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ABSTRACT

We report here a search for charmed particles produced by anti-
protons of momentum 15.0, 12.4, and 8.5 GeV/c and pions of momentum 15.0
‘and 10.5 GeV/c. Charged particles emerging from a carbon target near 90°
in the éenter of mass (18o Tab) were detected in a double arm spectrometer
with a Tow moméntum cutoff of P]ab > 1 GeV/c. Our best upper 1ﬁmit
the process PN-D2(0°)+X , where the 0° (B°) decays into K~ - n (K+ -1),
is:

oB = 780 + 300 nb,

at a beam momentum of 8.5 GeV/c.

For the 10.5 GeV/c pion running the trigger was restricted by
requiringAthe presence of a slow forward pion in a third spectrometer
area, in coincidence with the usual double arm trigger. The acceptance
of the third érm was chosen to include pions from the decay of the
charmedlD*"meson, which has a very small Q value. Our upper Timit fof

the process:

T N> D* + X

is 0 B =16 + 16 nb.
Additionally, we report a measurement of inclusive K* (1421)
~ production in anti-proton interactions at 8.5 GeV/c. The cross-section

times branching. ratio is:

— ' - 2
o (PN > k* (1421) + X)*B,p . = 4. + .8 x 1077 cm
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I. INTRODUCTION

Resurrected by G]éshow, ITiopoulos and Maiani] as a
mathematical convenience for the supression of strangeness chang-
ing neutral currents, the chafmed qu;rk remained a theoretical
. speculation until the‘discovery,-in November of 1974, of the
J/v (3095)‘by_T1'ng2 et al., at the Alternating Gradient Syn-
chrotron (AGS) at Brookhaven National Laboratory (BNL), and
Richter, et a13., at SPEAR.

A fourth quark was no new-comer to high energy physics "
theory. As earfiy at 1963 Maki9 had proposed a fourth quark based
" on arguments about quark-lepton symmetry. Given the four leptons
(v,v'; e,u) it was theoretica11y attractive to have four equally .

. fundamental hadrons. What distinguished the work of Glashow, |
ITiopoulos aﬁd,Maiani was their proposed scheme for coupling the
peutral ‘hadronic current to the neutral leptonic current. Their
scheme not only symmetrizéd the weak and electromagnetic jhter-
actions of hadrons and Teptons, but did so without vioclating any
of the émpirica] rules of the weak interaction.

The J/¢ and its radial excitations, ¢' (3700), yv'' (4100),
etc; betray no visible cHarm - according to the theory they are
bound étates of.a.charmed quark and an anti-charmed quark. Confirma-
tion of the theory required the discovery of new particles with naked
charm.. Several experiments, of which the present work is é part,
were initiated to search for charmed particles. A number of events
with the characteristics of charm pfoduction were seen. But tbta]]y :
:convincing-evidence eventually came from e+e' annihilation experi-

ments.4’5’6
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Apértlfrom these anhihi1étion experiments, the evidence
for charm production is unclear. Cazzoli, et a].,8 have reported
é sing]e.candidate for a neutrino induced charmed baryon in a
bubble chamber expériment at BNL. Knapp, ét'a1.,7Aobserve a signal
at the same mass (2.26 Gev/cz)vin'photon interactions, but in the
charéelconjugate-stafe. They find no evidence for a baryon state..

| The-goal of this‘experiment was to deté;t the two-bddy
- deéay 6f~neutrél'charmed hesbns created in hadrbnic intéractions,.

near the charm threshold.



II. CHARM: THE RATIONALE

To underétand the reason for the introduction of a fourth
so-called 'charmed' quark, we first consider weak hadronié phjSics
‘with 0n1y,theAthree conventional quarks p,n and A,

The weak, charged hadronic current.can be written in

the form:
. O - o ] - o .
. | dy = cos8 p Y (1+yg) n +sinep ¥ (T+yg) A

where p,n and A represent the fields for the three quarks, and the
y's are the usual Dirac operators. We may compress our notation

by writing:

ig=am o

where _ A
' 0 " cosb sind
o _ 0o :
Q "Y(.I"'Y5') MH= 0 0 0 0
1
q= [ P } 0 0 0
n
A

_ We note that the strangeness changing part of the charged
current is suppressed relative to the strangeness conserving part by
the usual factor of tane, where e,is;the Cabbibo angle. Following
the paper of Glashow, Iliopoulos and Maiani, we calculate the neutral

hadronic current:




using

B i B NE)

Substituting M, and M+ into equation (3) we find:

H H

10 0
= 10 -c0528 "~ -cosBsind | (4)

x o

. ' : 0 -cos6sind —sinze
or, more explicitly:

jﬁo =pQ®p - coszeﬁQa n - sin®8 X Q A

- cososing X Q% n - cosésin® i Q A

We note that the first three terms are strangeness conserving while
the last. two terms involve transitions between strange and non-
strangé quarks. The contribution of these‘terms to the decays
‘K2 +-u+u', K+ +-n+2+£' and the K-R mass spiitting are in contradic-
tion with experiment.10 One reason for the 1ntroducﬁionvof charm
was to suppress these unwanted and unobserved decays.

To see how this suppression occurs, and to better under-

stand the decay of charmed partic]es, we repeat the above calcula-
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~tion with the addition of a fourth quark. As before, we write:

a o= a

where q is now the column four-tupie (cpnr) and MH is- a four by four

matrix. As is customary, we assume the fourth quark (c) to be an

isosinglet, to have charge + 2/3, with baryon number 1/3 and to

possess a new quantum number called charm. (The properties of the

~- four quarks are'summarized in Tab]e II-T.)

With this convention, the charged current must be of. the
form: ‘
A qu = cos6 p Q% + sing p Q™A
sAE P +BEQta (5)

" where the constants A and B are determined by the requirement that

there be ‘no strangeness changihg neutral current. MH then acquires

the form:
0 0 A B. _
M, = 0 0 cose sine (6)
0 0 0 0
0 0 0 0
b ‘ -

To calculate the neutral cdrrent‘wé proceed as before, computing

Mﬁ from the commutator of MH and M;. Substituting from equation (6)

we obtain:




Flavor ~ Spin  Baryon# Charge  Isospin

- 1/2

b 1/2
n 1/2
A 1/2

S

¢ 1/2

"TABLE II-1. QUARK PROPERTIES

1/3 |

1/3
1/3

1/3

+ 2/3

VR
- /3

+ 2)3

1/2
0
0

(1)

z

(172)

(-1/2)

0
0

Strangeness
0
0
-1
0

Charm
0
0
0

+]



PO U o 0
0 _ 0 1 0 0
My = 2 2
0 0 -(A~ + cos"8) -(AB + sin6cos8)
0 0 -(AB + sin6cos8) -(B2 + sinze)

The strangeness changing part of the neutral current is then given by:

£ (85 #0) = - (AB + singcose) Q™
a - (AB + siné cosé)n Q%A

To eliminate these terms we need only set

A =+ sind B =+ coso
Fd]]owing the convention of Glashow, Iliopoulos and Maiani we choose;
A= -sind B = + cos6

This choice preserves the simﬁ1arity'between the weak, neutral
- hadronic current and the weak, neutral leptonic current. The matrix
we have defined here as Mﬁ is, in fact, equal to its leptonic counter-

part ME. Finai]x‘the total, neutral, hadronic current is given by:

i =p®p+ed®e - nd*n-1™r

and the strangeness changing part has disappeared.
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Substituting the values of A and B into the expression

for the charged current (5) we find:

jﬁ = cos6 p Q% n + sine p Q% A

o

+cosb c Q*A -sinecQ¥n

One major prediction of the theory becomes clear: charmed particles
should decay preferentially into strange particles versus non-strange
particles by a factor of cofzze g 13,

With tﬁe addition of the charmed quark, there should

exist new collettions of partic]es'differing from conventional particles
- by the substitution of a charmed quark‘for one or more of the familiar

ones. Tables I1-2 and 11-3 1ist the properties of the 0™ and 17 (J°) )
charmed mesons , respectively; and Figure II-1 shows the predominant.
decay modes for the charmed mesons. The objeét of the present experi-
ment was to search for the state p° (DO) by observing its two body
decay into K~ + n+ (K+ + 7). - For this purpose we pursued three
experimental programs.

The first was to observe charm production in anti-proton

interactions near threshold; eq.,
P+ N> D% +0°

or inclusively:

BN - D0+ 0° 4 x ‘ .



: TABLE.IIAZ. CHARMED 0™ MESONS

Quark Content
cn
cp
ex
1
%

1
2

(pp + nn - 2XX)

(pp + nn + AN + cc)

'1_;.(,9,3+nh+>\i-3ca)_

Isospin.
1/2
1/2

0

1/2
1/2

(1)
" 1/2)
(- 1/2)

(- 1/2)
(* 1/2)

Strangeness

0




TABLE II-3. CHARMED 1~ MESONS

Label Quark Conteﬁt Isospin (IZ) Strangeness

™ ch RV A S V) 0

o " op | 12 (- 1/2) 0

Fxr S aX | 0 , 4

1 - -

w 5 (pp - nnl 0 0 )
¢ AA 0 0

9. (/) cc 0 0
o an N 7 S GO V7 ) B

D* . cp - .12 | (1/2) | 0



Figure II-1: Decay modes of charred non-stranqe
mesons (after reference 33). Observed decay modes
of DO and D* are shown.
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Secondly, because the experiment was conducted in
an unseparated beam, we used pions to search for charm in associated

~ production; eq.
m N+ D° (0% + X

where X is, for example, a charmed baryon;

-

‘Thirdly, once the masses of the charmed mesons became
known, we developed a technique for observing charm production via
~ the cascade process: |

S N > DX+ X
|+ T ﬁo_
|-

Finally, in an experiment pararastic to the ones listed

above, we used the spectkdmeter tosearch for J/Y production via:
TN JY o+ X | | | 1
+ -
> U u

In Table II-4 we Tist all of the energies at which we collected data

along with the process we were seeking to observe.



TABLE II-4: SUMMARY OF EXPERIMENTAL PROGRAM

BEAM - BEAM PROCESS OF
MOMENTUM - PARTICLE | INTEREST
15.0 GeV/c | P PN-DD + X
15.0 GeV/c ° o | | 7N D (D) + X
12.4 GeV/c @ 3 PN+DD

~or PN-DD +X

8.5 Gev/c P P | P00
10.5 GeV/c o A m N>D* + X

“ 15.0 & 12.4 GeV/c o S NI+ X

8pprocess depends on mass of D. For exclusive channel
MD~2.3 GeV/c2; inclusive ;hanne1 for less massive D's.

PResu]ts depend on mass of Charmed baryon. See Chapter V.




I[II. A LITTLE HISTORY

The J/y (3095) is usually described as ]351 ce bound state
and its companion, the ¥' (3695), a 2351 radfa] excitation1]f Both -
particles have lifetimes approximately 103 times longer than expected
for strongly interacting particles of mass 3 to 4 Gev/cz. If
charmed partic]es-pf sufficiently Tow mass existed, one would expect
the J/¢ or its cdmpanion,'the ¥', to decay strongly via J/v > DD,
analogous to theldecay'of the ¢ - K'K™. The narrow width of the
J/¢.and the ¢! imp]y'that this strong decay is:not energetically |
possible; that is, the J/y and the y' 1ie below the threshold for

producing DD and must thereforé decay weakly into non-charmed particles.
+

* The enchancement .in the et e” annihilation cross section at center

- of mass energies above 4 Gev was interpreted to be due to the forma-
tion of higher mass relatives of the J/y which decay strongly into
particles with naked char'm.]2 Hence the expected mass for the |
1owesf lying charmed state, the DO, was predicted to be in the

range 1.85 < M) < 2.3 Gev/cz.

D
Models for production of charm are, in genera],-sensjtjve
to the anfi-quark content of the initial state particles. Most
models are of a Drell-Yan type; where, for example, J/¢ production
proceeds through duark-anti-quark annihi]ation (Seé Figure III-1).
Anti-proton or pion interactions should then be good candidates
for charm production.

‘This conc]uéion seems reasonable when we compare inclusive
'production cross sections for p + p ~ KLPKS and p + p } pp+K5K0 as

shown in Figure III-2.



(c)
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Figure III-1: (a) Zweig allowed
process; (b) Zweig forbidden process;
(c) Zweig allowed J production;

(d) J production via qq annihilation.

(d)



 the charmed particles. Gaillard, Lee and Rosner

10.
We note that strangeness is produced about 50 times more copiously
in anti-proton interactions near threshold as ¢ompared to proton
interactions. This, coupled with fhe relatively high bﬁ annihilation
cross section of 30 mb at s = 18 (equal to about 1/2 the total
inelastic cross section), was the reason we choose to look for charm
production in m and anti-proton interactions. It shoﬁ]d be noted
here, however, that in the J/y production expériments of Branson]3,
et al., J/¢ production by pions is only slightly more favorable than
b§ protons.

Guided by the analogy with-strangeness,‘it is possible '

. to make estimates for D production cross sections by assuming

(naively) that charm production is suppressed relative to strange

particles by a factor which depends solely on the higher mass of

14 12 assume a factor

of the form f(M) = M2, The cross section for p + p=K  + K™ is

approximately .13 mb at.center of mass energies ~ 1 Gev above thresh-
' 2
old. For (MK/MD)

order of 10-29 sz.

- ]/20, they predict o (pp = DD) should be on the

Recent theories fend to give estimates lower by at Teast
an order of magnitude, assuming that one can obtain estimates of
o (pp + DD) by multiplying the predictions fdr proton induced cross
section by a factor of ~ 50.

“Gaillard and Bour'guq'n]5 have estimated charm production in
pN interactions on the basis of inclusive single particle spectré.
Their results include a suppréssion factor for Zweig violating
processes (eq. pp + JDOD + X versus. pp ~ J + X see Figure III-1) as

-11

well as a factor proportional to "M . for the suppression of high




Or = o PP—KgK,
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% Figure III-2: Comparison of strange
. particle production in anti-proton
i and proton interactions.
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mass objects. Such factors have been suggested, for example, by
Lipkin16, to explain the suppression of pp -+ ¢*Kf*K' + X (Zweig

a]]owed) compared to pp > ¢ + X (Zweig violating). The results of
Bourguin and Gaillard are shown in Figure III-3. Multiplying by a

factor of 50 to reflect incoming anti-protons we estimate:

5 x 10'31 cm2

(114

o (pp >~ DD, /s E5(Ge\) )
) 'Sivers]7'has estimated charm-production in pp and wp
“interactions in a Drell-Yan modei, adopting the quark distribution
functions suggested by constituent counting rules. His predictions
are also shown in Figure III-3. Multiplying by the usual factor we
obtaih: |

o (pp + DD) = 2 x 10731 .

In a slightly different model, Landshoff and Donnachje]8
assume that each valence quérk is surrounded by its own ‘sea' of anti-
quarks. Their resu]ts; also shown in Figure III-3, imb]y simiTar
estimates for D production in anti-proton interactions.

| | Recent data indicate that instead of the M'2 dependence
assumed by Gaillard, Lee and Rosner, high mass production is suppressed

-25M/Y' s 17

by a factor of e near threshold. Combining this with the

" previously quoted cross section for pp > K"+ + X, we obtain

o (pp = DD) = 10730 o2,
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Comparing these estimates we would expect to see charm at

the level of a few times 10737 em? in PN interactions near:the charm
threshold. Assuming a branching ratio for D - Km of approximately
219, we require a sensitivity of about 10 nb. A1l of these
productibn models are extremely soft and largely émpir1§a1. It is

the task of the experimentalist to confirm or deny their usefullness.
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IV. THE BEAM

As described.in the previous chapter, we chose to search
for 0° mesons produced 1h anti-proton interactions by observing their
decay into a kaon and a pion. The.two;body decay channel makes for
a relatively c]ean'experimental environment. Because the K and the w
emerge with relatively 1akge and opposite values of,Pl, two spectro-
meter arms are required. The signature for a two-body charmed decay
is the final state kaon. Hence,each arm must be capable of identify-
ing pions, kacns and protdns. To achieve the highest possible
incident flux of anti-protons, an unséparated beam was used, requiring
identification of the incoming beam particles. Finally, the spectrometer
had~to be compact to provide the greatest possible acceptdnée. |

The transverse dimensions of the beam and the relative
f]uxesvgf pion§ and anti-protons strongly influenced the design of
the spectrometer. Before describfngvthe individual elements of‘the~
spectrometer, it is first necessary to understand the beam characteristics.

- The experiment was conducted in the high-energy- unseparated-

beam (HEUB - designated B1 in Figure IV-]) of the AGS. Protons of
momentum 28 -Gev/c incident on a .1" x 4% x 0.04" tungsten target
ptoduced the secondary beam particles. Negatively charged particles
~ produced at an angle of 0% relative to the incident proton direction
constituted the Bl beam. Thé relative fluxes of pions, kaons and anti-

protons as a function of the B1 beam momentum are shown in Figure IV-2.
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The B1 beam line was designed with two criteria in mind:
1) good momentum resolution and 2) minimal angular divergence. A
parallel beam was required to achieve good efficiency in the beam
Cherenkov.countek; Given the angular divergence of tﬁe beam the
transverse dimensions of the beam are determined by the emittance of
the beam 1ine.

- The configuration of collimators, dipole and quadrapoie.
magnets Which optimized the beam f]ux‘with respect to the above
critefia is shown in Figure IV-3. The momentum reso]ution of the
beam (determined by adjustable collimator C2) is calculated to be
AP/P < + 3%. The angular diveréence of the beam at the beam
Cherenkov counter (BC3) is 5 mrad in the horizontal (x) .direction
and 2 mrad in the vertical (y) direction. The transverse dimensions
of the beam at the secondary térget are (Ax) x (ay) = 1" x 2",

| Beam halo particles were eliminated by-absorption in a
Heavimet and lead collimator (C3) or by. producing signals in one
of two 'veto' scintillation counters downstream of the beam Cherenkov.
These 'veto' or 'ho]e' counters were designéd'such that only off-axis
partic]és would transverse the plastic scintillator. Signals from
these two counters were used in anti;coincidenCe with signals from
the beam Cherenkov counter. The relevant dimension of the collimators
C1, C2 and C3 and‘the two veto counters, V1 and V2, are summarized in
Table Iv-1. |

Incoming beam particles were identified by the high-pressure,

differential beam Cherenkov counter shown in cross-section in Figure IV-4a.

Cherenkov radiation emitted by beam particles passing through the
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TABLE IV-1: COLLIMATOR AND SCINTILLATOR DIMENSIONS

DIMENSION 7 A2
‘ (FROM  (THICKNESS
A B . ¢ . D R - ¢ TARGET) OR LENGTH)
Cl: 4 HOLE COLLIMATOR ~ = \- 174" 172 N/A ~ -1066" 36"
/2 1" -
]h 2.
‘. Sl
C2: MOMENTUM SLIT . N ~e ADJ ADJ  N/A 768"  ~24°
: 0+3" 0-+3"
€3 185" 18" 6 - 5" NA o ~-96" 16"
TARGET: ‘ L NA N/A /A N/A N/A- 0 KA
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Cherenkov medium (CO2 or Freon 13) was focused by a spherical mirror

onto a mask (Figure IV-4¢) .covering twelve photomuitiplier tubes

(RCA tybe 8575) arranged in two rings concentric with the beam line.
For a given gas pressure, only light produced from partic]es with
the correct velocity will be focused onto the annular slit in the

mask. Thus, for a fixed beam momentum, as the gas pressure is

~increased the Cherenkov counter becomes sensitive to pions, kaons

and finally protons. Figure IV-5. is a plot of the number of 3, 4

_and 5-fold coincidences among the six phototubes of the inner ring

as a function of the pressure of the Cherenkov gas (COZ). The pion
and proton peaks are c]eér]y visible, as well as a kaon _'shou]dér' on
the pion peak. Figure IV-é is énAen1arged plot of the anti-proton
peak. If one assumes there are approximately 200 pions for every
anti-proton (see Figure IV-Z), the pion rejection ratio in the proton
peak is approxihately 5 x 107% at this energy and incident flux.
Corresponding data different energies and gases is summarized in

Table IV-2.

As has been mentioned,.the efficiency of the beam Cherenkov
was sensitive to the alignment of the optical axis with the beam line.
To insure that the optical axis of the Cherenkov was coincident with
the beam the following procedure was used. First, the efficiencies
of the individual phototubes were checked. A well collimated (1/4" x
1/4") beam of pions was passed down the beam line. The Cherenkov gas
pressure (COZ)'was adjusted so that the pion Cherenkov light would be
focused onto the inner ring of phototubésl The high voltage sdpp]ied
to each phototube was adjusted so that 511 six tubes gave signals of

the same amplitude {( ~ 1 volt). With few exceptions, all -of the
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photomultiplier tubes used in this experiment operated with positive
high voltage, the photocathodes at ground. This tended to reduce
the dark currents and protected the photocathodes from evaporation.
To test the efficiency of an individua] phototube, we plotted the
~ratio of five-fold coincidences versus six-fo]d coincidences as a
functicn of the»high voltage on the sixth tube. Figure IV-7 is
~typical of an efficiency curve {or 'plateau' curve) produced in
this manner. . For chis-phototube the high voltage was set at 2.875 kilo-
vcits. The procedure was repeated for the other five tubes’of the |
inner ring. .A simiier procedufe‘was foi]owed for the six phototubes
of the outer ring. For the data reported»here,‘neither the outer
ring of phototubes nor the beam threshold counters BC1 or BC2 was
used. | |

The Cherenkov counter cou]d now be aligned as follows:

let R be the rate of three=fold coincidences in consecutive

a,atl,a+2
phototubes a, a+1 and a+2 (modulo 6). The horizontal and vertical
position of the.Cherenkov counter was adjusted so that R was independent
of a.

In general, the only parameter of the Cherenkov counter
continuousiy monitdred during the course of the experiment (aside
from the ratio of primary protons to five-fold coincidences) was
the pressure of the.Cherenkov gas. The efficiency‘df the Cherenkov
counter is, of course, sensitive to changes of temperature as well
as pressure. We ca]cd]dte the sensitivity of the Cherenkeov counter
to small changes in temperature,-starfing with the familiar relation
- between velocity 8 (= v/c), the index of refractidn (n) and the

Cherenkov angle (8):




]

(6/6) Coincidences Per 5x10* (5/6)

TUBE NO. 9

40K} »
2.875 KV
38K
| o——0—=0
34 K
30K[
1 1 1 I | L
2.5 2.6 2.7 2.8 2.9 3.0

+ High Voltage (kilovolts )

Typical efficlency curve for

Figure IV-7:
n beam Cherenkov

phototube of inner ring i
counter.

¥




17.
cosé = 1/nB
- ' >y 2,02
Let n=1+eg,e<<1;8=1-1/2m /P,

where m is the mass of the beam particle and P its momentum. We have:

1 M2
5 = (1 -¢) (1 +% e?J Z cosh
(-l+ ylll p
N _ _ €) (]'27)
Pm 2 2
‘ -€+.l‘i_. = _‘-.@..
P2 2
2 2
M 5]
g€ =—
2P2 Z

"To first order e is proportional to the density (p) of the gas given
by: € = ke = k B/T, where B is the pressure and T the temperature.

A small change in temperature (AT) corresponds, at fixed pressure,

" to a change in the index of refraction of Ae = - k E%; = —'E%I .
| 4 : M2
This, in turn, corresponds to a change in momentum of: Ae = Mg AP,
, . p-
Substituting typical values for € (~ 5 x 1073), (M/P)% (~107%) we

‘compute that:

AT o AP

T P

[}

Since AP/P is on the order of + 3%, this implies that AT/T may vary
by as much as + 6%, or for T ~~3OO°K, AT =+ 189K; a cohdition easily

satisfied in the AGS environment.
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V. THE SPECTROMETER: AN OVERVIEW

According to the discussion of Chapter III, when this

experiment was proposed the theoretical estimate for the cross-

30'cmz. This level -

section c-(EN > DD) was on. the order of 10°
of sensitivity can dn]y be achievéd when strict attention is paid
to the differences between fhe expected characteristics of the
decay and the normal hadronic background.

We adopt the form suggested by‘BeckerZ] to describe the

pérpendicu]ar_momentum distribution of the background:

BN > hE o+ X

dN

— = P e
dap-
oL

-5T

where h is a hadron (ie. =, Kor P),m its.mass and T = v3/2 Pl? +

| Near the charm threshold, we expect D production to be primarily
s-Wave.' We further assume that the decéy of the D into K - w is
jsotropic in the D center of mass. Hence, the <Pl? of a Kor u
originating from D decay is ~ 1 Gev/c. It is clear then thét the
“signal to noise will be best near 90° in the center of mass ,
‘because the background is relatively suppressed at high Pl:

The spectrometer was therefore designed to seéarch for the decay
0% > K+ m (0° - KF o+ m") where the K (w) emerges at roughly +
90° (;900) in the centeerf mass. Recall that the favored mass
of the D at the time of the dﬁscovery of the J/y was 2.3 Gev/cz.
To produce a DD pair of this mass'jdst above threshold requires
a center of mass energy (/5) of approximately 5 GeV of an anti-

proton momentum of 12.4 GeV/c. The opening angle between the two

arms of the spectrometer is then 360, in laboratory coordinates.

2

m.
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- The Tlayout of the speétrometer is shown in Figure V-1.
The spectrometer is short so ‘that the maximum so]idvangle (.015 ster
.radian) is accepted, partially offsetting the relatively low anti;
proton intensity. “Also, because the spectrometer is compact, the
~effects of decays of the secondary particles can be largely ignored
(see below).

Particle trajectories were measured by fourteen p]aﬁes
of drift chambers (labelled DC1 through DC4) in each arm, arranged
. in pairs to resolve the usual right-left ambiguity (see Chapter VI).
Momenta were determined by measuring the def]ectidn of pértic]es in
: péssing through 18D36 dipole magnet turned on its side (5 in the
horizontal plane). This configuration gives a sharp low-momentum
cutoff and decoup1es the méasurement of the opening angle between
the K and the m from the measurement of their momenta.

Two Cherenkov counters in each arm aided in particle
identification. A threshold Cherenkov counter (see Chapter VII)
inside the magnet and filled with Freon 13 at &tomspheric. pressure
was used to identify pions of momentum greater than 3 GeV/c (B > .998).
A water Cherenkov counter of new deSién (Chapter VII) was used to
identify pions of momentum below 3 Gev/c, as well as protons and
kaons of all momenta. Muons were identified by their ability to
penetrate approximate]y 8 feet of iron, corresponding to a minimum
energy of 2.5 GeV.

-"~_EKE§_{hEE};EEf6hMEh'fhe tﬁrget producing signals in
‘scintillation counters S1, S2 and S3 in both arms and in coincidencev
with a valid anti-proton signal froh the beam Cherenkov counter was

considered a candidate for the decay of.a charmed particle (see

Figure V-2 for a diagram of the trigger logic).
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An on-1line Hewlett-Packard 2116B computer was used to

monitor phototube pulse height information, drift chamber efficiencies
and counting rates in the various scintillators. During the beam spill
timing information from the drift chambers, all of the phototube informa-
tion and scaler data for each event were stored in a fast buffer
mémoryl(see Figure V-3). At the end of the spill data was transferred
from the buffer memory to magnetic tape for off-line track reconstruc-
_tjén and event ana1ysis. The data collection rate was limited by
the capacity of the buffer memory to less than about 30 events per
beam spill. |
The a;ceptance of the spectrometer was calculated Usingv
Monte Carlo techniques which included the effect of target Fermi
motion and assumed the production and decay of the D to be isotropic
1n‘the center of.mass. The acceptance of the spectrometer for 5N+DB
(assuming Mb = 1.86 Gev/cz) is shown in Figure V-4. In general, the
acceptance is strongly peaked at a mass equal to about 1/2 the fota]'
center of mass energy, assuming two body production, and has a width
of approximately + 200 Mev/cz. The mass for which the acceptance is
maximized is plotted in Figure V-5 for various values of the opening
angle of the spectrometer. Also plotted in Figure V-5 is the longi-
tudinal (z) momentum of the accepted D's. We mention also that if |
~ the mass of the 1~ charmed mesons is not too much larger than the
mass of the D, the acceptance of the spectrometer (when optimized

for PN +'D+5) is also lafge for the exclusive processes:

PN > (D D= ; p*D, D¥B%) | m
Note that while only one D is detected, the acceptance of the spectrometer

requires that the system recoiling against the D have rbugh]y the same mass.
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Furthermore, if the mass of the D is low relative to the beam energy,

it is possible to produce.the D in an inclusive process, eg:
PN - DD + nm

In Figure V-6 we plot the acceptance of the spectrometer for D's
produced inclusive]y'as a function of the beam momentum. -We assumed

the D was produced with a Py distribution given by:

-

do__p o5 %Plz + W 5 M,
HFI' 1 .

- where M is the mass of the D. The'producfion and decay of the D
-was assumed fo be i#otropic in the center of mass. |
The transverse dimensions of the térgét were matched to

thé spotsfze of the beam; The tafget consisted of é 1" x 2" x 9"

(AX x AY:x AZ) carbon b]ock (equivalent tovabout one absorbtion

1éngth) segmented into three pieces ofvequa1 length. A shorter target

was used with the more intense pion beams. | |
Thé Monte Carlo program indicated that the average laboratory
momenéhm of accepted kaons and pions originating from D decays waS
abogt~é.8 Gev/c. Exiting the target at 180, these parti;]es must
travel through approximately 1%" of target material. The rms mu1tip1e
scattéring angle of these outgoing particies of 1.54mrad.’ The amount
of,héteria] in the resf of'each spectrometer'arm is to be compared to
" the target thickness. We note also, that for a kaon of momentum 3 Gev/c

the average decay length is cyt = 400" or greater than three times the

length of the spectrometer.
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In addition to anti-protons, the Bl beam line provided an intense
source of negatively charged pions. As mentioned, we hoped to use

these pions to observe charm in assocjated production; eg.:

where X'is a charmed baryon, if charm and baryon numbers are to be
conserved. The pion-induced.doub1e-arm coincidence rate was, however,
200 to 300 events per 2 x 1012 protons incident on the primary'target.
This rate was far in excess of the capacity of the data acquisition
system. We'init1a1]y solved this prob]em by .reducing the target
]éngth from 9 to 3 inches. However, with the discovery of the p° énd

4 one of u522 proposed the

an apparent 17 excited state at SPEAR,
following scheme for reducing the large double arm trigger rate:
Consider the decay:

p*" > 7 D° (2)

Using the Q value (Q = § initial state masses - | final state masses)
- for the observed decay:

O+DO

D*% > 7
Q (0%° » 7° B%) = 2.0 to 4.0 Mev
“and the linear relation between the 17 mesons:

M (D%) - M(D%) = - (M(K¥) - M(K¥T)) = 4.1 + .6 MeV

one can estimate that:

Q (0% > n +D°) = 2.5 to 4.5 MeV
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A similar value obtains if one assumes thét:
M (D*") = M (D*) =M (D7) - M (D°) = 11 Mev

“For Q suffiéiently large, one would exbect the radiative decays of
the D*” to be suppressed. Furthermore, one can show using isospin
arguments that the decay D* > m° D” is suppressed relative to
Df' > 1 D% Best gueés estimates indicate that the D*” should
decay according to equatjon'(Z) about 50% of the tfme.

| These predictions seemed confirmed by the observatioésat

SPEAR of a peak near M = 2.01 GeV/c2 in the'missing mass spectrum

of partic]eé produced with the D;. We hoped to reduce the large double
arm trigger rate by observihg the cascade pion from the D*'-decay.
" To this end we modified the spectrometér by fhe addition of a third
arm, as shown in Figure V-7. A similar technique was used at SPEAR6
where Q was measured to be 5.6+ .5 MeV.

For small Q the pion.and the 0° laboratory momentum are

related by

Furthermore, since fhe kinematics of the spectromeﬁer require that
the momentum of the accepted D's lie along tﬁe + z axis, we expect
the cascade pion to be moving not only s1ow1y,.bﬁt in the + z direc-
tion. In Figure V-8 we plot the production'angle (6) of the cascade
vpion versus its momentum for‘severaj.values of Q. The maximum angle

is fixed by an 11.5" hole in the shield plates of the spectrometer
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magnets 87" downstream of the target. We pTaced a 48 D48 dipole
magnet with a 32" gap 240" downstream of the target. The field
integral, f§;d§ = 272 MeY/c,was syfficient to bend Tow momentum
particles of interest.out of the beam line. Two §cinti11ation counter
‘hodoscopes were used to measure the approximate angle and momentum
of the lTow momentum hartié]e.

The normal double arm trigger rate was suppressed by
requiring a signal in both of the two third-arm hodoscopes. -The
t;igger rate suppression achieved in this.manner was a factor of
30, permitting opération at an intensity of ].S X 107 T on a |
33 gm/cm2 carbon térgét. The double arm data was analyzed in the
usual manner, producing a K - m mass spectrum. The mass of the
Knm system was thén calculated using the infofmation from the

third arm counters, thus détermining Q. By demanding that this

Q be consistent with the value measured at SPEAR (5.6 + .5 MeV)

the background was redﬁced by an additional factor of 5.

Essential to the success of this part of the experiment
 was a knowledge of the mass scale of the charmed baryons. Both of
the experiments mentioned in the in;roduction indicated that the
mass of the Towest lying charmed baryon was on the‘order of 2.3
GeV/cz; If we then use that My is 1.865 GeV/c? and Q £ 0, the-

required momentum of the incident pions is 10.5 Gev/c. Due to the
target Fermi momentum, the estimates of the charmed baryon mass
" need only be accurate to about 300 MeV/cZ. The data accuhulated

during this phése of. the experiment will be presented in Chapter IX.
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VI. DRIFT CHAMBERS AND TRACK RECONSTRUCTION.

Twenty eight planes of drift chambers, divided equally
between the two arms of the.spectrometer, were used to measure particle
trajeétories. Six planes in each arm measured the trajectories in
the horizontal plane. The remaining eight planes of drift chambers,

four in front of the magnet and four after the magnet, measured the

. particle trajectories in the-vertical (bending) plane.

. Figure VI-1b is a cross-sectional view of a drift chamber of
tée_type used in this experiment. The distance between adjacent sense
wires is two inches and the separation between ground planes is one inch.
Each sense wire is separatedvfrOm its'neighbor by.a pair of drift wires.
Two pIanes of wires, sharing a common ground plane and shifted with
respect to each other by half a cell, comprise a complete drift chambgr.v
In this configuration it is poséib]e to determine whether the incoming
particle passed td the right dr left of a particular sense wire, since

if a particle. passes through the right half of one cell, it traverses

.the left half of the cell in the adjacent plane. The physical: parameters

of the drift chambers are summarized in Table VI-1. A

wa pofnts are noteworthy: 1) there are no field shaping wires;
and 2) the drift and sense Wires are paired rather than sinjle. Cosmic
ray teéts.of a prototype chamber With single (Figure VI-la) rather than
paired wires indicated that a constant drift velocity could be-achieved
throughout the drift space without thé use of field shaping wires.
This prototype chamber, however, suffered from poor efficiency near the
drift wires. Doub]iﬁg the drift wires enlarged the physical region
near the.drift wires for which the drift trajectories terminatéd

on the sense wire.. The superior efficiency
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of the double wire scheme is.evident‘in Figure VI-2, which compares
the two designs. These curves were made from data takeh with an
| atmosphere of ethylene in the drift chamber. The drift velocity in
ethylene is shown in Figure VI-3a, and is quite linear throuéhout the
drift spacé. |
Ethy1ene was chosen as the drift»chaﬁber gas for four
reasons: ’ | L ,
.1) It had been_successfu11y>uséd by other523. }
2) It has ekce]]ent velocity saturation properties.
i.e., the drift velocity is remarkably independent
of the electric field over a wide range of values.

3) It does not have to be mfxed-

4) Ethylene is inexpensive.

We therefore began this exberiment with ethylene as the drift chambeh
gas. |

With'the sense wires at a potentié] of +3700 volts an
Fe55 source produced signals of approximately 10 mV, measured
before the amplifier. ‘Since the principal X-ray from the decay of
Fe55 has an energy of 5.9 kev, we expect that minimum idnizing
particles Wou]d produce signals of approximately 1 .mV, assuming
the signals that trigger the amplifier correspond to the energy loss in
‘1/89 of gas. Each sense wire pair was connected to its own amplifier
(Figure VI-4) and timing circuit (Figuré VI-5). Raw signals from
the drift chambers were amplified 200 times by a wA733 video

amplifier used in a single ended mode. ‘Resistors R] and R2

Ry |
L *
Ry + Ry

VBBA5,150 mV. At point A in the circuit a simple modification

(not- shown) permitted the amplified signals to be routed to one of

determined the discriminator threshold according to Vmin =
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two line drivers (MC10101), each connected to its own time digitizer.;
This modification was only used in the front chambers where the partié]e
flux was especially high.

A block diagram of the time digitizing circuit is shown
in Figure VI-5. A 21 MHz master clock started by a fist NIM signé]
from the main trigger begins thé timing.sequence. A signal on a
sense wire: initiated a separate 24 MHz clock which was beat against
the 21 MHz master clock in a vernier scheme (See Figure VI-6). A
coincidencé between the 21 MHz clock and the 24 MHz clock determines

the drift time to a precision of:

24 MHz - 21 MHz
21 MHz x 24 MHz

= 6 nsec or a drift distance of .012"

The address (8 bits) and timing information (7 bits) of those channels
containing information were readout by a CAMAC scénning-modu]e at a
rate of 1.5 usec per bit (The total dead time to readout all ADC's
scalers, pattern bits and‘drift chambers into the fast buffer memory
was approximately 3 msec;).

In Figure VI-1 let t; and t, be the measured time (corrected
for electronics delays) for electrons to drift from the jncident

particle path to two sense wires on adjacent planes. The angle (6)

-of the incoming particle is given by:
sing = (TO - t] - tz) v/d

where»Td is the maximum drift time, d is the separation between the sense wi)
planes and v is the drift velocity. The measurement error in 6. due

to the finite size of the timing bin is ~ 12 mrad.
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After the drift chambers had been insta]]éd the surveyed
positioﬁs were ehecked with straight-through tracks (spectrometer
magnets off). ‘Figure VI-7 is a plot of. the deviation of the position
measered in one drift chamber from the trajectory calculated on the
basis of informafion from the other chambers. The full width at
_ha]f maximum is broadened (from fhe 12 mil intrinsic resolution)
by multiple scattering in the water Cherenkov counter and the
Varioue scintillators. | ‘

Additional checks were made to insure that systematic
effects were held to a minimum. In Figure VI-8 we plot the avefage
deviation between the measured and calculated position of the particle
‘trajectories as a function of the wire number for a typical chamber.
The distance corresponding to one time bin is also indicated for
purposes of comparison. As can be seen, the average. deviations are
all less than this fundamental distance.

As a further demonstration of the linearity of the drift
'vé]ocity we plot in Figure VI-9 the average deviation as a function
of the time bin summed over all the wiree in one drift chamber. The
data were produced assuming a constant drift velocity over the entire
drift space. Here again, the‘deviations correspond to a fraction of
one time bin.

After approximately 500 hours of use the efffciency of '
the drift chambers had fallen below acceptable 1imits. There was no
apparent reason for the decrease in the efficiency,_a]though a

gradual rise in the chamber dark current had been observed.
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Microscopic examination of the drift chambefs revealed
that .the ground wires were covered with fine black filaments while
small clear crystals had formed on the drift wires. The sense wires
were relatively c]éan. It was supposed that organic radicals formed
in the jonization of the ethylene gas migrated to the ground planes
and drift wfre;wherepqumerization took p]ace; The deposits on
the wires then acted as electron sources increasing the noise and

~dark current in the chambers. A similar observation was made by
24 '

-

another group”  in Tlaboratory tests using a radioactive source. A

15 min exposure to a collimated 2 mcurie Ruthenium source (- 107
ionizing pértic]es/sec/cmz on the chamber) was sufficient to reduce

the efficiency of the test chamber from 100% to zero. The deposits

weré removed by washing the chambers.once each with amyl acetate,
mathyl-ethyl-keytone and Freon 112.4

The remainder of the experiment was carried out with a
drift chamber gas consisting of argon (80%), methane (8%), isobutane
(10%) and methylal (2%). This combination of gases had been success-
fu]]y.tested at CERN.Z-5 The distance versus time relationship for'
this drift chamber gas is shown in Figure VI-3b and is again linear
throughout the drift region.

This new drift chamber gas has, of course, the disadvantage of
rgquiring mixing. An argon methane (90%-10%; so called P-10) gas mixture
was bubbled through methylal at 0°c énd then mixed with isobutane.

Gas flow was measured with Matheson type 600 flow meters on the basis
of ca]ibrétion curves supplied by the manufacturer. Care was taken
to avoid contamination of the methylal by the isobutane (isobutane

Tiquifies at 3°C). After 2000 hours of use with this gas no decrease

in efficiency‘in the chambers has been observed.
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The track reconstruction program began by searching the
drift chambers behind the magnet for possible tracks in the bending
plane. A track* found in chamber 3 was projected onto chamber. 4,

with the appropriate uncertainty determined by the error in measure-

ment of the angle of incidence times the separation between the

chambers. The program then searched within this error window for
possible tracks in chamber 4 with the same angle of incidence. Find-
ing such a track the particle trajectory behind the mégnet was

calculated and projected back to the center line of the magnet. If

no track was found, or if the information was ambigious, the event

was rejected. Those points in‘chambers 1 and 2 which lay near a

line connecting the center of the target with- the point at the center

~1ine of the magnet were used to reconstruct the particle trajéctokies

through the front chambers. Track finding in :the non—bending plane
was completely analogous. Positions behind the magnet were corrected

for horizontal focusing due to the-logitudinal component of the

The track geconstruction efficiency was poor; only about 10% of

- all real events were reconstructed. There were two reasons for this poor

efficiency. First, the naiye solution to the right-left ambiguity is in-
correct for particles incident at large angles, since they need not pass
through overlapping drift spaces. Indeed, at the extreme ends of
chamber 4 this solution is usually wrong. Hence for each pair

6f points in a Chamber there are four possible trééks. It frequently

happens that two of these tracks are consistent (within

*For the purposes of discussion a track in a single chamber is defined

by signals on two sense wires in adjacent planes separated by no more than 1°.
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errors) with the trqck in éhamber 3, making track reconstruction
impossible. Similarly, if one of the four signals is missing the
. event is, in general, unreconstructable,

The second reason for the poor reconstruction efficiency
was the high flux of particles through chambers 1.and 2. Because .
of the comparative1y Tong drift space, any particle which passed
through the spectrometer within500 nsec of the main trigger abpeared
in the drift chamber 1nformation,_confusin§ the data from the
partic]es actually involved in the event. It was often impOssib]e‘
to unambiguously sort out the information.in the front chamberé.

We partially solved this secbnd problem by replacing the
front drift chambersvwith multiwire proportional chambers (MWPC).
These chambers had a much better.timing resolution (” 100 nsec) but
slightly worse spatial resolution (The wire spacing was 1/8" correspond-
ing to an intrinsic resolution of 35 mf]s). The details of the
design of these chambers and the associated electronics has been
described e]séWheEg? We note here, however, that these thambers were
operated using'the'same gas mixture as the drift chambers.

The best solution to the first problem was to install more
chambers behind the magnet, which was atAthe time impossible. As a
stop-gap measure we added scinti]]ation-counters directly behind tﬁe
magnef (Tabelled 52 in Figure V-1) to reduce the accidental trigéer
rate. With these improvements a factor of about two Qas gained in

the reconstruction efficiency.
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VII. CHERENKOV COUNTERS AND THRESHOLD DETECTORS

A. A Broad Band Focusing Cherenkov Counter

The compact size of the spectrometer meant that little
space was available for Cherenkov counters. The Cherenkov counters
had, therefore, to be compact,'as well as efficient over a wide
. range of phqse space. To properly separate kaons from protons
the detector had to measure velocities as low as B = .95, up to
the maximum g8 = 1. AdditionaT]y, the path of paftic]es through
the Cherenkov counter could be disp]aced as much as 4" from the
center line of the spectrometer arm or at angles as large as .1
rad. The Cherenkov counter had to be equa]]y efficient for these-.
 off-axis particles,

~ One of u529 proposed a Cherenkov counter (Figure VII-1)
wfth essentia]]y_these ;haracteristics. The Cherenkov medium is

water (n ¥ 1.33) contained in a lucite (Rohm and Haas UVT-II)

meniscus one and one-half inches thick. The curved surface of the
radiator (radius = 37.]25") compensated for off axis particles. A
spherical nickel-plated mirror of radius 17.0" focused the Cherenkov
1ight onto the photbtube mask shown in Figure VII-1b. We designed
the mirror as a compromise between a shape that could be easf]y,
fabricated and the desire to reduce the effects of coma.

Behind each of the eight petals in the phototube mask
was an aluminized mylar light guide which Ehanne]ed incident Tlight

onto the photocathode of an RCA 8854 photomultiplier tube. Zener

diodes in the base circuits'prevented deterioration of the signals due

to thg high rate forward of the spectrometer magnets. Individual

pulse height spectra were fitted with Poisson distributions.




Figure VII-1: (a) Cross-sectional view of water
Cherenkov counter; (b) Phototube mask.
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We define a parameter A edua] to

‘No - N

A F —
- N0 + NI

'where-No(NI) is the sum of the number of photoelec¢trons in the outer

(inner) four phototubes. Given the shape of the curve outlining
each petal, it is possible to show (Appendix 1) that the radius
(r) of the Cherenkov ring at the phototube mask is given by

] . sin]
r= ;1 +-C2 sin A'

- where C1 and-C2 are constants. Monte'Car1o studies indicate‘that_h

- is relatively stable for particles tfave]]fng parallel to,‘but dis-

placed from, the center 11ne'of'thé pattern.

| Figure VII-2 is an exahp1e.of the m - p separatioh attained
with this. Cherenkov countér. The two histograhs shdw the distribution
of A - for particles Wfth moﬁenta between 3.5 Gev/c and 4.6 Gev/c.

Those particles included in ngure VII-2a also produced signals in

the threshold counter and are considered pions. The particles correspond-

ing to the data plotted in Figure VIII-2b were not associated with
signals in thé fhresho]d counter and are most1y'protons. The separation
between the proton peak and the pion peak is approximately 0.40. Both
have a width of approximately o =_.25. There is no obvious kaon signal.

Particles detected by the water Chérenkov counter must

have a minimum momentum (P ) given roughly by:

min_

P (Gev/c) = 3 * M (Gev/cZ)A k (1)

min
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where M is the mass of the particle. MNWith the approximation that

g=1- 1/2*M2/p2 one can demonstrate (Appendix 1) that

= sin (K

>
1l

- K2*M2/p2 ) | : (2)

where K] and K2 are constants independent of the part1c1e type "In
Figure VII-3 we trace the va]ue of A (obta1ned from Monte Carlo ca]cu]a-
tions) as a function of.momentum for pions, kaons and protons. Equa-
tion (2) is conststent with these curves to + 5%. We observe that at -
‘tne onset of the threshold counter that kaons are separated from pions.
by on]y'one.standard deviation. The absence of a clear kaon signal in
Figure VII-2 can now be understood. Any kaon signal would be dwarfed by
pions.which are produced about 100 times more copiously at these angles
end energies | | |
| A1l 1nformat1on from the Cherenkov counter is, of course, lost
’1f there is more than one part1c1e per arm per event In F1gure VII-4

we plot the total number of photoelectrons co]]ected in ‘the inner and

outer rings (N0 + NI). ‘The single particle peak is centered near 102
(arbitrary units) and is accompanied by a long tail towards higher sums

. due to two or more particles. The solid line represents the sum of a
constant plus tno Gaussian distributions (7 free parameters) fitted

" to the data. The ratio informatfon was ueed only when the number of
photoelectrons fell within + 20 of the single particle peak. To be
unambiguously identified as a kaon, the measured ratio (A) had to fall

with roughly + lo of the value predicted by equation (2) (or alternately
Figure VII-3). If it also happened that the measured ratio fe]]iwithin + 1o
of th e pion (or proton) curves, the particle was also 1abe1{ed as a ‘

possible pion (or proton). Hence, one event might appear in several

mass plots.
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As‘deécribed, the threshold velocity for this detector was
R = .95, corresponding to a momentum three times the mass of the incident
~par;ic1e. Since the low.momentum cutoff imposed by the geometry of the
spectrohéter was p »1.25 GeV/c (seé Figure VIII-1) the water Cherenkov
counter could detect essentially all pions and most of the kaons accepted
by the spectrometer. On the'other hand, Tow momen tum protons (p <3 GeV/c)
~were invisible to the Cherenkov counter. In Figure VII-5 we plot tﬁe
humber of photoelectrons in the outer ring (NO) fof particles with
mémenta between 2.2 énd 2.5 GeV/c. The peak at zero corresponds to pro--
tons while the peak centered at “36 is produced by pions. Kaons occupy
the region in between. Any .particle of momentum less than 3.1 Gey/c
(1.7 Gev/c) which did not produce 1ight in the outer ring (SUMOUT §’14)
was at least considered a proton {(kaon). If the sum and ratio criteria
for a kaon or pion were also met, then the particle was also labelled as
‘one of these. |

All paftic]é identification cuts were graded as a function
of momentum so as not to introduce any discontinuties in the mass spectra.
In Figure VII .6 we plot the maximum allowed deviation of the measured
ratio from the average value as a function of momentum for kaons, pions
and protons.  We note that above 3 GeV/c, where the threshold counter is

used to identify pions, the ratio cuts on kaons become less restrictive.
B. The Threshold Counters

Becéuse the K-m separation jn fhe water counter'was‘poor
above 3 Gev/c a threshold Cherenkov c0unfer was installed in the
magnet gap._ This counter (Figure VII-7)'was‘f111ed with Freon 12
at stmospheric pressure and.was sensitive to pionsVWﬁthAmomentum

p> GeY/c (B > .9989). The entrance and exit windows were

constructed of 10 layers of .25 mil aluminized my]ar, providing



NUMBER OF EVENTS

2000

1800
A - ) - | Fiqure VII-5
600 v s |
1400H LEFT ARM
r 2.2 <P< 2.5 (GeV/c)
1200 = ' ’ :
1000
800

600
400

200

ob L1 1 1t 1111 11 | L1
O 16 32 48 64 80 96 12 128
| SUM OUT (Arbitrary Units) |




M'aximun.u Allowed Deviation Frogn._Avor.age Ratio

H
Neo
3

= - n n oW
(@) (4] (@) 6 Ne) NI B
[\ ] [ . | [l 1

O
|
1

P (4)
T T T T T T T 1
5 20 25 30 35 40 45 50 55

MOMENTUM (GeV/c)

Figure VII-6: Ratfo cuts as a function of momentum.
'+' sign refers to positive deviation; '-' sign refers to
. negative deviation. HWHM of pion distribution is c=0.25.
Minimum allowed proton ratio is 4> -1.1 independent of
- momentum. . »



36.

a sealed, light-tight environment for the Cherenkov Qas. These
thin windows also kept multiple scattering to a minimum. Two
spherical front-surface mirrors reflected the Cherenkov 1ight onto
two RCA 8854 phototubes. The mirrors were made of aluminized 1/8"

thick black plexiglass. - This material minimized multiple scattering

~and ébsorbed any Cherenkov radiation produced in the‘mirror itself.

Two layers of u-metal shields and a third of cast iron protected

the phototubes from stray maghetic fields. We observed no decrease

-

in the photdtube efficiency as a function of the magnet current
or polarity.

lTo fnsure that the counter was efficient throughout the
entiré»vb]ume of the magnet gap we cdmpared thé number of identified
pions with the total numbér,of Chafged part1cTes.' These numbers (Fig.‘VII-8)
are plotted as a Ffunction of the horizonta1 positions of the'partic1es -

as they pass through the center of the magnet gap. We note that

the pion distribution has the same Shape as the total charged

particle distribution. We conclude there are no regions where the
counter is seriously inefficient. Above 3 GeV/c particles identified
as pions had not‘on1y to satisfy the water counter criteria, but

also had to produce signals in the threshold counter.
C. Muon Identification

Muoné were identified by their ability to penetrate‘'8 feet

of iron placed at.the end of each spectrometer arm. The minimum muon

- energy required to penetrate this distance is 2.5 GeV', Trajectories

calculated in the drift chambers were pkojected’through the muon

hOdoscope counters S4 and 55 (Figure V-1). A particle identified as

"~ a muon-had to pfoduce signals in the scintillation counters whose
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Tocations were consistent with the projected particle trajectory.
The muon telescope was removed when the third arm was added to

the spectrometer.




. 38.

VIII. MOMENTUM DISTRIBUTIONS AND TWO BODY MASS SPECTRA

: 'Oncé individual tracks had been reconstructed the
momenta of the particles were computed. Small corrections (< 1%)
were applied to the momenta to accdunt for_the inhomogenity of
the magnetic field. These corrections were derived from measure-
ments of the field integral (J B - EE 2 450 Mev/c) taken along some
200 paths in.the'magnet'gap. The measuréments were made using a
fJip coil of dimensions 2" x 120" conneéted to an integrating
cifcuit which measured the flux change wheh the coil was inverted.
The individual measurements were reproduceable to + .01%. The
absolute vé]ue of the field integral is known to ~ 1.0%.

In,Figurgs VIII-].(a-g) we present exampies of momentum

spectra measured.in'this experiment. Figure VIII-Ta is a histogram
- of the momentum of all ﬁositive]y charged particles in thé left

arm. The cutoff in the distribution near 1.25 Gev/c is imposed by the field

the interactions. The pion momentum spectra (Figure VIII-1b,c)
are essentially identical to the charged particle distributions.
We note there is a smooth transition near 3.0 Gev/c where the
. threshold counter becomes the primary means of identifying pions.

The proton momentum spéctra (Figure IX-1 f,g) are a]éo
consistent with the charged particle specturm. The Kaon momentum
spectra (Figures IX-d,e) are, howevér, markedly different from‘the
pion'or proton distributions. As the kaon momentum increases above
1.0 Gev/c pions become increasingly misidentified as kaons, obscuring

|
|
|
integral of the magnet. The exponential tail reflects the physics of
the normally sharp 1ow-momen tum cutoff. We note also that near 1.25
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Gev/c, kaons are only margfnaj]y.identified by the water Cherenkov
counter. Above 3 Gev/c the pion contamination of the kaons is
eliminated by the thfesho]d Cherenkov counter, dramética]]y re-
ducing the number of apparent kaons. The step in the momentum
spectra is more pronbunced~fn K™ than K due to the fewer (greater)
number of anti-protons (protons) to be misidentified as K~ (K+).

Frbm.the discussion of Chapter VII we estimate that approximately

" 60% of all real kaons are included in these momentum distributions.

Recall tﬁat at the time of the discovery of the J/y¢ the
best estimate for the mass of the 0% was 2.3 Gey/cz. To produce

a BD .pair at this mass 1h anti-proton interactions‘required a

beam momentum pf 12.4 GeY/c. Charmed mesons produced in pion inter-
acfions near threshold must be accompanied'by a charmed baryon, if

baryon number and charm are to be conserved. This requires an

'jncident pion momentum of ~15 GeV/c, assuming, as was popular in

1974, that the mass of charmed baryons is of the order of 2.6 GeV/cZ.

In Figures IX-2a-c we display thé m-K mass distributﬁons
of interest to the charﬁ search. The data was collected using
incoming beams of 15 GeV/c pions and.anti-protons of momentum -
12.4 Ge¥/c and 15 Ge¥/c.

It is possible to calculate the approximate hass recoi]-

ing against the K-m system and thereby feduCe the background by

" requiring that this mass be'equa1 to the mass of the observed K-m

systém. However, because the acceptance of the spectrometer is
strongly peaked at the mass of the D, this technique would have

introduced a fa1ée peak at the D mass. We do expect, however, that
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a pion and a kaon originating from D decay should have roughly the
same momentum. Therefore, events plotted in the Kr mass plots

" satisfied the restriction that:

Pﬂ P < .4 = ZZA,of the D CMS polar angle.

P - PK
K

This cut eliminated approximately 10% of the events.

The invariant mass was ca1éu1ated (with obvious notation)’

-

as:

2 ‘ a2 s
ME 2 2
12 = M+ My + 2E(E, - 2P-P,

In Appendix 2 we show that SM/M = 1% for masses on. the order of

2 gev/cl.

~ The events are plotted at roughly twice the mass resolu-
tion of the spectrometer. "No statistica]Ty‘significant structure
is visible. Mass distributions for other two bbdy combinations
‘are tabulated in Appendix 4. The data taken with 8 GeV/c anti-protons~ahd
| 10.5 GeY/c.pions incoming beams will be described later.
To calculate upper limits for-the cross section times
branching ratio o (EN +~D+X)B Dok We use the usual criterion of requir-'

ing a § standard deviation effect in a mass bin equal to the mass

resolution. For a given mass Mo’ oB can be expressed as:

_di B = . NKTr
dM | "DKm © T ple Ny L
LM+ oM A Teff
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where N, is the number of events in the mass interval My £ aMg, 1
is the number of incoming particles, p is the tafget density and NA is
Avogodro*s number. The overall detection efficiency (e) is the product

of several factors:

€= g * €o * €3 *~e4 * eg
e]=-geométrica1 efficiency calculated from Monte Carlo
simulations '

€57 track reconstruction efficiency

e3=~probab11ity that a Kor a =« lies within the particle
identification cuts (.6)

= fraction of all real events that fall inside a particular mass
bin due to the finite resolution of the spectroneter (.6)

= correction for absorbtion of final Kr system in target (.8)
As the beam passes through the target the intensity is reduced
due to absorbtion. We accbunt for this by defining an effective |

target 1engh;(Leff) such that:

- -L/x
Legs = 2 (1-e7"7)

where - X is an absorbtion length in carbon and L is the actual length of
the target. In Table VIII-1 we summarize the cross;section limits
for the data taken at 12.4 and 15 GeV/c and in Appéndi* 5 we list the
- values of the e's.
Using the muon te]escobe we could also measure J/y production
via:
* N+ J/p + X
|

The muon trigger did not require an anti-proton signal and the data

+ -
> u u




TABLE VIII-1. CROSS SECTION LIMITS .

Beam Momentum (GeV/c) 2.4 15 | 15
Process | P >D (D) +X  PN-D (D) + X 7 N>D (D) +
Targef o 5,0‘gm/cm2 C. 50 gm/cmz'C. | 17 gm/cmz‘C
Sensitivity/event (sz/nuc1eon) ) ' i |
My = 1.86 GeV/c? S 12 x 10739°° 013 x 10730
| l'Mb = 2.3 Gev/c? ‘ 042 % 107 .0045 x 10”30
Events (50 in 20 MeV) | o
Com e K (1.86) 33
(2.3) 20
Kn (1.86) | 25 | | 80
| (2.3) VR i 50
Kt (1.86) B 20 | 61
(2.3) 1 27
oB® PeD(D)+X  (1.86) 4.2 ub
(2.3) 8 b
cwes 18 g EY:
Wy g 4 | Sah-

4pata has been summed to improve statistics.

: bSens1t1v1ty includes efficiency for detect1ng final state kaon (.6) and absorption of
final state particles in target (.8).
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was collected during both the anti-proton and pion runnjng. The
di-muon mass spectra are shown in Figures VIII - 3, together with
background spectra obtained from the like sign events. We observe
one_u*uf‘event near mass 3.1,Gev/c2. If we interpret this event as
originating from the decay of a J/w,the'cross section times
branching ratio is:

36 2

o *B = §x 107" cm

¥ -
J>uu

This limit assumes the J/¥ was produced in pion inter-
actions . If we use the measured branchihg ratio of'J/w+u+u' of

7% we obtain:

o (N a+X) =7 x 107 e

The data taken with an incoming beam mohentum o% 8.5 Gev/c
represents our most sensitive éearch for charm production in antj-
proton interactions. At this momentum, the acceptance of the
4 spectrometer is optimized for D's of mass 1.86 Gev/cz, as well
as all of the process of equation V-1. Also the number of anti-
protons per pion is highest at this beam momentum.
| Two significant features are present in the K - n»mass
spectra ‘taken at this energy (Figures VIII-4a,b). The first is a
broad resonance near the peak of the n'K+ (n+ K™) mass spectrum; To
eétimate'the production cross section for this resonance we fitted

the mass distribution to the form:
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" Figure VIII-3: Di-muom mass spectrum. Data
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The width and mass of the resonance determined in-this way (Figure
VIII-5) are M, = 1.400 + 0.01 Gev/c2 and I' = ,103 + .021 Gev/cz,
consistent with the K* (1421). The number of events contained inl
the Breit-Wigner is 550 + 200. The -error in this number seems
-unacceptab]yvhigh, especially when we compare the daté with a
béckgrouﬁd curve obtained from the 1like signv(n+ K+ and m K)
data'figure VIII-6). For this reason,iwé refitted that data fixing
the width of the resonance at the.nomina1 vaiﬁe r = .108 GeV/cz.
vThe mass and amplitude for the resonance'obtained in this way are
Mo 1.406 + 0.010 Gev/c2 and 550 + 110 events, reshective]y.

This resonance provides a convenient ca]%bration point
for the mass scale. Using the accepted value for the mass of the
K* (1421) we ca]cu]atevthat the systematic error-in the mass scale
is approximately 1%.

To compute the prpduction cross section times branching
ratio we used an estimate of the geometrical acceptance obtained
from 5 Monte Carlo simulation of the apparatus. The Monte Carlo
program assumed that the minimum mass recoi]ing against the K*
| was .493 Gev/c2 and included the effects of target Fermi momentum.
The momentum distribution of the K* (1421) perpendicular to thé
beam axis was picked according to the rule: . | :

dN ap ©

ar
I
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where T = /(3/2 P2 +2.) - 1.420 . The distribution of momentum along
the beam was chosen independent of Xg PT|/ Pmax and fhe decay into n-K
was assumed to be isotropic in the K* center of mass. The resulting
| efficiency was calculated to be 1.8 x 10'4. whgn we include the recoﬁstruction
and K-v.detection efficiencies, and account for the.absofbtion of the
Kw system in the target, we compute:

_ N
[¢] K*B Kﬂ’-

~
=
1}

- 550 ' (en®) .
pel Ny Lce  (2.3)%(8.6x10-6)%(9, 4+1010)%(6x1023)(12.5)

4 x 10°2°

-

+.8x 1078 c*?
where the error is statistical. Although there are no other measurements

of inclusive K* production, this result is consistent with measurements

of exclusive processes32,eg.:

o(PN=K* + KS) 10 +6 ub at P = 1.18. GeV/c

K*>K* =

Kf»KSn+w—ﬁ=

beam

, o(PN+K* + KS) 25 + 10 ub at Phoam = 12 GeV/c
The other feature of interest in the K-= mass plots is a smaII

=enhénéément'ih the cross-section near 1.86 GeV/c2 , the known mass of

the 0°. To measure the statistical significance of this peak we fitted

~ the background plus signal to the form:

dN = A% exp(-b*M) + B * exp(-(M - M )%z * o?)

(=%

" -where M' A, B, b, and o were allowed to vary. The results of this

procedure are shown in- F1gure VIII 7a, b
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The values for Mo»and-B obtained in this mannér were Mo = 1.88 + .01
GeV/c2 and B = 26 + 11, corresponding to 65 + 25 events. The calculated
width is consistent with the mass resolution of the spectrometer. We

calculate the cross section times branching ratio to be:
o(PN »0° (B°) "+ X) B, =780 +300nb

where the error is statistical. . These numbers, as well as the results for
the individual channels K+n; and K'n' are summarized in Table VIII-2a.
For purposes of‘compérison."in Table VIII-2b we list the crbss-section '
limits. equivalent to-a five standard deviation effect in & 20 MeV mass
bin. |
- These results are not conclusive evidence for the existence
of charm. The effect is, however, of enough significance to warréant
. further investigation with-an improved apparatus. In the meantime, 6ther
tests have been performed to imbfove the signai in the existing data.
We chose to replot the data weigﬁted by the probability
that we had correctly identified the decay products. We note that
in Figure VII-2 that the ratio (a) distribution in the water counter
is roughly Gaussian. Therefore, we defined the probability that a |
particular particle was a pion, kaon proton by:
-(ay - Aci)z/Zdz

Pi e ‘M

where AM is the measured ratio, Aci is the value calculated from

equation VII-2 and ¢ = 0.25. A probability (P_, P PP) was calculated

n’ K

‘ fp§~each assumed mass. The individual probabilities were normalized

such that P1T + P, +P,=1,.

K P




BEAM. MOMENTUM

 TABLE VIII-2: CROSS SECTION LIMITS

PROCESS
TARGET

INCIDENT FLUX
SENSITIVITY/EVENT (cmz/nucleon)

EVENTS

K'n™ 4 K-ﬂ+

-+

3
~

8.0 - 8.8 GeV/c
PN+D (D) + X
33 gn/en’ ¢
9.4 x'1010
12 x 10733

65 + 25

35 + 20
37 + 15

780 + 300 nb
420 + 240 nb

450 + 180 nb



BEAM MOMENTUM.

PROCESS

TARGET

INCIDENT FLUX
' SENSITIVITY/EVENT (cm?/nucleon)

"EVENTS (50 in 20 MeV)

T K+w- +'K-1r+

oB
PN=D(D)+X
PN-D +X
© PNaD#X

TABLE VIII-2b: CROSS SECTION LIMITS

8.0 - 8.8 GeV/c
PN-D (D) +X

33 gm/cm2 C

9.4 x 1010

20 x 10733

60
48
30

1.2 ub
1.0 ub
.6 ub
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The ratio information is only useful when a sufficient"
number of photoelectrons have been co]]ected'in the water counter.
Since the sumof thé number of phetoelectrons can also be described
by a Gaussian, we multiplied the norma]ized'probabi]ities described
above by a factor F defined by: .
£ o= e_(SM - 50)2/'2é52

where So is the average number of photoelectrons collected from a

"~ single partic]e,'os is the width of the distribution and SM is the
"measured sum. Hence, events with too many or two few photoe]ectrohs
were suppressed.

In situations where there was also a signal in the thfesh-
old ;ounter the probébi]ities Pﬂ, PK, and Pp were calculated in
exactly the same way, except that at the end of fhe'calculation
Rp and PK were set équa] to zero. This ﬁecﬁniqué was used to
avoid the 1ntroduction of a step -in the pion momentum distribution.

Protons below the threshold for detection in the water
.counter had to be treated as a special case, because no ratio

information was available. We calculated the probability that a

particle was a proton on the basis of the number of photoelectrons

co]1ected'fﬁ-tﬁg;euteriking of phototubes. We- found that the probability

was reasonably represented by the form:

P = A e-w2/20(p)2

where w is the measured number of photoelectrons in the outerﬂring; '

The width of the distribution o(P) was estimated by examining the
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SUMOUT curves (Figure VII-5) for sevéra1.momentum regions. The
behavior of o(P) as a function of momentum (P) is plotted in
Figure VIII-8. The amplitude A was choseh so that both the proton

and anti-proton distributions were continuous:is the transition

region. )
The weighted momentum distributions and K:L - W+ mass
plots calculated in this way are shown in Figures VIII-9 and VIII-10a,
- b, respectively. No sjgnificant improvement in the signal at 1.86
Gév/c2 is seen. Fitting the K~ - @~ (n+ - K7) distribution as above

and aliowing A,b,B MO and o to vary we find that:

M 1.898 + .001 Gev/c?

(¢}
.018 + .006 Gev/c?

g

B =25 +8

'X2/DOF = 19/16

These results are consistent with the values quoted earlier and we

retain the previous limits.

e caution the reader‘that the absolute normalizations of

the cross-sections could be in error by as much as a factor of 2. This

uncertainty arises primarily from the estimate _of the reconstruction -
effictency, which was calculated by examining individual-events by eye;
Additionally, for the pion induced data, the incident flux was calculated by
vscalfng;tﬁe number of incoming anti-protons by a factor obtaTnéd from
Figufé FVsZ. Although the n/P ratio was verifiedat each relevent énergy,
these measurements were conducted at a reducéﬁ intensity. Systematic effects
which arise only during high-intensity running (eg.: inefficiency in

the beam Cherenkov counter) contribute to the overall uncertainty.




17
15F
°r LHS
¥
°r ' | RHS
7F
5}
A
. | J

o (p) (Arbitrory‘ Units)

.0 s 3o Tr 3 35 30 32
PROTON MOMENTUM (GeV/c )

Figure VIII~8: Width of SUM OUT

curves used fn analysis of Tow momentum
protons. The two curves refer to the
right and left arms of the spectrometer,



55001

50001 S0004

45004 4500+

4000+ 40004
.3500 -
30001

2500 4

20004
18004
10004

500 1

1600
1400+
) 0 14004
- 1200 4 : (c) -
< 2
2 oo Z 12001
> >
u W 1000+
~ 800+
Q S 004
w 6004 :‘_‘
-
T wo T 600
o 9 e |
o uw 4004
200+ ;
= = ]
L - i 1 A 4 s L A A re
3500~
3000 (e) 1200+ (f) -
2500- 1000 - - : v
20004 800 -
1500 4 6004
1000 1 4004
500 A 2004
L A i A —A L o A A A ' L s ' 1 1 A A L A L L IS s i A A A
10 T4 18 2.2 26.30 34 38 a2 46 10 14 18 22 2.6 30 34 38 a2 a6
(GeV/c) MOMENTUM (GeV/c)

MOMENTUM

Figure VIII-9: Weighted momentum distributions:
(a) «*momentum distpibution; (b) 7 momentum.
distribution; (¢) K° momentum distribution; (d)
K- momentum distribution; (e) proton momentum
distribution; (f) anti-proton momentum distri-
bution.:




Mg = | -89 .0l

120
o o =.018 £ .006
o | B =25%8 |
=00t X2 /DOF =19/16
N -
~
w 80r
[ =
QQ -
>
60
=
2 =
;.
2 401
L
13 )

167 1.75 1.83 1.9l

descr1bed in text.

_MASS _

F1gure VIII-te: We1ghted invariant mass’ dxstrTbut1ons

k¥ «F -“invariant mass distribution; (b) K*»~ and K'r
“invariant mass distributions. Data was co11ected with an

incomming beam of 8.5 GeV/c anti-protons.

1.99 2.07

My=1-89 £.0I
= 89r =.018
> T B=18%5
s 60 X2/ DOF =21/17
O '- .
N
> 40r =
2 | x
o >
o 20F | } =
v or | Mo=1-875 % .016 Q
v OF o= .0I8 >
k& 14 | 8B:9%4 40 F
- )
| i*\%{t/oo: 23/'? 130 3
. ‘ZO 'x
| * L ¥ +
1 Ly | -7fgt:F1r1 ‘ t:

(a)

Variables are



48.

~IX. CHARM PRODUCTION IN PION INTERACTIONS

As described in Chapter V the purpose of the third, forward

arm of the spectrometer was to detect the cascade pion from the decay:

P — 0% + 1
.L__+ K; + o : ()
A11 of the data taken with incoming 10.5 Gev/c pions was co11écted
u§1ng the signals from the third arm to reduce the high double arm
trigger rate. Part of the data taken at 8.5 Gev/c included taggiﬁg'
informétion'fromAthe third arm hodoscope. Knowing the produétibn
angle and momentum of the slow pion is was possible to reduce the back-
- ground further in fhe off-1ine analysis by requiring that the measured
Q value be consistent wilh the va]uexquerved at SPEAR. |
" Because the cascade pion emerges'along.the beam line it was

impossib]e to measure the production angle before the third arm spectro-
meter magnet. Hence, the measurement of the broduction angle is correlated
with the measurement of the momentum.

Not all counter combinations were permitted. Only those combina-
'tions which projected back through the center-line of the magnet to the hole
in the shield plates of the spectrometer magnets were used in reconstruction.

In Figure IV-1 we plot the produttion angle of the cascade w
in the horizontal plane versus the calculated momentum for aT],va]id counter
combinations. The error bars indicate the size of the error elipses about

each point. We observe that the momentum and angular resolution is poor;
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The front hodoscope of the third arm consisted of eight
18" x 18" scintillation counters, divided into an upper and lower tier.
Each counter overlapped its neighbor by half a counter_width, so that

the horizontal spatial resolution was 9". The rear hodoscope consisted

of six 12" x 60" scintillation counters placed side by side (Figure IX-2).

Each overlap region in the front hodoscope and each scintilla-
tion counter in the rear hodoscope was assigned a number,vas shown‘jn
Fjgure'IX-Z. fWe Fodnd that fhe momentum of the slow pion and its
production angle (enx) in the horizontal b]ane could be expressed as 
a linear function of these two numbers. Specifically:

P = Puag/(Cq + Cp (g = ny)) o

, (2)
Oy =’C5 + C3n] - C4n2
Information about the production ang]é'in the vertical plane was also
avai]ab]e bécause the front hodoscope was divided verticaT]y into an

upper and lower half. Given Oy from equation (2) we compute eﬂy

according tov

- 1 . 2 2
eﬂ,y = ¢ 7 Y(R/r) —eﬂ_x

where the +(-) sign applies if the signal was in the upper (1ower)
hodoscope bank (see Figure IX-3).

Having computed PW, 6__ and Gﬂy we calculate the mass of

™
the Knr system:
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Since both the momentum of the Ky -systemand the slow
pion .~ point roughly along the +z axis we can expand the fourth

.term in a Taylor series

P"-PD = P, PD cosf
_ 1 /0 32 1 . . 2
=Py Pp (1__ 2 (eﬂx "er) -2 (eﬂy eDy) )
= o1 a2y ] 2
‘ PpPp (1 - 2 (ex) B E'(ey ))
.The Q value is defined as:
Q = My - My - M
For small Q it is easy to show that
0=  ETr ED - PTr PD cosf - Mv MD
M+ M =0 (3)
i1 D

One correction must be made to this expression. Expanding Q in a
Taylor series in PTr about Q = 0 we find: .
| Q=0Q v+ 29_.5P + QEQ &P 2
0 aPTr k) aPHZ S
Near Q = 0 the first and second terms are small but the third term
is always positive (since Q is at a minimum) and can contribute
significant1y to the value of Q near zero. Hence, to the value of

Q computed in equation (3) we add the second -order term:



For each value of Q we assign an error 8§Q. The expression

for $Q 1s:comp11cated, since‘Pﬂ,eﬂ* and eﬂy are all related. It is
fully calculated in Appendix 4. We do note that the,méasurement of Q
is rather crude; 6Q is on the order of + 5 MeV.
Given the vé]ue‘of Q we retéin only those events in the Kn
~mass plot with Q value equal.to'(withih errors) . the value measured
at SPEAR (5.6 MeV). The'KQn mass distributions accﬁmu]ated with 10.5-
- Gev/ciincoming ™ are shown in Fngres IX-4 , while the data collected "
with'fncident 8;54Ge9/c antiprotons is shown in Figures IX-ba,b.  Comput-

ing the cross-section limits as before, we find that:
o (m" N=+D* + X) Bya- o q- g * Bgo 5 gfp~ <16 + 16 nb
This résu]t includes the efficiency for detecting the cascade m (.25)

and the absorption 6f the pion in the target. If one assumes that 1/3

of all D°'s .come from D* decay, this implies that
- ’ 0 ‘
g(m N->D +X)BD->an48f48"b

We saw no events near 1.86 Gev/c2 in the anti-proton data
taken with third arm tagging. Using the standard criteria of a 5

standard deviation effect (5 events) we compute:
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o (p N=>D* + X)*B

* .
p* > 7D Ppo» k' S -8 U

If we assume that there are 30°'s for every D*” we hayé:
(5 ‘R0 N
c'(PN» “D° +X) BD > kn S 2.4 ub

The limit here is roughly the samé as the one qdoted in Chapter VIII
for the data collected wifhoﬁt the third arm. This ‘is be;ause only
one third of the data taken atb8.5 GeV/c included the third arm
tagging 1nfpfmation. |

Comparing'the pion and proton data, we note'that wh11e'
a3 stahdard deviation effect is present in the anti-proton data
(ngure VIII-10), the data taken with incomiﬁg pions (which has a
much-better Sensitivity) shows no énhancement,f It is important
to remember, however, that if thebmass of the A+C differs by moré
than + 300 MeV,’c2 from tﬁe assumed value (2.26 GeV/cZ) we would not
expect to see a signal in fhe pion data because the acéeptance for

‘that case is smaller by an order of magnitude.




TABLE IX-1.  CROSS SECTION LIMITS

BEAM MOMENTUM

8.0-8.8 GeV/c 10.5 GeV/c -

PROCESS PN = D*™ + X . NoD* + X
TARGET 33 gm/cn’ 33 gm/cm’
INCIDENT FLUX 5 x 10'° 2.9 x 10"
SENSITIVITY/EVENT (cm®/neucleon)® 16 x 10732 2 x 10733
EVENTS+ - 0es . 848

(0% ) Bpeasp T0*BF0 k" 7 <800 nb 16 + 16 nb

q5ensitivity includes efficiency of detecting final state K

and a correction (.6)
in target.

for. absorption of the final .state Kmm system’



TABLE XI-2 : CROSS SECTION LIMITS

BEAM MOMENTUM | 10.5 GeV/c

PROCESS | - P TND*T 4 X
TARGET | ~ 33 gn/em ¢
INCIDENT FLUX . - 2.9 x 102

SENSITIVITY/EVENT (cm’/nucleon) , 3.3 x 1075

EVENTS (50 in 20 MeV)

K 22
oB v .
' K« ‘ - . ' 75 nb




X. CONCLUSIONS

We have reported here the results of a searéh for charmed

mesons produced in antiproton 1nteractiohs near threshold. The

‘Timits quoted here for the process:

FN+D°"(-D_0)+X
D> Km
oB = 780 f‘300 nb

are comparable to the best 1im1ts_for the equivalent process in

proton interactions31

pp->D+X
D > Km
oB'®

100 - 200 nb
‘Furthermore, if we assume that each of the processes

pN = D

'contributé'equa]1y to the éignal’seen here, then the 1imit for any

one of these processes is 190 + 80 nb.
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| If we assume, for the momeht, that this signal is real
(and can be completely attributed to 5N+Dﬁ) we obtain for the total

cross-section:
o (PN > DD) 2 40 pb

where we have assumed a branching ratio of D + Krm of 2%. This
cross section is higher.by two orders of magnitude from the theoretical
e;timates_of Chapter III.. A new experiment with a factor of 10
better sensitivity should determine whether this signal is real.

~ The technique described here to observe the D*  should
_ be a propitious mechanism. for studying charm production at all
energies.‘ As we noted earlier, evidence for the production of
charmed baryons is still missing; It may be possible to observe

charmed baryons via the cascade decay:

++ o+ o+
A + 7T + A

c c ’
+ + -
L»-ﬁ-A T T W

Yet even before the lowest lying charmed states have been

filled in, there is increasing evidence that four quarks are not

enough. Recent experiments at SLAC,26 confirmed at SPEAR27

28

and
. DORIS™" indicated the existence of a new heaVy lepton. If one
wishes to retain the notions of quark-lepton symmetry which

motivated the introduction of charm, we must admit another quark.
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The departure of R = g (Y P> “+ + x) from the value (73) 29
o {vp>u +x)
predicted by the four quark model is further evidence for more quarks.
Here, however, the data is unclear and further results are required 30.
Whatever the case, it is clear that hadron spectroscopy

is being pushed into the background to be replaced by the new quark

spectroscopy.




REFERENCES

1. S. Glashow, J. Iliopoulos and L. Maiani, Phys. Rev._gg.
1285, (1970).

2. J. Aubert, et al., Phys. Rev. Lett., 33, 1404, (1974).

3. J:A. Augustin, et al., Phys. Rev. Lett., 33, 1406, (1974).
4.  G. Goldhaber, et al., Phys. Rev. Lett., 37, 255, (1976).
5. 1. Peruzzi, et al., Phys.. Rev. Lett., 37, 569, (1976).
6. G.J. Feldmann, et al., Phys. Rev. Lett., 38, 1313, (1977).

- 7. B. Knapp, et al., Phys. Rev. Letf., 37, 882, (1976). '

8. E. Cazzoli, et al., Phys. Rev. Lett., 34, 1125, (1975).

9. Z. Maki, Prog. Theo. Physics, 31, 141 (1964).

10. S. Glashow, "Charm is Not Enough", Talk presented at 5th
International Conference on Exper1menta1 Meson Spectroscopy N.W.

~ University (1977).

11, B. Richter, Review of Mod. Phys,, 49, 251, (1977).
12. M. Gaillard, B. Lee, and J. Rosner, Rev. of Mod. Phys., 47

- 277, (1975)

13. J. Bransen, et al., Phys. Rev. Lett., 38,1334, (1977).

14, See, for example, K. Stanfield, "Charm Searches in Hadron-
Induced Interactions," Ramperteurs talk presented at Meeting of

Particles and Fields at Brookhaven National Laboratory, October, 1977.

15. J. Gaillard and M. Bourquin, "Simple Phenoméno1ogica1
Description of Hadron Production," CERN preprint (1976), (Submitted
to Nuclear Physics).

16. H. Lipkin, Physics Letters, 60B, 371, (1976).
17. . D. Sivers, Nuclear Physics, 106B, 95, (1976).

18. P. Landshoff and A. Donnachie, Nuclear Physics, 1128,
233, (1976). : 4

19. G. Feldman, SLAC private cbmmunications

20. V. Fitch, "A Broad Band Focusing Cherenkov Counter,
Princeton Un1vers1ty prepr1nt (1975). :




57.

21. U. Becker, Phys. Rev. Lett., 38, 140C, (1977).

22. Val Fitch

23. D. Cheng, et al., Nuc. Instr. and Meth., 117, 157 (1974).
24, - P. Surko, Princeton University, private communication.

.25, -See, for example, G. Charapak .et al., Nucl. Instr.
"~ and Meth. 99 279, (1972).

25a. David Newman, Ph.D. Thesis, (unpublished), Princeton
University, (1975).

26, M. Perl, et al., Phys. Rev. Lett., 35, 1489, (1975).
27. H. Cavalli-Sforza, et al., Phys. Rev. Lett., 36, 558 (1976).

28. J. Burmester, et al., "Evidence for Heavy Leptons from
Anomalous Muon Production in ete- Annihilation," DESY preprint,
(1976).

29. A. Benvenuti, et al., Phys. Rev. Lett.,'gzg 189, (1976).
30. B. Barish, et al., Phys. Rev. Lett., 35, 416 (1975).

31. J. Aubert, et al., Phys. Rev. Lett., 35, 416, (1975).
The authors report cross-section limits only for masses 2 2.3
Gev/c2 and assume a product1on mechanism with a P dependence -
~ proportional to e‘5Pl3 wh1ch is not appropriate to masses
on the order of 2 Gev/c2. The value quoted here is the re-
sult of Aubert, et al.,.for MD 2.3 Gev/c2 multiplied by a factor
of A50 to account for the lower mass and flatter (ve-1.5P))
dependence of D production. See Reference 14.

32.' Particle data Group, NN and ND Interactions - A
‘Compilation. (LBL-58), 1972.

Particle Data Group, NN _and ND Interactions (above

.5 Gev/c) - A Compilation. (UCRL-200000 NN), (1970).
33. A. De Rujula, et al., Phys. Rev. Lett., 37, 785C (1976).




APPENDIX I. THE WATER CHERENKOV COUNTER

For the ideal Cherenkov counter of the type used in this

- experiment the curve describing the phototube mask is given by:

R, + R R, - R '
R'(e)‘='] i 2 . 21T cin”] (_21rvT1_e_])

(1)

wheré R] and R2 are ‘the maximum‘and minimum diameters of the pattern
and 2M is thevnumber of petals. The patfern'in the Cherenkov counter
used in this experiment was separated into individﬁa] petals for .
- mechanical reasohs.: This does not effect the resu]té calculated here.
The amount of Tight falling in the outer ring is probor-
tional to that fraction of the circumference of fhe Cherenkov ring
enclosed by the outer pattern. 'If we define r and ¢' as iﬁ Figure'A-1
‘then 4
re' = KN, . - (2)

where K is a constant and N, is the number of photoelectrons in one

“petal of the outer ring. Similarly:
™ ] _ )
r <M" ) = KN_ (3)

subtracting (2) from (3)

or
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Substituting into equation (1)

Now

2mr = KM (N, + N.) = K(N0 + N

and we have finally:

R, + R - R '
Ryt Ry Ry-Rp -
r= > +_ > sin A = k] + k2 sin A

(4)

'where»k]'and k2 afe constants, and A = (NO'- NI)/(NO + NI);

We'can use this relation to calculate the relative error

in the measuremént of the Cherenkov radius:

ko § A
sr = 2_
1 -A
. 2Ny, SNg - 2N ON;
A= 2
(No * NI)

Recall that k2 =.(R2 - R])/n. Hence we have

where




Fiédféﬁ AT and A2:. Definition of variables
‘used in discussion of water Cherenkov counter.

TRAJECTORY —wm —m —a = L
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Equation (3) is also the starting point for deriving the
relation between A and M/P, where M is the mass of the incident

particle and P its momentum. Refering to Figure A-2 we have

r2d tano : (4)
and |

sina = n sina ‘ (5)

where a. is the Cherenkov angle, d is a constant and n is the

index of refraction of water (n = 1.33). Now:

- ..J_:J_ 1.22
cos o = o T o (1 f 5 M/p%)
2y =1 - 2, . 1-4L g+ EE.)
sin“o, cos“a, 5 ( > )
noo- p-
from (4) and (5) '
- ‘ dn sina
r‘:
/1 - n2 sinzaC
But 1 -n? sine =1-n% (1 -] (1+M2))
c ;7 ;?
2 .3+ M2/p2

We now use the approximation:

He

M f W ' 1
.3"'- "2‘ 3 (] .4- 6—p2—) : for . M/p < -3—

©



61.

also
( —7M2 )
“sino- 2 .4 (1 -
¢ ;Sn?p
Hence
' dn sina ,
r=——S_— I ¢ o+c, M/p?
2 . 2
Y1 - n” sin A
or since:

-

r =‘|<1 + kz-sin A

this imp]ies

A= sin o (k 1t k 2 M~/p




\

APPENDIX II: MASS RESOLUTION

We begin this calculation with the.approximaté expression

for the invarient mass of the two body system observed in the

spectrometer:
2 2 2 Pr 2 Py 0
M- = M] + M o * 2 P]P2 (1 - co§e) + 5;— M] + FE'MZ .
Differentiating we find:
- 2MSM =42 (1 8) (&P,P + 8P,P,) + 6P2M]2 - &P 2M 2. E&
~Cos9 172 2" P, 1 g
1
&P P
] 2 2 1 .
+ —EZ M2 - 6P2M2 ;_? +2 P]P2 sind é&8.
2

2

In general it is true that M,” << M,°. Substituting this into the

above expression we find:

| A P :
2MsM = P (2 (1-cos) P, - 53 M,2) + 5, ( 2(1-cose) Py + pi—)

+2 PP, sing 86

To find the rms error in M, these three terms must be added in

quadrature:
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: P
- 2 2 2 2 -2
2MSM = GP] {4 (1-cos8) P2 4 (1-cos8) ;—? M] }
1
| 2 22 e
. ‘ 1
+ 6P2 {4 (1-cos8) P] + 4 (1 cose)~;—z M, }
+450% p.° Pzz sine | /2

where terms on’the order of M, 4/P]2<have been neg1e§ted. For our
case it is safe to assume that P, =P, = P and &P, = &P, = GP
Substituting thi§<into'the above expression and rearranging terms
we find:
2M8M = [ 8sp? (1-cose)? P% + P44s1nzeaez]' Ve
| The error iﬁ'e is most easily determined if we use polar
coordinates with,the'drigin at the target and 8 = 0 along thé_+2

-

aX'iS, 1.8.-: P-I = (P-I, 6.', ¢])§ P2 = (Pza 929 ¢2)'

'cosQ sjne1 sine, cos(q)1 - ¢2) + c0s8y oS8,
cos8 = cos (61 + 62)

2:..2

. 2 2
sin6<86° = sin (91 + 92) (ae] faez

2 2 . 2
) 1

= sin“9 (86 )2

+ 662

where we have used cos (¢] - ¢2)s -1. Since we have assumed that P] = P2
it is also true that 86, ¥ 68,. Our expression for the error in the

mass is then:

MM = [?GPZ (1-cos8)2 P2 + 2 p* sin%e aez]




approximately 4.1 cm of target material (carbonj L

64.

To calculate the error &P we use:

_ P i _p2 2 2 2 .2
P s > P =3 (cos a; 8a,” + cos®a, Ga‘)

‘—

where (a1 + az) is the angle of deflection in the magnet. To

estimate the errors in these angles we use the deviation between

: tﬁe measured and calculated positions in the drift chambers divided

by their separation:

Since the'Pl of the magnet is roughly 0.45 Mev/c, we have:

% = .7 x 1070 pt

The opening angle of the spectrometer is 360; hence sing = 0.2.

Also, the rms multiple scattering angle in the target is given by:

L
rad

_ .015
36 = - T

Since the decay products exist at roughly 180, they traverse

_ 2
rad = 44 gm/cm”).

Calculating from the previous equation we find:



| g6 172
MM = [5.6 x 1077 p% + 4.6 x 107° PZ]

or for M =.1.86.GeV/c2 and P = 2.86 Gev/c we have:

Moo 2 x1070 L
h 3.5 :

65.

Substituting all of these values into the equation for &M we obtain:
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APPENDIX III: MASS DISTRIBUTIONS 8.

On the following pages we 1ist the two-body invariant masé
distributions for the data coi]ected during this experiment. Other
than the usual particle idendification cuts, no restrictions have
beén placed on the data. In several cases charge-conjugate final
states have been added together. The first and last non-zero numbers
in the mass distributions can contain bverflow events (events with
too high or too.lowa mass } and care should be exercised.when using

these numbers.
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 APPENDIX IV: MEASUREMENT RESOLUTION OF Q

‘The Q value for the decay D* ~ ° + 1 is given by:

EE PP (1-%)-mm EM2ep?

Q= m D m D 2 'er'+Dn_A61r‘
, T — ,
, S | ENZ(MD+MU),
= Q0 + 02 (1)
where P1T and 6 - are given by

. - 2 _ 2 o 12
o= P /(G ¢ G g mngd)s 67 = (0y,005,0% + (8O

and eﬂX = C3n] - C.4n2 + CS. Differentiating this expression we_f1nd

©

. 2
_ m e
(MTT f MD)»GQ _‘(E—' SarED - GP“PD (1 - 2—0-

3

+ PWP exéex +63806)) + 02

p 3%y

Using equation (2) we can calculate the errors in P and By

= -Tr- = -
GPTr = (C]Sn -C Gn]) -—; 68 dn] C3 6n2 C4

2 1 X

. ' . 1 '
where for Gn] and 6n2 we will eventually substitute A7 Now, as

described in Chapter IX,eﬂy is given by:

0y = tg Vig - 0,0

Ty 6 mX
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There are two errors associated with this quantity. The first comes

from the measurement error in enx' This is given by:

e'!TX Ge'ﬂ'X

§0' = -
ym 4 eﬂy

Additionally, there is also the measurement error in eny given by

, 26
sa" = Ty

= ———

- . y'n' /_.I-_z_ -

We collect separately the terms proportional to Gn] and 6n2'

(M. + M) 8Q = &n, (T Eﬂi -~ PP 8, C, +P PO omx c,)
T 7D 2 5 mD X 4T Dy B
S py
2 0
.+ P X
snq (=T T Cp * PPp9,C3 = PPy 8 5o C3)
- F | Ty
2P P
+ =D 5 g 49
Tz RSN
p | 52

where T is equal to{ EEv Ey -.Pp (1 - E—J}.
T . .

The error in Q is given by the sum of these terms added in quadrature:

: ' 1 Pﬂz ' Ox 2
(MTT + MD) 8Q = [ {T p— Cp = PPRO,Cy+ P_'TPDBy E— C4}
- Ty
1 A VY.
* 1o {-T p-l— c2 + PTrPDexC3 - P“Poey I‘ﬁy C3}

2,22 .2 ‘

P PB~ 6 1/2
TD my vy 2|
— + Q 5 ] :
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To estimate the size of Q we substitute the following values:

8 _=8. =0

X Dx
PTr = .4 GeV/c
PD = 6 GeV/c

Using these numbers we find:

- 8Q < 2MeV.



MOMENTUM AND
BEAM PARTICLE -

15 GeV/c P
M.=2.3 GeV/c

D"
MD 1.86 GeV/c

"12.4 GeV/c P .

My
M

=2.3 GeV/c
=1.86 GeV/c

D
D
8.5 GeV/c P

M =1.86 GeV/c>

9
D
K*(1420)

15 GeV/c w
M =2.3 GeV/c
M =1.86 GeV/c

-10.5 GeV/c w~

" APPENDIX 5: RECONSTRUCTION EFFICIENCIES

MONTE
CARLD

.9 %10
4 %110

0.6 x10

1.0 x]O
25x10
1.8 x10~

.5 x10
.3 x10

-3
-3

2.0 x10°3
-3

-4

1.5 x1073
-3

-3

€2
TRACK
FINDING

.15

15

.10
.08
.10

.13

| @applies only to limits quoted for 50 effect in 20 MeV.

€3
K

'DETECTION

€4 - &g
a Kir
BINNING ABSORBTION

6 .8
6 .8
6 .8
.6 (Kmn)
6 .8
.6 .6 {Knw)

08



