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ABSTRACT

We discuss the use of the Crystal Ball detector for the atudy
of ete™ annihilations near charm threshold: at the ${(3097), y'(3685),
¥"(3770) and 1in the "continuum" 37705 ¥5< 4500 MeV. This paper will
concentrate on the special techniques available to the Crystal Ball
which allow measurement of inclusive y, #%and n cross sectiona.
Preliminary results for these processes at particular center of mass
energies are presented. An update of the irclusive and excluaive
evidence for the n.(2980), for the sake of completeness, is given
in the Appendix.

I. INTRODUCTION

The use of the Crystal Ball detector in the study of the "con-
tinuun” region just above charm threshold introduces a number of un-
familiar but useful techniques in e'e” physics. The major purpose
of this report is to cutline those techniques and to discuss areas
of pertinence where they will be applied. Another purpose is to
present our preliminary results in some of these areaa, based on
first analyses of partisl data samples.

The organization of this report is to describe the detector
briefly, and to make a short survey af the state of kmowledge of the
continuum prior to the Crystal Ball measurements. After an outline
of the strategy of data-taking we have used, we present results of
the Crystal Ball "baseline" measurements, i.e., the proof of the
ability to measure inclusive v, 7° and n signals at c.m. energies

below charm threshold and/or on- ¢ resonances. The resolutions and

efficlencies for these mndes are discussed. We then move abave

charm threshold and into the "continuum” region (which itself ap-

pears to have imbedded ¢-like resonances). The report concludes
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with our prelimiunary measurements of selected inclusive modes at in-
teresting c.w. energies,

II. THE DETECTOR

The Crystal Ball is a fieldless, segmented spherical shell of
NaI(Tz) surrounding chambers having charged-particle tracking capa-
bilities. The detector, built and operated by the Crystal Ball
Collaboration,! 1s shown diagramuvatically in Fig. 1. A detailed des-

Figure 1.

Schematic
cutaway view
of the Crystal
Ball detector.

cription of the

apparatus is | meter

given else- B SPARK CHAMAERS ...
where;2 for the '
purposes of this discussion there are several crucial parameters,

A) The energy resolution for Photons {n the Ball itself (as op=-
Posed to the endcaps) is oE/E,’a 31/5;; with E,’ in GeV. This holds well
for 50 HEVSET %2 GeV and leads to a T(FWHM) of about 10% of E,’ in
the regions of interest, This recolution i1s available over ~85%
of 4% radians.

B) The angular resolution for photons 1s determined by the seg~
mentation of the Nal (720 aegments over the complete sphera) and by
velghting the crystal segments according to the energy deposition
within each participatiog crystal of a photon shower. This gives
°ey= 1 to 2°, depending on the range of photon energies. (6_ 1s a
polar angle re.lative to the y true direction.) Y

€} The angular resolution for charged particles is determimed
by the number of Proportional wire chamber
tive spark chamber planes throuch
depending on the ran-

-> and magnetostric-
~tich it passed. We get °ac= .3-1°
-y of the track, with smaller values pertinent

for the 75% .. (he solid angle furthest from the endcaps.




The analysis modes most appropriate to this detector are meas-
urement of ioclusive y, inclusive w°, n and other states decaying
into all-y firal states. In addition the Ball can overconstrain any
event exclusively for any number of electromagnetically decaying
secondaries in the final state, as long as the oumber of unabsorbed
charged particles does not exceed 2. (Zero-comstraint "fits" can
allow 4 charged particles.) An example of these modes was our detec-—
tion of a candidate state for n. in inclusive and exclusive states,
a3 summarized in the Appendix.

We have developed algorithms for the recognition of final-state
photons and charged particles, together with cuts designed to toeke
advantage of the portions of the Ball and the event topologies where
the best measurements sre available. Our general approach is to use
highly cut data for the search for new cffects, and relatively uncut
data to arrive at nurerical results !n the least-biased manner
poasible.

The major complication of the analysis of data from this detec-
tor is patterm recognition in the presence of strongly interacting
particles and shower fluctuations. Residuals from untagged charged
particles (at the level of a few perceat) also complicate the
analysis.

Our basic check of the credibility of the cuts and subsequent
pattern recognition is the ability of the detector to reproduce
standard QED distributions iavolving e’s and y's with absolute
normalization, 3

III. STATE OF KNOWLEDGE OF THE CONTINUUM (PRE-CRYSTAL BALL)

While we cannot do justice here to the many papers published
concerning the effects within the continuum, we can mention those
areas of study most likely to be investigated by the Crystal Ball,

The global behavior of the cross section ete"—+ hadrons has been
studied by most of the past detectors at e"’e' Btorage rings. A rep-
rosentative sample" 1s shown in Fig. 2. Absolute differences of the
order of 20% in R are evident, snd point-to-point systematics clearly

dominate the statistical errors. Nonetheless, certain features are
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Fig; 2. R, = g(ete~—+ hadrons)

o(e’e = ¥ u") as measured by 7
three detectors in the region
3.7<78< ~4.6 GeV. Radiative
cortectione but none for 1 have ) *
been applied (Ref. 4).

: : i
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invariably present ia all samples,
such as the ¢"(3770) (wvhen meas-

" P S S A
ured), the "D™" resonance at

GASP {b)
~4.03 GeV, and the large bump at

~4.4 GeV. Often but not invaria-

=
-

bly present are suggestive struc-
tures at 3.9 GeV, 4.16 GeV, and
Getails of the rapid fall afrer

L] -
4.2, While the global variations “S“‘C L “’+ 1
in R are presumed to be related 5 | + ’H{‘ ' f*
to variatiens in D production® % #

A 1

40 a5

Rlge = hagrons) + Rlee — 17}
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there is no clear picture of the

fine structure (if any) of R nor

1
35 3.0
o B eV o

of small processes which may oc— !
cur in addition to D production.
The existence of thresholds
for charmed particles in this region has been a fruitful topic of
study. The D’s have been studied most intensely, though not exhaus-
tively, st the DD-factory ¥"(3770) in exclusive final states.$»7 oOf
more pertinence to this report are the studies of D and D* performed
at Je=4,028 in quasi-inclusive modes, in which the b or D° 1s detec-
ted and fit from its Kv or Knr modes and the spectra of momenta re-
coiling against the D is used to deduce parameters of the syatem: D'
masses, 1)"-»1)Y branching ratio, D*5*:0*5+ DB* production ratios,
charged D ratios, etc.® Figure 3 shows how the recoil momentum spec-
trun 1s affected by the possible variation of these parameters. The
method is fairly direct for some of the parameters (such as produc-
tion ratios) but quite indirect for the p*-p Q-value and y branching
ratio. The data are slim statistically, but rather good numbers on
soue of the parameters nonetheless emerge (see the later comparison



Fig. 3. Parameter fitting with
D recoil momenta stvdies (Ref. 8),

. Table III), Figure & shows the
energy level sz:l-nemr.-9 underlying
these spectra.

The situation for strange-~
charmed mesons, the F/F*, is
Tuch less well-defined. In e'e™
storage ring investigations, the
wain evidence for the F comes
from two largely independent
results of the DASP collabora-
:1on.1°’“ The first result,
Fig. 5, la that the inclusive
cross section for n appears to

EVENTS /{10 Mevsc)

have one or more thresholds in
the vicinity of Ve~ 4.16 and

4.4 GeV. The experiment placed
tight limita on the inclugive n
cross section at Y& =4.03, thus
suggesting that neither D’s nor
non-charm background was an
appreciable source of n's; this
implied that the eventual appear-

ance of n’s was likely evidence

for F's, which are expected to
have 250X of their decays into

- f
[o] 200 400 €00 800 1000
" Pp (Mevic) sen sy

final statee involving an n.12 .-
Correlations with electrons and

low energy v’s (expected from F— YF) strengthened this interpreta~
tion. The second result, Fig. 6, was a cluster of events at Vs =
4.42 GeV fitting the exclusive hypothesis ete — F*F or F'F* glving
unique masses for F and F* as shown. There arc a number of recent
results!3 with candidates for P’s with a similar mass, and even a
1ifetime measurement! Ip this report of Crystal Ball results, we



F{g. 4. The energy level acheme far will consider only the n~
D" decays (Ref. 9).
clusive measurement and its

interpretation. Limits on
2010 the transition F*— yF and
a search for the F via the
2
g 2005 analogous exclusive modes in
2 the Ball are in preparation
= 1810 and will be discussed in
3 future reports.
S 1865
= Before leaving this
o MARK T subject, we should note that
'esor ] there are several other pos-
e e sible thresholds expected in
6.0 7 T 1T T T
|~ —- | * o
so b ] et —=FF :,F"

[Ecm 3.2 Gev Ec.m.{3,99«aso§.v
a0 * v axchoding 4 42 Gav
£ 2 2o} H Eal

2
L300 ﬂ 3 L J
ol S A T
20 £ o .
~ LO—+ St —+—
>
10 | 4 2
1 1] ]
° i L L1 < |
»
43 42 44 46 48 50 5
Eem,  (GEV) o > )
@ 10 0 M0, |

X+ 1.5 2.0 10 (%] 2.0
Fig. 5. The n-inclusive cross mit (Gev)
section (DASP, Ref, 10). . ”
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Fig, 6.’ Exclusive candidates
the rapge 3.8 < /& < 4.5 GeV. for F,F" (DASP,Ref. 11).

Figure 7 shows a prediction}® of
the locations of the P-wave excitations of the charmed and strange-
charmed mesons, ** and F". As an example, the threshold for DD"
production 1s ~4.1 GeV and for FF“ is ~4.4 GeV. Thus we might
expect that if the inclusive modes are examined in detail, many spec-
o

tral linea characteristic of these y, n°, 2w°. n and K transitions
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Fig. 7. The energy level scheme predicted for charmed
and strange-charmed mesons (Ref. 14).

may be present near the respective thresholds, albeit with small in-
tensities, The detection of such processes and the location of
"factories" for new states, if any, are thus outstanding problems in
this energy region.

The effect of the possible thresholds on the cross section is in
itself an interesting physics question. There exist preliminary
theoretical models of the effect of imbedding psi~like resonances in
the continuum; the coupled-channel model}® gives cross sections
which are critically dependent on the number and pogition of thresh-
o0lds for charmed and strange-charmed mesons. Stated briefly (and im-
precisely), the transition of an imbedded psion into two specific
mesons is conatrained by spin-parity to particular relative angular
momenta between the mesgons; it is constrained by the masaes involved
and by /8 to particular values of the relptive linear momentum be-
tween the mesons. This impliee that the rate of production of such
meson psirs ia sensitive to the nodes and antinodes of the spacial
wave function of tha psion (or to the momentum-apace analog).
Therefore relatively small changes in vs can make large changes in
the Prelative of the meson pair near threshold, with concurrent
large changes in production rate of meson pairs. <+he psion channels



are coupled in that overlap integrals between two psions Interacting
through exchanges of the wesons are involved.
) This picture seems qualitatively right, but neither theory nor
data yet exists in a form adequate for a precise test.l® Figure 8
shows the quantitative predic-
tion for a model involving D,
7 | A A D‘, F, ™ only. (Magses are

g ). (8RN - K b
| =05 taken to be experimental values
ey
o o o from SLAC/LBL and DASP). Note

— FaLL that D*B* and D*D+ pP* produc-
tion dominate the region 3.9 <
/8 < 4,5 GeV, with no factories

expected for F or F* and cross

sections < .2 nb. The highest
signal/noise for F is expected

‘ ~ b,
Fig. 8. The partial cross sections at the minimm R, ¥& x 4.25GeW

expected for production of specific  This model csn ba used as an
meson pairs (Ref. 15).

3.8 4.0 4.2 4.4
. W {Gev} e

experimental guide to the rateé
expected, or inversely, the data can help define what states must be
present in the wodel.

Finally, the study of the imbedded states in the continuum for
their own sake is of great interest for the testing of models of
quark Interactions. The quantum onumbers, positions and decay proper-
ties of the imbedded states should help determine if they are'simple"
qq resonances (potential model), complex multi-quark states (molecu-
lar models) or excitations of the gluon string (vibrational states).
An example of a physical quantity testing such details is the angular
distribution of the %® (relative to the beams) from D** wap?, It
datermines the ratio of spin amplitudes in the production of D'D';
there is a prediction for this at the y(4028)based on resonance dy-
namics., For details of this theoretical application, see Cahn and
Kayser and aseociated literature.!”

In summary of this discussion, it is fair to say that the con-
tinuum region has had only a preliminary inspection and that many



opportunities for confrontation of theory and experiments still
exist, dependent on the acquisition of informative data samples.
IV. THE CRYSTAL BALL AS A CONTINUUM DETECTOR:
""BASELINE" MEASUREMENTS
A) A Strategy for Continuum Measurements,

We have seen that the collected data in the continuum are
sparse; this stems from the fact that there is a relatively wide
region, some 1000 MeV, in which new features can appear, but that
these new featureo can persist or fluctuate over c.m., energy ranges
as small as 20 MeV. The 4.028 resonance and ita attendant structure
is such a case. A simple calculation of the integral luminoaity re-
quired to cover this continuum thoroughly, with sensitivity to phen-
omena with AR x .2, yields run plans of about five years duration--
a practical impossibility.

The approsch used with the Crystal Ball detector is to scan the
entire region, using inclusive distributions of y, x°, n and R to
indicate regiona of vs with special interest, and then to reacan for
confirmation of the effects. Finally, long fixed-energy runs are
made at selected values of /s to provide data sets for exclusive
analysis. The calendar periods required for these three steps are

about 5, 12 and 6 weeks, Table I: Integral Luminosities Collected
respectively, At pres- by the Crystal Ball in a Scan Mode

ent, we have finighed Date Enersy Reglon f!’dt(nb’l)
the initial two scan-

ning stages and one May 1979 3.88-4.45 GeV 3092
fixed energy (4.028). Nov. 1979 3,67,4.03 GeV 300, 840
The daca discussed Mar. 1980 4.04-4.214 Gev 2875
below are mostly from June 1980 | 3.67,4.22-4.48 GeV| 200, 2360

the firat atage and Total 9667 ab!

4,028, Table I showa
the integral luminosities correaponding to the various scan periods.

This spproach is not new; Fig. 9 shows some inclusive indics-
tors used by Mark I 18 iy gimilar ecans. The mesn multiplicity and
charged energy fractione turned out to be insensitive indicators of
changes in the underlying physics--the best indicator was R itself.



Fig. 9. Inclusive Quantities in
the Mark I Scan Mode: a) charged
energy fraction, b) mean multi-~
plicicy (Ref. 18).

What is new is that the Crystal
Ball measures neutral-relazed
quanticties such as neutral
energy fraction and neutral
multiplicity. Fig. 10 shows
that the former of these is
again inmensitive to changes in
underlying physics, but that
large changes in neutral multi-
plicity are seen.!9 This im-
plies that the distributions of
low-energy v’s, n%’s and n’s
could be useful indicators,

and these were stressed in

the scan analysis.

B)  Crystal Ball Efficien-
cies, Resolution and
“Baseline' HMeasurements
As an intreduction to

the use of these inclusive

distributions in a ecan, we

will discuss the efficien-
cies and resolution for each
particle type, and then look
at sample distributions tak-
en at the paions or off-
resonance/below charm

threshold (/8 = 3670).

Theme show the baseline char-

acteristics of the speztra

vhere no D's are present.
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Fig. 10. Inclusive Quantities in
the Crystal Ball Scan Mode:
a) Neutral energy fractionm,
b) Neutral Multiplicity (Ref. 19).

Then we use the spactra at ¥'(3770) to see if a D-rich final state
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distorts the baseline measurement. The ¥"' then often serves as a
background curve for the remainder of the scan region.
1) Hadronic cross section: The most basic distribution is R vs

‘ vs, obtained from the calorimetric properties of the Ball. A simple
energy threshold is inadequate to separate hadrons, so cuts on the
spatial distribution of energy and track topologies are introduced.
The results!? gre additionally t-aubtracted and background subtracted.
Radiative corrections depend critically on the structures present and
have not been applied to samples in this report. At this juncture we
estimate that there may be a 15% absolute systematic error on the
average R measured in a local region of /s, and a point-to-point
systematic of #5% around this average. Our baseline result for R is

R(Ys = 3670 MeV) = 2.4+ .3

2) Photons: We have already given the energy and angular reso-
lucions. NaI(TL) has essentially no intrineic inefficiency for pho-
tone of energy > 20 MeV (our .oftware cutoff). Effective inefficien-
cies are introduced by cuts to avoid overlap of photons with other
particles. A pracise absolute photon energy calibration can be main-
tained by interspersing data runs at the y', where the observed x~
lines test the overall calibration to~: 1 MeV, As a guide for how
monochromatic y’s

400 T T T i T T T
will appear in inclu-
Part: | # 1
sive spectra we show i r:;ﬂ'. fle:e‘:

Fig. 11, the photon 320 |- ] [ I] T

~
spectrum from ¥' as w - 7
£
observed in the = 240 L T
o
counting roowm after * d
three hours of data 2
& 160 - 1
acquisition s
-1 3 L p
(10.5 nb™ ™). 3
8o |- 1
Pig. 11. Counting
room appearance of y L )

peaks from y+x+y a I L I T

after small samples 2% 80 100 200 400 BOO 1600

chara:teristic of Ey (MsV)
v Y

A scan.
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This tiny asmple has been go chosen to give the ssme absolute signal
in esch peak as would a resonance f YF produced with AR=] and
31-1001. where the hypothetical run would last ~% day. (The peak
would have two tu four times less background under reasonable
assumptions).

The low-energy photon spectra actually obtaines below charm
threshold {3670} and at y" are unremarkable: Fig. 12 shows the

"baseline™ distribution st ¥".

ey -

V&I (g

3
- Note that the ch
G 2000 A K ote that the choice of a tnEy
W ! scale transforme the spectrum so
; 900 . that the prominent peak at
0
ks m, /2 » 70 HeV vhich ve aee in a
1~ N
§ ‘OOO, H linear plot (arising from w%yy)
“ ' ; completely disappears. This
500 -
— B means that any n°-related bump
3 a 9 5

I (€5 vev)] appearing on this type of spec-

Fig. 12. The inclusive y energy~ trum near 70 MeV signals &n
spectrum of the ¢" as obtained by excess of low energy %%'a over
the Crystal Rall. the normal population. The
value Ey m 200 MeV is significant in that minimum ionizing charged
particles masaquerading as photona would produce a pesk here.

3) #°: A global reconstruction for 1°’s {s used in which each
photon 15 used in at woat one ®° and in which the goodness of fit
reflecte the total hypothesis for assignmentz of y’s to %%’s. The
efficiency for »° reconstruction is < 60%, where there is a marked
dependence on the severity of topological cuts (auch as overlap).
The momentum distribution of resulting %%*s im relatively unbimsed
because the Nal ia sensitive to lzw—energy v's. From nessuresents at
the ¥, the mass resolution is o/m_ w 4%, but thia depends sharply on
the n momentum distribution. In the scan, »° sa2laction effectively
picks out n" - m'D 4+ 157, The angular resolution of the *° 1e
asuch as to perait meaningful angular distributions (Acosd x .1) dowm

to »°

momanta of ~20 MeV/c.
The »° total energy “baseline” spectrum for the y” is shown in

Pig. 13. Again, this spectrum is devoid of features; note the very
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smooth rise from m o. In

1400 =~ o=« 1 -y
these n°
|20057 6+ 3.770 Gev. (D-Factory) heae energy spectra, the

E 1000 | “ »° mass is constrained to the
: 800 [ usual value after the global
2 soo:\ : asaignment of y’s to *°: this
ﬁ 400 | H has the effect of adjusting
é 200! l the y energies and opening

o [_ Qoo LT ] angle to more precisely

45 50 55 60 &5 7O 75 determined values.
. 0o [EwetMevi] . o

4) n7: The efficiency

Fig. 13. The inclusive »° total- for detection of the decay
:::;i{a;p;:;?)n_. of the " n+ Yy is about 10X after all

topological cuts. The resolu-
tion for the total inclusive n signal observed in the scan is a/mn-hl
(see later discussion in Section V.C and Fig. 24). An improvement in
the signal;background for n’s can be gained from n° subtraction or
from energy/topology cuts (requiring mainly mY > 140 MeV and particle
multiplicities between two and six for charged and neutrals separate-
ly--the so-called DASP cuts). Such improvements decrease the effici-
ency and introduce larger errors in the calculation of the efficiency.
It is something of a surprise to see how weakly a reasonable n-
signal should appear inr an m“, plot. Figure 14 showa a very large
data eample taken at the §, where the average number of n'*s/event is
about 1/4. The n signal is quite evident, but only by virtue of the
good statistics (note the error bars). It behooves u. to find cuts
clearly defining the n for use Iin leas abundant data sets. Figure 15

shows the upper end of this same sample, with n°

subtraction, and
Fig. 16 shows it with the DASP cuts but no n° subtraction. Both
techniques work, but the former 1e better statistically for the Ball
and 1s less biasing.

We now consider the "baseline" n mesnurements at /g = 3670
(off-y') and at the D-factory ¥"(3770). There are clear (and strong)
n signals st both points. Figure 17a,b show these results ir the n°-
subtracted plots, Fits were made to both the unsubtracted and n°-
subtracted data, with the answers in close agreement after efficiency
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Fig. 17. Eta signals in the

120 Crystal Ball:
[T a) at /8 = 3670 MeV;
100 @ Ji:3670 4 b) at /& ~ 3770 HeV.
* m* Subtrocted

corrections (see Se:tion V.C
for more detail about the
fits). At /& = 3670 we get

3 fn = .28 ¢ ,06 and at the V",
H - =f +RM.
5 fn .16 ¢ .03 [Rn fn R]
§ The baseline measure-

S o

- ¢ nents for y, n° energy and

z A 370

g 500 # Subtracted ﬁ inclusive n have thus been

-]

o

established, with little
utructure seen for y and n°
at and below ¢" (except for
¥', of course). The strong
non-charmed production of n’s

even compared to V' implies

o iad P Ol R that the old physics can be
300 400 500 600 70O 8O% N
a major source of n's in the
. m,  IMevI .

scan region. The ¥" value
ohows that D’s may also have substantial decay modes involving n’s.

V. CRYSTAL BALL RESULTS FOR v¥8 > 3.9 GeV

After this long preparation, ve can new discuss the available
spectra in the regions most crucial to the physics outlined in
Section III.

A) Preliminary Resules for R.

Data from the S5-week initial scan (Table I) have been analyzed
for R, and the results!? are displayed in Fig. 18 (note suppressed
zero). Even for this small cample the aystematics greatly dominate
the statistical errors. The usual qualitative picture ip confirmed,
with clear 3.77, 4.03 and 4.4 peaks. The 4.16 region is consistent
vith one broad structure if the $5X point-to-point syatematic errors
are assumed to be prusent ai their extreme. A less conservative

interpretation is that the structure near 4.05- 4.20 may be more
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complex. Similar
fluctuations are

! present in the

\ ) sharp riae from 3.9
. D Factory * M to 4.03 Gev, The
‘ * + {h i% ﬁjm‘ "valley" region
. v *w 4.2~4.3 GeV shows

{
|
]
*#\ 1 no localized narrow
L ?
|

g .
2o
g2

f{ peaks, but the data

are ot sensitive

? t Errors are Ssonstical Only to the smoothly
2 S N e
1.6 1.8 40 a2 a4 46 distributed .2~ .3

Eem (Gev: units of R predie~

. ™ . N ted {n Fig. B.
g:s;tag'Balles‘c,::a;;:a:f[\‘-t:;:ug:c:g:ound- With the entire
subtraction have been made but not vadiative data sample
corrections] (Ref. 19). (Table 1) the sta-
tistical precision will be very high, but it is not yet clear char
point-to-point systematic error can be reduced enough to exploit the
large sample.

B) Results at /& = 4,028 Gev (“D*-Factory”).

The main thrust of the data gathered at this copilous source of
p*'s 1s to refine the parameters related to production and decay of
these states. It should be stressed that there are two major inde-
pendent measures of these quantities: the inclusive, completely -
subtracted ¥ energy spectrum and the pure n° energy spectrum. How-
ever, because w° geparation is never complete, the plots will be
somewhat correlated. We choose to fit umsubtracted y and =% spectra
for the parameters separately, and quote the best reaults
{not averages).

1) The y energy spectrum for well-measured photons is shown in
Fig. 19 (complete data sample). Prominent peaks appear at ~70 and
~135 MeV, with widths corresponding to the Doppler broadening for y's
from »"'s of kinetic energy ~6 MeV (ior the lower peak) and to the
recoil-shifted, Doppler- and resolution-broadened photon tranmsition
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D'-;yD {upper peak). The effact of (partial) »° subtraction is shown
in Fig. 20, where the lower peak almost disappears. Figure 2! shows
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Fig. 19. 1Inclusive energy Fig., 20. The "°-subtracted
spectrum at /5 = 4028 MeV ¥ apectrum of Fig. 19.
from the Crystal Ball.
the details of a mulei- 00 peee 1 B f e
parameter fit to this spec- & 60 58028 Gev |
trum, vhere the smoath back- Y w0 |
ground is taken from the y" - A0 fFrom ¢* i
result and the shepes of the - 00 1135 Mex i

v . !
bumps from Mcnte Carlos o 4 10 -6 .
(checked far effects of reso- :xl W)i _/_/“\' na* ;
lutions, interactions, inef- R g

35 Ao A 9:

ficiencies and real analysis tn (£, (Mevi]

programs) The variable

parameters are the D and D* Fig. 21. Components of a fir to the
passes, the peak/background spectrum of Fig. 19,

ratio, the D*B*:0*D+ DG* ratfo and the branching ratio of the radia-
tive transition B'. Although transitions of neutral D*s dominate
these numbers, we delete the superscript "o" whenever the fits real-
ly measure a sum of neutral and charged D transitiona. The results
of this particular fit are shown in Table I1. Similar fits with var-
{iation of cuts, backgrounds and Monte Carlo parameterm were done to
reat the systematic errors. Beat values with systematics attached
fr.- these and following fits will be shown in Tabie III,
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Table 11: Results of a typical
fit to the y-energy apectrum
at /5 = 4028 MeV

oo = 1863 + 2 Mev
myko = 2005 * 2
BV =32 %22

0*5*:0"6 + pf* = 1:1.9 ¢ .4

Table Il1I: Best Values of the

2) The v° energy spectrum can be
obtained with or without ' candi-

dates constrained to the v’ mags.
Fig. 22, the former spectrum, dis-
tinctly shows that the broad bump
seen in the y spectrum (Fig. 19) is

really very monochromstic, almost

D/D* Production/Decay Parameters”

Measurement C.B. Value Previous Best Valueh (Mark I)
Lo 1864 * 2 Mev 1863.3 + 0.9 MeV
mp*o 2005 2 2 MeV 2006 1.5 Mev

BR(D" + YD) LN ¥ 45 ¢ 15% (for neutral D's)

QD™ = ypo) 142.2 + 2 MeV 142.7 ¢ 1.7
o*D*:D*D + DO¥ 1:1.95 + .35 = ,7 ] 1:0.952 .15 {for neutral D’s)

a Errors include systematics.
b See Ref. 8.
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‘ L AR v
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w |
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b
& oeon.
N [/
z
~ Siaw me
2 From
& ' o A0 Mevk ¥
I J
talm L)
)
. ¥
4 bl L) 7 L]

. nlEnimevy)

Fig. 22. The 1° total energy
spectrun of the Crystal Ball
at /5 = 4028 MeV with »°
candidates conatrained to mo-.

statiopary 7°'s. (Rote that herc
the tu E o scale is used to
spread the peak out to render it
distinguishable from E“o"“wol).
The dramatic change from the ¢"
spectrum assures us that a
change from unexcited charm
states has occurred. The de-
tailed shape of the spectrum is
again very sensitive to the
p*5*:0"D + DD* rrtin (because
4028 Mev is ~16 MeV above the
first threshold and ~160 MeV
above the second). It i3 also
the most sensitive measure of
the Q-value Mpko = po because
of the apreading of the por~
tion of the spectrum
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derived from D'ﬁ'. though this is correlated to the above ratio.
An example of the details of this slow n° peak, *his time from the
sample with the 7° unconstrained to meos is given in Fig. 23. The
fits are good and yield param-
150

eters consiscent with the other
two data sets, though with
larger errors.

Table 111 gives our best

3 100

2 estimates of the parameters of
~

5 the D* production and decay as
5 gleaned from the above analysis.
& s0

The masses uave been determined
at a level comparable to

previous experiments and are

o -
120 140 160 180 200 220 consistent, The Q-value is

Eqe  (MaV} . alsc consistent with tl2 Mark I

value and hes a similar error;
Fig. 23. Details of the slow 1°
energy spectrum, without the »°
wass constraf{nt of Fig. 22, entirely systematic. The branch-

in our data this error is almost

ing ratio B_‘_-Jl.o + 6% has

been determined much more precisely by this first direct messurement
of the transition y; the error is again almost all systematlc.
There is a hint of disagreement in the new and old values of the
production ratios of D.'s; although covered by the errors, our in-
dependent plots consistently show D'ﬁ' to be a weaker effect than
p*D modes. The Hark I measurement must however be considered a wore
direct measure at this time. We are investigating the possibility
of tagging one slow »° and looking at the absolute content of y and
»° peaks of the event, a technique which is a direct measure of the
proportion of the two modes.

Discuassion of the n-inclusive rate at 4.028 is included in the
next section.
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c) Results of the Inclusive-n Measurement for 3.86 < /& < 4.5 GeV

A gearch for F, F* and F*" mesons entails examination of inclu-
sive y, n and possibly n° spactra over the entirc scan region. We
report here only the inclusive n measurements, and for n’s, only an
examination in broad steps in /5. This facilitates comparison with
previous results, but leaves as an open question the possibility of
small local enhancements.

25000 | T TR T e
Fig. 24, The w,, mass distribu-

tion summed over 3.86< /8<4.5 20000
GeV: a) total sample; b) n°-
subtracted; c) DASP cuts (on 15000
Crystal Ball data).
+QO00
The combined data sample
from 3.86< /5 <4.5 Gev (1979 5000
data only) shows characteristic
ISRIENeTe|
n peaks in the VN distribution ° !
as shown in Fig. 24 i1crt the dif- 1000
ferent cuts deacribed earlier. 3
Again, n®-subtracted plots show § 70
the signal best, but both sub- i
£ 500
tracted and unsubtracted plots g
are uged for the fits to esti- 250
mate systematics. The data are
0
divided into segments closely 1250 L
approxirating the choice made L @ ]
by DASF,!0 and fite are per- 1000 ]
formed on each segment. Param— 750 b _J
eters of the fit are the back-
ground shape and amplitude, the 500 - 7
n mass, width and amplitude; we 250 - \\\ .
find close agreement ip the n
€ ° il b e
mass and width in these fits 0 200 400 600 800
compared to those at y" and - myy (Meve2) .

elsewhere. The fitted amplitude
is translated into an affective numher of n’s produced by correcting
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for the dotection efficiency (again by Monte Carlo calculation as
described earlier) and branching ratio for n + yy. Then fn- (number
of effective n)/(nupber of hadronic events) is the average number of
" n's/hadronic event. fn has the advantage of relatively stable behav-
ior in Y& although R may oscillate widely at resonances. Of course

o, = Rn "uu. fnk Sy Ay be used to obtain absoiute cross sections.

The preliminary excita- 0.90 T — r
tion funztion for f“ ie shown ) 4 Crysto Bon
| K
in Fig. 25, ircluding values 0.30 - -3 DASPH-o lrmilg)

obtained on/eff resonances. ;
i

th 020 - ¥
given in Table IV. The i

overall systematic error v Errors ore +*
0.0} s:mm-w

The numerical values are

i unknown, but (he point-

to-point errors are likely P H i
ol L L0 odller |

dominated by statistics. 29 32 35 38 41 44 47 50
Previoua values, where . Eem (GeV) nan
available, are also shown Fig. 25. The excitation of £ as a

in both the Figure and Ta- function of /g: Crystal Ball scan and

resonance measurements aTe solid lines;
ble, vhere we have used R,* DASP scan measurements are dashed.

10 given by DASP to calculate thedr fn. (Limits are 1-s5.d.)
The “rend sct

Un,

Table IV. Values for f, as a Function of Ya:

by our bageline Crystal Ball Scan and Resonance Measurements
meagurements ¢c.n. Energy [3)
continues, in Range C. B. val Previous Best
that f. remains in Gev + B. Yalue Value (DASP) ?
large cnd comstant
within the errora. 3.679 -281 .06 none
We see no evidence 3.86-4.0 +122 .04 none
that n production 4.0-4.1 .13t .03 < .02
shows the thresholds “-17%4:28 -17¢.03 -05% .05
associated with Fe 4,28-4.38 .15% .03 < .04
4.38-4.5 14t .02 L1611 .04
production sugg
a See Ref. 10

ed by previous

measurements. This rules out neither smaller local n enhancements
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nor does it rule out th« evidence for F, F* via exclugive kinematic
fits in these regions. A subtraction of the nonchermed background

- wow possible im primciple, but awaits amalgamation of the complete
sample at VB = 3670 MeV and better comerol of the aystematic errors.
The gentle rise of fn in the R~valley (~4.25 GeV) can easily be at-—
tributed to a higher fn {non-charm) then f" (charm) and the diminu-
tion of the charm signal in the valley; we do not need to invoke ¥
sigrals to explain the data.
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APPENDIX
STATUS OF THE 0. CANDIDATE

The major thrust of this report was to introduce the reader ta
use of the Crystal Ball im the continusm. For completencss, we up-
date another result of topical interest; the ne candidate {2380 MaV)
detected! b by the Crystal Ball operating in an inclusive mode.

The evidence for the transitiens ¢' + yn. and ¢ + yn, are shown in
Fig. 26, where the raw and background-subtracted inclusive y energy
apectra are ghown. The new state is determined to be at 2980% 16 MeV
from both sets of data independently; the joint fit value is 2980 2
15 MeV. There is no useful n. width information in the y*' data be-
cause 8% (FWHM} resolution on a ~600 MeV vy yields 50 MeV resolution
width. At tha ¢, 122 (FWHM) on ~110 MeV Yy ylelds absolnte resvlu-
tions of ~13 MeV. Fits to this spectrum yield an intrinsic width
~20 MeV, but the error is so large that this ia less than two s.d,

from an intrissic width of zero, and even more consistent with a
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Fig. 26. Inclusive energy spectra from the Crystal
Ball: a) y'= y+all; b) ¢ » y+ all,

conjectured value of 5 MeV often quo:ed.“ Clearly, the LN width

has not yet been meapured.

Subsequent to this result, evidence ior the nc(2980) in exclu~

sive channels has bsen found;
group2l 22

first by the SLAC/LBL Mark 11

and shortly afte: by the Crystal Ball gl:oup.23 The exclu-

sive channels are different: Mark 11 sums the chinnels

<
Kate™
wraeatem
Pb
ppwtET

vt

(dominated by ¥'+(K"K3n")+v)

while the Crystal Ball looks
at the pure channel y+(nn*n")
+y. The fits to these chan-
nels are lCISC* and 3C, res—
pectively. These new results

are shown in Fig. 27 and 28.

t The mal&us from Ref. 21,
22, and 24 differ.

T T T

¢'— y +Final

EVENTS/{25 MeV)

L. ]

Ll

20 2.5
m  {Gev)

30 35

Fig. 27. The mgg a1 distribution for
the candidates b
v vi—* final,
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20 The significance of each peak
5. is "4 s.d, For detailed dis-
g cuseion of tliese results, see
< Bloom.2" fThe branching frac-
g o
é tions, both ¥/¢' + n,y and
woet n. + final state, are eatimat-

ed, but only the product ratios

Q 1 L. —L ¥/¢' + vy + final state are

2700 2800 2900 3000 3100
. Mogep= (Mev) . anything but rough guesses.

Table V givea these estimstes.
Fig. 28. The mpyty- distribution
for the candidates
vy
U gt
Table V: Estimates and Comparisons of the Product and Single
Branching Ratios from ¢/¥'+ n.y and ne +Final States
Property Crystal Ball Mark I
Measurements:
Mass 2980 15 MeV 2978 + 8MeV
Natural Full Width <33 < 30MeV

(consistent with 0to 20)

BR(V " +yng) BR(ne>r KR, --- 1.5% .6x 107"

BROY+Yn ) BR(n +nr*2™) 2.7¢1.5%107 ---

BRUMYRCYBR(nvY) < 4x 107 (90% C.L.) ---
Rough Indications:

BR(y'+yn.) ~ .52 ---

BR(¥+yn,) ~ 1% ---
Implications:

BR(nc-n:K:Ks) - ~ 3%

BR(ncnw+n-) ~ 32 -—-

BR{n.MrY) ~ 4Z ---
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