius cavity inside the crystal hemispheres is the
charged tracking system consisting of three double layers of magnetostrictive
spark chambers (called MSSCs) and multiwire proportional chambers (called
MWPCs). There are three double layers of chambers: first, a double layer
spark chamber with two spark gaps; next, a double layer multiwire proportional
chamber, and last another double layer spark chamber®® The various chamber

parameters are given in Table 2.1.

Multiwire Proportional Chambers (MWPCs).

The MWPCs are located between the two spark chamber layers. They con-
sist of one double layer of aluminum-coated mylar and wires. See Fig. 2.7(a).
There are three cylindrical shells of aluminum-coated mylar with 144 gold-plated

tungsten wires 20 um in diameter in each gap spaced =~ 4.5 mm apart. The solid

t At normal incidence.
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Fig. 2.7 The Cr.ystal Ball charged tracking chambers during 1979. (a) The multiwire

proportional chambers. (b) The magnetostrictive spark chambers. Arrows
indicate distances from the beam axis in millimeters.
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angle coverage is 83%. The inner cathode of the inner layer is etched into strips
7 mm wide on 8 mm center-to-center spacing and inclined at 62°. The outer cath-
ode of the outer layer is etched into strips 7 mm wide on 9 mm center-to-center
spacing and inclined at 90°. The other cathode of each chamber is not etched.
The cathodes are operated at —1.7 kV and the chambers run in proportional
mode. Moving from the inner layer to the outer layer the components are:

1. The inner cylindrical shell of aluminum-coated mylar, consisting of:
(a) Shield ground plane; and
(b) High-voltage cathode plane (cross-etched aluminum).

2. Inner gap (90% Ar and 10% COz), consisting of:
(a) First 5 mm gap;
(b) 144 signal anode wires at high-voltage ground potential; and
(c} Second 5 mm gap.

8. The middle cylindrical shell of aluminum-coated mylar, consisting of:
(a) High-voltage cathode plane for first gap; and
{b) High-voltage cathode plane for second gap.

4. Outer gap {90% Ar and 10% CO3), consisting of:
(a) Third 5 mm gap;
(b) 144 signal anode wires at high-voltage ground potential; and
(c) Fourth § mm gap.

5. The outer cylindrical shell of aluminum-coated mylar, consisting of:
(a) High-voltage cathode plane (cross-etched aluminum); and
(b) Shield ground plane.

The MWPCs record the angles of wires with charged hits and the signals from
the etched cathode strips. Because the MWPCs have essentially no deadtime,
their signals are used by the electronics in conjunction with the crystal/phototube

outputs to decide whether or not to record a particular event.

Magnetostrictive Spark Chambers (MSSCs)

The spark chambers are illustrated in Fig. 2.7(b). The inner MSSC covers
94% of the total solid angle and the outer chamber covers 71%. Each MSSC has
two spark gaps formed from three concentric cylindrical shells of copper-coated

mylar sheets. Each shell is constructed of two mylar sheets (5.0 mil thick) with a
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1.5 mil copper coating, and separated by 40 mils of styrofoam, assembled together
with epoxy. The construction of each MSSC in order of increasing distance from
the beam is:*"

1. Inner cylindrical shell of copper, mylar, styrofoam, and epoxy, consisting of:
(a) Shield ground plane (1.5 mil copper); and
(b) High-voltage return ground plane (1.5 mil cross-etched copper).

2. First spark gap (9 mm, filled with 90% Ne, 10% He gas mixture).

8. Middle cylindrical shell of copper, mylar, styrofoam, and epoxy, consisting of:
(a) High-voltage plane (1.5 mil straight-etched copper);
(b) Styrofoam fill material; and
(c) High-voltage plane (1.5 mil straight-etched copper).

4. Second spark gap (9 mm, filled with 90% Ne, 10% He gas mixture).

5. Outer cylindrical shell of copper, mylar, styrofoam, and epoxy, consisting of:
(2) High-voltage return ground plane (1.5 mil cross-etched copper); and
(b) Shield ground plane {1.5 mil copper).

The etched strips were 0.3 mm wide and located on 1.0 mm centers; the
cross-etched strips were inclined at 30° for the inner MSSC and at 45° for the
outer MSSC, and were etched with opposite helicities to minimize reconstruction

combinatorics.

The spark chambers were not used in the decision made by the electronics
to record an event since the recovery time was quite long. Instead, when such
a decision was made, based on information from the crystals and the MWPCs,
the spark chamber high-voltage supply was pulsed to 9.0 kV across the 9 mm
gaps, and ionization left by charged particles would initiate the formation of a
spark along its trail. The current pulse generated in the etched wires created
a mechanical wave in a magnetostrictive wire (called a “pickup wand”) wound
over the copper strips. The travel time for this acoustic pulse along the wand in-
dicated the point on the chamber circumference where the activated etched strip
terminated. After pulsing the spark gaps were cleared of charge by application
of a 350 V clearing pulse. A 10 V potential was applied at other times to keep
the MSSCs clear of ions.
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Fig. 2.8 The Crystal Ball small-angle luminosity monitor. Four arms are used to
look for Bhabha events at angles near 4° to the beam. Cj, P;, and Q; are
scintillation counters and the S; are shower counters (1 = 1,...,4).

2.3.4 Luminosity Monitor

The Crystal Ball detector includes a small-angle luminosity monitor allowing
the measurement of beam luminosity and allowing optimization of beam orbits
via position asymmetries of Bhabha events!*” The luminosity monitor consists of
four arms, each containing three scintillation counters and one shower counter.
(See Fig. 2.8.) The scintillation counters P; and C; in each arm are used to
detect Bhabha events; counter Q; is used for diagnostics. Shower counter S,
makes an energy measurement of the incident electron or positron. The aperture-
defining counters P; are at an angle of 4.25° to the beam and each subtends

4.2 x 1074 steradians.

A Bhabha event {or ete™ — ~+ event) is recorded when the counters P; and
Sy in one arm record hits, the counters C; and S; in the opposing arm also record
hits, and the energy deposited in each shower counter is greater than Eyear /2.
The counter P; defines the aperture of the monitor; opposing counter C;, which is
larger in area, allows for beam spread. An off-center beam orbit can be observed

by inspecting ratios of counter rates between the different arms. This technique
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was used to help eliminate erratic orbits during Crystal Ball running.

The Bhabha scattering cross-section has a very strong angular dependence.
Neglecting radiative corrections, in the extreme relativistic limit the lowest-order

Bhabha scattering differential cross-section is!*

(2.3]

do _a? [1+cos‘(0/2) _ 2cos*(6/2) + 1 + cos?(f)
80 |phabha  8Bleam L sin(0/2) sin®(6/2) 2
This yields a counting rate 1.26 EZ___ for Ej,4,, measured in GeV at a luminosity

£ =10% ¢cm~2sec™!. This is around 0.3 Hz at E. = 4.028 GeV.

The luminosity [ is calculated by dividing the measured rate dN/dt by the
cross-section integrated over the aperture of the luminosity monitor. The cross-
section of the monitor is derived using a Monte Carlo simulation program which
includes radiative corrections!*” Because of the symmetric construction about
the beam axis, the monitor is insensitive to small displacements of the ete~
interaction point. The accuracy of measured luminosities is about +£4%. Com-
parison of these small-angle luminosities with large-angle luminosities calculated

using Bhabha events in the detector hemispheres agrees to within 3914

2.4 Detector Electronics and Trigger System

2.4.1 Data Acquisition Overview

The electronic signals generated by the detector can be divided into two
classes: (1) signals which are appropriate for use in deciding whether or not to
record a particular event, and (2) those which are not. The first class includes
the prompt signals from the phototube outputs, and readouts from the MWPCs;
the second class includes the MSSCs, which have a long dead time after being

read out, and the outputs from other systems such as the luminosity monitor.

Signals from both categories are presented to digitization electronics; how-
ever, they are only recorded by the online computer system when a trigger con-

dition has been satisfied (see below). These signals are stored in analog form
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in integrate and hold capacitors while the trigger logic is deciding if the event
should be recorded; if so, the capacitors are isolated via FET switches until they
can be individually and serially digitized by a single analog-to-digital converter
(ADC). Otherwise, with no trigger condition satisfied, the signals are allowed to
drain from the capacitors in time to clear the system for the next possible event.
Signals from the first class are also presented to the hardware trigger electronics.
Here the phototube outputs are summed in groups of nine by analog circuitry
and presented to the trigger system; each group of nine modules corresponds to
the nine crystals in a minor triangle (see the description above of Crystal Ball
geometry). Thus the trigger logic never inspects the energy in a single crystal,

but only the total energy in minor triangles or larger geometric sums.

Two-channel Energy Range

In the integrate-and-hold electronics, each photomultiplier tube output is ac-
tually sent to two channels (low- and high-energy). This is done to increase the
dynamic range available from the 13-bit ADC that is used to digitize the pho-
totube pulse heights. There are two integrate and hold modules per phototube,
one for each energy channel, with the high-energy channel preceded by a resistive

divider circuit which attenuates the signal by a factor of 21.

2.4.2 Trigger Generation

As mentioned above, the decision to record a particular event, the generation
of a trigger, is made in hardware by part of the online electronics, using signals
from the photomultiplier tubes and the charged tracking system. For redundancy
(to increase the acceptance of the system for hadronic events), there are two
independent subsystems in the trigger electronics: one is the tower trigger, the

other the fast trigger.{“] The tower trigger is a TTL" system while the fast trigger

* Transistor-Transistor-Logic



]
o
3
3
3
£
g
el
.
i
&
1

2.5 Calibration Page 85

is assembled from individual NIM! logic modules!*” Both trigger systems form
energy sums of the crystals in each group of nine (each minor triangle) for signals
from the hemispheres and the multiwire proportional chambers. A charged track

trigger is generated if there is a coincidence of hits in both layers of the MWPC.

Trigger Requirements

Triggers were formed in this analysis whenever any of the following conditions
occurred:
1. Total observed energy in the hemispheres > 1150 MeV;
2. More than 60 MeV was observed in two diametrically opposite major tri-
angles;
3. Any two major triangles had at least 140 MeV each and a charged track

was observed in the MWPC’s;

4. The upper hemisphere and the lower hemisphere both had energies of at
least 140 MeV and the sum of their energies was > 770 MeV

In these energy sums the tunnel modules are omitted since they tend to be noisy
being close to the beampipe entry and exit ports. The total trigger rate was
about 3 Hz with ~ 10% deadtime (caused by the spark chamber recovery time

of 40 msec).

2.5 Calibration

2.5.1 Introduction

The Nal(Tl) crystals and the phototubes are assumed to respond linearly to
increasingly higher energies of incident photons and electrons!%’ but nevertheless

must be calibrated at regular intervals to compensate for drifts in the system

t Nuclear Instrumentation Module.
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response over times of a few days to several years. Three procedures are used to
calibrate the crystals and electronics:
1. Using the radioisotope 137Cs;
2. Using a Van de Graaff accelerator, producing 340 keV protons incident on
a 1°F target; and
3. Using Bhabha scattering events (ete™ — e*e™) or ete™ — v+ events.
The 137Cs and the Van de Graaff calibrations are done approximately every two

weeks; data for Bhabha calibrations are accumulated continuously during run

periods.

2.5.2 Definstion of Caltbration Constants

Recall from above that each photomultiplier tube is read by two channels
in the electronics. The low-energy channel covers energies in the range zero to
160 MeV, and the high-channel covers the range zero to 3200 MeV. Assum-
ing a linear response for each channel, each crystal will require four calibration

constants to convert the ADC counts to energies. These are

P'.high = high-channel ADC pedestal counts,
P¥ = Jow-channel ADC pedestal counts,
R;

S; = slope constant

2.4

I

ratio constant, and

where the index ¢ runs over all crystals. The pedestals are the counts seen in the
ADC when zero energy is input to the crystals. The slope constant is the slope
of the low-channel linear response curve; it is used to determine the low-channel

energy E}°“’ via the relation

Bl = 5, x (clv - plov) [2.5]
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where S; is the low-channel slope and C}°w is the counts in the ADC for the low-
channel of the t*% crystal. R; is the ratio of high-channel to low-channel slopes

for crystal 1; high-channel energies are calculated from
EMNet = R, x 5 x (Cheh — pliet) [2.6]

where C‘high is the counts in the ADC for the high-channel of the i*! crystal.
The means for determining these values will be discussed below. For complete

details, see Refs. 48 and 49.

2.5.3 Pedestal Calsbration

In order to save storage space in the online computer system, the digitized
data is compressed before writing it to a raw data tape. This procedure omits
the ADC counts from crystals with little (< 0.5 MeV) energy deposition. How-
ever, every 128t event is written uncompressed; this allows determination of the
pedestal values for crystals with zero energy by simple averaging of the counts

in each crystal over many events.

2.5.4 Cesstum Calibration

The first step in calibrating the detector is performed with a 0.1 millicurie
cesium radioisotope source placed in the center of the hemispheres. This calibra-

tion step uses the reaction

137Cs -8+ 137Bat
[2.7]
137Ba + ~(0.66 MeV)

to produce a 0.66 MeV gamma ray. Calibration data is recorded until several
hundred hits are observed in each crystal. The histogram of the energy response

for each module is inspected manually, and the approximate position of the
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cesium peak is indicated to the online computer algorithm.” Then the low-
channel slopes are adjusted for each crystal to yield the fixed 0.66 MeV energy

photon line.

2.5.5 Van de Graaff Calibration

The Van de Graaff calibration is used to extend the calibrated range of the
detector to the several MeV regime. It uses 6.131 MeV photons which are pro-

duced via the reaction:

9F +p — ®Ne* - 1°0"*(37) + «
[2.8)
‘—» 150(0%) + v(6.131 MeV).

The protons are produced at 340 keV using a Van de Graaff generator and are
incident on a fluorine target. Note that it is the second excited state of 10 that
is occupied, and which decays via an E3 (electric octupole) transition, with a
half-life of 17 psec. The first excited state of %0 at 6.052 MeV has J¥ = 0,
as does the ground state, so the 0 — O transition is forbidden (the experimental

half-life is 50 psec).

[s0]

Unlike the cesium calibration, the 6.1 MeV photon generally deposits its en-
ergy in more than one crystal, making the energy assignment for calibration
purposes difficult. To compensate, the initial values for slopes from the 37Cs
calibration are adjusted using an iterative procedure. The energy from the neigh-
boring crystals, along with the energy in the crystal being calibrated are summed,
using the current values of the constants. The constants of the central crystal
(the one being calibrated) are adjusted so that the summmed energy is equal to the

6.131 MeV photon energy. Since this introduces a dependence of each crystal’s

* Human intervention is necessary here to find the approximate peak position because of the
broadness of the peak at these low energies (og(E = 0.66 MeV) = 0.3 MeV) and the large
background involved.
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constants on its neighbors, an iterative procedure is used. Three passes through

the calibration procedure are sufficient for convergence of the constants.

2.5.6 Bhabha Calibration and Position Correction

The ¥37Cs and the Van de Graaff calibrations check the detector response
only at low energies. In order to get final slope constants, Bhabha events are
used” An iterative procedure similar to that for the Van de Graaff calibration is
used, since the showers again occupy several crystals. A three-pass iteration is

sufficient.

A final correction is made to compensate for electromagnetic shower leakage
from the central crystal (where the particle impacted) into the wrapping material
and neighboring crystals. An impact point near a vertex will deposit less energy
into the central crystal, and more into its surroundings, than an impact point
near the center. This can be observed by inspecting the ratio of the central
crystal’s energy to the summed energy. By using a correction factor, determined
from extensive Monte Carlo study of lateral shower energy spread vs. impact

point, a correction for this effect can be made.

Results of the three calibration procedures are shown in Fig. 2.9. Note that
the Bhabha calibration is not sufficient to bring the peak of the distribution
into agreement with the beam energy: the position correction is necessary. The
observed FWHM from the figure after position correction of 4.7% x 1.842 GeV
yields a resolution of og/E = 0.027/¥/E which is consistent with the quoted
resolution of 0.026/{/@ from Eq. 2.2.

The conversion into physics information of the raw ADC counts and calibra-
tion constants that have been stored on the raw data tapes is taken up in the

next chapter.

* Also events of the type e¥e~ — vy which leave two electromagnetic showers at the beam
energy.
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Fig. 2.9 Distribution of energies'in Bhabha events at the ¢’ resonance (Eem =
3.685 GeV). The two sets of data points are: (o) the energy response using
only the preliminary Van de Graaff calibration; and (A) the energy response
using the initial Bhabha calibration. The histogram is the final energy re-
sponse using a refined Bhabha calibration technique which compensates for
cases where the particle entered the central crystal near a vertex rather than
near the center, thus sharing a large part of its energy with its neighbors.
The solid line is a fit to the histogram, using an empirical lineshape function
(essentially a Gaussian).
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Chapter 3

Initial Data Analysis

3.1 Introduction

This chapter describes the initial stages of the analysis of ete™ events at
E.n = 4.028 GeV. Properties of the data samples used in the analysis are
described; the process of converting raw data obtained from the detector into
physics information, f.e., into energies, directions, etc., is explained; and hadron

selection is discussed.

Data samples from several running periods are used in this analysis. Calibra-
tion of the detector and electronics chain is discussed in Chapter 2, so the descrip-
tion of the raw data processing begins with the ‘raw-data-to-physics-numbers’,
or production, process. Then follows a discussion of the hadron selection proce-
dure describing the algorithm used to remove non-hadronic events from the data

samples. This includes the removal of cosmic-ray, beam gas, and QED events.

3.2 Description of Data Samples

The D* physics analysis was performed with data taken at SPEAR during
two time periods: April 1979 and November 1979. SPEAR operated at Epeam =
2.014 GeV (E.n, = 4.028 GeV). To verify that the machine was running on
the resonance peak, a scan across the 4.028 GeV region was conducted, running

from Fyeam = 2.011 GeV to 2.017 GeV, followed by extended running at Epeam =
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2.014 GeV. The total integrated luminosity of the two running periods is 125§ nb™!
and 759 nb~, respectively, for a total of 884 nb~! at Epeam = 2.014 GeV.

Data from other running periods and energies have been used to check the
inclusive photon and #¥ energy analysis (described in Chapters 4 and 5). A
sample of hadronic events below the ¥’ resonance at E.y, = 3.670 GeV is used
to approximate the non-open charm background spectrum at E . = 4.028 GeV.
(See Chapter 5.) A sample on the ¢’ resonance (Ecm = 3.685 GeV) is used
to investigate the photon energy resolution and detector calibration for photons
with energies in the 100 to 200 MeV range. A sample at the ¥* resonance
(Eem = 3.772 GeV) is used to check the performance of the inclusive analysis in
a region with simpler physics than that at the 4.028 GeV resonance. Only charm
meson pairs of the types DD are produced at E., = 3.772 GeV; meson pairs of
the type D*D + D*D and D*D* are kinematically forbidden.

3.3 Conversion to Physics Information

3.3.1 Introduction

The conversion algorithm that takes raw data written on magnetic tape from
the detector, henceforward referred to as ‘production’, consists of five steps.

These are:

1. The ‘Energy’ step. The crystal energies are calculated from analog-to-

digital convertor (ADC) counts and calibration constants.

2. The ‘Connected Region’ step. Sets of contiguous crystals with significant

energy deposition are searched for and recorded. These sets are called

* After the Crystal Ball detector was moved to DESY in Hamburg, West Germany, hardware
for a muon time-of-flight system was added which covers 50% of the upper 27 of the solid
angle of the detector. This system allows rejection of about 80% of the cosmic-ray muon
background, and requires a sixth step in the production algorithm. This system was not
installed during SPEAR running, so it is not described here any further. See Refs. 52, 53,
and 54 for details.
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connected regions.

3. The ‘Bumps’step. For each connected region found in Step 2, local maxima
in energy deposition are located and assigned to tracks (paths of particles
traversing the detector). A preliminary estimate of the energy associated

with the track is made.

4. The ‘Charged Tracks’ step. Tracks are reconstructed from spark and wire
chamber information alone, and compared with the tracks found in Step 3,

to see if any of those tracks can be assigned a charged hypothesis.

5. The ‘ESORT’step. A second, more refined, determination of track energies

and directions is made, which is more accurate than that done in Step 3.

For this analysis, all production was done at the SLAC computation center on
IBM model 3081K and 3033D computers running the VM/SP operating system.
The physics analysis described in the following chapters was done on the same

system or on the Princeton/Crystal Ball VAX 11/780 system located at SLAC.

3.3.2 The ‘Energy’ Step
Recall that each crystal in the detector is assigned an energy using the relation

[3.1]

(Clu'gh - Phigh) x Rx 8§ if Cht'gh. Z 350 or Claw 2 7000
Ecrystal =

(Clow — Prow) X S otherwise.

The calibration constants were described in Chapter 2.

3.3.3 The ‘Connected Region’ Step

The crystals are partitioned into one or more sets by finding groups of con-
tiguous crystals, each with an energy deposition of at least 10 MeV each. Such

a set is called a connected region.



3. Initial Data Analysis Page 44

3.3.4 The ‘Bumps’ or Energy Assignment Step

Track Search

Each connected region is examined to find local maxima in the spatial distri-
bution of energies. Each crystal which contains such a maximum (called a bump)
is assumed to contain the point where a particle from the interaction entered
the sodium iodide (limitations of this assumption are discussed below). The pre-

sumed path of this particle from the e*e™ interaction to the place where it exits
the detector or comes to rest is called a track. The algorithm for locating tracks
and assigning energies to the tracks follows below; it was developed by empirical

inspection of the energy depositions of Bhabha events.

Energy Assignment Algorithm

1. Mark all crystals in the connected region under consideration as ‘free’, i.e.,

as not yet associated with any given bump’

2. From the set of free (i.e., unmarked) crystals remaining in the connected
region, find the crystal in the connected region with the maximum energy

deposition and mark this crystal as a bump module.

3. Mark the three nearest neighbors of this crystal as associated with this

bump module.

4. Define a preliminary energy Ep,n, for this track as the sum of the energies
of the bump module and its three neighbors as found above. This is called
the ‘sum of four’ energy, denoted by E4. See Fig. 3.1. Also define the
direction of this track to be given by the direction cosines of the center of

the bump module.

* Throughout this description the term ‘bump’ is synonymous with ‘track’. The term ‘bump
module’ refers to the crystal which contains the maximum energy deposition of any of the
crystals associated with a track in the connected region under study.



9.8 Conversion to Physics Information Page 45

SUMMING CONVENTIONS

% = CENTRAL MODULE HIT BY PHOTON
B + CENTRAL MODULE = "Z4" MODULES
+ 24 MODULES = "Z 13" MODULES

CENTRAL
MODULE

Fig. 8.1 Summing conventions used in forming the geometrical energy sums E4 and
Ej3. The 13 crystals summed are outlined in the heavier border.

5. Check all remaining unmarked crystals in this connected region, and for
each crystal compute the angle # between the center of the bump module
and the center of the crystal under consideration. Mark this crystal as
associated with the current track if its energy and the angle 8 satisfy the
discriminator function:

6 <15° [3.2]

b

or

E.rvstal < Epump % 0.72e794(17¢%26)  and  15° < 9 < 45°. 3.3
ry P
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6. Repeat this process, starting at item 2 above, until all crystals in this
connected region have been marked as bump modules or as associated with

a track.

Limitations

It is not known beforehand, of course, whether a given shower in the crystals
is electromagnetic or hadronic in nature, nor whether it is caused by one isolated
particle traversing that region of the detector or by the deposition of two or more
overlapping showers. Electromagnetic showers have a fairly predictable lateral
energy spread; they are not subject to frequent, large fluctuations in the Crystal
Ball detector because of its relatively deep 16 radiation length thickness. On the
other hand, hadronic showers tend to be much less predictable, since the detec-
tor is slightly less than one nuclear interaction length thick (about 41 cm). Very
often fluctuations in hadronic showers will be erroneously identified as tracks in
their own right; such mis-identified fluctuations are called split-offs. Electromag-
netic showers may have split-offs too, but these are less common, and usually
only occur for low-energy showers of < 70 MeV. Due to the fluctuations, it is also
possible, especially for hadronic showers, that the crystal containing the impact
point may have less energy deposited in it than a neighboring crystal; this of
course also degrades the resolution of the detector. The inability to distinguish
between hadronic and electromagnetic energy deposition, and the mistaken iden-
tification of split-offs, are the limiting factors in the detector’s ability to resolve
neighboring tracks. The discriminator function (outlined above) is designed to
maximize the chance of pairing crystals with tracks in an environment having a

typical mix of the two types of showers,

3.3.5 The ‘Charged Tracks’ Step

At this point in the production analysis an attempt is made to construct

more tracks from the information in the magnetostrictive spark chambers and
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proportional wire chambers, without regard to tracks previously located in the
crystals. The chambers are searched for rows of sparks which lie close to straight
lines. Each row of sparks is fitted to a straight line hypothesis (recall the Crystal
Ball is a non-magnetic detector: there is no curvature) and is identified as the
path of a charged particle. These paths are defined as ‘Interaction Region’ tracks,
or IR tracks. If at least one IR track is found, a z-vertex” position for the
interaction is calculated using an average of the individual z-vertices of each
IR track. The z and y coordinates of the vertex are set to zero, since the bunch
size is small in these directions compared to the bunch length (see Chapter 2).
Figure 3.2 shows the distribution of z-vertex values for the events studied in this

analysis. Events with no IR tracks are assigned a z-vertex position of zero.

If an IR track points closely to a previously found track in the crystals, then
the two tracks are identified as one. This single track is defined to be charged
and the direction cosines as found by the chambers are used as the direction of

the track rather than the direction cosines from the crystals.

After locating all possible IR tracks, the tracks found only in the crystals are
inspected to see if they may be the trajectories of charged particles which were
not found as IR tracks because of inefficiencies in the charged-tracking system.
The number of sparks in an angular “tagging window” around the portion of
the track traversing the chambers is inspected. If enough sparks are found, this
track is defined as ‘tagged as charged’ rather than ‘tracked as charged’. Its
direction cosines are calculated from the energy deposition in the crystals, not

from chamber information.

The charged tracking algorithm misidentifies tracks because of inefficiencies

* The vertex referred to is the primary vertex of the event, t.e., the location of the ete~
interaction point expressed in the SPEAR coordinate system near the center of the detector.
Events may have more than one vertex; for instance, a Kg that travels several centimeters
away from the interaction point and then decays may be found as a second vertex by the
production algorithm.
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Z—vertex Distribution from Reconstructed Charged Tracks
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Fig. 5.2 The distribution of z-vertex positions of the 24 681 hadronic events with
Ecm = 4.028 GeV used in this analysis. Events where no charged tracks
were reconstructed are assigned a z-vertex value of sero. This produces the
one-bin wide peak at zero.

in the system. An IR track is sometimes found in the chambers which does not
point to an energy shower in the crystals; this usually indicates that an incorrect
z-vertex has been constructed causing errors in the calculation of direction cosines
of the charged tracks. Such IR tracks are assigned zero energy. These zero-energy
IR tracks are an indication of undertagging (when a charged track in the crystals

is identified as neutral rather than charged).

The opposite problem of overtagging can occur when extra sparks from noise
or strange particle decays create secondary vertices. Incorrect combinatorics in

matching sparks can also result in overtagging.

Undertagging is readily observed in the energy spectrum of tracks identified

as neutrals before more restrictive cuts are applied (see Chapter 4). Minimum-
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ionizing charged particles have a most probable energy loss at a particular value
determined by the detector’s geometry and composition. For the Crystal Ball, the
most probable energy loss for a minimum-ionizing particle entering the crystals

at normal incidence is
Ervin1 = AE x Prar X T
[3.4]
= 197 MeV.
where AFE is the energy loss per g/cm? for minimum ionizing protons and pions,
Prar is the density of sodium-iodide, and t is the length of a crystal. The values
MeV

BE = 1.32 —,
AE e

Pyar = 3.67 g/cm3, and

t = 40.6 cm (16 in)

have been used.”” In Fig. 3.3, an obvious peak is indeed observed near this

energy.

3.3.6 The ‘ESORT’ Step

Two energy assignments and a more refined calculation of direction cosines
for each track is made in this step.(“} Two energies are calculated to replace
the sum of four energy, Ey4, which has been used up to this point. The first is
the ‘sum of 13’ energy, denoted E,3, which is the sum of the crystal energies of
the bump module and its twelve neighbors (unless the bump module lies adja-
cent to a vertex of the icosahedral geometry of the detector, in which case there
are only 11 neighboring crystals). See Fig. 3.1. This energy sum generally has
a double-counting of some crystal energies for tracks which lie near each other
in angles. The second energy sum E,,: attempts to allocate energy in a single
crystal between two or more nearby tracks using pre-determined shower distribu-

tion functions. These shower functions are generated using the electromagnetic
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Photon Energy Spectrum after Initial Analysis
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Fig. 8.8 The track energy distribution of tracks tagged as “neutral” after hadron
selection, showing an obvious charged-particle punch-through peak. The po-
sition of the peak is near 197 MeV, the calculated value of the most probable
energy loss for a minimum-ionizing particle in 18 inches of sodium-iodide.

shower Monte Carlo program Egsr®e-*%

The direction cosines for each neutral track are recalculated during the
ESORT step. The bump module is divided into 16 submodules of triangular
cross-section and each submodule is considered in succession. For each module
the observed energy distribution is compared to a pre-determined energy distri-
bution for an electromagnetically showering particle of the same energy, using
the center of the submodule as the entry point. The submodule yielding the
best agreement with the predicted distribution is determined, and the direction

cosines of its center are used as the direction cosines of the track.

% An acronym for the Electron-Gamma Shower code.
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3.4 Hadron Selection

3.4.1 Event Classification

In the E.n = 4.028 GeV energy range at SPEAR, only some 2% of all
recorded events are assumed to proceed through ete™ — gg — hadrons, where ¢
is a member of the quark family: ¢ = u, d, s, or ¢. Most other events are one of
the following: beam gas, cosmic-ray,or QED events. Beam gas events occur when
an electron or positron in the beam interacts with a residual gas molecule left in
the beampipe after its volume has been evacuated. Such events are characterized
by an asymmetry in the energy deposition in the detector. Cosmic-ray events
occur when naturally-occurring background radiation enters the detector from
outside the detector’s volume and triggers the electronics. These events are
often muons produced in the upper atmosphere. There are several categories of
QED events. These are all results of electromagnetic interactions between the
electron and positron. Events of the type ete™ — ete™ are called Bhabhas and
are useful in calibrating the energy response of the detector (see Chapter 2);
other QED events include radiative Bhabhas {e*e~ — ~ete™), and events of

the type eYe™ - ~4v(). Two-photon events occur when ete™ — yyete™ with
the vy — a (J = 0 or 2, C = +4) state. There are contributions from ete™ —
ztu~ and from tau lepton events, where e*e~ -+ 7t7~. These latter events
are somewhat difficult to remove since the branching fraction r — hadrons is
large: nearly 67%.'""! These non-hadronic events are generally characterized by
either large momentum asymmetries, e.g., beam gas and cosmic rays, or by low

multiplicities (QED events except for hadronic 7 decays).

* About 3% of the mput events will pass the hadron selection cuts but roughly 1/3 of these
are residual contamination from non-hadronic events, especially beam gas.
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3.4.2 Hadron Selection Cuts

The cuts used to eliminate the non-hadronic background are discussed below:
first there is a brief listing of the cuts and a summary of their effects; a more

specific discussion of each with figures follows. For more details, see Ref. 55.

Brief List of Cuts

1. Showering QED cut. Removes events with few tracks and large energy

depositions.

2. Multiplicity cut. Removes low-multiplicity events; intended to catch QED

events that pass the cut above.

3. Low p,.z,‘z cut. Removes beam gas events.

4. Low p%.j“ cut. Removes cosmic-ray events and QED events of the type
ete™ — utpu-.

5. Forward-backward asymmetry cut. Removes residual beam gas still re-

maining after the previous cuts.

Table 3.1 shows the percentages of events remaining after each cut for a
portion of the data at E., = 4.028 GeV. The hadron selection efficiency for
true hadronic events is around 98%. This has been investigated using a constant
matrix element*” Monte Carlo event generator with the Crystal Ball detector
simulation algorithm. From a sample of 12500 generated events of the type
ete~ — D*OD*0, followed by D*® — 7°D0 or D*0 — 4DP° using a branching ratio
BR(D*® — x°D%) = 55%, it is found that 12 429 events pass the selection criteria.
Thus the efficiency for D*®D*? and the charge conjugate events is 99.4+0.1 tg:g%
(first error is statistical, second is systematic). Selection efficiencies for ete™ —
(D*°D°+ DD*°) and ete~ — D°D° and charge conjugates are about 1% smaller
because of the slightly lower multiplicities.lss] A nominal value for the hadron

selection efficiency for all D-meson events is

€hadron = 98 + 2%. [3.5]
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Hadron Selection Performance on Triggers
from Colliding-Beam and Monte Carlo Data
Colliding-Beam Data Monte Carlo Data
Cut Performed Triggers Left % Triggers Left %
Before Selection 769957 100.0 13975 100.0
QED 439433 57.1 13971 100.0
Multiplicity 53 562 7.0 13963 99.9
Transverse z-axiz
Momentum 26841 3.5 13887 99.4
Transverse Jet-axis
Momentum 25353 3.3 13 880 99.3
Forward-Backward
Asymmetry 23906 3.1 13788 98.7

Table 3.1 Percentages of triggers remaining after hadron selection. The effects of the
cuts are illustrated using (1) triggers from colliding-beam data at Ecyp =
4.028 GeV, and (2) events generated by Monte Carlo of the type ete™ —
(D'°§O+D°B‘°). As seen, the hadronic cuts are > 98% efficient for hadronic
events.

3.4.3 The Showering QED Cut

This first cut is intended to remove QED events with a large observed energy
fraction fr and few tracks in the detector such as (radiative) Bhabha events.

The observed energy fraction is

E;
Eem

fe= (3.6]

crystals

where E; is the energy measured in crystal :. Define N, to be the number
of connected regions found in the event, Niacks to be the number of tracks

found, and order the tracks from 1 to Ny in order of decreasing energy
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Energy Fraction f; Before Cuts
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Fig. 8.4 The distribution of energy fraction fg for all events before hadron selection.
The energy fraction fg for an event is the ratio of the total energy observed in
the detector and the total energy available, E¢y. The enhancement at fi <
0.25 is largely due to beam gas and two-photon physics with low transverse
momentum to the beam direction; the double-peak structure is an artifact
of the trigger thresholds. The large enhancement at fg > 0.75 is from QED
events that deposit most of the available energy in electromagnetic showers.

Elrack pirack f“’?ﬂin' Then this event is rejected if
track
Niracks > 2 and > 0.5, [3.7]
beam
or if
Etrack
Nie<4 and Z— >0.75. (3.8]
Ebeam

This cut, in combination with the low multiplicity cut described next, is esti-
mated to remove 2 99% of all showering QED events. The effects of the hadronic
cuts can be seen in the changes of the neutral energy fraction distribution as they
are applied in sequence. The distribution of fg before any hadronic cuts is shown
in Fig. 3.4; the spectrum after application of first QED cut is shown in Fig. 3.5.
Note the removal of the peak at large fz—Bhabha events typically deposit most

of the available energy in the detector.



8.4 Hadron Selection

Page 55

Energy Fraction f; After QED Removal
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Fig. 8.5 The distribution of energy fraction fg after the first attempt at removing
QED events. Events with large energy fractions and low multiplicities have

been removed.

3.4.4 Low Multiplieity Cut

This is a secondary QED cut designed to remove QED events with one radi-

ated photon observed in the detector. The event is removed if N.; < 3 or if there

are no charged tracks found and fg < 0.35. The effect is shown in Fig. 3.6.

3.4.5 Low p%-. Cut

This cut is designed to reject beam gas events which are usually highly non-

isotropic in energy deposition in the detector. Define a vector asymmetry mea-

surement Agym by

> E
over
crystale

. E

over
crystals

Agnm =

13.9]
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Energy Fraction f; After Multiplicity Cut
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Fig. 8.6 The distribution of energy fraction fg after the second QED cut. Low multi-
plicity events or neutral events with low energy fraction have been subtracted.

where E; = E; ii,, fi; being a unit vector pointing from the origin to the centroid

of crystal 1, and p%.. the transverse momentum to the z-axis defined by

#t,= Y sh() (3-10]

over
crystals

where pr, (V) = [(E; x £) x 2|. Then all events are removed which satisfy

[Agym| > e1(FE) x (log(p},) — c2(Eem)) - (3.11]

Parameter c; is an offset variable and is a function of fg, and parameter ¢ varies
with E.n. See Fig. 3.7. This cut, in combination with the forward-backward
asymmetry cut described below, removes a5 92% of the beam gas contamination;

about 10% of the triggers passing all cuts will be residual beam gas.
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Energy Fraction f; After p-i Cut
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Fig. 8.7 The distribution of energy fraction fg after beam gas removal. Events where
a large asymmetry in energy deposition exists compared to the total p%.‘ have
been removed.

3.4.6 Low p%-m Cut

Here events are removed which have a single jet-like structure in energy
deposition in the detector such as cosmic rays and ete™ — utu~. Events are

removed if

| Asym| > ¢3 X (log(p%-w) - Cd) ) [3.12]

where c3 and ¢4 are constants and the momentum transverse to the jet axis is
defined as

o= Y [E?—(E‘»-ﬁje‘)z]. (3.13]

over
crystals

The quantity fije; is the unit vector along the jet axis. See Fig. 3.8. This “jet-

axis” cut removes about 93% of the cosmic ray and ete™ — utu~ backgrounds.
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Energy Fraction f; After p%m Cut
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Fig. 8.8 The distribution of energy fraction fg after cosmic-ray removal. Events
with an obvious jet-like structure have been subtracted. Such a structure is
common for cosmic-ray events.

3.4.7 Forward-Backward Asymmetry Cut

This last cut is intended to remove residual beam gas left after the above

cuts. Define a scalar asymmetry measurement by

|E+z_E—2’
AFB = —————— 3.14
FB S E; (3.14]
cr;::;ll

where E ; is the sum of the energies of all crystals with a positive z-coordinate,
and E_; is the sum of the energies of all crystals with a negative z-coordinate.
Events with App > 0.8 are removed. The final fg spectrum is shown in Fig. 3.9;

note that in comparison to Fig. 3.4, only the region around fg = 1/2 remains.

3.4.8 Hadron Selection Performance

The hadron selection cuts have been based upon studies done with separated-

beam running. The result of these cuts, as was seen in Table 3.1, is to remove
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Energy Fraction f; After Front—Back Cut
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Fig. 8.9 The distribution of energy fraction fg after the secondary beam gas cut.
Events in this sample have passed all hadron selection criteria.

nearly 97% of the original triggers. Of the remaining 3%, it has been estimated
from separated-beam runningIMI that 2 90% of the original beam gas contamina-
tion has been removed and about 50% of the ete™ — 77~ events are removed.
It is estimated that of the events passing all cuts some 3% are two-photon events

and about 5% are 77~ events.
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Chapter 4

Inclusive Measurement of D*° Spectra,

4.1 Introduction

This chapter discusses the determination of inclusive spectra at Eeq = 3.670,
3.772, and 4.028 GeV. In particular the process of finding the inclusive photon
and 7° energy spectra and angular distributions for D* production and decay is
described. The method for selecting photons after production of the data and
two methods of extracting 7° spectra are discussed. These spectra then serve
as the data from which the desired physical parameters can be constrained, as

discussed in Chapter 5.

4.2 Inclusive Analysis: Photon Energy Spectra

4.2.1 Description of Final Analysis Criteria

A more refined selection of photon candidates than that provided by the
production analysis is necessary before generating inclusive energy spectra for
measurement of branching ratios and masses. The known sources of imprecision
must be reduced: in particular, tracks with poor energy resolution and charged
particles which are mistakenly counted as neutral. To this end, the reconstructed

tracks obtained from the production analysis for events having passed the hadron
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Photon Selection Criteria

Parameter Requirement
Particle typ'e as 1den‘t1ﬁed Photon
by production algorithm

|cos(f¢rack—beam)| < 0.920

0485 < E;/Es < 0.975
0.750 < E4/E13 < 0.995

Shower lateral energy spread

Table 4.1 Criteria used to select nmeutral showering tracks (photons) after production
analysis. Tracks passing these cuts are used in generating photon and #°
inclusive spectra.

selection are inspected. Three further criteria are checked for each track before

inclusion in the analysis as a photon:

1. The track has been determined to be neutral by the standard production
algorithm (as discussed in Chapter 3).

2. The angle between the track and the beam (z-axis) is greater than 23°.

3. A showering-particle pattern cut on the lateral energy spread of the electro-
magnetic shower is imposed. This improves discrimination against tracks
produced by minimum-ionizing charged particles, improves rejection of low-
energy split-offs from higher-energy showers, and rejection of showers pro-

duced by hadronic interactions.

These photon selection criteria are summarized in Table 4.1. The need for
Cut 1 is obvious; the best determination of the relative probability that a track
is charged is done during the production analysis. Cut 2, the angle-to-the-beam
requirement, avoids problems with the poorer energy resolution and track recon-
struction when a photon encounters the tunnel modules or the endcap modules.

Cut 3 is most important in eliminating charged particle punch-through; it is
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discussed at length in the next section.

4,2,2 Lateral Energy Spread Pattern Cuts

The values used in the pattern cuts were selected by comparing distributions
of ratios of the geometrical energy sums F;, E4, and Ey3™ of neutral (with 8 +
3% charged contamination) and IR track' charged tracks (with £ 5% neutral
contamination) using data at E.4=4.028 GeV. See Figs. 4.1 and 4.2. The values
for the cut parameters were chosen to minimize acceptance of charged tracks but
without serious loss in photon efficiency; this set of cuts is considered “soft”, i.e.,

less restrictive, compared to other Crystal Ball analyses.

The inclusive photon energy spectra before and after each cut are shown in
Fig. 4.3(a~d) (plot (d) is also shown in Fig. 4.4 on a larger scale). In particular
note that the minimum-ionizing charged particle peak near 200 MeV has been
removed by the pattern cuts; 200 MeV is the characteristic energy loss for a
minimum-ionizing particle in 16 inches of sodium iodide Photons passing all
cuts are used to reconstruct the #° energy spectrum and angular distributions

as well. This will be discussed further in later sections.

+ FEj is the energy in the central module of the shower; E4 and F;3 were defined in Chapter 3.

t IR track: A charged track found in the spark chambers projecting from the interaction
region; see Chapter 3.

* The most probable energy loss for minimum-ionizing protons and pions in 16 inches of
sodium iodide is:"*”

AEMin-I =AEx px i
1.32 MeV _ 3.67
= —~: x _sg X 41 cm [4.1]
g-cm cm

= 199 MeV.
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Fig. 4.1 Distribution of E;/Ey, one measure of the lateral energy spread of a shower.

(a) The distribution for tracks determined to be neutral by the production
algorithm, including misidentified charged track contamination. (b) The dis-
tribution for tracks determined to be charged by the production algorithm,
including contamination from misidentified neutral tracks. The arrows on (a)
indicate the upper and lower limits allowed for tracks used as photons. The
discontinuity at £y/E4 = 0.5 is an artifact of the definition of the geometric
energy sums for showers populating two crystals only.
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Fig. 4.2 Distribution of E4/E)s, one measure of the lateral energy spread of a shower.
(a) The distribution for tracks determined to be neutral by the production
algorithm, including misidentified charged track contamination. (b) The dis-
tribution for tracks determined to be charged by the production algorithm,
including contamination from misidentifed neutral tracks. The arrows on (a)
indicate the upper and lower limits allowed for tracks used as photons.
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Photon Energy Spectrum During Cuts
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Fig. 4.8 The energy spectrum of tracks observed at Ecpm=4.028 GeV before, during,
and after photon selection cuts. (a) Energies of all tracks found by the
production algorithm. (b) Energies after removing tracke determined to be
charged by the production algorithm. (c) Energies after removing tracks
contained within a cone of half-angle 23° about either the e™ or e~ beam
direction. (d) Energies after removal of tracks failing the lateral energy spread
pattern cuts. In particular this has removed the prominent minimum-ioniging
charged-particle peak near 200 MeV. Spectrum (d) is also shown in Fig. 4.4.
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Photon Energy Spectrum after Final Analysis
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Fig. {.4 The inclusive photon energy spectrum at E.,,=4.028 GeV after all analysis
cuts. This spectrum is used in the measurements of the D° mass, the branch-
ing ratio BR(D*0 — a9D%) and the mass difference m(D*%) — m(D?).

4.2.3 Photon Reconstruction Efficiencies

Individual photon reconstruction efficiencies are not needed explicitly in this
analysis; the method used to fit the inclusive spectra using sums of histograms
(described in Chapter 5) has efficiency corrections included implicitly. However,
for completeness and to make it possible to estimate numbers of events expected

in the signal regions, explicit photon efficiencies are discussed here.

Hadronic data was “created” by using actual 1" hadron-selected events which
were merged with one or more Monte Carlo photons. The 1" was chosen to
simulate the hadronic environment containing the decay products from one or
two D*’s: the DD pair plus n photons. These merged events were then re-run

through the production analysis. Efficiencies were calculated from the number of
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Monte Carlo photons found after event reconstruction and the (known) number

of photons generated.

Efficiencies were studied as a function of photon multiplicity: the detector
simulation algorithm was used to generate crystal energy distributions for events
containing 1, 2, 3, or 4 photons. The number of photons was chosen to simulate
the extra photon multiplicity of D*D + DD* or D*D* events with respect to
DD events. All photons were generated isotropically over the 47 solid angle at
100 MeV; 100 MeV was chosen as an average energy of photons from the D*0’s
two decay modes” The number of photons reconstructed after both production
analysis and after final photon selection was recorded. Efficiencies were calculated
for empty events (events as generated by the Monte Carlo containing only the
photons) and for hadronic-environment events (where the photons were merged

into the ¥” hadronic data mentioned above).

A photon was considered to have been reconstructed when a match between
its generated four-vector and a reconstructed track occurred. A match was found

when:

cos o[generated-mea.sured] >0.98 and 14.2]
IEmeasured - Egeneratedl/Egenerated < 0.20.

Results are summarized in Table 4.2. As seen in the table, final photon re-
construction efficiencies are sz 50% for hadronic events containing charm meson
decays. This implies that the efficiency (to be discussed later) for detecting and

reconstructing 7%’s will be on the order of 25%.

* The efficiency for photons at energies near 140 MeV will be slightly higher by = 5%, while
efficiencies for lower energy photons near 70 MeV will be slightly lower by s 5% (absolute).
These small effecte do not affect the conclusions of this section.
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Event Number of Photons Efficiency After Efficiency After
Type Added per Event | Production Analysis (%) | All Cuts (%)
1 85.9 £ 0.7 74.34+ 0.6
2 84.5 £ 0.7 73.8+ 0.6
Empty
3 829+ 0.5 72.11+0.5
4 814+ 0.5 708 + 04
1 61.9+ 0.6 53.6 + 0.5
2 60.8 + 0.6 53.21+0.5
Hadronic
3 59.5x 0.5 522+ 04
4 58.2+04 50.9+0.4

Table 4.2 Reconstruction efficiencies for 100 MeV photons in empty and hadronic events
as a function of multiplicity. Efficiencies are in percent (%); errors are statis-
tical only; systematic errors are estimated to be < 10%. See text for details.

4.3 Inclusive Analysis: 20 Energy Spectra

4.3.1 Introduction

The 98.8% branching ratio of the pion decay mode #° — «yy provides an ex-
cellent means for the Crystal Ball detector to track neutral pions in an efficient
manner. Two methods are possible: (1) exclusive reconstruction of the 7° by re-
constructing its four-momentum from the measured four-momenta of its daughter
photons; or (2) inclusive analysis of photon-photon invariant mass spectra which
vields the number of 7%’s above the background from “wrong combinatorics”.
As an example, method (1) (exclusive) is useful in extracting the distribution
of cos 0,040, the angular correlation between the two slow 7%’s in D*°D*® decay
(where both D*’s have decayed via the pion mode), since both four-vectors must
be available to reconstruct the angle between them. Method (2) (inclusive) is

better suited to measurement of 7° energy spectra and the inclusive angular dis-
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tribution of slow #%’s from D*® decay, which do not require explicit selection of
two or more 7°’s simultaneously. Because method (2) does not have this con-
straint, it has a higher efficiency for finding #°’s and considerably less background
contamination as will be seen below. In both inclusive and exclusive methods,
the photons used are required to pass cuts identical to the ones described above

in the inclusive photon selection.

4.3.2 Ezclusive Reconstruction of n°’.

Description of the Method

0 mass hy-

For exclusive reconstruction each pairing of photons is fit to a «
pothesis by calculating the invariant mass m.,, of the photon pair and from it a
x*-distributed variable (to be called simply x? for the rest of this section) from
the 70 rest mass and mass resolution of the detector®!! All pairs with a x2 < 7.0
and subject to the constraint that no photon is used more than once are used
to determine which set of pairs has the maximum confidence level greater than
0.1%; this set of pairs is then used for the exclusive analysis. A fit is done for
each selected pair which constrains its invariant mass to exactly the observed #°
rest mass,” adjusting the four-momenta of the two photons as needed (in both

energy and angles). The sum of these corrected four-momenta is used as the 7%’s

four-momentum.

The 7° energy spectrum calculated in this fashion is shown in Fig. 4.5 for
the data from E., = 4.028 GeV; a similar energy spectrum for the Monte Carlo
process D*9D*® — x979DODO is shown in Fig. 4.6; distributions of cos 0,00

computed from 7°’s with total energy less than 148 MeV are shown in Figs. 4.7

* This is the #0 rest mass as measured with the Crystal Ball detector; as will be seen shortly,
the mean of the m., distribution is slightly lower than the accepted value of the #° rest
mass, caused by leakage from the crystals. The value used in this analysis is 134.2 MeV for
data from the detector; 135.2 MeV is used for Monte Carlo simulations.
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n° Energy Spectrum From Explicit Reconstruction
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Fig. 4.5 The n° energy distribution produced by exclusive reconstruction of x% in
data at Eey = 4.028 GeV. A constraint requiring the adjustment of individ-
ual photon four-momenta to fit exactly the observed x0 rest mass has been
applied. A large fraction of the plot is background contamination from incor-
rect combinations of photons (cf. Fig. 4.28, which is relatively background-

free.).
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Fig. 4.6 The 70 energy distribution produced by exclusive reconstruction of #9’s from
a Monte Carlo simulation of D**D*® — #949D0D0 at E.,, = 4.028 GeV.
A constraint requiring the adjustment of individual photon four-momenta
to exactly fit the observed #0 rest mass has been applied. The background
from wrong combinatorics is much reduced with respect to Fig. 4.5, since the
detector simulation does not produce as many split-off showers as observed
in data.
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Distribution of cos 0,5, at E,=4.028 GeV
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5g. 4.7 Distribution of the amgular correlation cosfgo,0 produced from exclusive
reconstruction of #x0’s from data at Ecn = 4.028 GeV. For an event to
enter this figure, it must contain at least two reconstructed pions, each with
total energy less than 148 MeV, so that the angle between them may be
reconstructed. Background contamination from sources other than ete~ —
D*9D0 is estimated from Monte Carlo studies to be less than 10% of the
total counts.
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Fig. 4.8 Distribution of the angular correlation co3f,0,0 produced from exclusive
reconstruction of #%’s from a Monte Carlo of D*9D*0 — #9x0DOD0 4t
Ee¢m = 4.028 GeV. For an event to enter this figure, it must contain at
least two reconstructed pions each with total energy less than 148 MeV.
This distribution was produced by the analysis of 4000 events generated
with z = —1/6 (see Appendix A).
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Exclusive 7° Reconstruction Efficiencies for E o = 140 MeV (%)

Number of 7%'s
Added per Event

Added to
Empty Events

Added to
1" Hadronic Events

1

41.3+0.5

16.6 £ 0.3

2

359+0.3

141+ 0.2

Table 4.8 Exclusive detection efficiencies for one or two 70’s merged in empty and
hadronic events. All #0's were generated isotropically at 140 MeV. Efficien-
cies are in percent (%); the errors listed are statistical only. Systematic errors
are s 10%.

and 4.8 for the same data and Monte Carlo samples respectively. These illustrate

the strong effect D*® production has on these distributions.

Disadvantages of Exclusive 7° Reconstruction

As will be seen in the next section, the #° spectra computed in this fashion
contain a significant fraction of wrong combinatorics; this is due in large part to
mistaken identification as photons of low-energy electromagnetic and hadronic
shower split-offs, as discussed in Chapter 3. This remains true even for stringent
constraints on the maximum allowed x%/pair and total confidence level of the
reconstruction fit; the inclusive method to be discussed in the next section is
relatively background-free and has a much higher efficiency than the exclusive
method, when the exclusive method is used with the stringent cuts. As seen
in Table 4.3, efficiencies for detecting one or two low-energy pions in charm
meson events is less than 20%. However, the inclusive method does have the
disadvantage of being unable to reconstruct the exclusive four-momentum for an
individual pion which makes it unsuitable for measurement of the distribution

of the correlation angle cosf,0,0 or any quantity which requires more than one

* A pion is reconstructed when a match between its generated four-vector and a reconstructed
track is found, as in the case of photons; the criteria used are cos fgenerated—measured = 0.98

and lEmeuured - EgeneratedI/Egenerated < 0.50.
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four-vector in its calculation.

4.3.3 Statistical Determination of Inclusive 7° Spectra

Discussion of the Method

The statistical, or inclusive, subtraction method used to reduce “wrong com-
binatorics” background in the determination of inclusive 7° spectra was first de-
veloped in another Crystal Ball analysis searching for the charm strange mesons D}
and Dgt °3] and has been extended slightly in this analysis. It provides a rela-
tively efficient means for subtracting the wrong combinatorics from m-- invariant
mass plots at the expense of no longer reconstructing the individual pion four-
momenta. Fortunately, finding the physical parameters to be evaluated in this

experiment does not require the latter ability.

The idea is to form all pairings of photons passing the selection cuts outlined
above in the photon analysis and to accumulate the invariant mass and some
other quantity of interest in a two-dimensional histogram; the other quantity
may be the total energy of the pair, its total three-momentum, some angle based
on the four-momentum sum, ete. All pairings are accumulated in this histogram
without regard to multiple use of any photon. Histograms of the #° kinetic
energy Tyo = Eqy — Moy vs. my,” are shown in Figs. 4.9 and 4.10 for data
taken at Ecn = 4.028 GeV and (as an example) for the Monte Carlo process
D*9D*0 — 7079 DOD? respectively. This accumulation technique necessarily in-
cludes a substantial number of “wrong combinatorics” pairs which are removed

by a two-dimensional background subtraction.

The n° spectrum in the quantity of interest is extracted by a two-step pro-

* The kinetic energy T,o is used instead of the total energy E o to eliminate boundary effects
in the histogram. If E o were plotted instead, there would be an exact cutoff along the
line Eqo = myy at 45° to both axes, making the interpretation of the fit results more
difficult. Histogramming T,o is equivalent to histogramming the magnitude of the three-
momentum, [Pyol-
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Photon-Photon Invariant Mass vs. Kinetic Energy at E_,=4.028 GeV

Fig. 4.9 The two-dimensional histogram formed by accumulating the quantities my,
and Tyo = E4y — myq for data taken at Eem = 4.028 GeV. The large peak
at low T,0 near m.y, = 135 MeV is from D* decay.

cedure: (1) a parameterization of the background combinatoric shape is made
using the sideband regions away from the 7° mass; and (2) the background shape
is extrapolated into the 7° mass region and the excess above the background is

determined as a function of the quantity of interest.

This background subtraction is accomplished by performing a log-likelihood
minimization modeling the distribution as a sum of two types of functions: (1) a
two-dimensional “sheet”, representing the smoothly varying combinatoric back-
ground; and (2) a set of 7° mass resolution functions, representing the amplitude
of the ¥ signal as a function of 7° energy. The first function is constructed from a

tensor product of polynomials and one-dimensional histograms providing a two-



4.8 Inclusive Analysis: a° Energy Spectra Page 75

Invariant Mass vs. Kinetic Energy for D**D*-»n%#°D°D°
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Fig. 4.10 The two-dimensional histogram formed by accumulating the quantities m
and Tyo = Eyq — myq for the Monte Carlo process D*0D*0 — x0x0DODO at
E¢n = 4.028 GeV. The large peak at low T,o near myy = 135 MeV is from
D*0 decay.

dimensional “background sheet” defined for each bin (z,y) in the histogram’
The second function is a sum of 7% mass resolution lineshapes, one for each row
at fixed y, 1.e., for each “slice” parallel to the z axis. Each lineshape function, a
strong function of E,o, is predetermined as discussed below except for its ampli-
tude; this amplitude is determined in the global fit to the two-dimensional his-
togram. In this fashion a single amplitude is obtained from the two-dimensional
fit for each bin in y, the quantity of interest for which it is desired to obtain an
inclusive spectrum; the background function has been used to remove the wrong

combinatorics background. The major concern with the method is of course

* The coordinates (z,y) indicate the center of a bin; z lies along the m.,, axis and y along
the other axis.
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systematic problems in the background subtraction; it is indeed possible to over-
subtract and start removing “good” #%’s from the inclusive distribution by using
a “too-flexible” background function. This effect is minimized by performing the
background sideband fit first and by reasonable choice of polynomial orders and

one-dimensional histograms to use in constructing the background function.

The Two-dimensional Background Function

The background function is of the form

I J K
bzy) =3 o B(E)Pi(8) + Y. D B Pel®)uly) [4.3]

=1 j=1 k=1 I=1

where (z,y) are the coordinates of the center of a given bin in the two-dimensional
histogram; Pp,(%) is the value of the Chebyshev polynomial of order ! evalu-
ated at 2; £ is the normalized value of 2z scaled to the domain of the polynomi-
als [—1,+1]; and ha(y) is a smoothed histogram used to model features of the
data not easily simulated by the polynomial sum, such as the rapid rise in counts
for increasing Tyo above threshold. The background function used in this anal-
ysis has I = 4, J = 3, K =1, and L = 1. The histogram h,(y) is displayed in
Fig. 4.11; it is the smoothed projection of the entire two-dimensional histogram
onto the y-axis.” It was anticipated that the projection of the distribution onto
the y-axis might be systematically different between the Monte Carlo and the
data because of poor simulation of hadronic split-off showers; thus different back-
ground histograms were used for the data and Monte Carlo samples. In practice
it happened that the projections were actually quite similar and this procedure

was not really necessary.

Fits to the sidebands for the first 14 slices of 2 MeV width in T,0 are shown in

Figs. 4.12-4.14. It is to be emphasized that the fit is two-dimensional in nature

* The smoothing algorithm fits a 4!h-order sum of Legendre polynomials to the histogram.
Smoothing is necessary to prevent statistical fluctuations in the histogram from influencing
the x? calculation in the two-dimensional fit.
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Smoothed Background Histograms Used in 2D Fits
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Fig. 4.11 The original projection and the smoothed histogram used in calculation of the
background sheet function for extraction of T,o kinetic energy spectra. This
is the projection of a two-dimensional histogram onto the kinetic energy (y)
axis. Two versions are used; it was anticipated that the data and Monte Carlo
could have systematically different projections from the presence of hadronic
split-off showers in the data that are not simulated well in the Monte Carlo.
However, inspection of these figures indicates there is no significant difference.
The data version is from Ecp = 3.670 GeV; the Monte Carlo version is from
a simulation of the process ete™ — DODP at Eem = 4.028 GeV. Only this
process is considered; the energy threshold effects that this models are not
affected by the addition of #%’s from D* decay.
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Background Fits to m,, vs. 2 MeV Steps in T,e
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Fig. 4.12 Background sheet sideband fits to the myy vs. T, histogram in data taken
at Ecry = 4.028 GeV for values of Tyo from 0 to 12 MeV. The fits are two-
dimensional in nature; the sheets are continuous not only in m,, but also
from slice to slice.
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Background Fits to m,, vs. 2 MeV Steps in Ty
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Fig. 4.18 Background sheet sideband fits to the m,y vs. T;o histogram in data taken
at Ecm = 4.028 GeV for values of T,o from 12 to 24 MeV. The fits are two-
dimensional in nature; the sheets are continuous not only in myy but also
from slice to slice.
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Background Fits to m,, vs. 2 MeV Steps in T
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Fig. 4.14 Background sheet sideband fits to the myy ve. T,o histogram in data taken
at Ee = 4.028 GeV for values of Tyo from 24 to 28 MeV. The fits are two-
dimensional in nature; the sheets are continuous not only in m. but also
from slice to slice.

with continuity in Tpo; the slices have been plotted separately for ease of viewing
in these figures. The background sheet determined in this fashion is shown in
Fig. 4.15 and its extrapolation under the peak region in Fig. 4.16. All these fits

have confidence levels greater than 10%.

Determination of 7#° Mass Resolution Parameters

In order to fit the above-background components of the two-dimensional his-
togram, the 7° mass resolution lineshape parameters must be determined. The
70 lineshape function introduced at this point is an empirical combination of a
Gaussian distribution with a mean u and width o, with a power-law tail on the
low-mass side joined to the Gaussian continuously and with a continuous first
derivative at a mass value m’ = u — a0, where a is the join parameter; the expo-
nent in the tail is p. These parameters u, o, a, and p must be determined bearing
in mind that they may vary with increasing 7% energy; indeed, as the #° energy
increases, the two decay photons will eventually be merged in the detector rest

frame into a single shower by the Lorentz boost and can no longer be separated
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Fig. {.15 Background sheet function determined by sideband fit to data at E.n =

4.028 GeV.
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Fig. 4.16 Extrapolation under the 7% mass region of the background sheet function

determined by sideband fit to data at E.;, = 4.028 GeV.
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into two distinct photons. This will not concern us in this analysis, since we only
look at 7°’s with kinetic energy less than 100 MeV; but even here the resolution
capability decreases as the kinetic energy increases!®” The explicit differential
form for the empirical lineshape function is

__a0be\2
AN exp {—(mv—"'m:;ﬂ-—} if mo, > m:’rg” — ao;

Ay

(%) exp {~5} (mil +0(2 @) ~mes) 7 otherwise.

(4.4]
This function is integrated over the bin widths in the fit.

Comparison of Monte Carlo studies with data from the detector have shown
that the electromagnetic shower simulation models the lineshape behavior at
these low pion energies sufficiently well to allow the extraction of «, p, and ¢
from Monte Carlo simulations and to allow use of these for data fits as well as
for Monte Carlo fits; however, the mean p is extracted separately from detector
data and Monte Carlo simulations. More specifically, the three parameters a, p,
and ¢ are obtained from fits to Monte Carlo pion spectra; these values are then
used in fixing the lineshape function (except for amplitude} in fits performed
on both Monte Carlo spectra and spectra from detector data. However, the
fourth parameter, the mean u, is derived separately for Monte Carlo data and
detector data. For Monte Carlo fits, the mean ppc is derived from high-statistics
Monte Carlo spectra as a function of Tyo and then held at these fixed values for
fits performed on lower-statistics spectra for the several Monte Carlo processes
considered in this analysis. Similarly, for fits to spectra from the detector, the
mean /L4, is derived from the available data at 4.028 GeV as a function of T
and then held at these fixed values for fits performed on all spectra from the
detector in this analysis. The detector simulation algorithm does not model the
leakage into the crystal wrappings sufficiently well to use the Monte Carlo mean

in the data fits.

The lineshape parameters are found as a function of #° kinetic energy by
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Integrated Fit of
Differential Lineshape Function
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Fig. 4.17 A polynomial-plus-lineshape fit to the x0 mass spectrum for x° kinetic ener-
gies up to 20 MeV. Data shown are from E¢m = 4.028 GeV.

taking a two-dimensional histogram of m,, vs. Tyo and forming five projections”
onto the invariant mass axis for values of Tio in 20 MeV steps, 1.e., 0 < T,0 <
20 MeV, ..., 80 < T,o < 100 MeV. Each projection is fitted with a polynomial
background and a #° mass lineshape; a typical fit to data at E.y = 4.028 GeV
for the 0-20 MeV projection is shown in Fig. 4.17. For each parameter (except
the power p, which is fixed at p = 50 since the fits are insensitive to p over a wide
range—the other parameters can be adjusted to compensate) a first- or second-
order polynomial is fitted to the measured values vs. T,o; the interpolated value
is calculated from this fit for each slice in T, in the two-dimensional peak fits.

The interpolations are shown in Figs. 4.18-4.21.

* These projections are made in 20 MeV steps to ensure that each has sufficient statistics to
allow accurate determination of the lineshape parameters.
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n° Lineshape: Monte Carlo Mean Value
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Fig. 4.18 The four measured values for the Monte Carlo mean of the x® lineshape
function and interpolating curve. The curve is determined by a log-likelihood
minimization to a constant function. The constant value uo5% = 135.2 MeV
determined in this way is used in all lineshape fits to Monte Carlo #° mass

spectra.
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Fig. 4.19 The five measured values for the mean of the #¥ lineshape function and
the interpolating curve for data taken at F.,, = 4.028 GeV. The curve is
determined by a log-likelihood minimization to a constant function. The
constant value pg‘;:B = 134.2 MeV determined in this way is used in all
lineshape fits to colliding-beam data 7% mass spectra.
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#° Lineshape: Width Parameter o
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Fig. 4.20 The four measured values of the Monte Carlo width parameter for the #° line-
shape function and interpolating curve. The curve is determined by a log-
likelihood minimization to a quadratic polymomial. This curve is used in
interpolating the width parameter as a function of T,o in all lineshape fits
to 70 mass spectra.
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Fig. 4.21 The four measured values of the Monte Carlo join parameter a for the #° line-
shape function and interpolating curve. The curve is determined by a log-
likelihood minimization to a linear polynomial. This curve is used in interpo-
lating the join parameter as a function of T, in all lineshape fits to 70 mass
spectra.
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Results of Peak Fits

A pion energy spectrum was computed using the inclusive method for every
data set and Monte Carlo simulation of IJ and D* processes used in this analysis.
As an illustration, the results of the peak fits for the first 14 slices™ of 2 MeV
width for data at E., = 4.028 GeV are shown in Figs. 4.22-4.24. Fig. 4.25
shows the full two-dimensional fit function of the extrapolated background sheet
summed with the peak lineshape functions; and Fig. 4.26 shows the background-
subtracted distribution. The fitted residual signal is shown in Fig. 4.27. The
inclusive 70 kinetic energy histogram extracted from this is shown in Fig. 4.28.
The signature for copious D* production, a rapid increase in pion production
for increasing kinetic energy, followed by a similar sharp decline, is seen in these

figures.

The use of these pion energy spectra, and the associated photon spectra
described earlier, in measurement of D* properties is the subject of the next

chapter.

% Displayed as examples of the most interesting region; all fits—for the data and for all
Monte Carlo processes, for all D? and A mass combinations under study—exist.
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n® Signal Amplitude Fits to m., vs. & MeV Steps in Ty
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Fig. 4.22 Pion lineshape fits to the slices in T,o for the backgrounds determined in
Fig. 4.12. The background as found earlier is fixed and interpolated under
the 70 mass region. Each slice is an independent fit.
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n° Signal Amplitude Fits to m,, vs. 2 MeV Steps in T
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Pion lineshape fits to the slices in T, o for the backgrounds determined in
Fig. 4.13. The background as found earlier is fixed and interpolated under
the 7 mass region. Each slice is an independent fit.
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m° Signal Amplitude Fits to m,, vs. 2 MeV Steps in T
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Fig. {.2{ Pion lineshape fits to the slices in T,o for the backgrounds determined in
Fig. 4.14. The background as found earlier is fixed and interpolated under
the 70 mass region. Each slice is an independent fit.
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Fig. 4.85 The extrapolated background-plus-peaks fit to data at E.m = 4.028 GeV.
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Background-Subtracted Histogram of Inv. Mass vs. Kinetic Energy

Fig. 4.26 The two-dimensional background-subtracted distribution of data at E., =
4.028 GeV. The amplitude of a fit to each slice is plotted as a histogram in

Fig. 4.28.
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Fig. 4.27 The two-dimensional background-subtracted fit to data at E.;, = 4.028 GeV.
The amplitude of each slice is plotted as a histogram in Fig. 4.28.
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m° Energy Spectrum after Final Analysis
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Fig. 4.28 The inclusive 77 energy spectrum at E.;;=4.028 GeV after all analysis cuts.
This spectrum is used in the measurements of the [J° mass, the branching
ratio BR(D*® — x%D°) and the mass difference m(D*°) — m(DP).
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Chapter 5

Determination of D*° Branching Ratio and Masses

5.1 Introduction

Having described the procedures for generating the inclusive photon and
70 energy spectra in Chapter 4, we will turn our attention to extracting the
physical quantities of interest: the D*® — x0D° branching ratio and the mass

difference m(D*%) — m(DP); for the remainder of this discussion, define
Am = m(D*°) — m(D°). [5.1]

As a check on the correctness of the analysis procedure a measurement is made
of the D® mass which may be compared to the accepted value, which has been

reliably measured by independent experiments.

Since the D*° decays to the D° via both photons and 7°’s, both photon and

0

7° energy spectra are investigated. The branching ratio

BR(D*° — 7°D°) [5.2)
and its complement

BR(D*® — D% =1 - BR(D*® — »°D°) [5.3]
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are the only branching ratios of interest; there are no other kinematically al-
lowed decay modes for the D*® — X + DY decay—only the photon and the #°
have masses less than the ¢ value of the process!ﬁsl During measurement of the
branching ratio and masses, some information is obtained on the relative pro-
duction cross-sections at 4.028 GeV for continuum, DD, D*D + DD*, and D*D*
processes including both charged and neutral modes. These cross-section mea-
surements are subject to large systematic errors, however, and are not a primary
result of this analysis. Fortunately, these systematics in the cross-sections are

largely decoupled from the systematics in the decay parameters.

5.1.1 Features of the Inclusive Energy Spectra

The inclusive photon energy spectrum in the 50 to 200 MeV region shows
prominent features from the two D*® decay modes. See Fig. 5.1.* Below 100 MeV

a Doppler-widened enhancement is observed from the process

ete” -D0+ X

\—~ 7°D° [5.4]
-,

* The abscissa of photon energy spectra is scaled logarithmically in the photon energy to pro-
vide an approximately constant resolution width across the plot. This facilitates detection
of monochromatic features when scanning the photon energy spectrum by eye. For a linear
axis, using the Crystal Ball energy resolution function o(E)/E = 0.026/VE (E in GeV), the
width of a monochromatic line would vary with the energy F as AE = o(E) = 0.026 x E3/4,
To calculate the apparent resolution in a logarithmic plot, where the abscissa is z = In E,
first define

Njinear = counts between E and £ + AE = % AE, and

dN

Niog = counts between z and z + Az = e Az.
z

Then the apparent resolution is found from equality Njjpear = Niog, 50 that

N
AV pg= Y ap = GV IE

dF a4z aF 4z A%
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Photon Energy Spectrum after Final Analysis
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Fig. 5.1 Prominent features in the inclusive photon energy spectrum at E.;m =
4.028 GeV. The large enhancement from 50 to 100 MeV is created by pho-
tons from the decay D*® — 2a0D0, 20 — 4+, The smaller enhancement near
140 MeV is from the decay D*® — 4DP. This spectrum is used in the mea-
surements of the D° mass, the branching ratio BR(D*? — #x%D°), and the
mass difference Am.

A smaller but still observable Doppler-widened enhancement is also seen near

140 MeV in the same figure; this is the direct photon from the decay
ete” oD+ X

l__. o [5.5]
yD”.

Distinctive D*° signals can be seen in the 7° energy spectrum as well; examina-
tion of Fig. 5.2 shows a large enhancement for E,o < 160 MeV from the D* pion
decay mode. The direct photon decay does not contribute directly to this dis-

tribution. The slowly rising 7° background observed here continues to increase

using the Jacobian of the transformation dz/dE = E, the apparent resolution Az in the
logarithmic plot is Az = 2.6% x E'/4 which varies much less rapidly across the plot than
does the detector resolution AE; for E = 50 MeV to E = 500 MeV, AE varies by a factor
of 5.6, but Az varies only by a factor of 1.8.
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° Energy Spectrum after Final Analysis
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Fig. 5.2 Prominent features in the inclusive 70 energy spectrum at Eepy, = 4.028 GeV.

The prominent peak is produced by the transition D*0¢ — x8DC This
spectrum is used in the measurements of the D° mass, the branching ra-
tio BR(D*% — x%DP%), and the mass difference Am.

slowly with increasing pion energy up to some 270 MeV, followed by a similar
slow decrease. This “continuum” region is populated by #°’s from many sources,

including the prominent D° decay mode

D° — K~ a*n® (5.6]

[67)

with a 17.3 + 1.7% branching ratio and with kinematic limits for E,(rgo), the

70 energy from this D? source, from 140 MeV to 1140 MeV”

5.2 The Measurement Technique for Inclusive Distributions

The intention of this analysis is to extract measurements of the branching

ratio, D% and D*° masses; the general method used is a log-likelihood mini-

* For D produced in D*OD0 4+ pOD+° decay at E.y = 4.028 GeV.
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mization where a hypothesis is compared to the data, a “goodness-of-fit” calcu-
lation is made, and the parameters to be determined are varied until a maximum
goodness-of-fit is obtained.™ "™ In principle, one could explicitly calculate the
distributions for photon and 70 energies for the ten processes involved (see next
section), include the effects of detector resolution, acceptance, and efficiencies
analytically and compare this to the data, letting the minimization algorithm
select the values for all parameters. However, this “fully analytical” method
is prohibitively complicated due to difficulties in parameterization of the energy
spectra as a function of Am, D° mass, and an unknown parameter characterizing

angular distributions of the emitted photons and pions.

An alternative method is used in its place: a Monte Carlo event generator
and detector simulation algorithm are used to generate spectra for the desired
processes in discrete steps in D® and D*® mass; for each of these mass combi-
nations, a log-likelihood minimization is performed (where the D*° branching
ratio and production cross-sections are varied continuously by the minimization
algorithm, but not m(D°) or Am). The minimization algorithm sums together
these Monte Carlo spectra (of both photon and #° energies) from the processes
under study using a set of varying coefficients. These coefficients are adjusted for
best fit to the observed spectra, and the branching ratio and cross-section values
are extracted from them. After these fits are performed for several mass com-
binations, investigation of the goodness-of-fit parameter from each minimization
allows a determination of the “best” simultaneous value for Am and m(D°). In
all of this, the remaining degree of freedom, the angular distribution parame-
ter, is held fixed at the theoretically most-accepted value, because the sensitivity
of this fitting process to it is minimal. This angular distribution parameter is

discussed further in Appendix A.

As an illustration of the sensitivity of this method to the D*® branching ratio,
inclusive energy spectra may be produced by summing together the spectra with

cross-sections predicted by a typical model”**" When done for several branching
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ratio values, this demonstrates the changes in the shapes and amplitudes of the
signal regions as a function of the branching ratio. Figs. 5.3 and 5.4 show the
spectra generated using typical cross-sections and for values of BR(D*? — #°DP)
of 30, 50, 70, and 90%; even by eye it can be seen upon comparison with Figs. 5.1
and 5.2 that the branching ratio must be in the range 50-70%, with =~ 60% very
likely.

5.3 The Processes to be Studied

The processes which must be taken from data or parameterized by the
Monte Carlo simulation in order to extract the measurements of D*° param-

eters are discussed here. These processes include
1. Continuum (QED and non-charm (u,d, s) hadron physics).
2. Initial-state radiation.
3. ete~ — DDC.
4. ete” — D*°D° 4+ DODO,
5. ete™ — DD,
6. ete” — DTD™.
7. ete = D*tD~ + D*~D*.
8. ete” — D*TD*~.
9. ete” — D{D3.

These processes are discussed individually below. As an illustration, plots of
the typical photon and #° energy distributions for the different processes are
shown in Figs. 5.5-5.9 for the mass combination point m(D%) = 1862.7 MeV,
Am = 140.5 MeV.
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Monte Carlo Photon Energy
Spectra vs. Branching Ratio
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Fig. 5.8 Photon energy spectra constructed by adding Monte Carlo spectra for the
processes contributing at E¢,=4.028 GeV. The cross-sections used in the
addition are those found by the summation fit at the minimum x? mass
combination (see Section 5.5) and are the same for all four spectra. The
BR(D*® — #°DO) branching ratio is varied for each figure. In the appro-
priate figure, the branching ratio is: (a) 30%; (b} 50%; (c) 70%; and (d)
90%.
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Monte Carlo n° Energy
Spectra vs. Branching Ratio
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Fig. 5.4 Neutral pion energy spectra constructed by adding Monte Carlo spectra for
the processes contributing at E.p,=4.028 GeV. The cross-sections used in
the addition are those found by the summation fit at the minimum x?2
mass combination (see Section 5.5} and are the same for all spectra. The
BR(D*® — 70DP) branching ratio is varied for each figure. In the appro-
priate figure, the branching ratio is: (a) 30%; (b) 50%; (c) 70%; and (d)
90%.
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Sample Energy Spectra Used in Summations
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Fig. 5.5 Typical energy distributions for continuum, D9DP, and Dt D~ processes
used in the summation at one of 13 mass combinations. (a),(b) Photon
and =0 signals from continuum data at Ecm = 3.870 GeV. (c).(d) Photon
and z¥ signals from the Monte Carlo simulation of D9D° production at
Ecm = 4.028 GeV. (e),(f) Photon and ¥ signals from the Monte Carlo
simulation of D¥ D~ production at Ecp, = 4.028 GeV. These are used in the
global summation fit at m(D°) = 1862.7 MeV, and Arn = 140.5 MeV. These
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Sample Energy Spectra Used in Summations
for D**D°+D°D* Signals
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Fig. 5.6 Typical energy distributions for D*®*D® + D®D*° processes used in the sum-

mation at one of 13 mass combinations.

(a),(b) Photon and x° signals

from the Monte Carlo simulation of D*D° + c.c. — 2°D%D® produc-
tion. (c),(d) Photon and % signals from the Monte Carlo simulation of
D*0D0 4 c.c. — 7DD production. These are used in the global summa-
tion fit at m(DP) = 1862.7 MeV, and Am = 140.5 MeV. These are for one
of thirteen fits at various mass combinations.
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Fig. 5.7 Typical energy distributions for D*+* D~ + Dt D*~ processes used in the
summation at one of 13 mass combinations. (a),(b) Photon and #° signals
from the Monte Carlo simulation of D** D~ + c.c. — (#D)D~ production.
(c),(d} Photon and =¥ signals from the Monte Carlo simulation of D*+ D~ +
c.c. = vD* D~ production. These are used in the global summation fit at
m(D%) = 1862.7 MeV, and Am = 140.5 MeV. These are for one of thirteen

fits at various mass combinations.
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Sample Energy Spectra Used in Summations
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Fig. 5.8 Typical energy distributions for D*9D*® production and decay processes
used in the summation at one of 13 mass combinations. (a),(b) Photon and
#¥ gignals from the Monte Carlo simulation of D*0D*0 — 7070 D00 pro-
duction. (c),(d) Photon and #° signals from the Monte Carlo simulation of
D*0D*0 — x04DODC production. (e),{f) Photon and #° signals from the
Monte Carlo simulation of D*0D*0 — yyD9D9 production. These are used
in the global summation fit at m(D°) = 1862.7 MeV, and Am = 140.5 MeV.
These are for one of thirteen fits at various mass combinations.



5. Determination of D*C Branching Ratio and Masses

Page 104

Counts/(2% bin)

Sample Energy Spectra Used in Summations

for D**D*” Signals

300

200

100

T IIIIHI

(a)

300

200

100

300

200

100

0
2 4 10° 2 4 103

IIYII!IIIIYIIT‘,_IIII

T lllllll

lTIlTvv II!TI'IIIII'IIIII

125 150 175 200 225
Energy (MeV)

250
200
150
100

50

250
200
150
100

50

250
200
150
100

50

Counts/(2 MeV bin)

Fig. 5.9 Typical energy distributions generated for D*tD*~ production and de-
cay processes. (a),(b) Photon and x0 signals from the Monte Carlo sim-

ulation of D*tD*~ — xxDD production.

(c),{(d) Photon and =° sig-

nals from the Monte Carlo simulation of D*+D*~ — xyDD produc-
tion. (e),(f) Photon and 7 signals from the Monte Carlo simulation of
D**tD*~ — 4yD* D~ production. These are used in systematic error cal-
culations for the global summation fits.
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5.3.1 Continuum Physies

The continuum physics classification includes non-charm hadronic and QED
physics (the latter category only includes QED events which have deluded the;
hadron selector). Processes contributing via initial-state radiation are considered
separately. This is the first example of the type of process that produces photon
and pion spectra containing no distinctive “D*® features, i.e., no enhancements
from the photon or pion transition. Photon spectra in this category can be
characterized by a slowly rising distribution from 20 MeV up to x~ 200 MeV,
followed by a slow decrease to zero above 1 GeV. Similarly, neutral pion spectra
show a slow rise above threshold at E_o = 135 MeV, increasing up to pion energies

of a2 300 MeV, again followed by a slow decrease to zero near 800 MeV.

Process (1) distributions are obtained from data taken at E.,, = 3.670 GeV.
The assumption is made that the shape of the continuum spectra obtained at
3.670 GeV can be used directly at 4.028 GeV; this is necessary because the
3.670 GeV sample is the one closest in energy which does not have contribu-
tions from charm meson production or ¢’ physics. No other data sample is
available, and and it was decided that the data sample would better represent
the continuum spectrum than one of the standard Monte Carlo simulations for

ete~™ —hadrons such as the Lund string model. !

The lack of distinctive features in these continuum spectra, and the spectra
described below which are similar to them, make it difficult to meaningfully al-
locate separate contributions to the cross-section from each such process. Thus
only the total sum of such processes is determined in the fits to be described. In
the following, the designation “continuum-like” will be used to describe feature-

less spectra of this nature.

5.3.2 Processes Contributing via Initial-State Radiation

It is well known that the electron or positron, or both, may radiate one or

more photons before the annihilation interaction occurs. This is called initial-
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state radiation, and must be considered as a possible contributor to the inclusive
spectra studied here. In principle, the radiated photon(s) can reduce the available
kinetic energy in the electron-positron center-of-mass frame to any value greater
than zero. Two cases come to mind: (1) the C.M. energy of the e™e™ pair does
not lie close to a resonance, producing non-charm physics events, or (2) the pair

has an appropriate energy for production of one of the narrow charm resonances.

Initial-State Radiation to Non-Resonant States

Class (1) events producing hadrons are not much different from standard
continuum production of hadrons, except that the C.M. frame is boosted with
respect to the lab. Also, the cross-section is very small. These events produce
inclusive distributions similar to the continuum and are implicitly included in
that class in the fits to be discussed. These will not be considered here any

further.

Initial-State Radiation to Narrow Resonances

A significant number of class (2) initial-state radiation events can be expected
at E.n = 4.028 GeV producing one of the narrow c¢ resonances. To calculate
the cross-section for such events, let o}(W) denote the cross-section, with no
radiative corrections, for the process ete™ — ~4X; (where X; represents some
particular final state) at E., = W. Neglecting the energy width of the beams
(a very good approximation for SPEAR), the radiatively corrected cross-section,

including hard- and soft-photon effects, for this process ise®

o kK |\E) E 2E?

o (W) = o (W) +t/E dk [(ﬁ)t _ky ﬁ] o (\/W2 - 2Wk) . [5.7]

where

t:%(ﬂn (mﬁ) ~1), [5.8)
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2¢ (w2 17 13
=222 —t, .
€ n(6 36)+12 [5.9]
w

and m, is the electron mass (k, the emitted photon energy, is integrated over).
Using Eq. [5.7], the number of events expected for the data sample at E.y =

4,028 GeV from each of the three narrow charm resonances can be calculated as

: 1 MA\' 1 M
N;=Lo'(W) = LAt ;4@;; [(1 - 4_155) -5t -32—&4} (5.11]
where L is the total integrated luminosity at this value of E.p, (884444 nb~!), and
the “pure”, 1.e., before radiative effects are included, cross-section for production
of a charm resonance has been approximated by of (W) = A;6(W —M;); M; is the
mass of the resonance and A; is its energy-integrated hadronic width. Treating
the J/¢ and ¢’ as narrow is well-justified; treating the ¢” in this fashion is more
questionable but is sufficient for the purposes here. For a Breit-Wigner lineshape,

A; is given by

2 T
_67|’ rce bad

A= A [5.12]
' M? zot
= I',BR(t); — hadrons) [5.13]

where T

tes Tl.4, and T, are the electronic, hadronic, and total widths of reso-

nance t, respectively.

The results for the three resonances J/1, ¥, and ¢ are given in Table 5.1.
Several hundred events to both the J/¥ and the v’ are predicted. For the J/¢,
only “continuum-like” inclusive spectra is produced. For the ¢, the radiative

transitions to the xg,1,2 states occur,” but the Lorentz boost of the ¢’ relative to

» See Fig. 1.4 for a non-Doppler-broadened illustration.
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Integrated Hadronic | Number of Radiative | Radiative Photon
Resonance | Width (nb-MeV) Events Expected Energy (MeV)
J/tﬁ 9700 + 657 497 + 42 823.5
Y 3490 + 332 534 £ 57 327.5
o 420 + 242 86 + 50 249.8

Table 5.1 Numbers of events expected, before efficiency corrections, from initial-state
radiation to the charm resonances at Ec, = 4.028 GeV. Also given are
hadronic widths, calculated from values in Ref. 57, and the photon energy
for single-photon emission to these states.

the lab, coupled with the branching ratios BR(y' — ~vx;) < 9% for each state,
make the direct photon lines unobservable. Thus both resonances will contribute

only featureless spectra and are included in the “continuum-like” sum.

It is possible to directly observe the photon created by the initial-state ra-
diation. The energy expected for these photons is also given in Table 5.1. The

efficiency for observing such a photon with energy £, is
6(E“‘I) = €had €y €geom [5.14].

where €p,4 is the efficiency for such an event to pass the hadron selection, and
is estimated to be 95 + 5%; ¢, is the photon detection efficiency, discussed in
Section 4.2.3, and is ~ 70%. The final efficiency is €geom, Which indicates the
convolution of the detector’s geometric acceptance with the angular distribution

of initial-state radiation:” it has been estimated in other studies'™ to be ~ 15%.

*» The approximate angular distribution is
do sin? 4
an~ 2 z
(1 - (%) cos? 9)

where p(E) is the momentum (energy) of the electron or positron, and # is angle to the
beam direction of the emitted photon. The distribution is strongly peaked along the beam
axis.
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Thus the overall detection efficiency for such photons is ¢(E,) < 9%. Indeed, no

narrow structures are seen in Fig. 5.1 at any of the energies listed in the table.

In summary, no distinctive features are expected to be evident in the photon
or pion inclusive spectra studied here, and initial-state radiation is expected to

contribute only to the continuum-like sum.

5.3.3 Processes Producing Charm Mesons

The distributions for processes involving charm mesons are derived from
Monte Carlo simulations. The processes involving charm strange mesons will be
neglected since the Dg signal is expected to be much smaller than non-strange

D-meson production at 4.028 GeV.” Each D* decays via one of the processes

Dt - 29D*
Dt gt DO or

D't - 4Dt

D* s 70O
D*0 — 4 DO
[5.15]
with D*’s decaying via the charge-conjugate mode. (The D** branching ratios
used in the Monte Carlo were fixed and are not determined in the present analysis;
this is partly because the minimization algorithm has difficulty converging if
there are too large a number of variable parameters, and because =~ 50% of
the charged D**’'s will decay to charged pions leaving no characteristic signal
in the inclusive energy distributions as neutral pions do, and therefore there is

less sensitivity to D** decays.) The values for D** branching ratios were fixed

[36-37)

* The coupled-channel model of charm production predicts the ratio of e*e~ produc-

tion cross-sections to be
a(D§ D)
o(DD) +o(D*D + DD*) + o(D*D*)

£ 0.06;

additionally, the DEDE photon and neutral pion energy spectra are essentially indistin-
guishable from continuum or D) spectra. Any small contribution from Dg production will
be absorbed in the cross-section sum for “continuum-like” processes.
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{71}

at the values reported in the 1982 Particle Data Group summary; when the

(66|

1984 summary was released, the Monte Carlo processes were not rerun to

include them because of insufficient availability of computer time. In any case,

t

this change in D** branchingratios' would have a small effect on the final results

and is included as part of the systematic errors, in the result of this work.

In order to reduce further the number of free parameters in the minimizations,
approximate isospin symmetry is invoked for DD and D*D + DD* processes
which, at E.n = 4.028 GeV, are well above the thresholds for their production.
In DD production, the u and d quarks, being in the same SU(2) doublet, con-
tribute equally to the matrix element for both charged and neutral modes. The
only difference in production cross-sections then arises from the small (< 3 MeV)
mass difference between charged and neutral partners; at E.n=4.028 GeV, the
difference is < 5% and is not significant for this analysis. Making use of this, the
relative amplitudes for D°DP-and Dt D~ are set equal, as are the amplitudes
for D*°D° + D°D*® and D**D~ + D*D*". Additionally, the D**D*~ com-
ponent is neglected at E¢y = 4.028 GeV; as mentioned above, the charged D*
leaves no characteristic signal when decaying via charged pions; also, since the
charged D*’s are more massive than the neutrals, there is a phase space suppres-
sion of their production near threshold with respect to the neutrals by the factor
(Ipp-+|/|lPp-o])® = 0.4; when combined with a branching ratio into photons or
7% the D*t D'~ process enters with an amplitude < 20% of that of the neutral

process and so will be omitted here.

Monte Carlo Simulation of D and D* Processes

The charm meson event generator used in this work is a modified version
of the constant-matrix-element model of Quigg and Rosner!® which has had

semi-leptonic decay modes®  of the D and D* included. Likewise, angular

1 The changes were: BR(D*t — xtDO): 60 + 15% — 49 + 8%, BR(D*t — «°Dt): 28 +
9% — 34+ 7%, and BR(D** — 4D%): 8 7% — 17 + 11%.
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matrix elements (in order to produce angular distributions and correlations for
DD, D*D + DD*, and D*D* production and decay) have been incorporated for
this analysis. Kinematics fixes the production and decay angular distributions for
DD and D*D + DD* processes but not for D*D*; this amplitude depends upon
the ratio z of the spin-0 p-wave and spin-2 p-wave components: 2 = Ap /Az.* The
value of z used in generating the Monte Carlo charm meson spectra was fixed
at z = —1/86, the theoretically most-likely value."™ The production amplitudes

are:

Mpp « 7 -p (5.16]
MpB+DD x - p X € (5.17)

1 1 . 1 A
Mp«D- x Age- €+ Ag (Ef'ﬁf'ﬂ+§f'ﬂf'P—§€'€P”7) [5.18)

where the following are three-vectors: '

n = virtual photon polarization; [5.19]
P = three-momentum of a primary D or D*; and [5.20]
€ (¢€) = D*(D*) polarization vector. [5.21]

These amplitudes are squared and the D* polarization vectors summed to yield
distributions for final state photons and #%’s from the D* decay modes. After
an initial meson pair has been produced and decayed into D’s, 7’s, and photons,
the D’s are decayed via the constant-matrix-element Monte Carlo and phase

[67-68] . .
space considerations.

*» The f-wave contribution is assumed to be small and is neglected. See Appendix B for a
fuller discussion of angular matrix elements.

t Notation is essentially the same as in Ref. 14.
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5.4 Corrections to Monte Carlo Photon Spectra at Low Energies

It has been observed during this analysis, and confirmed by others,Iﬁgl that
the standard Crystal Ball detector simulation does not produce as many hadronic
split-off showers as is seen in data. The detector simulation uses the HETC™

[76]

routines to simulate the energy deposition of interacting hadrons; however,

this routine does not produce as many low-energy showers as are observed in the

"¢l are now available that could help eliminate this problem,

data. Other routines
such as FLUK A86 and GHEISHA;T however, because of time constraints, it was

decided that a correction algorithm would be the best path to follow.

Determination of Shape Correction at the ¢

The fitting technique outlined earlier was tested at the ¢"(E.n = 3.772 GeV)
using only continuum, D°D°, and Dt D~ components in the summation. In
addition, the photon and 7° energy spectra from Monte Carlo simulations of
the D-related components were multiplied by energy-dependent polynomials be-
fore addition into the summation. The minimization algorithm adjusted the
polynomial coefficients for the best fit, as well as the relative cross-sections of
the physics processes. It was discovered that no correction was needed in the
70 spectrum, presumably because the two-dimensional background subtraction
technique discussed in Chapter 4 was able to remove the wrong combinatorics
created by spurious “photons” during creation of these distributions. The cor-
rection polynomial for the photon spectra determined in this fashion is used in
all summation fits at E., = 4.028 GeV; indeed, without this split-off correction
confidence levels for an entire summation fit are < 0.1%, whereas the same fits
with the correction applied have confidence levels 2 18.6%. The “multiplicative

shape correction polynomial” for photon spectra is displayed in Fig. 5.10.

» High Energy Transport Code.

t Actually the GHEISHA algorithm somewhat overproduces low-energy showers.
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Multiplicative Polynomial Shape Correction

for Monte Carlo Photon Energy Spectra
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Fig. 5.10 The multiplicativeshape correction polynomial (MPSC) used to correct miss-
ing split-off showers in Monte Carlo photon energy spectra. This boosts the
counts in the low-energy bins of photon distributions.

Systematic Effects of the Shape Correction

The photon and pion peaks are sharp enough that no significant distortion
is introduced from this correction. However, there may be a systematic effect
resulting from the monotonic decrease of the correction factor with energy which
slightly enhances the pion signal at the expense of the photon signal. The branch-
ing ratio measurement is particularly sensitive to this effect. The magnitude has
been estimated using the polynomial shown in Fig. 5.10 to be < 2.4% for branch-
ing ratios in the range 50% to 80%.

5.5 Results of Measurements

5.5.1 Introduction

When performing the summation fits for each combination of D% mass and

Am, a “goodness-of-fit” value, distributed as a x?-variable, is obtained for each
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Summation Fit Results at E.n = 4.028 GeV

Am
138.5 MeV | 140.5 MeV | 142.5 MeV | 144.5 MeV
1860.7 MeV — 245.5 260.8 317.3
1862.7 MeV — 237.8 229.7 287.1
D% mass
1864.7 MeV 232.3 226.8 263.4 305.6
1866.7 MeV — — _— —
1868.7 MeV — 237.5 257.2 308.6

Table 5.2 The goodness-of-fit parameters from full summation fits at E., = 4.028 GeV
as a function of D° mass and the Am mass difference. The parameter values
presented here are distributed at each mass combination as a y2-variable.

mass combination. These goodness-of-fit values are investigated as a function
of the mass parameters to determine a measurement of the D? mass and Am.
Table 5.2 shows these resulting minima x? for the full fitting process, for various
steps in the D° mass vs. Am matrix; some cells were not calculated because of
time and cost constraints involved in running the source Monte Carlo simula-
tions. Originally, a grid surrounding “standard values” of these two parameters
was used, and it was expanded selectively when it became obvious that this
high-precision measurement was converging to another matrix point. A global
minimum is observed at the (m(D%) = 1864.7 MeV, Am = 140.5 MeV| mass
combination point. In the following sections, several fits to these local x? min-
ima near this point will be investigated. First, a fit to the values at constant
Am = 140.5 MeV will yield a D° mass measurement; second, a fit ta the values
at constant m(D%) = 1864.7 MeV will yield a measurement of Am; third, a cor-
related fit using all the goodness-of-fit values will allow a correlated measurement
of the two mass parameters. Following this, the branching ratio measurements

at each mass combination are discussed. Lastly, the cross-section measurements
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Parabolic Interpolation of x* for m(D°) Slice
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Fig. 5.11 A parabolic fit to the x2-distributed goodness-of-it variable from Table 5.2
for constant Am = 140.5 MeV. This fit, although instructive, must be in-
terpreted as part of a two-dimensional fit with a strong negative correlation
between the D° mass and the Am mass difference. The minimum of the
fitted function is at m{D0) = 1865.5 + 1.1+ 2.0 MeV.

at the mass point closest to the correlated fit minimum are presented; however,
it is to be stressed that these cross-section measurements are highly correlated

and may have sizeable systematic errors.

5.5.2 D° and Am Mass Measurements

The D°® Mass and Am Mass Difference—One-dimensional Fits

The simplest way of interpreting the x? values in Table 5.2 is to perform
one-dimensional fits of a parabolic function to the values along the row and
column containing the minimum x? value. These two fits are shown in Figs. 5.11

and 5.12. This of course neglects any possible correlation between the two mass
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Parabolic Interpolation of xz for Am Slice
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Fig. 5.12 A parabolic fit to the x2-distributed goodness-of-fit variable from Table 5.2
for constant m(D?) = 1864.7 MeV. This fit, although instructive, must be
interpreted as part of a two-dimensional fit with a strong negative correlation
between the D% mass and the Am mass difference. The minimum of the fitted
function is at A = 139.4 + 0.6 + 1.5 MeV.

parameters. The values found this way are

m(D°) = 1865.5 £ 1.1 +2.0 MeV [5.22]
and

Am = 139.4 + 0.6 + 1.5 MeV, [5.23]

where the first error is statistical and the second is systematic.

The Correlation Between m{D°) and Am.

The most general way of treating the x2 values obtained from the summation
fits at the various mass combination points is to fit them using a two-dimensional

binormal distribution function. The binormal distribution is the extension of the



5.5 Results of Measurements Page 117

parabolic fits of the preceding section to two dimensions. A fit of this nature
will allow interpolation between the discrete mass points for determination of
the minimum x? point while accommodating a possible correlation between the
two mass variables.

The binormal distribution function is"""

B(z1,72) = 1 [(Il _5’1>2 + (-’52 - 52)2 _ 2p(1’1 — Z;)(z2 —ig)]

1- p2 gy (¢ 0102
(5.24]

where z,, z2 are the independent variables, e.g., masses, %Z;, Z2 are the values
where the minimum of B occurs, 0y, 03 are “one-standard deviation” statistical
errors determined by the curvature of B, and p is the correlation coefficient
of z; and z3° A contour plot of the binormal surface is shown in Fig. 5.13. The

coordinates of the minimum are at

m(D°) = 1865.3 + 1.0 £ 2.0 MeV [5.26]
and

Am = 140.0 +£0.5+ 1.5 MeV, [5.27]

where the first error is statistical and the second is systematic. The correlation
coeflicient is p = —0.30. These values are seen to be quite consistent with those
from the one-dimensional parabolic fits. The systematic error is considered to

be a conservative estimate. Further studies may be able to reduce it.

In performing the fit to the binormal function, the two x? values from

the mass points [Am, m(D°)] = [142.5 MeV,1868.7 MeV] and [144.5 MeV,

* The correlation coefficient is related to the angle o that the major principle axis of a
B = constant ellipse makes with one of the independent axes. It is given by

0102

2

tan2a = 2p 7
agf — o3

[5.25]

For the fit in Fig. 5.13, a = 12.6°.
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Fig. 5.18 Contour plot of a binormal surface fitted to the x? local minima obtained
in summation fits at each D° mass and Am combination. The minimum,
indicated by the ‘0, occurs at m{D°) = 1865.3 + 1.0 = 2.0 Me¢V and
Am = 140.0 £ 0.5 + 1.5 MeV (first error is statistical, second is systematic).
The standard deviation contours reflect only statistical errors; the error bars
represent *1o statistical errors combined in quadrature with a 1.5 MeV sys-
tematic error in Am and a 2.0 MeV systematic in m({DY). The correlation
coefficient is p = —0.30. The horigontal band indicates the 4+ 1¢ errors about
the world average value for m{D%); the vertical band indicates the same for

the world average for Am. fen

1868.7 MeV] were not included in the fit. These two points, at large extremes
from the minimum, have cross-section values for D*D + DD* and D*D* pro-
cesses that are quite different from those found nearer the minimum. Physically,
at these large mass values, the Doy pler-widened signal from the initial 7° decay
has become so broad that no D*D + DD* component is allowed in the fit; all the
amplitude is attributed to D*D* production. This is inconsistent with the rela-

tively constant cross-section values found nearer the minimum, and these points
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Summation Fit Results for BR(D*? — x°D°) (%)
Am

138.5 MeV | 140.5 MeV | 142.5 MeV | 144.5 MeV
1860.7 MeV — 54.8+30 | 583133 [ 57.0+34
1862.7 MeV — 548+35 | 57.5+3.2 | 53.21+39

D° mass
1864.7 MeV | 46.1 +3.3 | 53.1t34 55.7+3.6 | 48.1+3.8
1866.7 MeV — — — —
1868.7 MeV — 4951+ 34 | 53.0:3.8 | 449+49
Table 5.8 The values for BR(D*® — #°DP) found in the summation fits at Ecm =

4.028 GeV as a function of D° mass and the Am mass difference. The
values are stable near 50% even though there is considerable variation in the
“goodness-of-fit> parameter over the range of mass combinations considered

(see Table 5.2).

distort the shape of the binormal function if included!

5.5.3 The Branching Ratio BR(D*°® — n°D°)

The results of the branching ratio measurements as a function of mass com-
bination are given in Table 5.3. The branching ratio values found at the different
mass combinations are stable, varying from 45% to 59%; the value measured at

the grid point having the lowest local minimum in x? is

BR(D*® - x°D% = 53.1 £ 3.4 + 9.1%, [5.28]
which yields

BR(D*® — vD% = 46.9 + 3.4 £ 9.1%, [5.29]

where the first error is statistical and the second is systematic. The statisti-

t When these two points are included, it is found that Am = 140.1+ 0.5 MeV and m({D%) =
1865.3 & 1.1 MeV (statistical errors only); the correlation coefficient becomes p = —0.09.
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cal error is estimated by the minimization algorithm, including the possible oc-
curence of non-parabolic errors. The systematic error is a conservative estimate
calculated from several possible perturbations added in quadrature. First, the
estimated effect of the omission of D**D*~ in the fits is 5%; second, the varia-
tion of the branching ratio over the region where the x? values are compatible
with a binormal interpretation (this excludes the two mass points mentioned in
the previous section) gives an estimate of 7.2% for the uncertainty from errors
in spectrum shapes; and third, a systematic effect from the polynomial shape
correction (discussed above) of 2.4% is included. This result may be compared

with the world average of 51.5 + 7.6%.

5.5.4 Combsnation with Other Ezperiments

When this experiment’s correlated Am value of 140.0+0.5+ 1.5 MeV is com-
bined with the only other independent result, 142.7 + 1.7 MeV,[w] the weighted

average is

Am| worla = 141.3 = 1.2 MeV. [530]

average

The confidence level of the consistency of these two mass difference measurements

is 51.1%.

When the pion branching ratio of this work, 53.1 + 3.4 = 9.1%, is combined

with the current world average of 51.5 + 7.6%!57] the combined result is

BR(D*® — 1°D°%)| worla = 52.3 + 5.4%, [5.31)

average

and

BR(D*® = 4D wora = 47.7 £ 5.4%. [5.32)

average
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Cross-sections for Charm Meson Production
at E.n = 4.028 GeV.

Process(es) o (nb) Units of R
Sum of non-charm,
DDP, and DtD~ 23 4.4
D*0DO+ DOD*0 3.4 0.64
D**D-+Dt*D*~ 3.4 0.64
D*OD*0 1.8 0.33
Total 31.6 6.01

Table 5.4 Cross-sections as measured in the summation fit nearest the correlated min-
imum in D% mass and Am. These values are correlated and have large
systematic errors. They are included here only to indicate typical values
found in this analysis. No radiative corrections have been applied.

5.5.5 Charm Meson Cross-Sections at E., = 4.028 GeV

The cross-sections for charm meson production found at the mass combi-
nation closest to the correlated fit minimum are given in Table 5.4. They are
included here for completeness only; no values indicating the precision of these
measurements are quoted since there would be unknown systematic errors in-
volved. The largest source of these systematics is the difference between mul-
tiplicities of each process contributing to the data, and its counterpart from
Monte Carlo simulation. This is only a “second-order” effect in calculations
of branching ratios or mass measurements, but is a “first-order” effect in di-
rect calculations of the cross-sections. Also, the three processes (1) non-charm,
(2) D°D°, and (3) D* D~ production are indicated as a single sum since the spec-
tra representing the three processes are very similar and cannot be separated by
the summation fit procedure. A comparison of these cross-section results and

the coupled-channel model is given in Chapter 1.
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Appendix A

Angular Distributions in D and D* Decays

A.1 Introduction

This appendix discusses the calculation of the angular parts of cross-sections
used in this analysis. The combined production-and-decay cross-sections calcu-
lated here are used in the event generator for charm meson production which,
when used with the detector simulation algorithm, is the basis for the Monte Carlo
spectra used to fit for charm meson masses and branching ratios. Through-
out this appendix the terms “cross-section” and “matrix element” refer only to
the angular parts of the complete expression. Most calculations are done non-
relativistically following Ref. 14; since we are interested only in D*D* production
very near threshold, this is sufficient. Relativistic effects are included when nec-

essary (for instance in D*D + DD* production).

Section 2 of ihis appendix defines notation and lists some useful relations for
integrating over various quantities. Sections 3 and 4 discuss DD and D*D+ DD*
production cross-sections respectively and their combination with D* pion and
photon decay matrix elements. Section 5 presents the cross-sections for D*D*
production and decay. The more lengthy of the following cross-section cal-
culations were performed with the aid of the symbolic manipulation program

REDUCE."™
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A.2 Definitions and Identities

The following are definitions for the momentum and polarization vectors
encountered in charm meson production and decay (quantities marked with a ‘-’

indicate unit vectors):

p = three-vector in the direction of the D* momentum;
¢ = three-vector in the direction of the = three-momentum, where
the 7 is produced in D* — #nD;

= three-vector in the direction of the < three-momentum, where
the v is produced in D* — 4 D;

)

fi = three-vector in the direction of the et-beam:;

n = polarization vector of the virtual photon, v*, in ete™ — 4* — ¢g;
and

¢(€) = polarization vector of the D*(D*).

In some cases, more than one pion or photon may be present in the process; then

the three-vectors will be distinguished by subscripts, e.g., k; and kj.

The identities below are used in summations over various quantities including
virtual photon polarizations, D* polarizations, and integrals over three-momenta
angles (subscripts here refer to coordinate labels, e.g., z, y, and z, not to particle
labels—see above). First there are the summations over virtual photon polariza-
tions in ete™ — 4* — charm meson pairs: polarization to the e*-beam direction

and transversality yield

Z niny = by — fAiifi; (A1)

7* pol
and

D> 4=24 (A.2)

~* pol
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where A is any expression not involving the polarization vector . For the D*, a

spin-1 massive object, we have the polarization sum

Z €€y = 6,'1' , [A.3]

D* pol
and the solid-angle integration relation
. a 1
Z pip; = 55.';'- [A.4]
angles
which is equivalent to
. 1
/ dp Py = 265 - [A.5]
If the beam direction is averaged over, we can use the relation
A 1
Z fiift; = 56,-_1- ; [A.6]
beam

directions
In these relations we use the standard Kronecker §-function

{+1 for 1 = j;
Y7l 0 fori# g,

and the fully antisymmetric quantity

+1 for tjk an even permutation of 123;
gk = 4 —1 for 17k an odd permutation of 123; and

0 for any two indices equal.

Recall that the vector cross-product can be written as
(A x B) = €45k A;j By, [A.7]

and the identity

Eijk Eitm = 8j16km — 8jmbrs . (A.8]
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A.3 DD Production

Let  denote the D three-momentum unit vector. The angular part of the

matrix element is simply”

MpB -, A.9]

where p is measured in the ete™ center-of-mass frame. From this we see that

do x [ M]?
dQ(DD) [A.10]
o iy n;P; ,
and by Eq. [A.1],
do PPN
E(Dﬁ) x ( 7 th)PtPJ
[A.11]

o Pipy — fipi iP5
o« 1l—(f-p)?.
Defining the polar angle of the D to the beam axis to be 8, so that cosd = - p,

we see that the polar angular distribution is

do

a0 2
d(0D) o sin“§. [A.12)

This remains true in the relativistic calculation.

*« All matrix elements are from Ref. 14.
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A.4 D*D + DD* Production and Decay

The production matrix element for D*D production is!

Mp:Dxn-pxe. [A.13]

Squaring this and summing over virtual photon polarizations using Eq. [A.1],
and using Eq. [A.7] to express the cross-product, we get the D*D production

cross section:

do " A2 A 2
— 1—(p- — (p %X A.14
e, <1~ -0 = (- (px a) (A-14]
where ¢ is the D* polarization vector. If the D* polarization is not observed, we

can eliminate ¢ using Eq. [A.3]:

do

—_— - 2
(05 o1+ (p-R)°. [A.15]

If we again let 4 be the polar angle of the D* relative to the beam, so that cos§ =

fi - b, we see that the angular distribution is {non-relativistically)

do
—  _ x1+cos?d. A.16
d)(D*D) [ ]

In order to calculate the combined production and decay cross-sections, we
will need the D* decay matrix elements for the photonic and pionic decays. These

are:

Mpe_gp x €-§, and [A.17)

a ~

Mpe—apoxe-(kx E)=¢-B [A.18]

t For the remainder of this discussion, the expression D*D will be understood to repre-
sent D*D + DD".
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where §(k) is the pion(photon) three-momentum unit vector, and B is the mag-
netic polarization vector of the emitted photon. For this photon, a polarization

sum similar to Eq. [A.1] can be written:

Y BiBj= b - kik;. (A.19)
po[;]aigzn::ii;m

The Pionic Decay D*D — nDD

Making use of Egs. [A.14] and [A.17], and identity |A.3] to sum over the D*

polarization, we find for the pionic decay

do

- —($-8)2 — (5 (D )2
dn(D~E—»wDE)°<1 (-9 - ("-(pxa)°. [A.20]

If the D* direction is not observed (or equivalently the D direction), then using

Eq. [A.4], we find
do

—— o . e 2
d0(0-DrD) & 1+(g-7) [A.21]

which yields a 1+ cos? 8, inclusive distribution for the pion if it alone is observed

(6r = §-A).

The Photonic Decay D*D — DD

Similarly for the photonic decay, using Eqgs. [A.14], [A.18], and [A.19], we

find that
do

— p-k)+(p-n)+ (- (px k). 2
0Dy & B () + (3 (5 x B) (A2
If the D* direction is integrated over, using Egs. [A.4] and [A.8], we find that the

inclusive photon distribution is

do

= k-
dQ(D*D-+DD) « (

>
=
)

[A.23)

| =t
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A.5 D*D* Production and Decay

The production matrix element for D*D* production is

MDD+ e Ao(e-&)(n - p)+

1 [A.24]

aa (FleA)En) + 2969 - 36-mic-9) -
As in the preceding section, various angular distributions could be calculated
using this matrix element and the decay matrix elements above by integrating
over the D* or the D* polarizations and directions, pion or photon directions,
photon polarizations, and so forth. These are instructive but not necessary for
our purpose here, so these expressions will not be discussed; instead, the final
expressions for angular distributions for D*D* production and decay that were

used in the Monte Carlo are given directly below.

The Double-Pion Decay D*D* — DD

Starting from the matrix element in Eq. [A.24], and using Eq. [A.17] twice,

we get the result

do

a0 A2(31 - 802 (1 — (5-7)2
3 (DD~rrpp) <08 82) (1= (6-47)

. oa “ avfa  a 1, . n a
+2A0A2(q1 - @2) [(@1 D)@+ P) — (61 @) + (P R)
3

(0@ )~ 3D ) |

X
TN
| bt
—
=
-
o
~
-
—
»
>
A
|
2| =

1, 1, . 1,. . 1., 2/ =
1 (30D + 1D S8 - a9 o

1., .i9,n . 1,. . A
- Z(QI 'ﬂ)2(42 'P)2 - 5(41 '92)2(17 : n)2

1. ./ J N U
"g(‘h p)(a2 - ) (4 42)—5(91'11)((12 A)(q1 - 2)(g2 - D)
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+ 3o #) D) w)-)) [A.25]

The Pion-Photon Decay D*D* — nyDD

Starting from the matrix element in Eq. [A.24}, and using Eqs. [A.17] and [A.18],

we find that
5 ey <A (1= @B = (-2 + (@ B2 )
b 2Aody |3+ @B+ 3R+ 308 - SRy
—(@ Bk B)(a-) - (@-P)Na-A)(B-A)
43R -A) (-9 7) + -2)(a-9))]
rad (-2 a7 - a4 a8y
- 5@ R - S A+ (R B R
30 R + 5@ RG4Sk P R)aB)
+ 3R A B) + 5 (R PR A)E- )@ D)
D RO
~3 ARG D6 (a.26]

The Double-Photon Decay D*D* — yvDD

Again starting from the matrix element in Eq. [A.24], and using Eq. [A.18]
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twice, we get the result

do 2 FERY s 2 YTV
(% - ko) — (k- k .
dQ)(D*D*—+~DD) <A ( (p- )"+ (s - k) (ks - k2 (P - 2) )

#3510 + Gk k) (1= (- )Y
— 2 (b9 4 (k- 8)7) + 5 (k20 + (- )?)
= 26+ ) (k- R) (k) + (he - 2) o - 5))
- gl Bk D) (R - B)
e (GRORCTD RN CRPRCR
+ 3k kn) (- 2) (- A)n - 5) + (b ) (ka - )
_%(121 ) (R - D) (s - ) (B .g,)] A.27]

A.5.1 The Parameters Ay and A,

The expression for the D*D* matrix element, Eq. [A.13], involves the am-
plitudes Ay and A; (a possible F-wave component has been neglected). Only
the ratio z = Ag/A3 is observable. There is only limited experimental evidence

for the value of z.* In place of an experimental determination, we have used

* Ref. 79 gives |2]? < 0.51.
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z = —1/6 for all D*D* Monte Carlo events generated for this analysis. Cahn
and Kayser, in Ref. 14, state that this value is predicted by theory if one assumes
the resonance is a 335; state, and that the spin of the light quarks is not strongly

correlated with the spin of the charm quarks.

A.6 Relativistic Corrections

The distributions for D*D* production and decay presented above are non-
relativistic approximations. However, these are sufficient for our purposes be-
cause we are studying these processes only 10 MeV above threshold; the D*’s are
moving slowly. Also, the distribution for DD production is sufficient; it remains
the same in a relativistic calculation. However, the distributions for D*D must
be corrected since we are working ~ 150 MeV above threshold for this meson

combination.

Cahn and Kayser have calculated these effects. In essence, the angular dis-
tributions now include terms involving the energies of the decay pion or photon.

For the pionic decay, the distribution is

do rel

40 (D-D—xDB) (1-(@ 7))l (1-(a-5)?) [A.28)

This is the generalization of Eq. [A.20]. For the photon decay, the distribution

is

do rel
dQl(D*5—+DD)

—(1-3(k- 7)?) (k- ,a)*] } [A.29]

This is the corrected version of Eq. [A.22]. Eqs. [A.28] and {A.29] are used in the

Monte Carlo event generator.
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