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ABSTRACT

A THREER ARM SPECTROMETER WITH NARFOW ACCEPTANCE AND EXCFL-
LENT PARTICLE IDENTIFICATION WAS USED TO SEARCH FOR CHARGED
D* NESON PRODUCT ION AT v¥ = 19.4 GPVY, TH¥Y SHALL 5.7 NMBV 9
VALU® PDOR THE TWO BODY DECAY D*-> D PI WAS USED AS AN EPFPEC-
TIVE BACKGROUND COT, A 3.0 SIGRA PEAK CONTAINING 82225
EVENTS IS SFFPN IN BOTH THE Q VALUE AND K-PYI THVARIANT MASS
DISTRIBOT TONS, THIS CORRESPONDS TO do/dy =

‘3:’
1.4 .6 (STATISTICAL)+ .6 (SYSTENATIC) ub/(unit rapidity), WITH

ASSUMPTIONS MADE ABOUT TH? PRODUCTICH MODEL.
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Chapter I
INTRODUCTION

Since the discovery of the neutron as a fundamental
constitu2nt of m=matter in addition to the proton and elec-
tron, determining the spectrum of subatomic particles and a
uiniial set of descriptive properties for thea has been a
major direction for physics research, One of the first par-
ticle properties described was that of isotopic spin. Tt
vas formulated from studies of 2nergy lewvels in various nuc-
lei and the discovery of the charged and nzsutral pions. The
strong nuclear binding force appeared to be equal for parti-
‘cles within the same group multiplet , so isospin was deterc-
mined to be a gqlobal (space-time independent) syametry that
could be represented hy the SU(2) aqroup in the same mannex
as a particle®s intrinsic auwgular momzentum . A rotation in
isospin space would transform a proton into a neantron bhut
not affect the part of the mass Hamiltonian that was gen-
erated by the stronq nuclear force, Just as rotations in
configuration space leave invaritant spin independent Ramil-

tonian teras,

As patticles heavier than the nuacleon were discovered

daring the 1950's a new class appeared that had a lifetimne



much greater than could be expected from the energy
available for their decay. The characteristic decay signa-
ture of long-lived neutrral particles caused them to be named
»vee® particles, and it becaame apparent that a new selection
rul2 inhibited their decay via the strong interaction. It
vas eventually seen that they could be placed in a SO(3)
group spectrum with the previously known particles that
helonged to the SU (2) isospin multiplets, Tha nevw conserved
gquantum number leading to the selection rule for decay of
particles that interacted with the strong nuclear force was
designated "strangeness" and was seen to be conserved by the
strong force but not the electromagqnetic or wvweak decay

forces.

The S0 ({3) group has two diagqonal agenerators, correspond-
ing to the observables strangeness and isospin, and three
elements in its fundamental irreducible vaepresentation.
Gell-Mann and Ne'eman formmnlated the original S8(3) group
theory of hadronic phenomena, and Zwoiq and Gell-Mann inde-
pendently saw that the group generatcrs could be vicwad as
building blocks for the hadrons. Gell-%ann named thewm
quarks and assigned them fractional charge and baryon number
(V). A theory was developed which used the three different
quarks as the fundamental hadronic constituents that suc-
cassfully predicted magnetic moment ratios and baryon mass

differences. The most celebrated success of the SU(3)



theory vas Gell-Nann's forecast of a nev massive hadron with
strangeness = -3, the omeqa minus, to coaplete the decuplet
of spin 3/2 baryons. All the hadrons discovered before 1978
could be fit into an SU(?) =multiplet, either an octet or
singlet of quark - antiquark combinations for the mesons or
a singlet, octet, or decuplet obtained £from coupling
together three quarks. Numerous searches for fractionally
chacged particles were unsuccessful, so the view of guarks
as infinite mass mathematical constructs without a physical

existence wvas prevalent for the rest of the decade.

By 1972 analysis of the data from Jdeap inelastic scat-
tering experisent:s using the 20 GeV/c alectron beam at SLAC

showed phenomena that wvas consistent with the existence of

point-like , fractijonally charged particles within the
nuclaons. The identification of these particles , Aunbbed
"nartons® by Peynman, as quarks was natural. bDuring the

next five years various advances in theory avave a sound

basis for this identification,

Quite aside from the developments in the understanding of
the strong interactions, in 1967 Weinberq and Salam proposed
a gauge invariance theory combining the electromagnetic and
weak nuclear force. The weak interactions of hadrons could
be readily described by the interactions of their consti-

tuent quarks, t'Hooft-proved *hat their sSU({2) xy (1) local



{space-time dependent) qgroup theory wvas renormalizable and
hence a valid f£ield theory, vith the possibility of making
predictions based on perturbative calculations, Within tvo
vyears there was confirmation from a new generation of neu-
trino experiments of the Qeak neutral interaction that wvas

a major prediction of the Weinberg-Salam theory.

The success of a field theory with minimally coupled
gauge  bosons preserving local gauge invariance 1led to a
similar theory for guarks - Quantum Chromodynasics. The
non-observation of free quarks could be naturally explained
by a force that increased with quark separation, as shown by
Politzer and Gross and Wwilczek in 1973 (2)., Quarks were
given a new internal gquantum number - color - in addition to
the previous auantum numbers of ¢the earlier SUW(3) global
groun thsory: strangeness, isospin, electromagnetic charge,
and baryon number, The local symmetry leaving the QCD
Lagrangian invariant under rcotations in color space and
satisfying the requirement of asymptotic freedom for the
observed number of guwark flavors turned out to be SU(3)
also., The ciqgqht independent generators of SU(3) implied the
existence of eight nev massless bosons, soon called gluons,
that coupled to the color charge on the quarks and other

gluons,



Color was not a new concept: Sreenberg had postulated in
1964 that guarks obeyed a parastatistics that allowed the
existence of an S wave state with J=3/2 and still maintained
Paermi statistics for the identical, spin /2 quarks (3).
Introducing parastatistics was not necessary; it was equiva-
l2nt to giving the quarks a nev hidden quantus nusber with
three eigenvalues, More direct experimental evidence for
the existence of threec new charges red, blue, and yellow
could be found in the measurement of the neutral pion life-
time and R, the ratio of hadronic cross section to the
cross section for production of muons in e+e— callisions,
The lifetime is proportional to the square of the number of
colors, while % is egual to ¢the sum of the charges sguared
of all gquarks produced in the ete- collision. Factors of
nine and three respectively were needed to reconcile theor-
etical predictions with measuraments of thess quantities,
showing that each flavor of quark did indeed come in three

varieties,

While this new concept of a color charge was verified hy
experiment, the older qlobal S (3) theory was running into
another tronble area. The rates predictad by 5U(3) for the
decays K9=->,+y- and K¢->utpy were much higher than several
m2asurepents allowed. This led Glashow, Tliopoulos, and
Maiani in 1370 ¢to show how the existence of a fourth guark

flavor could eliminate-any possibility of low order weak



interaction diagrams causing these decays (4). The exis-
tence of a fourth type of quark had been conjectured soon
after Gell-Mann's 1963 work by Tarjanne and Teplitz (5) to
explain sope features of the vector seson spectrus, and by
Bjorken and Glashow (6) in a discussion ofr hadronic weak
decay msodes and the vector meson systea. The two papers
called the associated conserved quantum number for this
guark supercharge and charm respectively. Amati et al. gave
predictions for the rew particles and their masses that
could be expected in the SU(4) multiplets soon after the
Tarjanne and Teplitz paper, and alsno observed that these
"neculiar” particles would be produced in pairs in strong
interactions , singly in weak ones, and decay only weakly

(7).

The authors of the 197C paper saw a natural model for
suppressing the unobserved weak decay modes in Gell-Mann's
196C work on w=2ak leptonic currents, By defining a four
component vector conmposed of the known 1lepton spinors,
¢ = (@, oy v » v )y, the interaction lLagrangian with a Fersi
current-current form of weak interaction for leptons may be

written as

= —iee(1+sr3) v2oA, - G AZ([orl14vS)rete ) P (14¥3)r-w] + h.C. }
p Yy T

vhere the v« are four by four representations of the SU (2)

aroup;
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Note that this Lagrangian contains no first order neutral

couplings proportional to JE‘JO . nor are there any

§

couplings of a J: to a neutral boson fieldl since heavy neu-

tral weak bosons were not postulated until the Wein-
berg-- Salam theory of 197, Any inducedl neutral currents
from 30 = %[JG,J-} will not contribute to a lepton number

changing process because the «3 generator is diagqonal.
Hadronic weak decay phenomena had been well explained by the
conserved vector 1isospin hypothesis and Cabibbo's later
extension from conserved currents with S (2) generators rt¢
to vector curronts with the St1(3) qenerators A' instead,
Wweak hadronic currents vere of the form:
J:“-=i{v(Ai§iA{)74(1+?5)*}cose +i[v(A‘;iA5)v~(1+75)v}sinn
wvhere 9 is ¢the experimentally determined Cabibbo mixing
angle, The SII(3) *"charges" associated vith these currents
are not conserved, but they do ohey egual time commntation
relations:
S o_

0t = feeat wdr , 0% =  resat ysedr, Q; ,0 )
Y 2 3

f .03 1 = if ot L 10l 0y 1 = if, O

ifEkQL

where the fi“_ are the SU({3) structure constants (8).
Nsing Gell-®ann'®s choices for the At and defining a three

component wave function ¢ = (u , d , s) with the three quark



spinors one gets:

! D cose sine | | 4] 0 0 )
Jede: gyu) 0 ¢ n t(1erS)w ,37%= wy#| cossa O 0 |(1+rS)w
" [ LY 0 | ) sine O 0O |
P 0 0 |
and, Jf“=.§(a&.a- } = iev~}] M -cos2p =-cosSesing | (1%rvS)w

I 0 -cosesing -sin?y I .

The off-diagonal elements in the induced haironic neutral
current clearly couple the 4 and s quarks together to fora
strangeness changing neutral currents, either current-cur-
rent éonplinqs with the neutral leptonic weak currcent or

minimal couplings with any neutral weak gauge bosons.

By adding a fourth gquark, e=-> ¢ = (¢ , 1, s ,d) and
using the same matrices in the current definitions as in the
laptonic current but with the unit matrices rotated throuqh

the cabibbo angle the SU(2) current generators:

t © N cose ~-sineg | 1 C 0 cC 0 i
1 2 © sine cose | i 0 ¢ IO B |
v¢ = | O 0O 0 J } o = | cose sine 0 0O |
AT B ¢ | {-sine cose O O |
| cos?ge¢sinZ2g n r 0 |
! 0 cns?gesin?g 0 0 |
r3 = | 0 0 -sinZg-cos?e e !
| n 0 0 =-sinZg-cosg |
Are obtained. The induced neutral current Jg no longer has

any off-diagonal clements that can 1leal to strangeness
changing neutral currents and a veak decay for the K9
me son . Electromagretic decays are still possible and lead

to a measnared r (K9 ~>utu=)/r (K% -> all) = 8.1x10-=° (9).



The newv charmed quark allowed the quark fields to be
“w <
grouped in two left- handed doublets: 4 ) ( )
w /. Sw /o

ma tching the leptonic doublets: (i) ( giving
&

quarks and leptons an equal footing in thzgéh(2)10(1) gauge
t heory. Maki saw this possibility of a correspondence bet-
ween lepton and hadron fields in 1963 wvhen proposing a
fourth variety of hadronic field (1), The GIN paper
pointed out the difficulties in detecting the new class of
“"charmed" particles because of the large number of hadronic
decay wodes from heavy non-charmed particles that would
svwamp any charm signature, They suggested looking in the

cleaner environment of neutrino heams or in the e+e~ storage

rings for the leptonic decay of a now vector meson,

Measurenents taken in 1972 when the Cambridae Electron
Accelerator vas briefly converted into a storage ring seemed
to shovw a rise in the hadron +o muon ratio R at c.m. ener-
Jies greater than 3 Gev, indicating that a threshold for
producing a new variety of hadron had been passed, but there
vas no identification of the new hadron at that time and the
CEA program ended shortly afterward. NDthar attempts to see
charm a3t existing fixed target facilities and new colliding
beams at ¢the CERN ISP and SLAC's SPEAR were unsuccessful
until the end of 1974 when a qgroup at SPZAR (11) and a group
at the Brookhaven AGS (12) sirmultancously announced the

sighting of a narrov resonance at 3.1 GeV/c?® interpreted as



a seson consisting of a charmed and anti-charaed guark.
Interestingly, the two groups were looking at nearly
reversed processes: the Brookhaven experiment looked for
e+e~ pairs produced in hadronic interaction while the SPEAR
group vas measuring hadron production from e+e- interac-
tions, birect production of the resonance in e+e~ annhila-
tion indicated tha J* of the new particla wvas most likely
¥==-; this was later confirmad by measurem2nts of the inter-
ference of the J/¢ resonance produaction amplitude with the
background QFD amplitude for ede— > ete—, The narrowness
of the J/¢ resonance, less than 7¢ Xev, 2xplained the fai-
lure of previous searches which had inadequate resoluation to
identify the narrov resonance structure. It turned out that
the 1/¢ was about 6C0 MavV¥/c2 too ligqht to decay into states
containing hare charzed particles, and the Zweig quark line
rule emphatically suppressed any other charm conserving

strong decavys.

Because of the low background and the ability to tune the
t4yo beams to a raesonance energy the esp— colliding beam
machines at SPEAR ard DORIS became ideal locations for stu-
dving the properties of the newly discovered class of parti-
les, various radial excitations of the J/¢ wvere 4uickly
discovered. Since the mass of the charmed quark was assused
to be much greater than the binding energy of a c® system

the ¢ family of particles was reqarded as an ideal systen

106



for testing QCD theory, playing much the same role as the

hydrogen spectcum did for QED,

Concurrently the large neutrino detectors starting to
operate at CERN and Fermilab began detecting neutrino
induced events with two oppositely charged leptons in the
final state (13). The kinematics of these events favored

chars production by the reactions : +d-> = 4C=Ds + ue

Via
Yo s W S=D u= ¥ CuDS 4yt by, And DLt 8-> uT ¢ TIPS S
+ 4% as the source of these leptons (14). Charm production
in neutrino beams became a vay of exploring the strange

quark "sea” of virtunal quark pairs.

Extension from SU(3) ¢to SO(8) global symmetry implied
that the mnltiplet fanilies of particles vwould also be
enlarged. As shovn in Fig. 1 the two dimensional weight
diaqram for the lowest mass meson octet a2xpands into a three
dimensional 15-plet when a tourth quark is added. Gaillard,
Lee, and Rosner laid out the entire set of nev particle
spectra that could be expected with a fourth heavy yuark,
along with predictions for important decay modes and other
properties in a review of the charme concept written just
veeks before the announcement of the J/¢ discovery (15).

The search began for nev particles with C » 0,

11
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Although the neutrino experiments were seeing evidence of
bare charmed decay, the e¢+e~ machines vere the first to
ohserve the nev mesons directly. Sitting sliqhtly above the
threshold for e¢te- => DD the SPEAR qroups (16) determined
the major decay mondes of the pseudo-scalar D¢ (18A7),DO(1863)
mesons and the spin 1 excitation of these (cu), (cd) gnark
systems, the D*e (2012) and D*0 (2008), Confirning the sto-
rage ring Aiscovery, neon-hydrogen filled bubble chamber
exposures in the Fermilab neutrino beam observed Kew eveuts
in conjunction with an exiting muon at the same mass as the

SPEAR sigral (V7).

A charmeid baryon was first seen in the Rrookhaven bubble
chamber in 1375, (18) and a number of experiments at the ISR
(1Y have reported on charmed barvon signals vwithin the last
two years. Recently the Ac(2285) has also beenr seen at
SPEAR (20). At this tima only two electronic counter groups
have reported a signal indicating production of the "F®
|0 S0N (2Y) vhich 1is an isospin singlet consisting of a
charmed and a strange quark, T+ has also beecn ohserved in

nzutrino induced emunlsion events (22) events,

In 1977 A new family of vector mesons with narrow width
at approximately 10 GeV was discovered at Permilab (23)
indicating that a heavier quark than charm was present.

There have been no confirmed observations of hadrons cacry-

13



ing the quantum number of the new quark designated “"b® , as
vyet; nor has +he b guark's presumed wveak doublet partner,

the *t* guark been seen at c.m, enecyiss up to 31.6 GeV

(24) .

TABLE 1

Quark Properties

flavor charge barvyon spin quantity conserved by
number strong interaction

u 2/3e 1/3 1/2 isospin=1/2, 13 = 1/2
d -1/3e 173 12 isospin=1/2, 13 ==-1/2
s -1/3e 1/3 1/2 strangeness =-1
o] 2/ 3e 1/3 1/2 charm = 1
b -1/3e 173 1/2 hottom = 1
t 2?7 2/3e 1/3 1/2 top = 1

P o e e S MR D e A S S S e W e w—

Within the past year, measurements of the branching rat-
ios for semi-leptonic decay at SPEAR have shown that the
charged D m=2son has approximately U4-5 times the lifetime of
the neutral D, assuming that the Cabibho favored I=0 wveak
charged current in the 3T mechanism gives them equal semi-
leptonic decay widths (25). This has called into doubt the
previous picture of only the ¢ qguark coupling to the weak
interaction vertex with the light u or @ quark only behaving

as a spectator to the process.

14



A whole nev family of mesons and baryons had been discov-
ered, but experiments in hadron beams remained unable to see
any of them except for the J/¢ through the di-lepton decay
smode because of the easy identification of energetic lep-
tons, The problem of identifying hadronically produced
chars that was forseen in the GIM paper, has been resistant

to experimental solution.

15



Chapter IX
CHARN HADROPRODUCTIONR PREDICTIONS

Production of particles containing massive quarks has
been regarded as a process for which perturbhative (QCD can
make reasonable predictions, The threshold at high enerqy
for pfoducinq charmed valence guarks gives a knowvn starting
point for a perturbative expansion of the hadron fragmenta-
tion fragmentation functions into charm?d particles and
other Q@ Jdependent gquantities, This situation for particles
containing heavy quarks is markedly different from previous
hadronic physics, where particle production can be explained
fairly well by exchange of particles lvying on Reqye trajec-
torias, but descriptions in terms of the underlying QCD
field theory are much more difficult because of the ease

with which newv liqht quarks are created.

Most theorists give an estimate of ¥ - 50 ub for the pro-
duction cross sectinn for charmed particles at Permilab
energies. Only the aotivation for these estimates will be
discussed instead of the detailed methods used to derive
then, The free natnre of the coupling parameters in orp

along with the sparse and sometimes contradictory d&ata on

the dynamically defined quark masses and parton distribu-

- 16 -



tions allow for nmuch leevay in the final cross sections

obtained,

Most models assume that hard scattering of the hadronic
constituents gives the larqge momentur transfers leading to
pD production in the central region, At least one experi-
ment that will he discussed in Chapter Y77 casts some doubt
on this assumption. The ma jor contihuting QCD Feynman dia-
grams of lowest order in az= 12«4/25l0c (02/A2) include gquark
annihilation (Pig. 2 h), charmed sea quark excitation

(piqg. 2 £-3i), and gluon fusion (Fig. 2 c-0}.

A group at Harvard (Georgi, 5lashow, Machacek, and Nano-
poulos (?26)) considered most of the simple sub-processes
that could contribute to chare hadroproduction. In their
analysis they did not see a way to separate charmed gquarks
that bind tnqether to form the charaonium states and charmed
quarks producing D and * mesons or charmed baryons. They 4do
state, in accord with Toffe (27) ¢that an excitation process
that promotes charmed (quarks out of the sea and onto mass-
shell cannot be a major contributor - the charmed sea dis-
tribution has insufficient pairs. Simple light quark anni-
hilation modrls predict a 1¢qcoseg distribution for the
lepton pairs from the decay of hadronically produced J/¢'s,
vhere ¢ is the angle relative to the incident beam direc-

tion. Two measurements find a wvalue for o consistent with

17



Figure 2

CHARM PRODUCTION FEYNMAN DIAGRAMS
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zero. (28B) I[offe also predicts that heavy quark annihilation
wvould give

a (AB=>¢*' X) /o (AB=->YX)= [r(s'-d>eve~) /M3 (¢') VIr(v-dete~) /83 (y) ]
= 274.04, as opposed to the experimental determination of
.05 = .12 for this ratio. In view of these results the
authors above esphasize the importance of gluon-qluon inter-
actions in producing charmed particles, The gluon-gluon
interactions aive rise to even parity, P wave states since
the gluons have spin 1. Pecent results from +the Goliath
apparatus at CERN and an ISR measurement (29) would appear
to support this prediction; many of the observed J3/p's were
in coincidence with a phnton from the decay of one of the

C-fven,P wave sStates of charsonium,

Combridqge takes an opposite view and concludes that a
flavor excitation from the sea qc->qgc or gc->gc can be a
»2jor component of charm hadroproduction, He cited the work
of Buras and Gaamers, (32) in determing the parton foram fac-
tors from eN and y¥ inelastic scattering and found that
thouqh the charmed sea is very small at low momentum trans-
fer it increases rapidly with Q2, Combridge uses modified
structure functions with a somowhat €latter gluon contribu-
tion, obtained from hiqh mass di-mnon nrotuction, assuming
that process 1is dominated by the Drell-Yan quark-antigquarck
annhilation mechanism. With these assumptions he finds pro-

duction dominated by flavor excitation diagqrams at enargies



not very far above threshold, Unlike the Harvard group he
also assumes that the majority of charmed quarks will form
m2sons with bare charm once above threshold for the process.
Because of the small contribution of gquark annihilation
there is little advantage to using heams of particles with
valence anti-quarks, except near threshold. combridge esi-
timates that o (ap->cC+X;s) = 1/3 fo(pP:3/23)Y + o(pp:3/2s)}
on the basis of the pion containing partons fewer in number
but at higher average momentum than those in the nucleons.
He finds this formula is in accord with similar results from

high P, «© production.

Another analysis of the question by Gluck, Owens and Reya
{31) supports the Glashow group on the iimportance of gluyon-
agluon fusion. They find that guark annihilation or excita-
tion out of the sea require a much flatter x distribution in
the charmed s5sea than deep inelastic scattering data will
support, They observe that all ¢three diaqrass of this
nature (Fig. 2 c,d,e) ar= required for SU(}) gaunge invari-
ance., Instead of using the Ruras and Gaemers structure
functions Gluck and Reya cdlculated their own for nucleon
targets and likely incident beam particlas, (32) deemphasiz-

ing the ¢ dependence of the valence Juark distributions.

These predictions of heavy gquark production in QCD all

convolute the parton distributions wvith the cross section

20



for the individual subprocess and integrate froa threshold,
X, X,S=482 to x. x, = 1, It has becn pointed out that this
description of s channel resonances and background in terms
of the crossed channels nof t and u for the sub-process was
carried over from the Reggeon exchanjye model into parton
physics. production estimates rear thareshold using this
duality concept should hbe viewed with some caution. The
charmed quark nair may torm bhare charmed particles in the
final state even if the s for the process was below 4M2 by

combining with spectator gquarks from the initial state (33).,

R. Pield pointed out that the assumption of first order
diagrams ignores Jdiagrains proportioml to log 0O . The
four gluon vertex in Pig. 2(4) is an example of such a scc-
ond order process. Another process not generally considerad
is hard scattering of light quarks that pnll! in a charmed

quark from the sea to form a color singlet.

All of the preceedinag references have assumed a central
production with hard scattering of partons to dominate
charmed meson production, Brodsky, Hazer, Peterson, and
Sakali recently proposed a different model (34) to explain
the larage production cross sections measured avay from the
central reqgion at ISR. They take ¢the .1 - ,5 mb cCross sec-
tion in the diffractive region to he an indication of a sub-

stantial c¢cc component_as an intrinsic constituent of the



nucleon instead of these pairs arising from quantum flactu-
ations. These charmed gquarks are hypothesized to be at
higher x than the lighter gquarks, <»>=2/7 as opposed to the
<x>=1/7 of the liaght gquarks. Using these results in a sim-
ple production nmodel aAc's and D 's are expected to be pro-
duced with <x>=4/7 and <x>=3/7 respectively,., Brodsky et al.
view production of charmonium sStates, which measurements
show i5 central in character, to be a Jdifferent process
requiring the cc pair be nearly coexistent 1in phase space

for a bound pair to forn,

Eosner has gqiven some estimates for the produaction ratids
of tha charmed particles in the limit of exact 50(3) global
symmetry, without looking at the specific production mechan-
isms or absolute cross sections, Based on the spin deqgrees
of freedom ne predicts that at energiss away from tareshold
for charm production the mesons will be directly produced in
the ratio F*4:D¥e:N*0:F+:D42D0 = :3:3:71:1:1 and the charmed
baryon cross section will be 1/5< g (Bc) Za(D)<1/3 . The
observed branching ratios for D# decay are RR (Dxe-D>DO0Ox¢ ) ~
«h, BR(D%#->D#*g0) ~ .3, and BP(ntD->D°nO’1) - 1, S0 one
expects approximately 1.9 DO per D#*+ in the final state, If
the production rates for these mesons are equal the ratio of
DO:D*+ qoes up to 2.6, 1indicating that tha branching ratios
in Dx Adecay force ¢the D :Dx ratio to about two and it is

relatively insensitive to the exact production ratio. This
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allows a comparison of the results of this experiment, sen-
sitive to the charged D*'s, with other experimental measure-

ments with some confidence.

Bacause of close dependence on the underlying field
theory of interacting fermions and bosons the phenomenology
of hadrons containing heavy quarks will in all likelihood be
different from that of hadrons containing light quarks,
Conflicting predictions for charm hadroproduction will only
be resolved by experimental determination of the energy and
beam particle dependence of the cross section along with the
Paynman x and P dependence, Detailed studies of the dif-
ferential cross sectinons as a function of the kinematic var-
iables of inclusive production will regnira a new generation
of experiments;: at the present time observing any charm mass

sigpal is a major challenge.
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Chapter IIIX

PREVIOUS HADRONIC CHARN SEARCEES

Positi ve results of hadronic chars production searches
have been reported by groups looking for three entirely dif-
ferent signals: a peak in an invariant mass distribution,
prompt lepton production from the semi-leptonic decay of
charmed mesons, and the appearance of short lived (10-12 -
19=31¢ geconi) particles in thiqgh resolution optical track
detectors. In general all hadron beam charmed meson experi-
ments, including this one, survey only a limited set of the
possible charm decay products, or a smill regqion of the
decay phase space, or both, Hence in drawing conclusions
about total cross sections from their results, assumptions
must be made about the cross section's dependence on kine-
matic variables or the decay rates of the charmed particles

into various final states,

Cross sections quoted froa repoits on these searches have
been adqjusted where necessary to take into account the
latest measarements of branching ratios and lifetimes. An
overall semi-leptonic decay ratio of 8% for neutral and

charged D's is obtained from the individual decay ratios of

5% and 18% respectively, in conjunction with Rosner's pred-

-?u-



iction described earlier of three times as many DO's as D+'s
in the final state, The preponderance of leptons associated

with charm decay is assumed to come from D decay modes.

There have baen three qgenerations of prompt lepton exper-
iments, Tvwo of the first generation experiments measured the
ratio of electron to pion production at 90°9 in the c.m. as a
function of transverse mosentum, An experiment at Fermilab
took data on muons produced in 300 GeV/c proton interactions
using a single arm spectrometer and several hadron absorbers
that alloved Aiffarentiation of the proast siqnal £roas the
hadron decay muons (315). An experiment at the TSR observed
electrons directly produced in pp collisions at Vs = 53 Gev
with tvo elaectron spectrometers located opposite to  each
other and at 979 in the c.m. (36). An analysis of tnese
experiments by Bonrquin and Gaillard (37) indicates that the
lepton to pion ratio measurements at low Py cannot be
accounted for by known sources of lesptons in hadronic colli-
sions., This leads them to infer a charm cross section of 12
uzh for DD production at /S = 20 Gev, The lack of data in
the P region below 1,5 Ge¥%/c for the Fermilab data and the
large error bars on the TSR data do not allow a convincing

argument for chara production.

In one of the latest prompt lepton searches a series of

experiments wvas conducted in the CERN SPS neutrino beam
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observing neutrinos produced in a copper target wvhich was
thick enough to absorb nearly all hadronic secondary parti-
cles, The copper plates could be separated to give a vari-
ble density target. Linearly extrapolating data points
taken at several plate separations to infinite density
allows the "promp*t® siqnal, that is unrelated to more ordi-
nary decays, to be extracted from the data. The latest data
in this beam dump type experiment were taken in 1979 4ith a
400 GeV proton beam. Particular attention was given in this
run to suppression of background from decays not coming
from the target, Experimental data was taken with three
separate detectors in the neutriro beam simultaneously.
There was a 1.7 m. bubble chamber fillel with a neon-hydro-
gen mixture and operated in conjunction with an  external
muon identifier. This was folloved by a detector comrsisting
of 500 tons of maqnaetized steel instrumented for the analy-
sis of reaction products from neutrino events (38). The
third apparatus consisted of a 100 ton mnarble calorimetar

and toroidal magnet munn spectrometer (39).

Wachsmuth has analyzed the preliminary results from the
three data samples (47), to get a consistent result for a
mndel dependent cross section for charm production. The
ratio of gy _ tn », detected was almost 2:1 instead of the

unity expected from the semi-leptonic decay of charmed

mesons. This possibly was caured hy systematics in the
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background. There is also a 3:1 asyametry in the v 's to
o 's detected in the bubble chamber and magnatized steeol
detectors, as opposed to the 2:71 interaction cross section
ratio, Wachsauth believes this to be an indication of
charmed baryon production with nearly flat x dependence,
Assuming a 5% semi-leptonic branching ratio for all charmed
hadrons the three experiments get charm cross sections of
48212 ub, 24410 4b, and 572370 ub respectively from the y, ,9.,
data, The bubble chamber experiment vas able to detect .
events directly and measure a prompt signal that corresponds
to a 22:6.4 b charm cross section. Wachsmuth bhelieves this

to be the most reliable charm signal of the prospt neutrino

measyrements,

Experiments looking for a prompt muon signal have bheen
conducted at Fermilab using a target mad2 of steel plates
vith expandable spacing and interleaved with scintillation
counters for Adsterming the enerqy in hadronic showers pro-
dunced in the tarqget, The latest data sample taken using
this target ohserved muons in a modular steel range detector
and toroidal steel muon sSpectrometer, The apparatus could
detect nearly all muons with x>0 and E>8 GeV, minimizing the
dependency of cross section normalization on production
models. With an acceptance of 39% for single prompt muons
from charm decay a total cross section of 2239 b |is

obtained for 359 GevV/c p-Fe 1interactions {(41). An earlier
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voersion of the experiment without the muon range detector
wvas run with a 800D GeY proton bean. It vas triggered on a
ut with P_>1 GeV/c to minimize contamination from vwvell
understood sources of muons, as suggested in the Bourquin
and Gaillard analysis of previous experiments. Single
prompt muon data from this experiment gives a Oror 2125 ;b
and muon pair data, requiring a more model dJdependent
interpretation, gives 1433 ub, The cross section values
obtained from ¢the single muon and maon pair data are not
inconsistent with each other. Associated production of F
mesons, Ac's, and other charmed baryons may wvwell account for
1/3 of charm pairs, and these other charmed hadrons will
have smaller semi-leptonic branching rates than the lowest
mass D's, A branching ratio of 5-67 for all charms into lep-

tonic modes is 1n accord with the data {(42).

In a second gencration prompt lepton expecisent at the
ISR two electron and one muon spectrometer at 902 to the
colliding beams were used to look for evidence of DD produc-
tion. An analysis of the data samples of ee and ey pairs
give do/dy = 1523 b at y=0 (83) for pair production of
charmed mesons, assuming the meson pairs arc responsible

for the entire prompt lepton siqnal.

Examining cosmic ravy events in emulsions, Gaisser and

Halzen estimated a charm cross section of 30 ub (44) at
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Fermilab energies. Pecent experiments using high resolution
optical detectors have atteapted to identify charm events in
the same sanner, by the characteristic decay vertex of these
particles wvhich travel a measurable distance before decay-
ing, The stranqe particles wvere similarly discovered 25
vears earlier by the "Vee” sigpature in cloud and bubble

chamber events.

In an initial attempt at detecting charin decays optically
an emulsion stack was exposed to 400 GeV/¢ protons at Fer-
milab. Jut of nearlv 1700 interactions Sean in the emulsion
scan two appeared ¢to show the production and subsequent
decay of a pair of nenwtral charmed particles., A charm cross
section of 30420 b vas inferred from these two events by
the experimenters (45)., A high pressure streaser chamber in
a 357 nRevV/c proton heam at Fermilab was triggered on an
exiting muon, The experimenters reported ten events above
the predicted background satisfying their event selection
criteria, Interpeting these events as charmed meson decays
gives a charm cross section of 20-5C ub (43) €for a D life-
time of 10-12 sgnconds. At CERN a very small, rapid cycling
bubble chamber was exposed to a 340 GeV/c pion beam. The
photographic system was triggered when bubbles had expanded
to only 40-50 ,;m, giving the resolution required, The film
was scanned for track geometries consistent with the hypoth-

esis of associated production and subsequent decay of a
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charmed hadron pair. Twelve events more than the predicted
background were observed, implying a charm cross section of
80 b (47) assuming a D lifetime of 5x16-%3 sec . None of
these experiaents had romentum analysis of the decay parti-
cles and the bubble chamber and emulsion experiments lacked

any particle identification.

All of the experiments Adescribed aqive evidence for the
production of charmed mesons but cainnot 1definitely ascribhe
their siqnal to this source, There have also been experi-
ments that have looked for peaks in an invariant mass dis-
tribution at the D mass. The only experiment with data that
indicates a mass peak with over g siqnificance utilized the
Split Field Magnet at the ISR (u8) . Ddata {ron this appara-
tus vere analyzed for signs of the decay D+=> K~gqtq+, with
the reguirement that the mass of one of the K pairs fall
within the x*0(390) resonance, The use of this constraint
was motivated by the observation that half of the semi-lep-
tonic decays of the D are into the ¥=*, Additional cuts on
the data were made by requirements on the x and Pr of the
triggering K- meson and on ¢the recoil particle systeas.
This analysis gives a five standard deviation peak in the

Kww mass centered at 1.91 GeV leading to a o of 150 ub

TeT
Al

for a flat x distribution and 830 ub for a (1-x} 3 production
distribation. An assumption was made that 2/3% of the Kuw

decays goes through the X*0 channel, for a branching ratio
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of 2,681 %. Dalitz plots of D¢~-> Keew daecays from SPEAR data
fail to support this assertion, and set an upper limit of
15% for the K* decay mode. (49) If one applies the SPEAR
results, the cross sections obtained from the SFM experi-
ment's data increase by a factor of four, making them diffi-

cult to reconcile with other experiments.

The experiment most similar to +he present one was con-
ducted by a Peramilab-Michigan~Purdue collaboration (50) in a
40C Gev proton beam at Permilab, They used a double arm
spectrometer in an attempt to see the Kw decay from D's
produced in a thin seqaented target, The apparatus had
excellent mass resolution (8.5 MeV at 2 Ge? and 12 MeV at
the 3.1 Go¥ J/y mass) but failed to find 4 significant peak
even with ~ 197K events per 10 MeV¥/c? mass bin in the Ka
invariant mass plot. Ising a U4¢ criterion this experiment
sat an upper limit on the D cross section of 76 b, In
their report the experimenters concluded that bhrute force
technigues uwnre not likely to succeed in enhancing the sig-
nal to noise ratio in invariant mass plots hecause of the
combinatoric background from the non-charsed hadronic pro-
cessaes that have a cross section at least a thousand times
greater. A way of enriching the chars signal would have to

be found.,
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An experiment with an enrichment technique vas performed
at Brookhaven with a three arm spectrometer looking for D$'s
from exclusive associated production of a charmed baryon,
Bc, pear threshold with a mass of rouqhly 2.6 GeV, The
third arm was installed to detect the low enerqy pions that
vould be produced nearlv at rest in the c.n. from the Dxe+->
DOg+ decay, while the other tvwo aras viewed the Ke decay of
the D as in the previously mentioned experiment. The third
arm requirement decreased the triqgqer rate by a factor of
fifty and offline analysis requiring the Q-value tor the D»
decay be consistent with the 5.7 KeV value measured at SPEAR
gave a further factor of three improvement in signal to
rnoise despite the crunde (25 MaV) C-value resolution froam the
third ara, Rased on a 4 =standard deviation criterion an

upper limit of 5.1 uh for o(«N =-> D*= ¢ X} wvas deduced (S1).

A recent report of charm photoproduction observed in the
Permilab wide band photon beam (52) shows the validity of
this approach, A very clean 7 standard deviation signral in
D -> Kw is observed by looking for D* -> DOy decay and then
requiring that 31<€Q<8.,5 meVvV for this reaction. Without this
Q-value cut the D9->K—-u+ sigqnal has a three standard devia-

tion significance,
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Chapter 1V
THE SPECTROARTERS

In order to searchk for D¢ hadroproduction at Permilab
energies we constructed the thr«e arm spectroaeter apparatus
shown in Fig. 3. It was constructed with two identical nar-
row acceptance arms capable of analyzinjy and identifying
particles with momentum from S - 30 GeV/c and a third arm
with nearly 100% acceptance for particles from 1-3 GeV/c
oemittedl within a 50 mrad cone about the incident beam direc-
tion. u The two spectrometers for analyzing the high momen-
tum particles were designated Left and right, looking down-
stream from the experimental target. The fast arms had two
Carenkov counters, one C0, threshold counter and one FREON
114 differential counter, both at atmosnheric pressure, for
K-w-p separation, Segqmentad steel muon filters following
these two arms enabled muons to be identified and thus
allowed the use of J/¢ production and decay to monitor beam
flux and calibrate the mass scale of the two fast arms. The
slov arm had no particle identification. The results of
Monte Carlo studies of acceptance of rdecay products as a
function of the P, and x of the parent D* are shown in
Pig. 4, Thesé studies indicated the optimsum acceptance for

the fast arms was at an opening angle of 150 mrad. Assuming
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an invariamt production cross section proportional to
(1-121)32x2p{-1.1P2 } a total acceptance of 3.5¢.1 x 10-¢ is

obhtained from the Monte Carlo.

The tvo arm desiqn with small acceptance reduced the
probability of more than one particle heing present in
either fast arm per interaction. "his alloved particle
identification with little ambiguity both for the fast trig-
ger logic and in later off-line analysis. Space limitations
dictated the construction of shorter spectrometer acms than
vere used in the Fermilab-Michigan-Purduc experiment, This
resulted in a mass resolution only half as good for the two
body DO decay in this evperiment. Hovwever, thke resolution
of the D=+ decay Q-value vas rearly an order of maqnitude
better than the previous experiment at AaArocokhaven, which did
not have wire chaabhers in the third arm. A .5 ( .03
nuclear absorhtion length ) beryllius tarqget was used to
minimize multiple Coulomh scattering within the target that
could deqrade Q-value resolution below the inherent resolu-

tion of the apparatus,

The analyzing magnets for the fast arms were Permilab
BM109*s, which had 72" long poles and an aperture opened to
12" x 24w, Flux returning shield plates were installed on
both the upstr2am and downstream ends of these magnets,

They vere cabled in series and excited with 2850 A during
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the entire run. Plip coil measurements made at*t this current
gave flux integrals of 850 k3-in., corresponding to a P, of
650 ReV/c. These measurements were within a percent of the
values obtained from fits using data containing vell knoun
rasonances, variations in the P, from these magnets caused
by inhomogeneities 3in the field were fit to a form,
Bcosh (y/a)cos (x/a), established by detailed studies done hy
a Permilab group. PFPits of fiell measurements of the BR1(9's
in this experiment gave values of R =-,0012 MeV/c, and a =
2.6 The field deviations for the track positions at the
entrance and exit of the BM1(09 were averaged to form the
corraection applied to the data, with a maximum correctian of
about 1,83 to the P, of the BM1NQ, The slow ara magnet was
obtained from Brookhavern ¥atiopal Laroratory (labeled Henry
Higgins for unknown reaasons). Tt was a 489 dipole with 2Z2%
x 34" aperture, A flux return plate was installed only on
the dovwnstroam side of this magnet, and a 12ad collimator
with steel sides was inserted into the field volume to pre-
vent the slow arm from directly viewing the target. These
tvo factors caused the magnetic center to he nffset from the
center of the pole pieces, Renry Higgins was excited with
730 A givina a field inteqral of 60C kG-in., equivalent to a
P, of 408 #MeV/c. All three magnets were oriented to hend
particles in the vertical (Y) direction. Both magnet powver
supplies vere continuously monitored by tae Permilab Proton

beam-line control syster, and also monitored locally with a
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digital voltmeter attached to 55 mV shunts in the power sup-

plies.

BFach fast arm had five hodoscopes for all tracks plus a
pair of counters located behind each of the three muon fil-
ter segmeents. Pour of these hodoscopes were raquired in the
fast trigger logic and were used for track reconstructioan,
The fifth hodoscope was tilted 26.5° from the vertical, giv-
ing a3 stereoscopic view for matching X and ¥ track viewvs
vhen more than one track was found in an arm. 8oth Y viow-
ing hodoscopes were located after the analyzing maynet and
vere used to determine a particle's sign and make a rough
momentum sclection. The two X viewing hodoscopes vere
located in froat of the first Cereukov counter and behind
the analyzing magnet respectively forming a long road for
the track reconstruction prograa. All holoscope scintilla-
tors in the fast arms were contructed of 1/4" plastic scin-
tillator material (NBE119) and used RCA 8575 (or functionally
equivalent) nhotomultipliers. The tubes were run WwWith a
negative hiqh voltage set to give a peak for minimum ioniz-
ing parcticles of 12C mv into 5(Cy, an operating point deter-
mined by plateau curves taken for each hodoscope. The muon
scintillation counters used RCA 6655 photomultipliers that

were run with positive high voltage.
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There were tvo atmospheric pressure gas Cerenkov counters
in each fast ars. The light collecting optics of both
counters were segmented to improve off axis collection effi-
ciency. This seqgmentation, into independent upper and lower
cells, reduced background counts and allowed particle iden-
tification when there vas more than one particle present in

an arme.

The CO4 filled threshold counter was located in the
BM109 analyzing magnet, conserving space and preventing low
momentum electrons from interfering with its operation. It
had a threshold near 5 GeV/c for pions and was thus used to
separate pions nf momentuz greater than 5 GeV/c from other
particles both in the trigger logic and in off<line analy-
sis., The gas cell for the Cerenkov radiator was constructed
from black phenolic to prevent eddy currents or vibration in
this counter induced by ripple in the magnet power supply.
A 10 GeV/c pion qave an average of 8 photoelectrons. The
RCA 8854 5% photomultiplier tubes used to observe the Ceren-
kov light were operated with positive hiqgh voltaqge bases to
minimize leakaqe currents from the tube envelopa to the sur-
rounding magnetic shields. Construction details for +his

counter may be seen in Pig. S.

A differential counter of the type proposed by V. Pitch

(53) was also incorporated into each fast arm, in front of
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the analyzing magnet, These counters were filled with PREON
114 (dichloro-difluoro~ethane). Their threshold behavior
allowed@ separation of protons from kaons above 11 GeV/c, and
pions from kaons in ¢the & -10 GeV/c region. FREON 114,
although it has a large index of refraction (1.09135) and is
non-flammable, had a disadvantage in comparison with high
refractive index hydrocarbon gases that «could have been
used. TIts chlorine content was the largest single source of
multiple scattering in the fast arms, a price paid for saf-

e ty.

To achieve the particle separation required in  this
experiment it was not necesary +¢o use the differential fea-
tures of this counter, Correspondingly, only the sum of the
pulse heights fram the photomultipliers was used to give a
threshold signal., These counters were constructed of alumi-
num with vinyl windows, They used the same tubes and bases
as the threshold counnters, Differential counter optical

layout and some construction details ar2 shown in Pig. 6.

The drift chambers in the fast arms used a configuration
with one sense wire and three drift wires between two ground
planes as shown in FPig. 7. The 172" drift distance cells
were used in chambers 0¥ and 2X, which were expected to have
the highest rates, The field from ¢this arrangement was

investigatedl numerically and checked using teledeltos paper.
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The chambers could be plateaued routinely to better than 99%
efficiency with a beta source. There were no probleas with
efficiency or Arift time linsarity as shown irn PFig., 8,
Except for 3Y*' each chamber had two planes, staggered by

half a cell width to resolve left-right ambiguity.

All the chambers in the experiment were run on a 50-59%
(by volume) mixture of arqgon and ethane, FPesults of tests
published in reference (54 have shown this gas mixture to
have good velocity saturation characteristics. The maximum
drift time with this rmixture was about 450 ns in the 11©
cells, As a test, a chamber filled with the argon-ethane
mixture was exposed tn a high intensity beta source for two
woeks, No deqradation in efficiency was observed, showing
there was no requirement to include hazardons solvents in
the gas to prevent radiation induced polymerization of the
ethane., Th2? gas vwas mixed locally using Matheson 673 flowm-
eters and precision needle valves that had bean chacked for
temperature sensitivity. Usirg the flowmeter calibration
curves and the advertised accuracy of the individuwal flowme-
ters the the variation in the mixture is estimated to he
loss than 3%, There was a pressure alarn wvaraning when gas
flow in the chambers ceased but no monitor of the mixture

ratio.
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Figure 7

PRINCETON DRIFT CHAMBER
CELL CONFIGURATION E302/567
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Figure 8
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The drift chamber amplifier shown in Pig. 9 is a modifi-
cation of the circuit described in reference {55) . The
dead time was increased to 250 ns after the pulse from the
sense wire to eliminate circuit refiring that had been
obhserved in previous oparation, The sutput capacitors vere
bypassed and the output line driver terminated to -5.,2V
through 330 pulldown resistors to give the complementary
ECL level signal required by the time Adigitizing system used
hy this experiment., The 733 video amplifier integrated cir-
cuits were vulnerable to sparking in a chambher, but under
normal operating conditions the chamber mounted amplifier

boards were trouble freo.

A Aifficulty in the fast arm drift chamber system arose
in the fonr separate chamber packages that constituted 4LY
and 4RY, the largest chambers in the avxperiment, Althouqgh
these chambers had a c¢ell confiquration identical to the
other chamhers with 1" drift regions, each displayed a
markedly lower Arift velocity than tha 29 other chaabers in
the fast arms when all were operated at the same voltaqge.,
An obvious explanation, gas impurity, would also have caused
a change in the plateau voltage, which was not observed. Tt
¥as necessary to run these chambers at about 41n0 V/in ( as
opposed to I5007/in ) so the drift times from these chambers
woiuld fall entirely within the range of the drift time digi-

tizers, Since a separate calibration vas made for each
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chamber this was not an inconvenience. The fast arm drift
chamber system had an accuracy of .023" point as deterained

by rasiduals from fits to straiqht t hrough tracks.

All the components in the slow pion arm except the magnet
were designed and constructed at Saclay. As shovn in
Pig. 10, the spectrometer was built in two symmetric seg-
ments about the horizontal median plana to analyze low
momentun particles of sither charge, There were two hodo-
scopes with horizontal elements in each sejment. They were
used in the triggering logic and the track reconstruction
progyranm, *he eight elements in each hodoscope were sized
and placed so that roads vere formel pointing back to the
centar of the analyzing magnet.., There wera no hodoscopes in
this arm giving information on the X-positions of the

tracks,

The drift chambers used graded potential cells with tvo
anodes per cell 1.5 mm apart to resolve left-rijht ambiguity
in the hit location. The wires in the middle X chambers
vere ¢tilted 7° from the vertical to facilitate matching
tracks found in the ¥ and Y vievs. Details of the contruc-
tion of these chambers may be found in reference (56)y, as
well as the circuitry for their amplifiers, vwhich were
designed around the 10216 ECL line receiver. The drift

chamber amplifiers used- in this arm were <separate from the
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FCL line drivers so a capability of digitizing three bhit
times on a wire with one stop signal was readily imple-
mented. This multiple hit capability was installed on the
twelve wires 1in the slovw arm wvhichk had the hiqhest rates.

Slow arm chamher resolution was deterinined to be 014w,

All particles detected in this arm vwere assumed to be
pions. The near equality of counting rates in the two seg-
arnts, reflecting nearly aequal numbers of positive and nega-
tive particles, 1indicates that proton contamination of the
pion sample in the slow arm cannot have bheen too great,
since many more p's than ¥'s would be expectel from the bhar-
yonic tarqget, Inclusive production wmeasuremeonts at Js = 23
GeV in p-p collisions give a p:p ratio of about 7:1 (57 .
However, mis-identified protons will contribute to the back-
ground to the desired reaction. It has been proposed that
any future Tunning with this apparatus implement either time
of £light particle separation or an aerogel Cerenkov counter

to separate pions from protons.

There was no particle identification of the incident beapm
since pions could be expected to form thz vast majority of
secondary particles from the production target, and the beam
flux was to high to allow identification of individual par-
ticles. However a Cerenkov counter in the beam line filled

with helium at half atmospheric pressure was used to deatect
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abnormally large particle bunches
ture, since the apparatus would
extremely high instantaneous rates

the main ring.

in the beam time struc-_

not function well in the

sometimes extracted from
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TABLE 2

Spectrometer Hodoscopes

number of element arm coordinate
elements size (from magnet)
yA Y
(in) (in)
Past pion-kaon arms
FIX 6 1x20 =205 0
PIIX 1D+corners 1x20,25 -55 4
BNY 8 1.5x3C 69 n
BIY 1n 3x13 71 0
‘BYIIY 16 4,5x17 197 A
ul 2 12x48 231 ]
ull 2 12x48 2062 0
ulll 2 12xu48 293 0
Slow pion acm
up (DOWN) TY 8 1.97,2.95,2.95, 117 (=)90
:,98,3.98,3.98, 3,98,
4.,92x22 .8
UP (DOWN)T1Y 8 4,53,5.491,5.91, 157 (=) 120

7.29,7.29,7.29,7.849,
9.85x22.8

photomultiplier

PCA
PCaA
EMY
RCA
RCA
KCA
RCA
RCA

AMP

AnMp

52

tube

8575
8575
9R13KXD
BS75
8575
LH6SS
655
fb55

XP2C23

XP2020
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TABLE 3

brift Chamber Characteristics

numaber of cell active ar=a are coordinate
drift cells width wid th height (from magnet)
2 Y
(in.) (in.) (in.)
Fast pion-kaon aras
c 11 1 h 12 -255% ¢
0y 11 2 6 12 - 252 0
L} 4 1 2 g9 14 -212 n
1Y 15 2 9 16 -209 0
2X 19 1 17 22 -93 n
2y 39 2 10 22 -a1 0
% 11 2 12 38 BO 0
3y 37 2 14 38 35 ¢
vy 16 2 30 3¢ 89,5 c
4y 55 2 18 56 190 C
Slow pion arm (2 anodes/cell 1.2 mm aparct)

cCu{dy v 22 2.05 20.8 6h,.1 {(-) 22
0u(n) X 21 2.05 19 £9.9 (=) 22
10 (D) Y 28 2.05 26 89 .4 (-) 29
1mx 24 2.05 22.1 9. 3 (-) 29
21 (DY X 2R 2.6% 26.1 112.5 (~) 34
2U(D) Y 4 2.053 34.9 113.5 (-) 34

O D DO W) W)

*



Chapter V¥

THE PION BEARN

This experiment was szounted in the Fermilab High Inten-
sSity Area in the Proton West line, The buried beam line and
experimental hall (Fiqgq. 117) vere designed to handle secon-
dary beals nf 5x1010 from 1013 primary protons on the tac-
get, All the magnets were conventional dipoles and guadru-
poles with power supplies energized in synchronism with the

main ring cycle,

The accelerator RP system caused protons extracted from
the FPeremilab main ring to arrive in 1 ns wide bunches every
18.6 ns. The neqative secondary beam used by this experi-
ment was produced hy the primary proton beam striking a 1"
square beryllium target 12" (one nuclear interaction length
Y long. The secondary particles were hent ou*t of the target
box by a 20' dipole that selected the desired charge sacon-
dary beam and dAispersed the momentum conponents of that beanm
horizontally. After the magnet an 18' conical collimator
with a 9.8 usr aperture absorbed primary protons that had
not interacted in the target, and also absorbed secondary
particles with less than .6 of the central transmission

momen tum of the dipole-collimator combination.
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Figure 13

PION BEAM PROFILE
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Figure 14
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Using the hadron production models of Bourquin and Gail-
lard (58) for the inclusive production of neqative pions in
p-p interactions, one gets da/dpdq‘hn”: 33 mb-sr—1-GeV/c —!}
for 400 GeV/c incident protons. With the production targeat
used this gives dH/dde, = 1.,3x101¢ sr-t-GeV/c ~! g='s per
1013 protons. At an 5:319 of 0° the «—:K—:p production

ratio is 2n:6:1,

FPig. 12 shows the rest of the beam lin=, wvhich was con-
figured with a triplet and bend after the target box to
focus the highly chromatic beam onto a ?N* long adjustable
horizontal collimator, the momentum slit, which passed par-
ticles in the =selected range of momenta to th~ beam optics
following it. These o2ptics consisted of a triplet forming
the front conjugate focus, a focusing-defocusinag transport
channel vith a 3.8 mr bend for reducing decay muons froa the
heam, and finally a triplet for tha final focus of the beram
onto the experimental target, This quadrupole triplet was
run asymmetricallvy to minimize the beam protile on the tar-
get, The beam spot measured at the target posrion was rout-
inely kept at less than 1" FWHM in both dimensions. parti-
cle fluxes measured at the experimental hall by the beanm
counter arc shown in Piq, 14, Since the beam Tcrenkov coun-
ter vas not used for identifyinqg the incident beam particles
during this experiment there was no restriction placed on

the parallelism of the beam after the final triplet. Typi-
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cal horizontal and vertical profiles from a coaputer model

of the beam tune are shown in Fig. 13.

Segmented wire chambers were available at six locations
in the line for monitoring the beam position. An ion cham-
ber calibrated by foil activation was mounted immediately
before the experimental target for inteqrating the total
incident flux of charged particles, Trimming dipoles were
available for correcting sliqht shifts caused by changes in
the primary proton beam tune. The entire system, along with
the power supplies for the spectrometer analyzing magnets
wvas controlled and monitored Lty the Proton Area MAC compu-

ter systen,

The accentance bite, aP/P, of the adjustable momentum
slit was kept near the middle of the 1 - 10% range availae-
ble. The slit aperture was varied as nRcessary witn the
proton beam intensity so sufficient pions impinged on thke
experimental target for triggering interactions to fill the
data buffer. Generally Sx1011 protons per pulse were
requested from the main ring to get 6.5 x 17 pions per
pulse at our experimental target., The secondary beam inten-
sity was very sensitive to small shifts of the primary pro-
ton beam on the production target, reqniring variations in

the reguested number of protons.
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Toward the end of nur data run large aperture, lov cur-
rent toroids were installed and powered in the P West bean
line. These muon spoilers vere designed to bend awvay from
the dJdetectors in the experimental hall muons originating
from decays of secondary beam particles that formed a halo
about the beam pipe. They decreased the sinagles rates in
the muon counters by a factor of 12 hut had no significant

effect on this experiment.
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Chapter VI

TRIGGER AND DATA COLLECTION

In setting unp the fast trigger logic all scintillation
counter voltaqges vwere adijnsted to give a 120 av output into
SHe for minimum ionizing particles, and then pulse arrival
times matched to within one ns for elements within a given
hodoscope. The signal from each PM tube was split 1031,
with the hiagh output discriminacted at 50 a7 in stock LeCroy
octal and quad discriminator units sot to give 10 ns wide
NTH logic signals. The low level ontput from the passive
splitter went to a 4:1 linear fan-in and then a 10x ampli-

fier for input to the pulse height monitoring ADC.

Thresholl and differential Cerenkov counter PM tube vol-
tages were set to givae a single photoelectron perak at 20 mv.
Thes>» PM outputs also went through 10:1 passive splitters
with the outputs from the two tubes in a thraeshold counter
going to a linear fan-in, the output of which vas discrimi-
nated at a4 30 mv level to give a trigger logic signal and
the low level sent to the ADC's after a 10x amplitication.
The differential counter information was not wused in the

triqger loqic, so the high level output from the splitter
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was sent directly to an ADC and the low level amplified and
then discriminated to give a logic signal for setting a pat-

tern bhit.

standard NYM logic units were used to define the follov-
ing logic conditions from the Cerenkov and hodoscope discri-
mina tor outputs (all right arm and down signals mirrored

left and up):

LEPT = y PIL;® 3 BOL e ¥ SIL; e ¥ BIIL;
i < [ A

ue = 5 (UPT)_ o (UPIT)

TC = Threshold Counter

4, = E(uIL + gIIL ¢ oITIL) > 1

ns = UpP + DOWN

LeR = LEPTeRIGHT .
Coincidences betveen specified counters in BIY and BITY
hodoscopes gave bhending angle information which 1ndicated a
particle's charge and also allovwed a crude momentum determi-
nation that conld be used in the fast trigger. Two 10x10
fast coincidence arrays for each fast arin were employed to
define the logic signals P.,. and P-p. . Monte Carlo stu-
dies determined which coincidences wvwere desired to select

particles with P>5 GeV/c.

Using these logic variables the data triggers for the

experiment could he implemented:

D* = (LeR)e(TC,_ » TCpr)e{ UPe(P o, oTCp + Pu,.eTC,) +
DOWN® (P, ®TC, *+ P, *TCg)} ens= (TC_+TCg)

i = (LeR) ®( u, *u.) .
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Figure 15
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These are shovn schematically in Fiqg. 15 . The D* trigger
shown was used for a majority of the data. It selected
events that could be the expected decay modes of the charqed
D*'s; [K4w=-TJw- and [K-u+ ]Ja*, where the bracketed particles
are those analyzed in the two fast arms. A trigger that
Tequired an oppositely charged {Ks) and a particle of =2ither
sign in the slow arm was used for 12% of the data analvzed.
Less restrictive triggers were used as reguired for systen
checkout and alignment data. Most of tha logic variables
wvere continnously scaled so triagger efficiencies could be
monitored from run to run and any problems with the appara-
tus and or triqger logic quickly recognized. A scaler read-
out for a sample run is shown in Table 4, Duantities are
norimali zed by the incident flux measured in the ion chamber

located at the target,

TABLE 4

RIIN 3R2 Scalers

D* triggers .85
TR NY .60
ns 758

Lek 1.8
Piogn- 37
PL- Ri‘ o?u‘

(rer 10% pions incident)

— R gy g o vk CE S S SEP MR oEme oEn SR e
P e am am e P ARk AE e e S ek it wen ww
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Studies of trigger rates and reconstruction efficiencies
shoved that the experimental apparatus was svamped by high
instantaneous beans fluxes, and was subject to high multipl-
icity splashes in the nodoscopes and chambers behind the
fast arm analyzing magnets, These probleas were ameliorated
by using the outpat of the beam Cerenkov counter, discrimi-
nated at a level corresponding to five particles in a RF
bunch, to veto the trigger signal. A multiplicity greater
than tvwo in either PITI hodoscope would also veto the signal

for that arm,

The status of all leogiec signals, counter timing and pulse
heights, wvirec drift times from the chambers, scalers, and
fixed ron information were logged for ecach event by a CAMAC
based data acquisition system, Triaqqers from the fast logic
system within the spill gate set by accelerator timing sig-
nals and the readout system dead time gate initiated a scan
of the CAMAC syzntem into the buffer memory. The trigger wvas
also the stop signal for the CAMAC TNC's, the drift chasber
timing system, and the sampling gate for the CAMAC ADC chan-
nels and logic pattern wvwords, All data inputs to the CAMAC
system except for the drift chamber signals vwere delayed by
132 ns with coaxial cabhle to allow for signal propagation
time through the trigger logic. Chamher stop signals were

timed in separately for each of the nine readout modules,
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] TABLE 5 ]
{ }
[} CAMAC Fvent Format i
i i
t )
i bata Jords i
{ |
Pixed run data i ]
| Pattern words 1 i
] TDC's T2 |
0 ADC's 72 |
| Scalers 2n i
t Drift chamber time digitizers g - 905, |
\ 200 average |
1 !
1 |
e T e -——

Approximately 2 ms were required to readout the 350 - 450
16 bit words in an event leading to deadtime losses of 15 -
3n%, depending on the spill length and gquality of the deliv-
ered beanm. The number of events stored in the memory each
spill varied between 36 - U4R depending on the number of
drift wires active 1in the events, which was a function of
the instantaneous intensities encountered. Nata Were accu-
mulated during perjods of half second and one second spills
from the accelerator, Some 40% fewer extraneous chamber and
counter hits were recorded in data taken during one seccond

spill operation.

For maximum reliability and flexihility no on-line fil-

tering or coapression of data was done, All information

from the CANMAC data loqgqing system was stored in a buffer
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memory and subsequently vwritten to tape, The buffer size
limited the number of events that were desired in a spill.
Under the optimum conditions of one second spill and stable
beam intensity, an event rate three times as great could
have heen acceptad vwithout degrading track reconstruction
capability, Since a large amount of the data was taken
under adverse conditiors this limitation on the number of
triqgers per pulse that could be recorded was not a severe
restriction. By using a data acquisition system independent
of a computer we were not dependent on hardware and software
relability and also had an independent backup it the primary
tape system failed, Fortunately, this redundancy wvas not
required since the system was reliahle. One tape arive mal-
function caused the loss of data accumulated for approxi-

mately half a day.

The 16Kx16 bit core memory was dumped onto 9 track, #80O
bpi tape in four RK tape character records vhen all 16K were
full or at the and of the spill. An HP2116B computer moni-
tored the first 4K words of each spill written into the buf-
fer and accumulated performance data on all of the over 1000
signals available from the apparatus and logic. In addition
it performed system functions such as CAMAC system resets
and maintaining scaler information. The information flow in

the data acquisition system is shown in Pig. 15,
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The commercially bhuilt drift chamber time digitizers
turned out to be the most trounblesome pieces of equipment in
the system, These were designed to digitize, with aeight

binary diqits precision, the time betveen separate channel
start signals from the drift chamber amplifiers and a common
stop signal from the trigaer logic. The module complemented
these eight bits to give the drift time vs. distance rela-
tionship, and put the channel number in the high order eight
bits of *the sixteen bit data word, The packing density of
96 digitizers in a triple width CAMAC module was far too
high, The power requirements for each module necessitated
the use of external power leads and caraful ventilation.
Another contributor to the unreliable behavior of these nine
units wvas the serial readont of all the channels within a
TDC module in one chain, Aallowing one bad channel to block

the information from all those following it.

The modules were initially adjusted to give approximately
3.3 ns per count, Pach channel was individually calibrated
eventually because of channel to channel variations within a
module, There were slow drifts with time in many modules?
calibration and one module was subject ¢to mafor errcatic
shifts within short time spans. Portunately the two plane,
staggered cell design nsed 1in the fast a?m chambers con-
strained the sum of drift times for events with hits in both
planes and alloved these shifts to be detected and corracted

in off-line analysis.
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ADC and TDC pedestals were determined from tapes written
with a pulser trigger at roughly ten day intervals. Correc-
tion sets derived from these tapes were applied to the coun-

ter data in off-line analysis.
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Chapter VIX

TRACK BEECONSTRUCTYION AND DATA ARALYSIS

Initial and secondary analysis of the d4ata were carried
out on the Permilab CYBFR 175 computer systemn, A D* avent
with a track found in each spectroseter arm or a mRuon event
with tracks in the two rFast arms was written onto high den-
sity secondarvy tapes for further analysis. Fyvent data saved

included ADC and TbfT readouts with pedestal.s subtracted,

pattern words, scalers, and the coordinates of chamber
points for the reconstriucted tracks. Processed data, such
as expectedl scintillation counter timing, were also
recorded.

The reconstruction routine for fast spectrometer arm
tracks was developed and tested in the analysis of Brookha-
van AGS Experiment €74 with the intent of wutilizing it for
the analysis of the primary data tapes in this experiment
also. The proqgram started by defining roads that could
contain a track using the scintillation counter position
information and the tarqget, Tf a track was detected in only
one plane of a drift chamher a2 point was defined, and if
hoth planes in-a chanbher registered hits, a 1line through
them was defined, The track finding process was controlled
by 34 vectors determining the order in which chambers were
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searched for roints and lines that lay within the roads
capable of forming 1line seqments between chambers. AS
information on a possible track vas accumulated roads
through chaabers not yet searched were narrowed. Success or
failure in finding acceptable points in the chamber pair
being searched indicated the direction of the vector to the
next pair to be searched. AS experience was gained with the
track finding process, the program flow was readily changed
by changing the pointers in the flow vectors, insuring the
most likely searches were conducted first and ecliminating

searches that were usnally futile.

The program started track reconstriuction with the Y view
line segment after the BM109 analyzing maqnet, Tf success-
ful, it constructed a road between the target and the seg-
ment intercapt at the center of the BM1309, and a line seg-
ment throngh the three chambers in the front of the arm was
secarched for hits to reconstruct the entire track Y view.
After finding the Y view of a track the proqram would
attempt to find the X view, vhich was somewhat simpler since
thera was nn bhend point to prevent a straiqht road from
being constructed between the target and the Y hodoscope
clos2 to the last X viewing chamber. Up to two separate
tracks in each fast arm could be reconstructed. The hodo-
sTopa tiltel at 26.59 wvas used to match X and Y views when

more than one track was reconstructed in an arm.
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The tracks in the slow spectrometer artm were found in an
analogous manner, although there was no information about
these tracks' positions before the magnet in that arm.
First pass analysis assumed a straight line segment through
the center of the *argqet and the center of the magnet that
joined with a line segment found through the Y view chaa-
bers, Roads for the Y view were formed by the collimator
aperture and the trigger counter pairs, but the only const-
raints for line segments in the X view came from the magnet
aperture (+100 mrad) and the intercept at the target plane
(¢ 8.5 cm.). X and ¥ views of reconstructed tracks were
required to he within .45 cm. of each other in the middile X
viewing chamher in which the wvwires vwere at a 79 stereo
anqle, This meant that any track in the ¥ view that con-
tained only two chamber points had +to have one of them in
the central chamber, A track in this arm had to have at
least five points to he considered successrully recon-
structed, Up to four tracks in a single event could be

reconstruct=d in this arm, two for each particle polarity.

The track finding progam was tested with tapes wvwritten
using simple apparatus triggers and the analyzing magnets
of f, The nsual target positioned 6C.1" in front of Henry
Aiggin's center was replaced by a 1 cm., aluminum cube at
the center of that magnet for aligning the slow arm. Indi-
vidual sense wire positions wvere deterained using these

straight through tracks.
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Track finding efficiency wvas excellent for the fast arss,
averaging 75% for tracks that warranted a full attempt at
reconstruction by satisfying some crude momentum and vertex
conditions, Reconstruction efficiency for the slov arm, at
77%, was somewhat less because of the fever chamber planes

available,

All subsequent analysis was carried out with the secon-
dary tapes generated by the track finding program. An aver-
age of 801C recoanstructed everts were written onto a sacon-
dary file from each primary run tape. In analyzing the data
it was saan that A, A and $(122") peaks could be observed in
the pa and single arm K+X—- particle mass snectra (FPigs.
17,13y, and tapes vere gencrated of events that met the
selection criteria for these particles in addition to the
tapes that contained the D% and di-muon events., Three gen-
erations of D* tapes were generated from the secondary
tapes, The taortiacy tapes countained 545% thousand events
vith identified Keoa system tracks satisfying a target vertex
requirement that rejected U42% of the events. The quaternary
tapes held 131 thousand Xsaw events from the tertiaries with
the additional cut: M{Kww) - M(Kw) - B(a) < 25 MeV/c2 . The
final sampl2 consisted of 26 thousand events with 2 < M ({Kaw)
- M(Keg) -M(w) < 9 MeV¥/c2, After this last file was gener-
ated a test was made on approximately 37% of the data on the

secondary tapes to insure that corrections to the analysis
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added after the tertiary tapes were written did not substan-
tially effect the results, lLess than a one percent change
in the events per bin was noted in the K« mass spectra from
the primary runs in this test data compared with the same
primary runs in the final sample., Hence, no effort was made

to re-analyze all the secondary tapes.

Observation of the J/¢ peak in the opposite charge di-
muon mass sSpectrum (Fig. 19a),gave us confidence that the
tvo fast arms were working corrcectly. The A and A peaks
seen in the mass spectra obtained from a fast arm proton and
a slow arm pion (Pig. 17) shovwed the fast arms and slow arca
vere properly coordinated. In addition, these p« peaks were
useful for detecting any systematic differences in momentum
calibrations between the two fast arms and the the two sec-
tions of the slow pion arm, Up (positive) and DOWN (nega-
tive), since the Y vertex position of the fast particle was
used to d2termine the slow arm track slope betore the ana-

lyzing magnet.

The utu~-, pw, K+¢K-, wmass spactra also allowed a determi-
nation of the four maqnetic field parameters: the three mayg-
net P, 's and the offseaet of the magnetic bending center from
the pole piece center in Henry Higgins., The sum of the two
BM109 P, *'s was set by requiring the correct J/¢ mass, since

this was sensitive to the average of the muons' monenta, and
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the fast arm momentum was directly proportional to the B in
that arsm. When analyzing events with two tracks recon-
structed in an arnm, 2 ¢ peak could be seen in the di-kaon
spectrum available from both fast arms. Since mp g./5T§; 0.,
with the opening angle ¢ of the kaons determined by Henry
Higgins* P, anada p , P, linearly dependent on the BM109
value in that arm, fixing the two arm average ¢ peak gave a
value for llenry HRiqgins® P . Requiring the two arms give
the same ¢ nass fixed the deviations from the averaqge of the

+two BM1N0 yalues,

With the P *s fixed by this procedure the shift in the
magnetic center of Henry Higgins was then determined to be
1.3" upstream of the physical center by requiring that the
vartex of 311 two track events coincide with the target.
tLater studies have included information obtained from a
field map made with a hand held Hall probe, and have shown
that the offset depends on the horizontal position of a
track at the magnet'’s rxit, The offset value was changed to

1.25" for tracks within the geometric acceptance of the slow

pion spectrometer.
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Chapter VIIX

ANALYSIS RESULTS AND CONCLUSIONS

This expariaent was designed to be sensitive to the decay
sequance: D*¢ -> DOgé+ DO _DK-g+ , and its charge conju-
qate, The invariant guantities we chose to exawvine for the
signature of these decays vere the Ko mass in the two fast

arms and tha difference hetween the Kew systaem mass and the

sum of the Ky mass and well known ¢ mass. The second guan-
tity is the Q-value for the D¥* =-> Kgw reactinn. These two
variables were independent of each other. Other possibili-

ties such as the thrae body Kwe invariant mass and the slow
pion momsntun in the c.®», frame of the Kaw system were
investigated, but no advantage was seecn in using them. His-
tograms and scatterplots were fit using the maximue likeli-
hood methol and assuming a Toisson distribution of the
ohserved number of events in a histogram nhin about the true
value descrihed by the backqground and peak functions. The
CERN computer 1library program MINUITT was utilized for the

maxtmization.

Functions describing the backqrounds vere investigated in
several manners. Monte Carlo programs were used to generate

K mass and (K#]lw Q-value distributions using the particle
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distributions ohserved in this experiment or inclusive
differential cross sections measured in other experiments.

Tracks from different events were combined and then analyzed

as 1f real events. Q0-value distributions vere made froam
events with the wrong sign slow pion for D#¥ decay, ie.
[ K¢w— Jwt. cConsistent values for the coefficients of a

polynomial form for the Xy mass backdground,

A{ 1 + B(M_  -1.85) + C(», -1.85)3}, and an cxponential
form, D(1 + EQ) (1 - exp(-.50.7)) for the Q-value backqround
vere obtained from these methods. Tae histogqrams obtained
from the final data sample of correct siqn Kaw avents vere
fitted to these background forms plus a Gaussian peak having
a width corresponding to the apparatus resolution of the
variable being fit: 14 YeV for Ke mass pesak and .6 MeV for

the peak 1in 0-value,

As seen in Figs. 20 and 21 the Kw mass spectrum and the
p-value distribution without imposing cuts on the data pvased
on D* -> Dw measurements are smooth, with no peaks indicat-
ing particle production. It was necesary to make cuts on

the data sample using charmed particle mass measurements

made at SPEAR,

Separate fitting procednres to three distributions were
carried out, summing K+e~g~ and K-a+x+ cvents, The back-

qround and peak fits for the Q-values with 1.835< # (Kw)
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Figure 22
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<1.875 GeV/=2 are shown in Fig. 22, while the D? mass with a
cut on QO-value based on the expected resolation § of this
variable is shown in Pig. 213, The kinematic depeandence of
the Q-value resolution 6 is discussed in Appendix IT. In
addition, a two dimensional Gaussian peak was fit to the
scatterplot of Q-value vs, M{Xw), using a background form
that was the simple product of the individual backgrounds in
the N (Ky) and O-value distriburions. The results of these
fits are shown Table 6, These three distribntions all give
a consistent number of P* events reconstructed from the

data.

Theses results are readily converted 1into a cross section
measnrement using the J/¢ peak in thr opposite sign di-muon
mass spectrum to determine the flux normalization. The »—N
-> u+u— differential cross section has been measured at Vs =
27.5 GeV in a wide Aacceptance di-muon experiment at Permilab
(59 . Intarpolating on the pX =-> J/¢ ¢ X excitation curve
(60), a reluction of 12% in this cross section at the Jg =
19,4 this experiment was conducted at is assumed, giving
Fdo/4dx = ,N62 ub-GeV¥-(unit x)-13,

tx.oy

Since the N¥ accentance of the apparatus is sharply
peaked at x=.73 the data was analyzed to give a dAifferential
cross section dg/dx to minimize the production model

dependence, This measurement still depends on the P, dis-
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B i o e i e . o T — T = o — - +
| |
l TABLE 6 |
| 1
| Peak Pits }
| |
! O0-value M 0O vs M |
| scatterplot i
f !
i peak values (MeV) 5.8+¢.3 1854 +6 |
| |
i cut values (MeV/c2) 5.9+1.35 1855290 |
! |
| peak width (MeV/c?) .7 14 .6, 14 !
| !
1 : |
| # backqgqrouand events 473+46 365+11 }
! t
] peak significance 3.00 3.30 2.34 |
! |
| # events in !
| fitted peik 3221 70421 53423 |
| |
| & aevents 1
| without cat The25 RS +25 ]
! |
' |
| t
@ e e e e e o e = ——— = = " = - — - +
tribution assumed in the model. The narrow x region

Aaccepted by the fast spectrometer arms allowed the approxi-
mation:
I A(x) do/dx dx ~ Adg/dx| fA(X)AX ~ da/dxl <A>AX .

Lemann Amac
When determining the total acceptance, fA(x)dx, Monte Carlo
events were generataed with a prodaction distribution
dn/zdx = (t-1xp)® . The dependence of acceptance on the

exponent b was removed by defining

AX<AD> =f’dNde dx FA(xYdx .
= d¥y/dx -
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For J/¢ inclusive production b was taken to be 1,65 from the
fits to the di-muon data in reference (59); at the pcak
acceptance point x=.07, AX<A (¢)>=8.2x10-%:; D#* acceptance

peaked at x=,03, and assuming b=3, AX<A(D%)>=1.9x10—*,

Trigger and analysis losses for D¥ anl J/¢ detected by
the spectrometer system are summarized in Table 7. These
fractional losses were assigned either from Monte Carlo
simulation (kaon decay within a spectroaster arm or momaentunm

matrix cut) or from primary and seconiary analvsis statis-

tics.

B o e e v 2 e e e i e e e R A e = S e e o +
! |
] TABLE 7 |
| i
| NDetoction and Recovery Efficiencies |
| |
1 utu~ D* )
{ |
! Trac¥ reconstructior {(.75)2 (.75)2(.7) |
} BRight=-1left vertex cut .7 .7 |
! Slow pion vertex cut .9 |
I Trigger hodoscopes (.99)0{.9u8) 2 (-99)e
| K decay in fast arm .82 §
| Momentum matrix acceptance — _3 |
) |
| oOverall efficiency .32 .18 |
| |
| |
+

Since the cross section equals:

((* events) } /[ (flux) {acceptance) (efficiency) (Branching Ratio))
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and recalling that the D+ data was sumsaed over the two

charge states one finds for « -> D%+ +X:

dg = (.3) (2 D* events) (J/¢ efficiency)
dx (¢ u+yu— events) (D¥ efficiency)<A(D

SA(y) 2do(aN=>J/¢X) /dx
*) >BR (D*¥->Dy) BR(D-D>Kw}.

SPEAR measurements of De+ and no decays aqive
BR (Dx+->D0%)=,608+,11 and BR(D-DEu)=.026%,0h (61). After
backgqround subtraction there are 428 g+~ cvents between
2.7 and 1,2 GeV/c2 in Pia. 19{a). Wwith this information,
and the accaeptances and efficiencies for D* and J/y¢ events
given previously, the 921?75 D* pvents (Table /) give da/dx|=

23,03

Te3({statistical) =3 (systematic) ub/(unit x) or de/dy| =

‘sb
(21, //s}de7dx = l.4¢.6(statistical)
t.6(systematic) ub/ {(nnit v). If a (1-1x1) 3exp{ -1.1P2 ]

parameterization is assumed for the dif{ferential cross sec~-
tion, along with exact S (3) symmetry that implies Dx+¢/ (all
D*s) = 3/8, a total cross section for D production of 11+4

ub is obtained.

As a check of the flux normalization, using the target
thickness (1.2 cm., ), ¢the AX<A(y)> calculated previously,
and the - flux as measured hy the ion chamber at the target
and corrected for system deadtime (.92 1013y4), the U248 péu—

events with 2.7<qug<3.2 GevV/c2 give da/dﬁ =13+3.6 nb-{(unit

Ll - ) J

x)=! for w=N-> u+u— . This is in gqood agreement with the

de/dx}] = 16+ nb- (unit x)-t obtained from Reference (62),
t-_o-,

with a 12% reduction for the 1lower energy of this experi-

ment.
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These results are 1in best accord with those from the
prompt muon heam dump experiment at Fermilab and from the
p~e pair experiment run at the ISR. targer cross sections
are inferred from the prompt neutrino experiment at CPERN, in
the 25-50 ub range, the same range of cross sections that
the groups looking for charm decay in optical detectors have
reported, The final results presented in this report cannot
be considered incompatible with thesc earlier cross section
measurements because of the many assumptions that hdave been
made in all cases. The hadronic charmed meson production
rate reparted here dones appear sufficient to confirm that
the decay aof thase short-lived particles is tha major cospo-
nent of the gsignal seen in data 1rom many detectors con-

structed to observe charm phenomena indirectly,



Appendix A

PARTICLE IDEWTIPICATION

The tvwo Cerznkov counters in a fast arm, both operating
in a threshold mode, allowed definite i1dentification of
pions throughout the #-310 GeV/c momentum accaptance of the
ara, Kanns were separataed from protons at momenta qreater
than 11 eV /0, As mentioned before, all particles in the

slow pion arm were assumed to be pions.

The CO, filled threshold counters were the primary means
of identifyina pions. Fig. 2 {({a) shows a sample pulse
height spuectrum from one of these counters for pions with
¢.5< P <C10.5 GeV/c., Hsing a pulse height vs. momentum scat-
tarplot, at a given momeptum slice a threshold edqge with 95%
of the pions in the peak lying above that edge may be deter-
mined. The pion identification cut on threshold counter
pulse height lies comfortably below the threshold edge, as
shown in Pig. 28 (bh), except at lowest momenta,. Balow 7
GaV/c an additional requirement of a minimum pulse height in
the sum of the two differential counter P2.4. tubes was uti-
lized for pion identification. In comparisons of the thres-
hold and differential counter outputs +the threshold counter

was found to be 96#4% efficient in pion identification.
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Particles not meeting pion selection criteria vere
assumed to be kxaons for P < 11 GeV/c, The differential
counter had a threshold of 11 GeV/c for ¥aons, and the total
pulse height sum of the inner and outer portions of the
rosette mask could be ased to taq kaons above Cerankov
threshold. The absence of any ¢ peak in Fig. 18(b) indi-

cates the effectiveness nf this identification schene.

Muons were identified by their ability to penetrate th=
steel filters at the back end of the fast spectrometer arms.
A significant fraction of hadrons were transmitted throuqh
the first filter segment, so only muon events rejistering in
all three hodnscopes behind the steel filters were accepted
as muons for the di-muon mass spectra in Tiq,., 19, The muon
trigager logic had regquired that any two of these three hodo-

scopes detect a charged particle.

93



Appendix P
BASS RESOLUOTION

The resolution for determining a particle's mass in a4 two
body decay into the two fast spectrometer arms wvas limited
by the relatively sbhortness of those arms. The intrinsic
resolution of the 4drif* chamber system in those tvwo arms was
determined to be .02" from the fitting residuals of the
highest momentum tracks, Prrors induced hy multiple Coulomb
scattering from the material in ¢the arm were studied by
plotting the Jeviations ip chamber I¥X as a function of
momentum and agreed with estimates made using A8 =
158V /P /x /x° », with the radiation lengths x° as tabulated
in the Particle Data Book for the materials in the spectrom-
eter arm. Mont® Carlo simulation of tracks with multiple
scattering, a chamber resolution of .032", and chamber hits
randomly lost according to the statistics £from the track
finding program gave track fit =statistics approximating
those seen in primdary analysis of the data. The 1.8% momen-
tum resolution that is obtained from the Monte Carlo gives
half widths in mass peaks of 14.4 ani 38 Mev at the D mass
and the J/p mass respectively. The observed J/¢ peak in

Fig. 19(a) 1is consistent with this,



A major limitation to the three body miss resolution was
the lack of track information for slow pions before the mag-
nat in the third arcn. The uncertainty in the decay vertex
pnsition, which was determined by the vertex obtained fron
the two fast arm tracks, wvas estimated to be .)6"™ using the
resolution Monte Carlo results. There wvas a systespatic
uncertainty in the bending plane center of the third spec-
trometer magnet. With these uncertainties, along with mul-
tiple. scattering and a AdArift chawber system accuracy of
0", a 1% momentum resolution 1is achieved in the third
arm, This leads to an Q-value resolution of .4 MeV/c for

the apparatas.

When generating the K¢ mass spectra with the reguirament
that the three hody O-value be consistent with a D* parent
it was decided to calcnlate an expected resolution in that
variable based on cach eventt's kinematics. This cut allowed

us to ontimize the signal to background in the mass spectra.

From the Aefinition of Q-value 0 = EM3 -~ EM?2 - Mg, where
P43 is the D* invariant mass from the three body data and
EM2 is the D mass calculated from the K-x momenta, an error

for each event can be assigned. Since
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separating the sources of error in the slow pion &4-momentum

determination. These errors were determined to be:

ABp /P
APy /Py
AB»

.0N25 multiple scattering in the target

.00y vertex and H.B. field determination

«+1722 slow arm non-bending plane angle determination
."016 slow arm bending plane angle determination

Defining a quantity 50 = (D measnred - 5.9) /a4Q for each event

gave a consistent way to apply the QO-value information in

making cuts on the ¥y mass data.

For a Gaussian peak with half-width § superimposed on a

linear background with Poisson fluctunations it is easy to

show that the optimum peak to bhackgqround ratio is acheived

by restricting the data sample to within 1.3 8] of the peak

value,
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