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“»'PHOTOPRODUCTION OF CHARMED BAKYONS

'James John Russell, Ph,D.
" Department of Phy51cs
Un1ver51ty of 1111n01s at .Urbana-Champaign, 1980

Tho resuiﬁs-of a search for the photoproduction of charmed
baryoﬁs: ihoffhé-'broad-band neutral beam -at Fermi National‘j
Accelerator Laboratory are reported. 'The lowest'lying charmed
baryon'(Ac)_lsr-observed through 1ts decay tb p-KU. The cross

section times branching ratio of

; , +
+
Yy + C>» Ac X

L P +,K°

is @éésgred ro'be"oB.f 3 nanobarﬁs/nucleon.M,The total error on
thislmeasuremeot is estimated to be -20% to +40%. The mass of
the A} is found -to be 2.284£0.001 GeV/c?, in good agreement with
the Mark II result from. SPEAR. Upper limits  (90% confidence

level) are set on oB for the modes A%w, AOwnm, pKn.
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I. INTRODUCTION

A. HKeview of Charm: Theoretical

The need te break the complex facets Qf hature into small
comprehensible blocks is as old as science, dating back to the
first classification.scheme of earth, wind, fire,'and water. The
underlying principle of these efforts has beeﬁ a commitment to
the idea tﬁe‘blecks be small in number and display some internal
symmetry. These_netations, while more philosephical than any-
thing elee, qevefthelese have provided a useful‘and productive
working‘framewerk.

‘Particle.physics may be the best example~of these ideas in
action whefe hew schemes periodically succeed older ones which
have outgrown the1r original elegance. In 1948 Fermi and Yang!
attempted to reduce the growing number of “elementary particles"
by- postulatlng that ‘mesons were actually"npeleon-antlnucleon

palrs. The simple isospin assignments were

p=|1/2,1/2> N = |-1/2,1/2>.

Adding the'iéespins gives an isotriplet identified as 7, n0, at

accounting foitthe then known mesons, and an isosinglet; the n®.
This model‘ was adequate until the discotery of strange-~
ness. Verious-models were given by Sakata? and Gell-Mann and
Ne'eman3 ** which finally evolved to the thfee—quark model 1in
which known 1pgrtic1es »are thought of as ceﬁbinations of more
fundamental blecks called quarks; the mesdns 'being a quark-

antiquark pair and the baryons being three qﬁarks. The quantum

| numbers assigned to the three quarks  are



1 13 Q s B X
u 1/2 +1/2 2/3 o - 1/3 1/3
q 1/2 -1/2 -1/3 0 173 1/3
s 0 0 -1/3 -1 - 1/3 -2/3

The querk model illustrates a universai, although not
necessary, feeture of a successful model, tﬁe ability to make
predictions which are experimentally verifiable. Thus it is more
~than a collectien of ad hoc rules whose only contribution is suc-
- cintness. In addition to'accommodating all knoWn'particles, the
rinitiel quark "model also predicted the existenee of .a hitherto
unknewn parficle,'the Q7. The subsequent discovery of a par-
" ticle® with 'the predicted properties 1entA credibility to the
quark model. | ﬂ

The three-quark model was not without its faults. Predicfed
rates for K +'u p~ and K¥ » 7*vT were not observed 6 The model
could . not explaln the K% - K% mass difference. {All these proc-
esses lnvolveve.coupllng between the s and d qﬁarks, a neutral
strangeness chenging hadronic eurrent which_was'allowed by_the
model but experlmentally did not ex1st. | |

The bas1c idea of the model was preserved and these ques-
tions addressed, when’BJorken, Glashow, Illopoulos, and Miani” » 8
edded. a fourﬁh"quark, with a new quantum number called charm.
‘Later Weinbe'rg9 ‘and Salam!'® used this quark to simultaneously
supﬁress.the,neutral strangeness chaﬁging currents and achieve a
‘1epton—hedrqn‘symmetry (see Appendrx B). The-gﬁantum numbers of

the charm Quark_are
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Whilé(théjmodel did accomplish its initiél-goals, it made
the spectacular prediction of a compiete new SU(3) multiplet of
baryonsvand mesdns (see Appendix A). Using the known K%-K% mass
difference and'KO » wtu~ and K¥ » n*vW one could get a rough
estimate of thé;new quark's mass of 1ess.thaﬁ}several‘GeV/cZ,
thus.setting the mass scale of the cha;med particles. Quite
remarkably, there were no known particles whiéh were candidates
for charm. | | |

Thé theorists had clearly done all that could be expeéted,
produce a theofy‘which accommodated all known fécts, displayed a
simple internai symmetry, and made experimentally verifiable
predictions. The job of the experimenters was .clear and seem-

ingly simple: find these new states.

B. Review of Charm: Experimental

The early atteﬁpts to observe charm'partigles.served as a
forboding of thé futﬁre. Even though the properties of charm
were well defined, success was difficult. The discovery of thé Y
in November 19741112 and other faﬁily'membersl? shortly there-
after, esfablished the viability of the charm model. ‘With a mass
of 3.1 GeV/c2- aqd g‘:width of 6.7 KeV/c? ﬁhe y was a prime
candidate fof th; cé ﬁeson. “The ¢y has only latent charm so that,
thle unlikely; alternative explanations were still being enter-
tained. Clearly the prize trophy was a particle exhibiting
explicit charm. ‘ ‘

The proﬁerties of the y and its family tightened the
prediétions on charm-particle properties. The narrow width of

the ¢y 1s incerpretéd in terms of an empirical mechanism called



Zweig's Rule.l*716 Zweig's Rule is often invoked to explain the

dominance of the KK decay of the ¢ over the n¥n~n0

decay. The
_preferred decay mode of the ¢ should be to two charmed mesons,
analogous to the ¢'s decaylto two strange mesons. If the y's
mass were below the kinematic 1limit of this reaction, then,
according to Zweig's Rule, it cannot decay“ strongly. This
information pius the observation that the next member of the
family above the ¢' (3.675 GeV/c?) at 4.1 GeV/c?2 is wide and,
therefore, is presumably above the charm threshqld, puts a strin-
gent limit on the mass of the charmed meson. it can be no less
than half 3.675 GeV/c? and no more than half 4;1 GeV/c?2. This
agrees well w1th the naive guess which gives -the mass as the sum
of the masses of its constituent quarks. The lowest‘ lying
charmed meson should be the isodoublet (D°,D+).with gquark content
(cﬁ,ca); Taking the mass of the charmed quark'tb be 1.55 GeV/c?
(half the mass of the y) and the u,d quarks to be 0.300 GeV/c?
one gets the'same prediction.

In 1976 SPEAR reported the observation of two narrow states,
%ﬂ+n_, K afs¥n~, and the other decaying

K ated, 17 Equally important was the non- observatlon of the decay

one decaying into K n+ K

modes which do not have the charge-strangeness correlation pre-
dicted by the model. Other properties were in good agreement:

1. The masses were 1.863 GeV/c2 for the D and 1.868 GeV/c?.
for the DY Both had widths experimentally consistent
w1th.zero.

2. There was some evidence for the analogous vector states
of these pseudoscalars at.about 2.01 GeV/c2
3. The rise in R = o(efe™ » hadrons)/o(e e” » uhu7)

coincided correctly in both magnltude and energy with
the charm threshold.
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In 1977 tﬁe only direct evidencevof éharﬁ Qas from the e+¢'
-Stofage ringé'“at SPEAR. Only indirect evidence through the
number of diréct leptons or neutrinos produced in association
wiﬁh strange particles was seen in hadron prodﬁction.ls'zo_ In
addition to completing the charm spectrdscobyh verification of
the ete~ resﬁlts was needed. Branching ratios to various final
states and photoproduction cross sectioné, which can be related
to hadron crdégASections, were also importanﬁ measurements. The
direct observa;ion of charmed baryons was of pérticular impor-
tance. Only'f‘tv'm observations, neither of which was entirely
convincing, had been reported.2! »22 The lowest lying charm
baryon, Apréﬂittéd to be the c(ud)a [where. "(ud), méans the
antiSymmetric Aar;angement of the u and ‘d' quarks] is stable
against étrong-decays if its mass is below thé‘sum of the proton
aﬁd charm meSon'mass. Given that the mass predicted by adding
the ~quark masses (2.i-2.3 GeV/c2) is far below'ﬁhe pDY threshold
(2.8 GeV/cZ);‘;he charmed baryons can only'Aeéay weakly, and,
thefefore, wiil appear as a narrow resonance in an invariant mass
distribution of its decay prbducts.

To answér' these questions 'a more Sensitive, ‘second-
generation experiment was necessary. The design of such an
experimentlwasvbegun in spring of 1977.. The goals of the experi-
ment (in ordef of priority) are listed below.

1. To esfablish conclusively the existence of the lowest

lying - charmed @ baryon and* anti-baryon by direct
observation. : ' ' : '

To_ detérmine the cross section for the hadronic
- production of charmed baryons. ‘

N
.



3. "To establish as many decay modes of the'charmed'baryon
as possible and measure their branching ratios.

4. To measure the cross section for the hadronic production
of charmed mesons. '

5. To search for excited states of the charmed baryon and
for the lowest lying charmed strange meson (FH.

The choice of detector and its design requirements for an
experiment - with these objectives are described in detail . in
Chapters II and III. The data analysis and interpretation of ‘the

results, discussed in Chapters IV and V, demonstrate that the

first three goals were completed successfully. The fourth major

goal was also.éugcegsful but is the subject of a separate publi-

~ cation.23 ' The result of the fifth goal was, at best, inconclu-

.sive.



IT. EXPERIMENTAL DESIGN

The'most'@dnvincing evidence for charm comes from the e‘e-
machines.2" ‘This seems paradoxical given that these cross
sections are lower than the predictions for either hadron or
photon beams.” The hadronic searches fof charm'are piagued by
.high multiplicities in the final state with the charmed particles
émerging‘at ioﬁ’Feynman X (E of particle/E of beam) making detec-
tion in a conventional forward spectrometef difficult- Iﬁ ete-
beams the,eventéféfe exclusive charm production eliminéting the
need to seargh' through the many tracks- féuhd' in a typical
hadronic event ﬁo find the charm-decay products.lk

A charm fseéfch' in a photon beam should be an effective

compromise between the cleanliness of et

e” production and. the
potential‘rates in'a hadron beam. The obseryation of the ¢ in
photoproduct:i;lmzs.’26 establishes that charm doés-indeed coﬁple to
the photon. Uéing the w—photoproduction cross section, the y-
nucleon cross section,26 and a vector dominance model, one gets a
prediction of 1;2 ubZA7 for the total charm. cross section. The
photon's total hédrdnic cross section is 110 @bZBAso on the sur-
face it appears 1% of the hadronic rate is charm-éssociated.

This line of logic points directly to the heart of the
problems with 'experimehtal ~ observation of. charmed states.
Endless factors of 2,5, andl10 compound to decrease this 1-2 ub
to observable processes that have cross sgctions'in nanobarns not
microbarns. The‘biggest price one péys is'thaﬁ one does not

observe "charm"_but a specific final state. The 1-2 ub estimate

represents théiproduction of all charmed particles and is shared
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U

in an unknown”way between the charmed baryoné, D's, D*'s, F's,
F*¥'s, etc. What initially looked 1like 1-2 ub is at most only
0.2-0.5'ub fof any specific charmed particle. Given the large
mass, charm Aiso has many decay modes accessible to it even with
the restrictioﬁ.that favored modes include a strange particle.
Many of these mddes are either experimentally;difficult, such as
those involvihg.one or more n9's, or virtually‘impossible, such

L
one with a branching ratio of more than 5% is rare.

as those including KV 's, neutrons, or neutrinos, so that finding

This thén_ is the nﬁmber the experimentaliét starts with.
The potential observable rate is 5% of 0.5 ﬁb, just 25 nb, repre-
senting 0.025%‘of the hadronic photon rate. Up to this point one
has been at thé mercy:of physics. The experimenter still has the
-task of detecting,ricgllecting, measuring, and identifying the
final-state é:operties. The number of measurements needed to see
a Chérnx particle decay is large. Even if the inefficiencies
involved in ﬁmking tﬁese measurements were sméll; their sheer
numbers add up éhd eventually take their tbll so that a good
detector wouid ;fi11vBé préésed to achieve 50% éfficiency in a
particular fiﬁél state. . Often overlooked,.vbﬁt nevertheless
equally importahﬁ, is the requirement that tthé ‘experiment be
accompiished‘with finite time and money. This condition makes
final-state detection efficiencies of the ofder of 5-10% more
typical. |

The abové is only one side of a doublé-edged knife. The
other side is background. The amounf of Signal éan usually be

estimated, if <hot with great reliability, then at least with



great conviction- (read hobé). .Backgrouods are, for the most
part, unknowﬁ=dpti1'encountered.

‘To a~high-degree only limited control cen be exercised over
backgrounds. 'As'previously alluded to, -the selection of the beam
particle helps.deertainlyAmore information,aboot'the final state

increases the- chances of understanding the prec1se nature of the

event. = The ‘narrow w1dths of - charmed partlcles offer another way

to cope with the backgrounds. The background is smoothly dis-
tributed over the entire mass region, wherees~the‘signa1 will
occur at onlydooe mass. Increasing the masslresolution allows
one to spreedethe background thinner whilesleaving the signal
untouched. | :This is a particularly- attracti&ef solution. As
opposed " to nﬁ3t9other methods of dealing with the background

increasing the mass resolution does not lnvolve the usual penalty
in signal detected.

The rea11t1es of the anticipated - small cross sections and

.formldable backgrounds 1mpose the following requlrementS'on the
~design of .an experlment whose goal is to dlrectly observe charm

by a peak 1n' the . invariant mass dlstrlbutlon of its decay

products.:

1. A large - aperture forward spectrometer is needed. The
spectrometer should be finely granulated in order to
cope with the anticipated complex topologies of ‘charm
events and to provide the precision measurements needed
for achlev1ng the necessary mass resolution.

2. As seen in Appendix B, the Cabblbo favored decays of

: ~charmed -particles usually involve strange particles.
The ' 'decay of charmed baryons: have 'the additional
requirement of contalnlng a baryon in the final state.
While. the magnetic spectrometer can prov1de some
particle identification ability by recd§nlzlng the
charge partlcle decay modes of A°'s and KS s, more 1is
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required. Thls naturally leads to u31ng one or more gas
Cherenkov counters.

Flnally, while one does all that is p0331b1e to increase
the - acceptance of the device, it is clear from the
cross-section estimates that very high. luminosity is
needed. This can be done by demandlng the device be
?able 0f operating at very high rates (greater than
photons per second) with minimal deadtime, or by the
brute force technique of a long exposure (1000 hours).

-~ In practlce both are necessary.



1
IIT. EQUIPMENT AND BEAM

The experiment was conducted from winter 1977 to spring 1978
in the broad?baad neutral beam located in the east area of the
Proton Laboratdry at Fermi National Accelerator Laboratory.
Instead of- presentlng a comprehensive piece-by-piece descrlptlon
of the apparatus and beam line, this sectlon.w111 give a broad
overview of both mainly to establish the vocaBUlary. However,
details of the. experlment having an lmpact on the partlcular

final states of lnterest here w111 be closely examlned.

A. The Beam

The beam_is:formed by striking a 30-cm bafyllium target with
the primary proton beam. Charged secondaries are removed with a
series of sweeping magnets leaving a neutral beam composed
of K%'s, neutrahs; and photons. The photons are'thé result of a¢
'decays? The beam is then passed through 105 feet'of deuterium
which, because df a high ratio of radiation(length to interacﬁion
length!'.prefefehtially attenuates the hadronic portion of the
beam. The neutrons'.are reduced by a factor of 200 with fespect
to their originai frac;ion. The K%'s are reduced somewhat less
' because.their‘hadroﬁic aross section is 25% smaller than that of
neutrons. The“fesulting photon‘beam has a 1% hadron contami-
.natioa.‘ .

The photonAspectrum is shown in Fig. 1 and above 50 GeV can
be characterlzed by CXP(ny/47)' Running with 6x1011 protons on
target givésjaaprdkimately 107 photons above 50 GeV. The useful

flux for a charmed particle search is in the energy range 50-180



Ny (ARBITRARY UNITS )

dE,

5007 —

100} , | - | g

o] "

.  1 » SURI ! 1 ,
0 50 100 150 200 250
E,(Gev)

| ~Fig. 1. Energy Spectrum of Photon Beam.



13

GeV. The K‘i:- -spectrmn is less well understood‘b‘ut is probably
similar in shape. The neutron spectrum is'much stiffer with an
average energy~of'about 0.8 of the primary beam energy (Fig. 2).

Although<£the number of neutral hadrons is two orders of
magnitude less'than the numher of photons, their intrinsically
larger cross' section nade the hadron ‘and photon event rates
roughly equal. To monitor the effect of the hadronic component
approximatelyzone-quarter of the data was taken with six radi-
ation lengths of‘ lead in the bean, effectiVely killing the
photons. These runs are referred to as the KL runs although neu-
trons are also present. During these runs the raw trigger rates
dropped a factor of two suggesting only half‘of the triggers were
photon inducedrﬁ | |

Beam quality. and flux were monltored by two devices. The
number of protons on target was measured by a Secondary Emission
Monitor (SEM).: . The. total photon power was measured w1th a
Wilson-type quantameter (Q). The ratio of -Q/SEM. served as a
monitor of beam performance 51nce the number of protons on target
-is llnearly related to the total photon power. If this ratio
deviated from its normal value, a bevy of loss monitors and
gauges could be consulted to isolate the problem. These problems
fell into two. classes Q/SEM too small usually indicated poor
targeting of the'prlmary proton beam, and‘Q/SEM too large usually.

was caused by;partial venting of the 1iquid4deuterium filters.
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B. Charged Track Detection

Two types of measurements are critical to_the:analysis;

1. Chafgédetrack detection and momentum analysis.

2. Chérgéd;pa:ticle identification..

Ihe .spééffémeter (Fig. 3) consists of- five proportional
chambersi (PO-P4) and two analyzing magnets>: (M1 and M2). The
chambersfhaQé'fhfee planes of wires; X, measUrihg in the non-bend
plane, and v anﬂtu in narrow;angle stereo (taﬁe.é 1/5), measuring
the bend direétion. The narrow wire spacing, high segmentation
(7000 wires); éﬁd afrangement of three chamberS'before the second
analyzing. magnet aﬁd two éfter, allowé reliable reconstruction of
events with ter or more ‘tracks with relative, ease. The desire to
detect sugh high multiplicities with minimal.confusion demands
the chambersﬂdperaté at a very high éfficigncy; In practice,
'efficiencies:&f'greatér than 98% were maintained on all planes.
The chambef géometry is summarized in Table I.

The chambérs were also instrumented with Time Recorder
Modules (TkM). -The chambers are aivided inﬁo 32 regions, with
the region Widphs varying depénding on particle population.
Timing is. done on the or'd output of the- amplifiers in each
region by' a cable clock running at’ 2.5 nanoseconds/count.
Although up to thirty-two counts are availablé, the clock fre-
quency and maximum drift time limit the needed range to about 10
divisions. Timé,sleWing and other non-linear effects limit the
obtainable resolution to about 3-4 divisions. iIhe TRM output was

also available for use in the trigger as will be described later.
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TABLE I

CHAMBER PLANE NUMBEROF SIZE IN WIRE SPACING H V.
T 77 WIRES _ INCHES . IN mm_ KV

ol x| e | | v
P | U 384 | Hxi5 | 6.0
vy | 384 ]

x | 256
u- | 384 | 20x28

o 4.0
B v 384

-0
c
NN

| x | 384 |
R | U 576 | 32x40
1 v | 576 y

4.0

PN N

| ox 416 |
P, | U | 576 | 32x40
v | 576 |

4.0

NN

PR | U 768 | 40x60
v | 768 |

3.8

NN O

PROPORTIONAL CHAMBERS INFORMATION
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The two megnets allow for the momentum measurement of two
differing trackstypes. Trecks which passAthrOugh to at least P3
are called inner tracks and those that do not are called outer.
Much more will'jbe said about the details 1in Chapter iV,' but

basically M1 measures the outer tracks and} M2 measures the

inner. The~magﬁets were run with opposite relative polarities.

Aand effectivé_momentum kicks of'O 40 GeV/c and 0.65 GeV/c for Ml
and M2, respectively. In addition ‘to allow1ng the momentum meas-
urement of outer ‘tracks, M1 also sweeps and spreads the copiously
‘produced point ‘source of ete~ pairs into a two-inch wide vertical
swath making life somewhat easier for the_chehbers. Even with

te- pairs on

M1, the chambers. had to withstand a megacycle of e
the central wires. The currents are chosen so the pairs refocus

in front of P4.

C. CherenkoQ'Céenters, )

With cHarﬁ decay modes emphasizing strange and heavy
.particles, a good particle identification system is necessary.
Two segmented-Cherenkov;counters (C1, C2) attempt to fill this
prescription.,- C1 is a - 120-inch long nltrogen filled radiatorxr
with 12-cell segmentatlon residing in M2's ‘aperture. C2 is 180

inches of SOA lnellunl and 20% lnltrogen located between P3 and

P4. The 16 phototubes of C2 had a jet of nitrogen flushed across

their surface to prevent helium from  diffusing through the

winddws and EOntaminating the tubes. The = /K/p thresholds are

6/20/40 GeV/e=j11 Cl and 12/40/75 GeV/c 1in CZ; The Cherenkov

counter's vital statistics are given in Table II and geometry in

Figs. 4 and 5.



TABLE II

- CHERENKOV COUNTER SUMMARY

LENGTH

o GAS CELLS mw/K/p -
~~|C1-RADIATOR - '| 120" | 100% N2  [I2 | 6/20/40 GeV/c |
C2 RADIATOR 180" 2o'é‘/or:2+80°/oHe 16 |12/40/75 GeV/c
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D; Other Features

Given these}two necessities of charged track detection and
identification one can now add other features. The target was a
collection of: 20 1nd1v1dually wrapped 1 mm by 2-inch square scin-
tillators each viewed by an RCA" 4622 phototube (Fig. 6). The
target represents 4% of'a'radiation length,'small enough so that
the multiple.scattering and reinteraction probabllity is low even
for high multiplicit&'events. The target phototubes needed to be
heav11y shlelded from Ml s fringe field.

Two banks . of scintillatlon counters, one horlzontal (H) and
one vertlcal-(V); hang beh1nd-P4 (Fig. 7). These counters along
with a coxncidence in the last two target counters provide the‘
lowest level trigger for the experiment, the master gate. There
are 20 H,V counters in all 8 in the vertical plane and 12 in the
horizontal plane, Each plane is split by a 4finch vertical gap
in the center‘allowing the eTe™ pairs to pass through undetected.

A large array of 90 lead glass'blocks isfblaced behind the H
‘and'V counters orovlding n® and photon detection (Fig. 8). The
blocks‘were.calibrated on a run by run hasis wlthka light flasher
system, and on‘a:long term basis by sweeping :the pairs into the
blocks during special runs." Forty-two small  2.5-inch square
blocks are surrounded by 48 larger 6.0-inch square blocks. The
stack was" also split to allow the pairs -to pass unscathed.
Allowing;the pairs to strike the lead glass would have resulted
in yellowing of}the blocks. The phototubes on the small blocks
were RCA 6342A's. While these tubes had typical rise times of 15
nsec, the RCA 8055's on the large. blocks were slow enough . such

that event overlap was possible.
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A low resblution, minimally segmented hadron calofimeter
(Fig. 9) is next‘in line behind the lead glass stack and, as will
be described lafef, is used in the trigger formation. The poor
resolution of fthe calorimeter 1limits its use in the offline
analysis to the\éame,purpose as online, an eétimate of the total
hadronic energy.:' | “

A miscellaﬁeous collection of scintillatibn counters com-
plete the ap?aratus. - Muon identification is pfovided in two
places. The Ou's are eight counters arranged on the downstream
side M2 making use of M2's iron as a shield. TWQ arrays (uH, uV,
Fig. 10) .are piaced at the end of the apparatus between and
behind large masses of steel. There are 22. ébunters in the
upstfeam vertical array and 18 counters ih the downstream
horizontal éfray; Finally four counters (AW1-4) surround P! just
éutside its agtive area to warn of wide-angle tracks which have

escaped detection.

E. Data AcquiSition and Triggering

As noted in Chapter I, very high interaétion rates are.
needed to obtain the necessary sensitivity. = The trigger,
therefore,.needs‘to'be fast in order to cope With these rates,
yet, at the'séme'time, maintain the'ability to efficiently select
the»topologiés ofvintefest. The most natﬁral way of satisfying
these somewhat conflictiﬁg reqﬁiréments isvthrdugh a two;tiered
logic systém.;‘ihe fi£St'1evel, calléd the masﬁer géte, is formed
by a modﬁlé fondly dubbed the "confuéion-logic;" By.rejecting
the ete™ pairs fhe'confusion 1ogic reduces the raw event rate to

a level that the more sophisticated, and, therefore, necessarily
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' ~ Fig. 10. Inner Muon Hodoscope Array.
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slower, second;level of logic can cope with. This rejection is
easily accomélishedAby putting a four-inch vertically centered
gap in thé H‘and'V counter arréy. Thus, the master gate, which
is formed by the coincidence of the or'd output of the H and V
planes and the 1ést two target counters, is not triggered by the
pairs -which 'afel coﬁfined to the slot region. The confusion
logic's secoﬁdffunction is to generate signals; commonly called
deadtime, which -indicate when the system is unable to accept
data. There are two primary sources of deadtime. The arrival of
any signa1 t6 the confusion logic's ‘inputs causéé the generation
of 100 nseé of:dEadtime. This is meant to coVér the memofy or
recovery time.of.the various detectoré. Once a master gate 1is
generated; the confusion logic waits 200 nsec béfbreiclearing all
latched informétion and allowing the generationjof another master
gate. This CQVéfs the slow logic decision timéAand is extended
if the event»ié aéceptéd to allow for eveﬁt read46ut time.

The time:sequence is the following:

1. Fﬁrm thé'coincidence of the tau target and HV counters.

2. If efthef is on (but not both), - contiﬁue counting in-

puts but do not allow the formation of a master gate for
100 nsec.
3. If both_on
'(i)AActivate the slow logic rack.
(ii)xLatch:all wire and counter information
(iii) Hold syétem for 200 nsec. R

(iv) Count the number of master gates that are being
1gnored so a deadtime correction can.be made.

(v) If no blocklng pulse originates from the slow
logic - system within 200 nsec, clear all latched

information. -

e
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The slow logic's function is to select the_best 200 to 300
chafm-event ééndidaﬁés from the 5000 hadronic events per'pulse,
Two sogrcés'of information are available to the slow logic rack,
countéf&‘infof@aéidn and chamber information, provided by the
TRM's. Both aré "de'"' in nature; that is, they are latched with
_ the master gaﬁe énd held until cleared. Timing of all counters
need not be ptécise, the oniy requirement being that all iﬁfor-
‘ma'tio_n' be avéilable at the time thé coincidence registers are
strobea. |

The”countér.information in the coincidence registers and the'
chamber information'.in the TRM's can then be coﬁbined into higher
level logic dééisidﬁé called buslines. Up to ‘16 buslines can be
- formed and'piﬁ logic modules can be easily set to require, veto,
or ignore co@binations of these buslines. The pin logic result
is then passed'thfough a prescaler which allowé the collection of
either all or some specified fraction of these triggers. The
‘results of ai1 pin logic modules are fed to the output trigger
generator which.signals the data acquisition éys;em to record the
event. The output trigger generator also sends.a blocking pulse
Back to the confusion logic to prevent the cleafing of the wire
'information and .a pulse to generate the gafes fof all Analog-to?
Digital—Coﬁverﬁers'(ADC's).

Oncezan-oﬁtbut trigger is generated, the front end of the
system is freedQ  The coincident registeré aré»aétually double
buffered with one buffer holding the information that is to be
recorded.. Thé other buffer is free and ‘the sysﬁem continues to

count all slow logic decision results while the data-acquisition



- 31

system performs its function. " This scheﬁe allows for easy
monitoring ofrdeadtime effects. Unfortunately, the system was
slightly corrupred with the introduction of the TRM's. Since
they do not ha&e the double buffering scheme of the coincident

registers, the deadtime cannot be monitored for TRM-derived

.buslines (and mnecessarily for the triggers involving these

buslines). Consequently, it is necessary to make the assumption

that the deadtime of these triggers is the same as those without

. TRM logic.

The collection of buslines wused in this experiment 1is
long. - What will be done here is to describe in words, rather
than logic diagrams, .the buslines and triggers relevant to this

work. A complete description is given by Figs. 11(a-c). The

organization ef these buslines into triggers is given in Table

ITI.
The relevant trigger involves four buslines:

1. > 1. This demands that at least tyo TRM regions in
tﬁe X planes of P2-P4 outside of the e e band be on.

2. High“multiplicity veto. The median number of hits from
each chamber is required to be less than 11.

3. 'Greater than. two- body. This demanded  evidence in the
chambers for more than two tracks passing all the way
through to P4. .

4. ‘Energy busllne. This 1is actually two lines. One re-
‘quires '‘a deposition of more than 50 GeV in hadron energy
as measured by the hadron calorimeter. The other demands
the total energy seen by the calorimeter and lead glass
exceed 60 GeV.

" The trigger is aimed at selecting events with a significant

hadronic energy content ‘and multiplicities typical of those

_expected from -the production and decay of charmed particles.
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TABLE III .
Pin . PIN LOGIC & BUSLINES-
BusN\logic. - - 2p 24 2e pe  pe
Line in/in infout in/in Hadrons Mwpc E.., in/in out/in
xin"z\2 ' | \/ \/ \/
Xin/ Xout [ \/ V4
] Xin21 1 v
2"f_‘in - \/
Hin v \/
Hout J \/
AW
left +right X X X , X X
waesio| | /] /] /v vV
2 body - . |
in Zin ‘/ ‘/ ‘/
2 body '
" in /ooyyt’ \/ J ; s/
> 2 body X NAR4 x | x
Ene - X v | x| x
Evor al /
ELe v o v \/
Ao+A x| x| x x [ x| x| x]|x




36

. Once an event is accepted under any of the active triggers,

a sxgnal is. sent to the Automatlc Control Entry system (ACE).
ACE 1is preprogrammed to read all the information which makes up
an event. After.ACE is triggered, it scans aiprepared list of
module addresses,ntranaferring-the information from the modole to
a 64,000 word memor§. With a normal event iength of 200-300
‘words,’the memory could hold between 200-300,eyents per spill.
‘The system is - designed to»work on the same scheduie as the accel-
erator. dDuring the one second of beam, data are'moved into the
memory at onedword per microsecond. At the end of spill ACE
turns over control to the online computer which formats and
writesvthefenentsdoff'to.tape before the nextlspiil arrives about -
eight seconds flater. "Any spare. computer time was devoted to
inspecting a random sample of events. The emphasis was on hard- -
ware performance' of  both the equipment and 4data-acquisition
system. No phy51cs oriented  monitor was attempted online. 1In
addition, the computer handled the spe01al monltorlnb tasks whlch
included pedestal.stablllty, lead glass gain. tracking, and run

. summaries.
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IV. DATA ANALYSIS

Charm‘spectroscopy‘demands the measurement of a large and
diverse number.ofdduantities. The characteristics and interplay
of the.devicesﬂmeasuring»each of these quantities needs to be
understood in detall before a charm search is- attempted. This
need is . punctuated by the large data base w1th whlch one is con-
fronted. Proce331ng the 1600 raw tapes (representlng 30 million
events) taken durlng this experlment constltutes a considerable
investment of both computer and physicist's tlme. An error in
any of the many aspects of a charm search can result in a devas-
tating loss of- time. To meet this challenge a carefully designed
‘sequence of programs was developed to handle those elements com- .
mon to all analysis efforts.” The sequence was broken into sev-
eral sectiOns}guided by thelphilosophy of only,doing those compu-
tations at the\earliest stages'of the analysis ln which one had
great confidence; This allows for ‘an eff1c1ent use time, inter-
leaving productlon runnlng and program development time. These
‘programs attempt to remaln flex1b1e in the face of seemlngly
mutually exclusrve demands. (One state may demand a high effi-
Aciency in K%Adetection, while another'_wants only a very ‘clean
sample.) Oncev-the?.data sample is reduced Hto 'more manageable
proportions, each‘final<state could be examined~with programs
individually tallored to 1ts partlcular problems..

The data reductlon process is: d1v1ded into four phases:
.Reconstructlon ﬁ
Higher Level General Analys1s

Specific Final State Event Selection
Spec1f1c Flnal State Event Examlnatlon._

PN =
¢ o o o
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A. Reconstruction

N Asioe from Stripping ADC's not over their pedestal values
and reformattlng the data into a more usable form this program
is exc1u31vely concerned with organ121ng the wire information
into charge partlcle trajectories. Because of this, the program
needs to know‘only the.central wire positions'and relative spac-
ing of the_15'proportiona1 chamber planesy-bodl of which are
easily found using data from special_runs taken with the magnets
off. Once-theee constanto are'determined; the reconstruction can
be run in parallel with the data taking. o

The . traJectorles which are found can be . broken down by
topology into three‘styles:
1. TraCks;
2. Stubs
3. VO's.

Tracks are formaily defined.asAany cnarged particle trajectory
which have proportional chamber strikes in chambers on both sides
"of‘MZ. Tracks>cen‘be further subclassified into three categories
characterizedioy the first and last chamber°wnich have strikes:
PO-P4, PO-P3, P1-P4. The first, those having hits in all five
chambers PO-P4; are.the most common and the best measured. PO-P3
tracks are pocsible because P3 covers a slightly larger‘aperture
than P4.- P15P4Ltracks are ueually.the result of a PO ineffi-
ciency which,:'although' small  (1%), appears to be correlated,
i.e., when one'piane fails, all faii, Stubsrare charged trajec-
Atorres which-pass only'as far as P2. After all‘tracks and stubs
areafound, the program attempts to collect any remalnlng hits

into pairs of ;tracks consistent .with a ‘neutral V decay
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'orlglnatlng between PO and P2. Tracks emerging from neutral V's
are requlred to pass through at least three consecutive chambers
with the sole exCeptlon 'of a VO composed of a track P1-P4 and a
P1-P2 segment. | | -

The. pattern recognition always starts ‘at the 'projection
level (x,v u) The alternatlve method of organlzlng the x,v,u
triplets into p01nts is 1ess eff1c1ent. PrOJectlons are subse-
quently matched up using the x,v, u constralnt.' The number of
shared - or nu531ng "hits allowed depends on the style of track,
becoming tlghter as the redundancy is decreased.

After- each track is found it is f1t to an approprlate geo-
metr1ca1 descr;ptlon. Tracks are f1t -to the five parameter
Adescription'qf~two lines intersecting.at the. bend point of M2.

The parameters are

1. xp: The x coordinate of -the track at. the bend point of
M2. ‘ ‘ ' ' '
2. a.: The x slope of the track on the upstream side of

M7,

3. yo: The y coordinate of the track at the bend point of

M2.
4. agz; The vy slope'cf the track on the upstream side of
: M . .
5. §: The bend angle between the front and back y line
segments.

Stubs and VO's}are fit using a -subset of these five parameters.
The bend angle is. unnecessary for stubs. VO's are fit subject to
the constralnt of a common vertex, thus remov1ng one degree of
freedom. Because the magnet has a finite length and flelds in
all three directions,‘correctlons must be made to this simple

descripticn,/allowing for a small bend in'the xz plane and a
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slight offset‘of'the front‘andvback'halves of'the'track at the
bend point. The parameterlzatlon is suff1c1ent and all these
effects can be adequately handled u31ng flrst order corrections
applled at the f1tt1ng stage. The fitting ‘routine also scans the
hits compr1s1ng the track remov1ng, replacing;‘ or adding hits
- from the avallable 1lSt whenever the resulting track is ‘a better
flt as measured by the x2 per degree of freedom.

The pattern recognition and initial f1tt1ng proceeds inde-
pendent of drlft time measurements. Only after all the charged
particlettrajectories have been found and fits performed is the
'drift-time'information employed. Because the cell width is only
2-mm, the resolution_of thejleft-right side ambiguity problem is
somewhat more difficult and is handled differently than in a con-
ventlonal drlft chamber system. .The fit is .performed itera-
tively, as31gn1ng drift dlstances only to those hits for which
the traCk passes a sufficiently large dlstance from the struck
wire. As more drlft tlmes are lncorporated into the fit, Athe
cutoff distance lS allowed to slide closer to the wire reflecting
the increase.ln'reSOlutlon_galned from the prevrous fit. The
improvement in spatial resolution achieyedlby this technique’ was
}about a factor of two. | |

The output of the reconstructlon program is written to 6250,
BPI tapes allow1ng a ‘condensation of the: orlglnal 1600 800 BPI
tapes to 200. ThlS, coupled with the 1ntr1n51cally greater reli-
ability of the.6250 BPI tapes, eased the tape-handllng problem

considerably.




B. Higher Level Analysis

The outpht of the recohstruction program is then passed to
another maJor program. The program has a wide-variety of duties
with the ultlmate goal ef producing what can. loosely be descrlbed
as a four-vector tape. The list of tasks is as follows:

Assign momenta to all tracks. A

Find a vertex if possible. -

Assign momenta to all stubs assigned to the vertex.

Find VO's.

Perform the charged particle 1dent1f1catlon (Cherenkov"

analysis). : :

Match’ tracks to muon counters.
Find showers in lead glass.

Ny PN~
. L]

The first fouf_Steps do not proceed lineariy for reasons which
will become apparent. For the final states considered here only

the first five need to be examined in detail.

;f1; Momenta and Vertex Determlnatlon

The nmmentum of a track is a s1mp1e functlon of the bend’
angle and the amount of field experlenced in passing through the
magnet. The_only complication is removing~the 3-5% wvariation
',which occurs, aeross the transverse directions of the magnet.
Once the trackfs:momehtum is' known, it can be ttaced through Mf
to the center of the target. |

A1l trecks and stubs contained within the target's
transverse di@ehsions_at its midplane are'coneidered candidates
eligible for'the:determinatioh of a production vertex. After theh
distance of elesest vapproach is computed, the list is then
scanned for ‘the traek contributing'the'most.tp the x2 of the

fit. If an& track is further away than 0.15 inch, it is.
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. 1

'rejected. The 1list of rejected tracks is scanned for. possible

additions and:the prooess iterates itself until a stable solution
is found. Multiple'vertices are found by examining the list of
leftover traeks; The two usual causes of a second vertex are an
ete~ pair overlapping the event or the decay of a V close to the
target volume.} Figuré'iZ shows the x,y,z target distributions.

Stub momenta can be found once the vertex - is established by
picking the momentum which correctly sw1ms the stub back to the y
of the vertext :Notice the stub momentum determination is subject
not only to how much field the partiele experiences, but also the
distribution . of‘ the lfield. The intrinsic mathematical diffi-
culties of 1nvert1ng this problem were further compounded by the
fact that M1 was far from an ideal magnet for two reasons. The
magnet itself had no symmetry along the beam'axiS'because of a
field plate needed to shield the tau counter_phototubes from the
fringe field'and an assymmetric coil configuration_which was ‘not
centered'in the iron. Early in the run one of Ml's four coils
shorted,.resulting in an x assymetry and'non-negligible off-field
components. -dnderstanding of the z'distributionAof the field is
critical to recognizing V decays in the magnet (Fig. 13). The x
assymetry and off field components reduce the spatial and momen-
tum resolution, ultlmately causing poorer mass resolution, unleSS~
appropriate corrections for these effects are made.

‘This problem can be studied using the data. Figure 14 shows
the distance a track misses the vertex in both the bend (y).and
non-bend (x) views as a function of,momentum. 'At high momentum

( >15 CeV/c ).'the width . of ' this distribution asymptotically
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approaches the expected resolution of about OLOZ.inch. At lower
momentum,,tnOugh, the width broadens in the non-bend view indi-
cating there are‘fields of the order of 3-5 MeV/c effective kick
which "have not‘been‘compensated for. Multipie scattering cannot
Hbe:the cause since the bend view shows no such'broadening}

The momentum resolution of the inner andlouter spectrometers
can be'roughlytcharacterized by the funct10na1 form

Ap/p2 2.5% at 100 GeV/c (1nner)

7.5% at 100 GeV/c (outer)

,Because the average momentum of particles in the outer detector

1s lower (F1g..15), the effect of including stubs in mass calcu-

latlons is not -as bad as it might appear. The'resolution for the

-inner tracks 1s determlned by look1ng at the w1dth of the v. The
outer spectrometer resolutlon is found by comparlng the momentum

determlned us1ng M1l with the result of the 1nner spectrometer

calculatlon for tracks common’ to both. Unfortunately this number

cannot be cheoked in the low-momentum regionA(below-7:GeV/c),

because'these narticles rﬁrely pass through_the inner detector..
‘This rs‘the momentum region where the 1lack of knowledge about

Ml's field can,’cause problems. iFigure 16' shows the quantity

(PSTUB‘PTRACK)/PTRACK (where PSTUB means computlng the momentum

of a track as if 1t were a stub) as a functlon of track momen-
tum. If all‘systemat1C'effects have been removed, the width of

this distribution should be constant as a_function of momentum.

2. VO Identification

ThetVO prOgram attemptsfto find as many pairs of oppositely
charged tracks whlch 1ntersect ‘a separable dlstance from the tar-

get. Cleanllness of the sample is not a maJor consideration.
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Fig. 16. Stub resolution as a function of momentum.
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This tack is t;ken-because the character of the VO sample needed
varies depending on the.specific use. Althdugh other types of
information, mqst hbtably the Cherenkov counter pulse heights,
are potentially ﬁseful at this point, it was found to be undesir-
able to attempt to use all information relevant at this point in
the ana1y31s. | .

The VO's are organlzed into topologically distinct cate-
gories: | | | |

1. Downstream. = These are the VO's which decay in the vol-
ume between PO and P2 found by the reconstruction program.
They come in three types.

(i) Clean - downstream's pass the most  stringent hit
requirements with each track passing through at least
three consecutive chambers (Case 1 V0's).

(11) Track-stub downstream VO's are formed by 11nk1ng a
P1-4 track with a pair of triplet hits in P1 and P2.
which form a line consistent with an 1ntersect10n be-
tween PO and P1 (Case 5 V0's).

(iii) Dirty downstream's are of the same topology as the
clean category, but the hit restriction and sharing
requirements are considerably relaxed. These are the
last thlns looked for by the reconstruction program
(Case 4 V s) .

The VO program's only duty Qere is to compute two masses for
each VO candidate, one a = 'm mass and the other assigning
the " faster track the proton mass for a pr mass. In
addition, the program checks the vertex assignment and flags
the VO as assigned or unassigned to the prlmary vertex. The
mass calculation for track-stub downstream VO's by necessity
assumes target assignment so that it can calculate the
momentum of the stub by balancing the perpendicular momentum
about the line drawn from the event vertex to the PO vertex.

2. Track-track VO0's include any pair of oppositely charged
tracks which decay in the volume between -the target and
PO. The tracks are required to have a distance of closest
approach of less than 0.1 inch. This requirement is actu-
ally quite loose, but is consistent with the phllosophy that
one can always reject it at some later point since the dis-
tance of closest approach is saved along with all other per-
tinent information. o
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The resulting VO's are further divided into two classes de-
depending ‘on whether both tracks 'are initially assigned to
.the event vertex (Case 6 V0's) or not (Case 2 VO's).
Naturally " those VO0's with both tracks 1n1t1ally assigned
have cons1derably worse signal to noise.

3. Track-stub V0's are the most difficult to recognize.
The sample. of track-stub pairs whose xz intersection 1is
consistent with the same decay volume as for track-track
VO's is selected. Because the momentum resolution for the
.stub depends on the z resolution of this intersection, a
minimum opening angle of 5 mr is demanded in the xz view.
Picking the momentum which swims the stub back to the y of
‘the track at the xz intersection allows one to calculate the
VO's mass and position at the target. Again the V0's are
-flagged dependlng on whether both members were previously
’aSSLgned to the production vertex (Case 7 VO0's) or not (Case
3 V0's). ‘

Figure 17 shows a typical sample of A0's and AV's for cases
1,2,3. RIS |

The VO‘ program also includes a complicated arbitration
scheme to resolve track sharlng. It is fairly common, particu-
larly in track stub VO' s,'for one track to bela member of more
than.one vo. ‘The arbitratibn is biased toﬁards VO's thaﬁ have

S
within 5¢ of either the K% or A0 they are passed: to another level

masses consistent with K&'s or A®'s. If both VO0's have masses

of arbit;ation;'.All tests are of a box nature;fthat.is they are
checked only for con31stency with known experlmental resolu-
‘tions. VO s whlch are the result of arbitration are flagged w1th
a warning'lndlcatlnglqhey were not unambiguously ldentlfled.
After‘all‘VO candidates are identified, ﬁhe vertex routine
is recalled in'an,attemptuﬁo incorporete the'VO's into the total
event tbpdldgy.A‘If a new vertex resulfs, stub momenta are recom-
-~ puted for the:new vertex and all track assignments are redone.

The topology of the charged tracks is now complete.
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3. Cherenkov Identificaticn

- The Cherenkov analys1s is now‘done on the charged tracks.
The fractlon ch light from each track whlch would fall on each
mirror is caicﬁlated. The initial fractlons are based on the
. assumption thatlall.tracks are electrons. Th1s has the effect of
producing the most light and therefore the‘mcst confusion pos--
sible in the ccunter.' A complicated shifting procedure looks for
tracks whichbheve a-significant amount of light predicted on a
mirror whichfis off. Expected light yields‘are.then recomputed
with this nem knowledge._ Each track is then tagged with two
numbers (onezfor Cl,,one for C2) indicating whether the track
produced lightl (on),' did not produce 1light (off), or was
indeterminate. (don t hnow) Table IV shcws,the translation of
these codes in partlcle types.'

The routlne is biased towards produc1ng a clean sample of
kaons.and protons. Because pions outnumber heavy partlcles more
than twenty to:one, one cannot tolerate the 1eakage of pions into
the sample of heavy partlcles and, therefdre; must be conser-
vatlve and accept the loss of a percentage of heavy partlcles
into the ploh classes. |

The actuel ‘performance of the Cherenkov counters is best
studied by ueing-the data. Flgure 18 shows an unblased sample of
case 3 AO'S‘(ohe track and one stub, at least one member not -
‘pointing at the prcductioh vertex). This sample is then broken
down into three 'categories according At0' the Cherenkov

identificaticn'cf the high momentum particle; .4Approximately 75%
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of the A0's correctly have their high momentum track identified

as being inconsistent with a pion. The Cherenkov i:uformation on

22% of the A%'s is confused leading to the "don': know' cate-
gory. "The final plot shows that 2.5% of the A%'s have their

high-momentum track misidentified as a pion.

The contamination of the heavy-particle sample can likewise-
be studied usingfa clean sample of K%'e, where ene is guaranteed
both particles.are ﬁfs. Figure 19 shows the seme breakdown by
Cherenkov counter information for the case 2 K%'s (don't know,
heavy, pion).‘ The contamination of the n's that have been mis-
identified as -heavy particlee is about 2.5%. Using the K%'s
and A0's is aﬁ;effeCtive way of obtaining the:desired balance of
the signal/ho;ee properties in the Cherenkov counter algo-
rithms..‘The;ttﬁe pewer of the Cherenkoy counters is best seen by
the extractioneof a clean case b6 (both tracks initially assigned
to the productlon vertex) AD 31gnal (Flg. 20); The raw plot
shows a very poor signal/noise and the arbltratlon box charac-

' terlstlc of VOSS in which the pattern recognltlen has been
confused. The:Background and arbitration box ére eliminated by-
demanding the | hlbh momentum track be lncon31stent with a n.

The effectlveness of each counter was reduced by several
problems. ‘ Although Cl1's physical environment ;n31de M2 neces--
sitated large amounts of shielding and bdcking coils, the real
problem occUrsiat the analysis level. THe bending particles made
computing the expected fraction of light on each mirror a dif-
ficult task. A low-momentum particle will spray its light around

the counter as it bends, adding to the confus1on and effectively -
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decreasing thé. granularity of the system. 'iri addition, stubs’
which terminate their path within C1 cause indetermiqate,results.
C2's problem was more hardware-oriented; An ete” pair
occasionally paséed directly through a phototube window of CZ2.
If the appafafus was triggerea before the phototube could recover
from this event, bogus light was registered. Of course, if né
track points tQ a mirror that is on, there is no problem. 'This,
however, 1is notialways the case and occasionally the extra light
will'confusefﬁhé-patternArecognition process in C2 resulting in
an inefficiency for finding heavy particles. The problem is

mainly confined to the central mirrors.

C. Event Selection

Finally'tevents_ are taggedl and classified by type to
facilitate _thé .editing of a ‘particularA final sta;es‘ 4 Loose
definitions'flagged events with any VO, a K%?;é AV, one heavy
particle,'twa'héaVy particles, a diffractive .event, one 6r two
muons, etc. ’ Sélecting a sample of interest~is,‘computerwise,
very economicai.and fast, usually only requifing a bit match.

The finai Zstates of intérest here are  characterized -by
containing at .least one of the following: |

1. .Proton-K? ’

2. Proton-Kion (charged)

3. A0
The final déf?{selection consisted of three edits on the 200
four-vector tapés. This produced three tapes_with a V0 within

+30 MeV/c?2 of the KY and a cleanly identified proton (84,000

S
events). The requirement of ‘a VO within 30 MeV/c? of the A9

mass yields seven tapes (about 1 million events). Similarly
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there are threé*tapes (about 360,000 events) with at least omne

unambiguous proton and a second heavy particle.
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V.. CHARM BARYON SEARCH

The lowest lying charm baryon is’the quark combination cud,
alternately céiled the A: or‘CJ. As stated in Chapter I, this
state is stable égainét strong decays provided.its mass is below
2.8 GeV/c? (the kinematic limit for A: > pDO);‘}Aithough a myriad
of Cabbibo allowed weak decays are possible, the modes to which

this experiment is most sensitive are

1. AOx
2. AOmmm
3. pKn
4. pK%

The ability to observe the A: decaying into oﬁe of these final
states depends op’seyeral unrelated factors:

1. The branching ratio into the state

2. The experimental detection efficiency

3. -The backgrounds encountered.
A deScripfion detailing thé“mechanics involved in analyzing each:
of theée final stafes is presented in SeCtions.AjC. Section D
discusses the Monte Carlo and the 'model usédA to extract the
detection efficiencies for each of these channels. Finally a
summary of thé results is given in Section E. -The‘cross section
times branchiﬁgAra{io for pK® and ubper liﬁits’fof the remaining

three channels are. extracted.

A. A%7 and AOann

All events having a VO candidate‘with a pr mass within 130
MeV/c2 ﬁf'the-AO'mass'are selected. The signal to background
obtained frdm.the'patternvfecognition albne is unacceptable. The
wide mass cut used in editing the sample allows study of the

background beneath the A0 peak. The clean-up procedure used to



61

reduce the noise to an acceptable level is different for each of

the seven categories of VO's found. Three main criteria are

used.

1.

All A0's are required to be assigned to the target
(within '0.13 inch). This is a rather generous cut, but,
nevertheless, reduces the background for downstream VO's
to an acceptable level. As the decay vertex of the VO
moves closer to the target, this cut becomes less
effective. '

If the fast particle is identified as either a proton or
is ambiguous Dbetween proton and kaon, the A? is
accepted. Conversely, if the fast particle is iden-
tified as a =, it is rejected. Figure 21 shows the
effect of these requirements on a sample of Case
3 A0's (track-stub, at least one member not assigned to
the primary vertex). This sample is broken into three
subsamples depending on the Cherenkov identification of
the faster member of the VO. The proton requirement is
seen to be very effective in reducing the background
under the A® peak (Fig. 21b). The corresponding m cut
(Fig. 21c) costs one some of the A®? signal as expected
because of the philosophy employed in the Cherenkov
counter routine. For VO's with both member tracks
assigned (Case 6 and 7), the fast track must be
inconsistent with a n.

The remaining A? candidates ( Fig. .21a ) have no useful
Cherenkov information. Tighter requirements on the
topology of the VO are therefore demanded. If the
distance of closest approach of the VO to the event
vertex if less than 0.04 ‘inches, it is accepted. For
track-track VO's (Cases 2 and 6) the distance of closest
approach of the two tracks is required to be less than
0.03  inches if the tighter vertex cut fails. In
addition, all O candidates with mno  Cherenkov
information are required to have their «tnr~ mass
inconsistent with the K% mass (not within 15 MeV/c2).

Adjustment of the various cut parameters can produce an arbi-

trarily good signal to noise but at the expense of signal. As

will be seen, the background in the mass plots is primarily due

to events containing a real A0. Consequently the usefulness of

this

approach diminishes rapidly as the requirements are

tightened. The criteria used here are about 90% efficient (i.e.,

10%

of

the geometrically accepted and found A0's are rejected).
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Figure 22a shows ' all A9's candidates identified by pattern recog-
nition. Fiéure' 22b,c shows the accepted aﬁd rejected A0's
respectively.f:A final mass cut réquires that fhe A% candidate be
consistent with "the fesolution. This'cutAvafies from +3 to %7.
MeV/c? aroundvthe physical A0 mass (1.1156 GeV/c?), depending on
the z of its_deCay. The member tracks of rejected A% candidates
are treated és;ény other track in the event.

The n's =éllowed to enter in. the mass combination are
required only to be assigned to the primary event vertex and have
a Cherenkov idgntification consistent with é T Only events
within EA.O iﬁcﬁésuof tﬁé.target'slmidﬁlane:aré.considered. Afhe:
z distribution of a typical sample of events wés shown in Fig.
12a. The ‘numbér of tracks allowed opposite the potential Ao
combination is" restricted to fall between two and six, com-
mensurate with' ‘the multiplicities expected féf the decay of
another A;. ‘In'searching for the decay A: > Aoﬁfﬁ+hf the maximum
allowed number of recoiling tracks is reduced to five in an
attempt to control the rapid increase in combinatorial group-
ings. The upper-limit is chosen by considering the worsﬁ case
situation ofA a recoiling A; > XE;+h_n- decay (counted as four
tracks) plus two additional #'s if the Ac'é are the result
of Zcfs cascading to Ac's;

The mass piot for AOnwmm is subdivided into four categories
corresponding - to the correct and incorrect 'étrangeness-charge
cdrrelation for the baryon (Fig. 23a,b) and anti-baryon (Fig.
24a,b) channels. To estimate the number of béékground éntries

(not from the photons) the same plots are generated for the K0
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runs, represéntgd By the dotted curves in tﬁe same figures. (A
scale factor of 2.35 1is needed to equalize the relative flﬁx for
the two samples.) These curves show that 80-90% of the entries
are not photon induced. |

The four A°n plots - are shown in Figé.~ 25a,b and 26a,b
together with the four nonfphoton' indﬁCedi plots (dotted
curves). Evén'though the-"photon" data 1is Still 80-90% non-
photon induégd,‘the:e is a drastic reduction.in_the.number of
entries in the. A0n plots comﬁared to the Almum plots, thus
increaSing!tﬁe.sensitivity of‘this mode. Comparing the AOn*
(Fig. 25a) with the A%z *x™n~ plot (Fig. 23&).iﬁ the mass region
near 2.275 GéV/¢? shows that there are about 500 éhtries per 20
| MeV/cznbin-fqr'Aon against 2400 for Aonfnfﬁ-. The reason for
this large difference is twofold. The peak of the A%t Tr T T mass
’ distribution'is'near the expected A: mass, whereas the two-body
ATt distributidn peaks at 1.4 GeV/¢? and:'falls of neariy
exponentialli with increasing mass. Thé.combinatorial background
is also ‘much.ilarger for the Alx*nth™. A ftypical éight-track
event will result in three A%t combinations (éssuming,one A% per
" event counting és two tracks leaving six = candidates, only half
of which give”the'correct stfangeness-charge-cdfrelation); The
same eight—track: event taken as AOnTatn™ enters an average of
nine times (3 (31721) ). |

There iéAﬁo evidénce for the A: decaying through either of
these two chénneis. The limits on oB for both of theselchannels

[

are given in Section E.
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B. pKnr

All events with a cleanly identified proien and another
charged particle identified as a kaon or kaon/proton ambiguous
are selected. 4The vertex, muitiplicity, andlﬁ requirements are
as in the Ad channels. Limiting fhe kaon candiaates to only
positively idenfified cases cuts the acceptarnce to an unaccep-
table level.  This occurs because a clean kaon identification
requires notnonly the kaqn to be in the proper momentum range
(20-40 GeV/b)-bnt also informafion from botn‘Cherenkov counters
(an "en; in Cl‘and an "off" in C2, see Table 1IV). |

~ The highemnltiplicities of theee events 6ften confuses at
least dne'ofefhé counters. The data indicate that this is not a
serious soureendf backgrounds, where the kaon-to-proton ratio is
seen to be abeut five to ome. (A word of eAution is necessary
ihough. This particle ratio is determined. for the events in
general and may not be true when applied‘te‘a highly specialized
sample sucthas' tnis, pnrticularly when there. is already one
proton in tne}event.) The same series of four plots (baryon,
anti—béryon for right and wrong strangenessfeharge corfelation)
forAtheAphoton‘together with the non-photon induced background
are presented'in Figs.‘27a,b and 28a,b. No signal is observed in
either baryon of anti-baryon chnnnel. The upper limit on oB for
this channel'ie derived.in Section E.

0
C. sz

————

The event selection criteria chooses any event which has a

cleanly identified proton and a VO candidate with a =w'w mass

. 3 N f- ) 2 . .
within £30 MeV/c® of the K 0 pags., The cleanup procedure for the
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KS° follows that of the A%'s with the obvious change of the pro-
ton requirement.. The corresponding hard = requirement is not
nearly as stroﬁg and one is forced to reject Kg's with both
member tracks pointing at fhe vertex as unacéeptably noisy.
After the Kg's have been properly laundered, a final mass cut of
+15 MeV/c?2 is applied. Figure 29 shows the subsample of Kso'é
from the originally selected.84,000 events which survive these
requirements. 1The member tracks §f~the rejected Kg candidates
become avai}able.for use as 1's.

The réqﬁiremént of a clean identification of the proton does
not involve the same high cost in detection efficiency as did
demanding the samé of the kaon. bnly one counter is required and
the allowablelmomentum region is wider, from C1's kaon threshold
to C2's proton threshold (20-80 GeV/c, see Table IV) compared to
20-40 GeV/c for hard kaon. Since, as pointed out previously, the
proton-to-kaon: ratio in the ambiguous category is one to five,
including these events will result in a similar rise in the back-
ground.

Using the critefia of high experimental detection effi-
ciency, good‘ signal-toQbackground ratio, Aand' minimal combina-
torial background, the AZ > pEF decay mode is this experiﬁent's
most sensitive mode provided that the A: has a branching ratio to
pKU roughly equal or.greatef than 'that of the other modes con-
sidered. The th-bodx ng phase space distribution peaks at 1.5
GeV/c? and falls quickly with mass as did the AOw. The combina-
torial problem'is almost non-existent in this state. A typical

event in this sample has only one proton and one KSO resulting in
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only one pKéo.éntry per event. The state,does‘have two unde-
sirable features. The étrangeness-charge correlation 1is lost
. since the sﬁrangeness of the Kso's is 1indeterminate. In
addition, only bne‘out of every three produced K0's eventually
_ becomes detectable in the nfﬁ- decay que of the KSO, effectively
loweriﬁg ﬁhe'yields.intbAtﬁis éhanﬁél 5y.£Hé same émoﬁnt; Thé
mass plot for.the sum of pK% and its charge conjugate (EK%) is
shown in Fig..30; A prominent peak of 55 events is seen at 2.285
GeV/c2. As‘anticipa;ed thevbackground is small and the 55 events
represenf a 6-76.effect;.‘To study the signal inAmore detail, the
plot is broken iﬁto baryon and anti-baryon channels (Fig. 31).
Approxiﬁately équal numbers of events are presént in both chan-
nels (31 for Vtﬁé baryon vérsus 24 for the ‘antibaryon). The
original plot is.éléo rebinned iﬁto 4 MeV/c? bins (Fig. 32) tb
extract thel maés, width, and number "of events. A fit to a
gaussian over ‘a 1océlly quadratic background is performed. All
parameters afe left free. The results of the fit are presented
on the same figufe. In addition to the statistical error of #]
MeV/c?2 given by the fit a systematié error of 15 MeV/c? 1is
included resuIting from an uncertainty in the magnet calibra-
tions. |

The non-phéﬁon induced background in the ng channel, shown
in‘Fig. 33 (dashed curve) reveals that, excepting the region near
2.285 GeV/cz;‘the entries are nearly all non-photon in nature. A
fit of the K% background, fixing the mass and width at 2.284
GeV/c?2 and 7;24MeV/c2, respectively, indicates- that less than 5

events . are not. photon induced. The prodﬁét of the branching
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ratio tiﬁes ”éross section (oB) for this channel based on ‘the
observed signal is given in Section E.

A search‘fbr the cascade process'zC > Ac+" was atteméted.
Looking at the.level diagram for the baryons, Fig. Al shows that
there are two;té's, a JP= 1/2* and a JP = 3/24. One also notes
they are a dispiaced isotriplet‘(i.e., charges 2, %1, O).' The
mass plot for all pK%n combinations is shown in Fig. 34. The
smaller - insert shows the same plot when the ng is withip 10
MeV/c of 2.284’GeV/c?. While there is a suggeétion of two peaks
(one at 2.SQ GeV/c2 and the other 2.60 GeV/czj; their leVels of
significéncef@re_less than three standard déviations. Different
extrapolations of the background through the fegion between the
peéks could Eompletely eliminate these peaks. “An alternate view

is that the 'dip between the 'peaks" is the most significant

' feature of the ﬁlot.

Another 'approach is to plot the mass difference aM

= M(szon) -‘M(pKSO) (Fig. 35). Using the mass difference allows

for a comparison of the distributions just above and below the A,
mass with the signal bin, since its shape should be insensitive
to the pKS0 méss. The resolution in this variable may also be
better since thé error in measuring the pK ? mass cancels. (One

must remember that the pion cascade of the I, to the A, is a

'strong process and therefore the £, will likely have a natural

width greaﬁer'than the experimental resolution leaving little to
be gained.) The peak associated with the 2.5 CéV/c2 peak (which
should appear at 225 MeV/c?2) is washed out, altering the shape of

the backgroﬁnd, and thus significantly reducing any significance
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one may have been tempted to attach to the second higher mass
peak (at 315 MéV/cz.' One is forced to conclude that there is no

convincing evidence for the cascade process Lo * AT

D. Monte Carlo

To extract the cross section for the pKF, and the upper
limits for the other three states, a Monte Carlo program was
developéd to‘simulate the physics, experimental apparatus, and
analysis effieiéncy. The model chosen. consists of the photon
diffrgcting off the nucleon target to a cT stéte.of mass M which
immediately fallé apart to a charmed baryon anti-baryon pair.

In doing fhe analysis every effort was'made to employ only
those cuts which could not only be accurately simulated; but
which were also model independent. This Agbal cannot be com-~
pletely'realized since one starts with a built: in bias through
the apparatus. ‘With only 55 events and a signal to noise of 1:1,
not much guidéhce oﬁ specific details to inéorporate into the
model can be fo@nd from the data. Thé-model's free parameters
which will efféct the results are the momentum transferred to the
cT state alongAwith its mass (M). The precise manner in which
the recoiling A; decays can also effectAthe,result. While the
data cannot provide precise details on thesé'Quantitiés, it can

place limits on them. The sehsitivity of the result can then be

~explored by varying the model within the confines of these limits

while holding the others fixed at their most probable value.
The t distribution of the intermediate c¢T state was taken

as e Pt, Looking at the observed t distribution for those pK’

events within ‘410 MeV/c of 2.284 GeV/c? pKS0 peak (Fig. 36a)
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'suggests thag b is about 1.0 (GeV/c) 2. Changing the value of b
from 1 to 6QAproduces only a 10% variation in the écceptanée.

Larger variations in the acceptance are produced by altering
the mass given.thé cC system and the total charged multiplicity
generated. - The variation of the acceptance on the charged
-multiplicity enters mainly through the confusion generated in the
Cherenkov counters. For the A° channels this is a small effect
(2%) since‘they depend on the Cherenkov counteré‘only for the A0
clean-up. The pKr state sho&s a 20% effect when changing the
multiplicity frﬁm 5-8 tracks. ' .

The pi diétfibutionldf the ng signal (Fig. 36a) limits the
mass of the cT object. The lack-of a sharp peak near zero sug-
gests that the mass is not too near threshold. [This peak will
be slightly washed out.when con?oiuted with the P, feceived by
the parent object, but still cannot géﬁerate‘average value of
0.5 (GeV/c)2 seen in the data.] ‘The upper limit on the mass is
constrained b§ the same distribution.- Any kinetic energy that
the AZ}E pair may receive when the cc system disintégrates will
be translated to much larger values. Masses vlarger than 6.0
GeV/c?2 are ruled oﬁt unless extra particleé ére generated to
reduce the availablé energy. For compariSon, the P, distri-
butions of the:pK%‘a?e:shown‘for M=14.8, M= 5.0, M= 6.0 GeV/c?
ianig; 36f-h. hThe acceptance is found to Vary by 30% when gen-
erating the cC system at fixed massés of 4.8 and 6.0 GeV/c2.

4The Monte Carlo is written to produce a fake data tape-
complete. with - wire 'hits ln the chambers, simulated ADC's, and

trigger information. Various detector maladies are included,
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such as ‘chamber inefficiencies, when they can be reliably
modeled. The éﬁtput is then passed through the same sequence of
programs as th¢5data. This method has the feature of correctly
simulating the geometrical, reconstruction, and analysié effi-
ciencies. Thé expected experimental width of a generated zefo
width state is élso derived. Téble V summarizes the results.
VariouS~Aother corrections are included in an ad hoc
manner. These are either corrections so simple (target absorp-
tion of 2% péf‘track) that including them in ﬁhe Monte Carlo is
pointless, or .so complicated (Cherenkov overefficiency of the
central cellé) that no reliable model has been found, so that
making',a' fea;onable guess based on éxpefience is the only
recourse. Tablé V includes a compilation of these corrections.
Although other production mechanisms are‘poésible, the fact
that réughlyl4§qual numbers of baryon and anti-baryons are
observed strongly suggests some type of pair production. The
charmed mesoﬁé‘élso observed in this experiment further support
this view, with equal amounfs of particle . and anti-particle
seen. An associated production model woﬁld preferentially
pfoduce mesons - with C - -1 (BF,>Df) and baryons with C = +1
(AC+). The"kiﬁematics of this model are sﬁch that the meson
carries off'a large fraction of the photon's energy, while the
baryon is'produceq with a small Feynman X [X = E(Ac)/Ey]' The
signal observed has an average X vaiue of 0.55 again supporting a

pair production model.
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E. Cross Sections and Conclusions

Thé lumiﬁésity of the experiment is caléulated in Appendix C
and found fo ‘be 619 nb~l. The luminosity, Monte Carlo effi-
ciency, and the"corrections listed in Table V can be uséd to
calculate an'upper limit on oB for pKr, ACn, and A%wwn based on a
3o fluctuétibn, For the ng channel where a signal, inconsistent
with a flﬂctuation is bbserved, the results, of course, represent
a determinatién of the pfoduct of the cross §e§tion and branching
ratio. Thé oB for the process y + c =» AZ + X includes a factor
of 1/2, since’in a pair‘prqduction model there are two poten-

tially detectable chafmed baryons;

. State o oB

AOm < 0.9 nb/nucleon (90% c.l.)

" AOqmw < 4.0 nb/nucleon (90% c.l.)
pKr. < 4.5 nb/nucleon (90% c.l.)
pKO 3.2+0.7 nb/nucleon

A systematic error of -20% to +40% should also be included. The
large number'of events in the pKmr and AO97mnm channels result in

decreased sensitivity so that these 1limits ‘are not enlight-

"ening. The COmparatiVely'large acceptance‘(7,0% with all cor-

rections) dnd the_ relatively 1low backgroﬁnd (750 events/20

MeV/cZ) ‘indicates the relative branching ratio of .(Ac+

+‘A°n)/(Ac+,+ pK9) is less than 1/3.

Taking a .2% branching ratio. for A; +1ng, as suggested by

the MARK II results,?* yields a cross section of 150+50

nb/nucleon.
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VI. - CONCLUSIONS

This final chapter will 'survey data from other experiments
and place the.results‘reported here in proper perspective. The
mass of the charmed baryon and its production cross section is
reviewed. Finally, the future of charm speetroscopy and the

direction which new charm experiments should take is discussed.

A. Comments on the Mass of the A:

The numﬁer of reported observations of the A: has been
increasingxiﬁethe last year. There is 1ittle doﬁbt as to its
existence, but less well settled are its .ﬁass and cross sec-
tion. Two mesees appear in the literature, one at 2260 MeV/c2
and one~between‘2280.and 2290 MeV/c?2. The eerliest observations
tended to favor the Lower mass.. Those recently reporting masses
around 2260 MeV/c? are the Lampshade Magnet greup (LSM)30 and the
Split- Field Magnet group (SFM)3! both at CERN. All but one of
the groups = (LSM) reporting a mass at 2260 MeV/c? also quote’
errors of zo‘an/cZ. The LSM group reports a mass of 225515
MeV/c?2 where the smell error results from reetricting the.eveﬁts
to be contaiﬁed within a weli-understood portion of their
apparatus. (In recent months this number has been adjusted to
2262 MeV/cZ.)_4TheAMark II collaboration at SLACZ“ along with the
UCLA-Saclay group®? at the ISR favor the higher mass. The UCLA-
Saclay group'obsefﬁes the Az in two decay modes Wo»trtr~ and
pK™nt) ‘with slightly .different masses '(2280110 MeV/c?2 for
A0 ¥ote = and‘2290110 MeV/c2 for pK™n*). Mark II has taken great
care in understanding their mass scale“and appears well

entrenched at 228546 MeV/c?.
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The results reported here are in excellent agreement with
the 2285 MeV2 mass. It should be pointed out that the D’ signal
observed in thlS experiment using the same magnet calibrations is

within 1o of ‘the reported mass (1863 MeV/c?2) with 186112 MeV/c?,

where the error is statistical only.

B. Commentston the Charm Cross Section

The hadronic cross sections reported by the CERN grbups have
rather large errors due toAmodel uncertainties. The branching
ratio times ¢r9s§ section (oB) for the A°n+h+h ‘decay is reported
to be between 6.3 and 3.0 ub; The oB for.the pK™r* mode is
similarly given.as 1»2-6 5 ub. | |

The only other direct measurement of cross sections for the
photoproductlon of charmed states is from- the 933 spectrometer at.
CERN. Thelr;total cross section, as determlned from the semi-
leptonic decay;;is given as 800 nb. A recent muon experiment3“
has reported-700 nb by extrapolating from virtual photons to real
photons (¢ = 0).

Three ehatm states have been directly ebserved in this
experiment.y Tﬁe A: Cross section is 150 nb. The meson cross
section is foend to be about 450 nb, givihg a total observed
charm cross section of about 600 nb. Two faetors will push this
number higher; Maﬁy charmed particles have yet to be seen, most-
notably these eoataining strange quarks. The @ group has claimed
thatlthe photppreduction cross section for the F is about 300 nb;
although' the data presented thus far is not eompelling. The
second factor likely to drive the total eharm croes section

higher is the pdasibility of other production mechanisms. As the
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energy is increased, new thresholds are iikely to be crossed
through the d#eding of more inelastic channels. A final number
‘which copld be'éignificantly larger thén 0.7-1.0 ub is not only
probable, but iikely. |

It is interésting to look back at the initial predictions of
1.0-2.0 ub and see -they were not that far off. Why was_the
experimental . oBservation of charm so difficult given the
excellent starfing point? One mnot only knew the approximate
masses, the decay modes, but also the right cross section. The
answer to this question' is, of éourse, aifferent for each
experiment. One could sight the low branching ratios to
detectable 'stétés and larger than anticipéted backgrounds as
prime offendersj however, the real culprit is the increased
complexity of charﬁ experiments, both from alhardware and physics
viewpoint. ,;As ‘the experimenters become more comfortable with
this new compiexity, the results may comé, as easily as it

s

initially looked.

C. Comments of the Future of Charm Experiments

While mu¢h has been aécomplished in charm'spectroscqpy, much
remains to be dqne. Certainly high on the experimental shopping
list is the convincing observation bf a charm particle containing
a strange qqark. However, the emphasis in future charm experi-
ments 1is likely to swing from speétroscopy to dynamics. ~ Two
different méasurements are needed. ThHe measurement of the
Cabbibo- suppféésed .decay branching ratios ‘provides a valuable
check on the},theofy. The fichest éxperimental field 1is in

production of(dynamics} The next round of charm experiments will
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need to observe .charm partlcles in much greater numbers and with
excellent 3153nal to noise in order to be able to dlStlnbulsh

between the va’rious production models currently on the market.
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APPENDIX A

SU(4) AND HADRON SPECTROSCOPY

In the quark- model the hadrons are thought of as

combinations of the fundamental representation

[4] = q =

00oc

of SU(4). The mesons are a bound state of a quark-antiquark
" combination énd:the baryons of three quarks. These combinations,
however, are not irreducible. This means theré are subsets of
these representations which transform only among themselves. 1In
group, theory nOﬁation (see Ref. 29) one can'decompose;the mesons
as follows

qq = [&]1 x [4] = [1] + [15].,

A more eﬁlightening procedure 1is to decompose the SU(4)
representatidnjiﬁto an SU(35 triplet~and SU(3) singlet. While
any of the foUrAquarks can be taken to be the singlet, clearly
the most physically meaningful choice is to take the charm
quark. The mesons are then decomposed into - irreducible SU(3)
. multiplets which‘are tagged by their total éharm content. This
proceeds - aé follows. (The subscripts indicate the charm

content.’)

qq = [Z] * [4] (TI_ + 131 x (011 + [31)
| = [1] + [3]1 + [3]_ +{[3] x (3]} -
0 1 1 ‘ 0

Using the relation

(3] x (3] = [1] + [8],



one has

da- (] o+ [81) o+ 1)+ (31, + 131 .

Qq cc cq qc
The properties of these mnltiplets are best illustrated in a
weight diagram‘(Fig. Alb).

The same procedure can be followed for the baryons, but
because the bérYons are composed of three identical fermions the
overall wave'lfunction must be antisymmetric under quark
interchange. This complexity can be handled By reSorting to a
more complete.theory of the strong interactions which‘postulates
a nidden quantum number called color. Each of'the four flavors
of quarks (u,d,s,c) now is also tagged by one of three colors
(red, blue,  and green). One now has a theery in which the
flavors transform according to SU(4) and the colors according to
SU(3).. To keep the color hidden the theory demands all physical
particles to.be;colqr singlets, implying the cdlor portion of the
wave functien,is antisymmetric. |

To understand this more complerely it is useful to first
consider the ¢%39 of only three flavors of quarks (u,d,s). The
decomposition of the beryons in SU(3) proceeds as follows. (The
subscripts here refer to rhe symmetry under quark interchange:

s, symmetric; a, antisymmetric; m, mixed symmetry.)

[3] x {[3] + [6]}
(11, + [8]_ + [8] + (101,

qqq = [3] x [3] x (3]

where the relations
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[3] + (6]
(8] + [10]

[3] x [3]
[3] x [6]

have been used-.

The singlet is totally antisymmetric and the decuplet 1is
totally symmetriCa The two octet representations, however, are
of mixed’symmetry. Given the fact that the wave function must be

symmetrlc in flavor (it is antisymmetric in color) and the fact

that the lowest lying baryons should have their quarks in an L

=0 state.(nd‘rélative angular momentum), one is forced to ignore
the singlet and:use?only the symmetric comBination of the two
mixed symmetronctéts.‘ [Formally this is done by incorporating
the two spin aégrees of freedom at the outset,'thus expanding the
group from SU(3) lto SU(6). The [56] representation of SU(6)
breaks intbltWo octets of spin 1/2 baryons and four decuplets of
'spin 3/2 ]

Armed w1th this knowledge, one can now:décompose the baryons

éccording to SU(4).

‘[4] x [4] x [4] :
.[4]a + [20]  + [20]m + [20]S

‘qaqq

The situatidﬁ’here is similar to the SU(3)'¢a§e. There is omne
totally 'antisymmetric, one totally symmetric,. and two mixed-
symmetry repreSéntations. The lowest lying baryons come from the
totally symmetrlc [20] representation and the symmetrlc combi- .
nation of the two mixed-symmetry [20] representatlons. [Again to
be formally correct one must incorporate spin from the€ start,

expanding SU(4) to SU(8).}
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As in the case of the mesons it is useful to break these

SuU(4) represeﬁtations down by charm contént._

[20] (spin 1/2) (3], + (31 + 6] + (8]

[20] (spin 3/2) = [1] + [3]2'+ (6l + [10) .

The weight diagrams for these two representationé are shown in

Fig. Alc,d.
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CHARM SPECTROSCOPY

QUARKS "~ Mesons JP-0
C .

b
_'_..13

BARYONS %=l sCeF" o,
| - BARYONS J =3

v .
) Is . o . tC:Y o
++ .

F1g Al . Weight Diagrams of Quarks ‘(a) ; Me};dns (b); Baryons (c,d).
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APPENDIX B |
NEUTRAL STRANGENESS CHANGING WEAK CURRENTS

In this‘appendix we show, by proceeding in direct analogy
with the weak leptonic current, how one is natﬁrally led to the
charm model. The charged weak hadronic current is experimentally
observed to have the form

(~J§ = U cosé d + U sine s + hermtian’ conjugate.
If one identifies

de = cos® d + sine® s,

where 6 is the Cabbibo angle, the'chérged hadrdh_weak.current has
the same flavor structure as its leptonic codhté:part, namely
Jy = dt'q + qt q,.

where 1*

is the charge raising (lowering) operator. The q's
Arepresent

thegton : Hadron (quarki"'
A (6]
. \’e ’ de;

- The weak neutral hadronic current is given by .

10 < + - qi<t, < e
%y = 12035 351 - VAT, <Tle - s

Writing this out explicitly

g @ gy ][]

(Gu - Td,) ‘

<

(uu - dd cos?p - ss sin?e)

(sd + ds) cos8 sins.
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"The first ‘piece corresponds to a étrangeness conserving
portion.(v The second piece results in a strangeness changing
neutral currepf which is not experimentally 6bserved. One can
continue the_énaiogy with the leptons and introduce a second set

of quarks corresponding to the muon doublet.

Lepton o . Hadron (quark)
%] (5]
u Sgd
where s, = s cosé - d siné. Writing out the neutral current for
this set

(ce - sese)

[
ZO
~—
0
n
<D
* ead "
—
o -
[}
[ A
— .
w0 0
[ S
il

(cc - ss cos?8 - dd sin?6)

+ (sd + ds) cos6 siné.

Adding J% + J0, to get the total neutral weak hadronic current

eliminates the‘objectionable strangeness changing current, giving

JO = (cc + uu - dd - ss).

w.

. CHARM PARTICLE DECAY

Since charm is conserved by the strong interactions, the
decay of charm particles proceeds by the weak force. From the
above one sees that the neutral weak current does not play a role
since there are no couplings- between quarks of_different flavors
(i.e., the weak neutral hadronic.current is flavor conserving).

The decay of charm particles, therefore, is completely governed
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by the charged’' weak current in direct analogyfwith muon decay.
" The weak Hamiltonian (ignoring coupling conStanté and spatial

dependence) for the leptons is

7

H = J%J" + hermtian conjugate

= 4T — —
(v e vuu) (ev  + uyu)

=3 eev + v uev_ + v_ env  + vV HHV .
L e Ve uu..e euu uuuu

The first and last terms describe elastic ‘neutrino scattering
from electrons and muons. The middle terms are responsible for

the decay

The weak decay of the charm quark is described by the same

term once thé‘following substitutions are made.

e | 1u u c
i ,
Ve 0 vy S

The term then becomes

= -
ewv -+ aeucs

e 0
= ''(d cosb + s sin6)u c(s siné - d sing)
= d uc s cos?6 (c + us d)
- duc d siné cosé (c+ udd)
'+ s uc s sind cos® - (c+ us s)
- suc »-ud s)..

d sin?e (c

The terms are arranged in decreasing order of strength sincé sin6
= 0.25, cosé’ 5‘0.98. The Cabbibo favored decay of the charm

quark is to the strange quark and thus obeys the selection rule

AQ =aAS =aC = 1.
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Taking the Az as an example, one can write -down a sampling of
Cabbibo favored decays.
AL > AOnT
¢
+»pK-1r+
+ pK .
PRy
One can add arbitrary numbers of n's to“theSe;modes”(either w0 's
or atn” pairs) provided, of courée, the decay is kinematically

allowed. Thus one can have
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APPENDIX C

CROSS SECTION AND LUMINOSITY DETERMINATION
The cross section for a process is given by

o = Npypg/ (N NgeB €),

where Ngyrg = Nﬁmber of events observed;
N, éf.Nﬁmber of incident photons;
Ngc é‘;Number ofvscattering centers in theltarget;
B =.'Branchiﬁg‘ratio into this finéflstate;

€ Experimental detection efficiency.

A useful quaﬁtity toidefine is the luminosity.

A =N Neo

¥
since it doés n§t depend on a parficular pfocess;

Théxnumbé? of photons is determined ff§m the total power
collected in'thé'quantometer._ To obtain this number one needs to

know the spectrum shape.

dN/dE = NYf(E),

where ff(EY) dEY‘= 1, so that NY is the total number of pho—
tons. The shépe of the spectrum was meésured;by placing a lead
glass block infthe photon beam. Analysis of the pulse height
spectrum givésithe curve shown in Fig. 1.

Since'thegquantameter measures ' the total power in the beam,

one needs to perform the integral

P =C /f EdN/dE dE- = C N_SE(E )dE
| Y YooY YUYy

C N _<E_>.
YOY
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C is a calibratidn constant determined by placing the quantameter
in a- 90 GéV/c‘electron beam. C is found to bé-8510 ion/GeV. The

" number of photons is therefore
N = (P/C)/(Ey>.

The total powef (P) collected was 6.84 x 1013 GeV and the aVérage
energy (<EY>)“is 42.54 GeV, so this means that the total number
of photons is | ‘ '

N = 1.61 x 1012,

A numBét of corrections must be madelto-this'raw number.
. Since' the Monte'Carlo acéeptances are computed only for photons
with energiestgpeater than 50 GeV.and a high‘énergy cut of 200
GeV is plagédibn the data, only the photons;in that energy range

B (SO-ZOO'CeV)‘afefused.

N
Y

‘N s200£(E ).dE
Y 50 Y’ Y

= 0.304%N

4.89 x 1011,

Two deadtime corrections are also required,: the master gate
deadtime of'IBZ‘and the slow logic deadtime of 11.5%. The total

number of "live" photons is
N = 3.77 x 101,
The number of scattering centers per cm? is given by

NSC =p 1 A,_
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= density of target

whére p =
1 = length of target
A = Avogadro's number.

The target is‘2;12 cm of scintillator (p = 1.05 gm/cmj) and 0.15
cm bf' aluminum (p = 2.7 gm/cmd). .The number of scatteriﬁg
cénters is v |

= 1.58 «x 1023/cnﬁ."

Nge

Multiplying the number of photons by the number of

scattering centers gives the luminosity

L =619 nb !,
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