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: leptonic decayéf6f,charmed.baryoné.

""SEARCH FOR SEMILEPTONIC DECAYS

OF PHOTOPRQDUCED CHARMED MESONS
:'Richard Neal Coleman, Ph.D.

.‘bepartment of Physics

Univérsiﬁy,of Illinois at Urbana-Champaign, 1977

In the brqadiband-neutrélfbeam at Fermilab, a search for

photoproduction of charmed D mesons has been done using photons of

100. to 300 GeV.' The reaction considered was

:Yﬁ+ Be » DD + X :
S ‘11: leptons + ...
' o
KSmTi

No statistically significant evidence for D production is observed

based on the Kgnﬂi

mass spectrum. The sensitivity of the search
is commensufate‘With theoretical estimates of O(Yp + DD + X)~500 nb,

however this iS~dépendent on branching ratios and‘photoproduCtion

- models.  An appendix contains data on a similar search for semi-



iii

Acknowledgements

I am particularly grateful to my advisor Professor A.
Wattenberg for his continued guidance,'encouragement, and patience
throughogt my graduate study.

o I would also like to thank the members of the experlmental
group for thelr dedlcatlon in performlng the experlment and for
‘many valuable dlscu551ons. They are: P. Avery, M. Binkley,

J. Bronsteln, J. Butler, L. Cormell{ I. Gaines, G. Gladding,
‘M;iGoodman, M.tGormley, B. Knapp,.J.vKnauer, Ww. Lee, P. Leung,

R. MeSSner, D. Neaée; T. O'Halloran, R. Orr,-J..Peoples, L. Read,
v‘J.4RuesellA:J;tSarracino, S. Smith, b,theeler, A. Wijangco,
4D;‘Yount. | o | |

In addition:I wohld like to acknowledge the”techhical support
and hard work of K. Gray, L. Seward, S Marlno, and the Fermilab
Proton Lab. - | |

Special thahks go to my wife Jackie for her patienCe and
-hunderstandlng, in addltlon to the excellent ]ob done in the typing
A and general preparatlon of this the31s.‘
| Thls research was supported in part by the U S. Energy

Research and Development Administration under contract E(llfl)—1195.




II.

ITT.

Iv.

Appendix A: Photon Spectrum and Shower Detector

Appendix B: Seﬁileptonic Decays of Charmed Baryons

A,
‘B.

iv

Table of Contents

Introduction . . . . . . . ; « e e

Experimental Details . . . .

W N

Beam,- e e e e e e e e e
Detector . . . . . . . . . . ..

- 'Introduction . e e
- . Spectrometer . . . . . . .
Trigger and Veto Counters
Electronics . . . . . . . . . .

1. Data Acquisition System . .

2. Single Lepton Event Triggers

Data ahd_Rgsults S

oow»

Overview . . . ... .

Data Selection . . . . . . . . .

. " Results . .- . . . . . . . ..

Backgrounds. . . . . . . . . . .

ASensitiyiEy‘of Search . . . . . . .

- A. Flux and.Acceptahcé e e
B. - Experimental Detection Efficiency
C.

Cross Section Estimates e e e .

List of Réfereﬁées e e e e e e e e

Vita

Particle Identification System

Calibrations

. .
- .
-

. .

.

. .
. .

‘e . -
. . .
. 3 .
. .

.
-
. .
. . -

‘e .

. -
. - -
. e .

11

.11

15

17
20

20

27
32
32
32
38
41

47

59

61

64




I. Introduction

As early és 1962-1964,. several authors suggested the édditién
of a fourth qud?k tb achieve a lepton-quark sym:ﬁetry.1 The fourth
quark carries a new quantum number called charm which is viblated
in the weak interactions._’In 1970.Glashdw, IliOpoulos, and Maini
showed that thg-charmed quark-not only provides an elegant theory
with foﬁr quarks and four leptons with identical weak couplings,
but also explained the supbresSion of,strangeﬁess changing neutral
Acurrentsiz The charm model predicts the existence of many charmed
particles.? Sincé these particlés had not beenh observed, it was

. épeculatéd fhat'the,ché;med quark wésAheavier thén'the‘ofher three.
This assumptiohApuﬁ the masses of the charmed pafficlésAin'a fela—
tively unéxploféd’ma§§ fegion.

_"In late 1974; two gréups aﬁnQuhced the discovery of a narrow
resoﬁanée (J/W)[with a.mass of 3.1 GeV/cz. At BNL" it was ob-
.iserved in the'prodﬁctibn of ete” from proton-beryllium collisions.

At SPEAR® it was seen in the-productiOn of hadrons from e'e”
-annihilation. :Since‘the-initial discovery of the J/y, its pro-
perties have been studied in great detaii}iﬁ efe_ annihilatioﬁ.G

It is an excelléntAcandidate_for a éha;m4antiéharm quark (cc)
state with JPC ;-i_-f: In-addition another narrbw state (p") has'
" been observed at 3;7'Gev and is interpreted as an éXcited s;aﬁe
of fhe cEAstate.7.lThe_extreﬁely nérrow widths of éheAJ/w and g
are qualitatively_explained using Zweig's rule.®

If the J/@'aﬁd y' are cc states then a Whoie family of cc

states should exist. These states will have parity P = ;(—l)L'




and charge conjugation C = (-l)L+S, where L is the orbital'angular

momentum and S is the spin of the cc state. The lowest nass'
states should have L = 0. The L =1 statesvshould be several
hundreu MeV higher. Therefore one expects a pseudoscalar

}JPC-= Off) partner of.the J/y with mass near the mass of the J/v,
as welL as, three L = 1 states with siightly higher mass with |
gP€ = o*", 1**, 2™*. At DORIS® a state at 2.85 GeV/c%Ahas been
observed which.is generally interpreted as the pseudoscalar part-
ner JPC'= 0_"+ of the J/y. .Several groups® have-reported,four'even
charge'conjugation states with massestbetween.the J/¢y and ¢' mass.
1The properties of the radiative and hadronic decays measured SO

far suggest that these states correspond to the JPC = 0++, l++,

: 2+f partners of the J/y- and the pseudoscalar partner (JPC = 0-+)
ofvthe w'.1° There are quantltatlve dlfflcultles with the pre-
dictions of the simplestlcharm'models and thehﬁeasured radiative
‘and hadronic uecay widths, and mass splittings. These problems
and alternate interpretations are discussed in the literaturé.!!

- In addition.to the cc states; there must be cq (or cq) states
where q refers to one of the three ' non-charmed quarks. It is
1mportant to note that any model 1ntroduc1ng a fourth quark (c)

w1ll produce a variety of cc and cq states However, the charmed
'quark as 1ntroduced by GIM to suppress strangeness-changing

12 type theory has important

neutral currents in a Weinberg—Salam
implications for the decays of cq states. The weak interactions

. may mix the c quark with its isodoublet partner usually called

s' = -d sinBC + s coseC where 6, is' the Cabibbo angle. This
leads to selection rules, ggﬁg : fs,zsli ) ot cotzeC 220, where



- K' 2 v) and pt > k%2t (not K°% v) are enhanced by cot

C = charm, S = 'strangeness, and ' = decay rate. The decay of a

c quark to u quark is suppressed. The lowest mass JPC = O—+

mesons formed from cq and cq states with C = + 1 are:

+ - c - -
cd pY cu Ft

cd . D cu F

D

| ]|
0
0]

A few representatlve ‘hadronic decays are llsted below:

Cablbbo Angle- Dependence : 93 AP Qi ,
cos4_6C o K ', Rontn™ K_n+ﬂ+, ROnt | o
cos?6 sih29 | ot | Tt
sin46C‘ : kT, KOntn” K+n+w-, Kot

For leptonic decays, the model predicts that D° » K—£+v (not

26 over the

decays p° » 7 2 v and D > m Ot V. Thus cq states in the GIM charm

' model should decay weakly (narrow widths) with selectlon rules

that rmply exotic decays and correlations between'kaons and lep—
tons. Excticjdecays are those in which the electric charge of the
hadrons 1is oppqsite'to the strangenese. Based on the J/¢ and ¢
ﬁasses,De Rﬁjula,JGeorgi, and Glashow predicted the masses of the
D mesons “to be 1.83 i 0.03 GeV and the lowest mass charmed barycn
(A ) to be 2. 25 + 0.05 Gev.'!

In the>summer of 1976 evidence-was fcund for4several cq

-states with the propertles correspondlng to the charmed mesons

'(D p") and a charmed baryon (AC).“’I“"16 At SPEAR in e+e annihi-

- ' ‘ , + t + 7t
lation narrow peaks were found in K 7~ and K T T mass spectra

for data takenAat center-of—mass energles (Ecm) 3.9 and 4.6 GevV.

The mass was found to be 1865 + 15 MeV and 1ts w1dth less than

the resolution of 40 MeV. 'This narrow resonance is a strong



results?' indicate that kinetic energy in the decay D*° + D

: D,*o

candidate for the D° meson. Another narrow peak was found in the

k¥rtr+ mass spectrum for data at Eop = 4-03 GeV.!® There was no

corresponding peak in the mass spectra of the non-exotic combina-

'tion of Knm. Its mass was found tb be 1876 + 15 MeV and its width

—-

less than the'tesolution. This state is a strong candidate for

the D~ meson. The SPEAR!’ group also sees an enhancement in the
K:2n mass spectrum at the D° mass. There are also indications of
the photoproduétion of D° followed by its decay into KS41r.18

5 :

Both the D and Do are produced in association with systems

Qf‘compéréble 6r:higher mass (D or D*). The mass of the recoil

'éystem associated with D° productibn at E,. = 4.03 GeV has been

studied. at SPEAR!” in e'e” annihilation. The D* is the J° = 1~
cu or cd state which should decay either strongly (pion emission)

or electromagnetically (photon emission) to a D meson.!%2° Recent

0_0O .
m 1S

: 0. ; . 0
~about 3 MeV and the D*  mass is 2005. The dominant D* decays are

‘ o) :
+> p°7° and D* - poy whose decay rates are approximately equal

(1.0 + 0.3). The D° mass is determined to be 1868 + 2 MeV.

o1T+.decay does. not

Finally and with less certainty the p*t - p

(0]

: . - N
overwhelmingly dominate the Df+ > D+Y and D*° - ptn decay modes. !

Recently the.charged'D* has been observed direqtly from the decays

+ 22

+ . -
O -and then p° » Kk nt.

where D*' '+ D
In a siméle model of D production, one pictufes the cc pair
to bé created by £he virtual photon in e+e— annihilation and the
mesons ére‘forhed‘by combining with light quarks from the vacuum.-
This implies the ratio of DD:D*D + DB*:D*B* is 1:4:7.'%2% Unfor-

tunately these ratios are very sensitive to dynamical effects.!!s23




However the qﬁalitative predictioﬁ that D* production dominates
D production isAverifiedAin ete™ annihilation.

‘Evidence e*ists for the semi-leptonic weak decays'of charmed
particles. Two groups at DORIS?'/?® observe hadrons and a single
electron resuiting from the decay of a particle with mass between
1.84 and 2.0 GeV.' Anomalous single muon eVents{have been seen in'
multiprong.evenﬁs at'SPEAR.Z_6 The properties of the single lepton4
eventé will be discussed in more detail later. 4Evidence‘for
weakly decaying hadrons is also found in neutrino interactions.
Anomalous etux eQents have been found in bubblé chamber expefi—
ments at CERN énd Fermilab. 27 Anomalous diﬁuonAevents'haQe been
observed in v—éounter experiments at Fermilabﬁzaw

EvidenceffofAcharmed baryons comes frbm‘a Bfookhaven neutrino
event?® and a resonance in the A3m~ mass speétfﬁm observed'in our
photoproduction e*periment at Fermilab.'® .Thé‘BrbokhaQen.experi-
ment reported7é‘cﬁarmed baryon candidate with afAn+n+n- mass'of
2.244 GeV/c2 and a higher mass An+n+n—n— combination at 2.426
GeV/cz.' The phOtoproduction experiment reported a pgak in A37 at
2.26 + .Ol}GeV/cz with a width of less than 75.Mev; No resonance
was seen in the~éorresponding non-exotic channel.. . Evidénce is
valéo.présentedlféx'hiéher mass states near 2.5 GeV which decay
into the 2.26 Gev state. . The 2.26 GeV state ié’a good candidate
for the 16west ﬁaSs charmed baryon (AC of CO+ in reference 3), the
charmed analogue of the AklllS MeV). Charmed baryons may decay
semileptonicaliy;A-for example Ac + Alv. (Seé Appéndix B.)

This thesis reports on a search for the photoproduction of a

pair of charmed D-mesons and the subsequent decéy of one D into



leptons and the other D into K nu(n = 1, 2, 3, 4). If the y is
a cc state then Zweig's rule? suggests final states in the Y-

nucleon collision should contain charmed quarks. ¥ production can

be combined with vector dominance assumptions to give oelaStlc(wN)/

otOt(wN) ~ few. percent. %3

Thus the majority of ¢ quarks produced
in Yp-nucleon collisions must come from states with C'= 1 father
than the ¢. .ThiS'implies otOt(WN) = g (YN ~» XCXC»+ anything) where
XC is any C é.il state; Applying vector domiﬁance principles
gives o (YN > XCRC‘+ anything) = 500 x A (nb) where A is a parameter
to describe corréctions to the vector dominance model. X = 1 |
implies complete vector dominance validity. 32 4Sivers, Townsend,

< tot

and West estimate o(yp~ X X, + ...)2 300 nb. o °“(yN) can be de-

termined without using vector dominance assumptions by measuring

the A_(nucleon humber) dependence of ¥ phbtoprbduction; The_fe—
sult is- A ?.0.29.31. Chen, Kane, and‘Yao alsovusétvector dominénée
afguments to predict o(yp+ DD + X) > 500 hb.33. The charmed baryon
(AC) photoproduction cross-section though not gccurately determined
seems compatiblé withla few hundred nanobarn signal. However a
measurement of ihclusive muon production at EY =.18 GeV and

p;” = 1 GeV, fiﬁds olyp+ DD + X)= 20 nb if the Branching ratio

= .10.31"Uncertainties in B and the experimental.

BD .
acceptance could be responsible for the small value of o(yp+ DD + X)

D -+ qu

obtained. So the cross-section for the photoprdduction of a pair
of éharmed D-mesons in this expefiment is in the range of 50 - 500
hb/nucleon. R

The totallsemileptonic decay rate can be estimated by re-

placing the decay of a ¢ quark to the decay u -~ eGevu.3 The



' : m _
result is '(D -~ %&v + hadrons) = (HE)5 I'(p - e'\—),e\)u)‘~ 3 x 10ll sec 1
' H

where mu(mc) = muon (c-quark) mass. The decay‘D+ -+ R02+v can be

related to K + n 2%y assuming appfoximately equal form factors

to give
-0 .+ D -
F(D+,* kK8 Tv) = (ﬁ—)5 [}(x )/f(xK{] cot26 I‘(Ko > 7 2+v)
o K D C
where _ _
f(x)-= 1 - 8x2 + 8x6 - x8 —'24x4 nx
m o
x. = X = ratio of K° mass to D' mass
D . mp - 4
m : _ .
" x, = —% = ratio of m mass to K° mass
K mK : : -
using T(K° + 1 etv) = F(Rg > n7etv) = 107 sec”?! gives I(D+-+R92+v)=
101! sec™t.® The leptonic decay rates for a D meson can be esti-

mated using the decay K =+ uv. The . result is'I‘('D+ > u+vu) =

mp + + : 8 -1 3 '
(ﬁE) 'k =~ u-vu) = 2 x 10° sec ~, therefore I'(D =+ &v)/T(D > v+
hadrons) = 10_2 to 10_3. In the same spirit, one estimates:
I' (charm ; hadrons) = 3(99)5 c0526 '(p » ev v, )
. - m,, C H e’
~ 1012 sec”!

These roughlestimates imply By = 10%. Dilepton events from neu-
trino intefactiohs'suggest By = 10% for some wéighted average over
different charm particles produced. ?® RecentlvaASPz“ has ‘observed
final states with a single‘electron plus hadrons..  From the threéh-
0ld behavior they conclude the sburce's mass'foAbe 1.8 to 2.0 GeV.
Their results gfe 20% 2> EQ(H + eX) > 10% where'H ig some avérage
over charged and neutral D mesons. The PLUTO2® group has found a
correlation betweén electrons and Kgs Qith 0(e+e_ + ek® + X) = 3'nb

within systematic uncertainties of a factor of two. This can be



compared to the DASP2*result o(e'e” = et + hadrons) =.1 to 4 nb.
The high tracklhultiplicity and the soft electron momentum spectrum
of the events .favors a charm origin rather than heavy lepton. The

electron momentum spectrum indicates a significant fraction of the

T(D + KLV)
F'(D. > K"2v)

80%%4/3°/% (which seems consistent with

decays are D + K*(892 MeV)2v. Estimates give

T(D - KLv) + T(D »~ K*Lv)
F'tot semileptonic

= 1 and

the data).

For the hadronic decay modes of the D-meson the statistical-

1378 provides some useful estimates. In particular
'(D + Konn)

b+ Konr¥, the . < s, 12,
for D » K 'nw~,, the mpdel predicts T (hadronic) —A.13,_.12, .11,

isospin mode

~and .04 for n =Ai, 2, 3, 4. The predictioné»of,this model can -be
compared to the SPEAR results!’at Eq, = 4.03 GéV which are

.05 . nb

2B(D° - K"n+) o(D°) = 0.52 + 0
2B(D° ~ K°r"n7) o(D%) = 0.80 £ 0.21 nb
2B(D° » K 2v7%7) o(d®°) = 0.72 + 0.18 nb
280" > k21") o(D) = 0.27 £ 0.05 nb
with systematic uncertainties of 50%. If o(DQ) ié taken as an

unknown, then the data is consistent with the statlstlcal isospin
model estimates. However using an 1ndependent estlmate of o(D%)?3*°
and the data giyes branching ratios sllghtly smaller than the pre-
dictions. 8 Fbr Ksni,‘one expects‘ZB(D+ > %) o () £ .35 nb,
using the model ahd the SPEAR result for 2B(D+ +ﬁK_2n+) 0(D+). A
Kg w2 signal this large should be detectable. Thus the data
suggests B(D' '~ Kon ) may be. as small as 3 to 59 |

The follow1ng sections contain a descrlptlon of the experi-

mental apparatus, data'analysis, and results.




IT. Experimental Details

A. Beam

The photon.beam is produced using 400 GeV protons at Fermilab.
A diagram of the beam line located in the Proton-East Area is

J30, 81,0243, % protons strike a beryllium target

shown in Fig...1
(305 mm long, 1.5 mm wide} 7.6 mm high). Charéed particles are
bent into a beam dump by sweeping magnets. The resulting neutral

beam is produced at 0° relative to the proton beam line and con-

o

1, mesons and other neutral particles.

tains neutréns, photons; K
In order to pfoduce a photon beam, a 34 m liquid D, éttenuator is
downstréam of the proton target. The D, attenuator is surrounded
by sweeping magnets to remove charged particles produéed by the
intéraction in the D,. The neutron to photon ratio is estimatéd
to be reduced by;approximately 200 from the produétiqn ratio.-
The deteétor iocated in EE-4 is about 120 m downstream of the
proton Earget.i*The size of the photon béam is défermined by a
fixed aperturé,collimatof (Coll. 1 in Fig. 1):'.The aperfure used
for this~expefiment gave a 5 cm x 5 cm beam spot in EE-4. Addi-
tional fixed and variable apert@re collimators reduced the beam

halo.

Several steps were taken to reduce the muon flux at the

‘detector. Tofoidally wound muon spoiler magnets were placed

before and after the proton target. The aperture of some of the
sweeping magnets was increased to reduce scraping due to beam

halo. Finally steel shielding was added just upstream of the

" detector area.
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The primary proton beam intensities were typically 6-8 x lOll

protoné/pulse over a 1 sec spill. The maximum rate of about
2 x,lO12 protons/pulse was set by the maximum allowed current
drawn by the'multiwire’proportional chambefs (MWPC'S). The proton
intensity was measured using a secondary emission monitor (SEM)
iocated 6 m upstream of the profon target. Targéting efficiencies
were ﬁonitored using segmented wire ion chambers (SWIC's) and ion
chambers. A Wilson-type quantameter'was usedAto heasure the
phqton beam power. The quantameter calibratiOn‘constaﬁt was
measured to be 416 ions/GeV."® |

| Thé reshlting photoh spectrum is shown in'Fig; 2. -(Sée
Appendix A.)' Backgfoundé due té neutral hadrons and the staﬁus
of the liéuid“D2:5tténua£or cbﬁld be studied by remotely inserting

-one to six radiation'lengths of lead into the beam.

B. Detector

1. Introduction

The détector, shown in Fig. 3, consists of a magnetic
specfrometér, triggerhandrveto counters, and a partidlelidentifi-
.cation éystem;. The particle identification'sYstem includes an
electromégnetié shower.detector, é hadron calorimeter, and a muon
identifier. Tabie I contains a list of symbols and abbreviations
used frequenély'in the next two sections:

- 2. Spectrometer

The magnetic spectrometer has five multi-wire proportional
chambers (MWPC) and a vertical bending magnet with a field integral

of 20 kG-m. The bending magnet gave a 0.595 GeV/c change in
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Fig. 2. 400 GeV Photon Spectr'u'm!
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Symbol

ABl, AB2
. ACE
ADC.
Ay + A0

AW1l-4
B3

CR

- le

EV
H, V

HC

(L + R)>0

L - R

MG

MWPC >0,1,2

lu
uH, uV
TGI

TGO

_Table I:

14

Symbols and Abbreviations

Description

- Wide angle veto counters just downstream of the -target

Data transfer controller

.Analog to digital converter

One or more charged particles in veto counters

Wlde angle veto counters mounted upstream of the

4target behlnd P1

One or more charged partlcles immediately downstream
of the target

‘Coincidence register

le buss line, greater than 7 GeV in elther left or
right front shower counters

Energy requirement on sum of hadron calorlmeter and s
shower detector. energlcs :

Counter  hodoscope just upstream of shower detector
(used to avoid 79's satisfying the le buss line)

Energy in both vertical shower counters
Horizontal and vertical trigger cournters
Hadrdn calorimeter energy requirement

Hlts in " two H counters and one v counter (or 2V and.

" 1H) used in MG

Hlts ‘in left and rlght side of MWPC s-and H, V array

(used in buss ‘lines)

Master Gate

Greater than (0,1,2) tracks in mult1—w1re proportlonal
chambers (P0-P4) :

1u buss line, hits in at least one uV and uH counter
Horizontal and vertical muon counters
Trigger input generator

Trigger output generator
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transverse momentum of charged particles. The,mdgnetié‘field was
measured using standard techniques at Fermilab and calibrated
absoidtely~with.an NMR probe. Each of the fi§e MWPC (PO through"
P4)‘contains thrée wire planes, one oriented Qertically, and two

at + 11.30 degrees from the horizontal."* The wire spaciﬂg is Z#MII
in all planes'éxcépt‘the last vertical'plane'in P4 whidh has'3 mm

spacings.

3. Triggeannd Veto Counters

A variety'df scintillatiqn countefs werefﬁsed for fast tfig-}
gering and'vetoing, At the Upstream.end of the~detector,about 2 m
oéfo#e the phbpon target is a vertical érray of counters (A0 and
Ag,.see Fig; 4j;A The purpose of theseAcaupters is to veto events
due toAmuons or other chafged particies not produéed in the photon
target._‘The'cQﬁnfer AQ is placed‘directly in thé.beam and'is,Gl-ém
“long, 41 cm widev'and 1.6 mm thick. The six Aﬁ-C6unters surround
the photon beamAand are 122 cm long, 20 cm wide, and 6.3 mm thick.
‘Three scintillation counters (B3, ABl, AB2) are'in a horizontal
array 51 cm dowhstream of the photon target. Thesé counters are
38 cm long, 7.6 cm wide, and 1.6 mm thick.. Théucounter B3 is
downsﬁream of the target to.detecﬁ an interaction which pfoduces_
forward charged particles; Because .of the-higﬁ rates in B3, the
last few dynode stages of the B3 photomultiplier base were con-'
neétea to an "afterburner" (DC voltage source) . ABl'and AB2 are
positioned abOQe;and below B3. The ABl and AB2 couhters Qere
preceeded by 6.3 mm of lead to conveft phdtons. Tﬁese'countersv

0

signal the emisSion of wide angle particles or showers from 7%.

A set of four counﬁers (AWl through AW4) positioned just outside
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the active area of the chamber P1, signal wide angle charged
particles that will not pass through the bending magnet. These
countérs are 66icm long, 41 cm wide, and 6.3 mm thick. For trig-
gering purposes we call an event "diffractive" if none of tne
following counters fired: ABl, AB2, AWl - AW4., . The H and V
scintillation counter arrays were made up of twelve horizontal
counters and eight vertical counters (shown in Fig. 5). The array
has a 6.3 cm wide vertical éap to allow e+e‘ pairé to pass. To-
gether with B3;‘this array provides the basic fast trigger for
this experiment; charged particles from the target of which one or
more pass thfongh the detector (H and V array). The H and V
counters were'ﬁanided with an "afterburner" as‘wés B3.

4. Particle Identification System

' The particléiidentification'system (Fig; 65 consists:of an
electfomagnetié'snower detector®?®, a hadron calorimeter, and a muon.
identifier. Tné e1ectromagnetic'snowéridetector has forty-six
counters containing alternate layers of scintillator (4.8 mm thick)
and Pb (6.3 mm .thick). The active area of the scintillator in a
counter is Sl'émVIOng and 15 cm wide. The shower detector is split
into left and right halves to allow the intense ve?tical band of
'e+e_ pairs to‘péésAthrough the gap. Each side dfithe.detector haé
a front and reé}féfray,of counters. The upstream array has eleven
counters each nqntaining six Pb-scintillator layers (six radiation
lengths). The.downstream array has twelve connters each containing
sixteen'Pb-scintillator layers (sixteen radiatibnviengths).

In addition_to these forty-six counters, twbvcountefo(six-

teen radiation lengths) were hung vertically above and below the
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beam in the vértiéal gap? These vertical copﬁters provided some
information on electromaénetic showers ﬁot coﬁtained in the main
array and also shielded the part of the hadron calbrimeterhdirectly‘
behind the vertical gap. Each scintillator sheet is surrounded by
Alzac aluminum for light collection and mechanical support. The
scintillator layers are fanned into a luéite mixing block through
lucite light pipes. Several steps were taken to improve light
collection uniformity. A yellow filter was placed between the
mixing block and the photomultiplier (58 AVP). Yellow light is
attenuated much iéss in‘scihtillator than, say, violet to UV light,
therefore the yeilow filtér improves lighf collection uniformity.
Tﬁé 11 ém diamétér photomultiplier tubes.have non*unifbrmities of
30% across theafaée of the tube. This is reduced to a 5% éffect‘
by aligning the‘é*is of maximum uniformity'of thentube with the
axis of shower development. The shower counters were calibfated
using special é+é_ runs (see Appendix A). A light pulser system
monitored the stability of the detector.

Scintillatiop:counters (EI 1-10) are placed directly upstream
of the shower déﬁeétor and mask the active areaiof‘the central five
front shower cQuﬁtérs on each side of the beam. A_charged particle
is required in the matching EI counter before the'éorrespopding
shéwer counter iéAincluded in the shower couqﬁerAehergy requirement
used in various frigger requirements (le fér example} see Section
iI.C.2). In tﬁisAway false single electron triggers caused by
neutral pions (n0;4 YY) are avoided. The EI counters cover only
the central horizéhtal region of the shower counters which view

the target directly (hence those counters which may contain photons
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from the n°

decay) .

The ﬁadrbn calorimeter has twenty-four sheets of steel 180 cm
wide, 200 cm high, and 4.5 cm thick interspaced with 6.3 mm.sheets
of scintillatorg There are twenty couhters,'ten bn each side of
the beam, stacked five high and two deep (only sixteen were in use
for this.expefiment). Each counter has twelvé sﬁeets of scintil-
lator connected to a single photoﬁultiplier (Sé AVP). Sixteen of
the counters have scintillator sheets 89 cm long, 46 cm wide, and
6T3 mm thick;”:FOur counters have sciﬁtillato;'89 cm long, 15.2 cm
wide,‘and 6.3;mm thick. The steel sheets have allS cm square hole
to aliow the beam'té pass through. | | | |

- The muon identifier consisfs of a steel shield 122 cm thick,
a horizontal‘affay of tweﬁty—twd scintillation'§oﬁnters (uH),
another steeltshield-Gl‘Cm thick, and a vefticai.array of éighteen
scintillatibn7é6uhters (V) . Eéch of the uv (uﬁy counters is
122 cm (91 cm)-long, 20 cm wide, and 6.3 mm‘thi”g:k.."f An additional
muon counter (ﬁH-23)Awas placed downstream of the main array in
the beém line aﬁdishielded by ‘roughly the sameAamoﬁnt,of steel.

The muon countepsfwere connected to 8575 photomultiplier tubes.

C. Electronics.

1. Data Acquisition System

A diagram'of the electronics is shown in Fig. 7. This system
must receive signals from various types of detectors, choose
potentialiy inté;ésting events and write them onto magnetic tape

without introducing large deadtimes. Event selection is done on

two levels. First, a fast trigger (master gate) based on coinci-
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deﬁces between scintillation counters ana/or pulse‘height requife—
ments is,generated. The trigger is made és'looselas possible
without introducing large deadtimes. The sec0nd level'of event
selection is done using DC.(Nevis) logic. In thie way up to six-

teen types of events with sixteen different requirements (buss

lines) may be selected.  The events chosen are written onto

magnetic tape by the Sigma-2 computer. The remainder of this
section will foilow the event'selection process through in more
detail. .

The mastef gate logic is shown in Fig. 8. ' The presence of
two or more pafticles at the rear offthe spec£remeter is indicated
by a coincidenceein the H and V-countef hodoscope. The outputs of
all the H and:V:eounter discfiminetors are fannedvihto sum modules
which give >0 ehd >1 outputs forueaéh'array (H end'V)."Two‘pérti-.
cles must intereect a minimum of two H counters and one V counter
(or two V counters and one H counter) to form (L 4 R) >0. The
counter B3 indiCates a charged particle from fhe‘target.. The
counter A0 indicetes a charged particle in thebbeam or beam halo.
HC implies that a minimum of about 40 GeV of energy was depositea
in the hadron calorimeter. | |

‘The inputs;to.the "confusion logic" are (Le+ R) >0, B3, and
(A0 + HC). .Tﬁe cenfusion legic generates a >1 eutput if any two
of the three inputs a;e>satiSfiedAand if: |

| _ i)- No previous input for 100 ns,

~2)  No oﬁfput for 250 ns,
3) No external veto.

Similarly a >0_eutput is generated if any one of the three inputs
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is satisfied.llrhe master gate isAformed from the >1 output of the
confusion logic. The first requirement helps to reduce deadtime..
due to a large flux of particles hitting the target in a short
_time (bad spiil.structure) or charged particles in the beam. This
is why A0 is included in the master gate; The.second requirement
insures that master gates will not be sent to the DC logic while
it is still busy. 'The'external veto stbps anyﬁmaster gate from
occurring whiie the Sigma-2 is reading out an event or while the
DC logic is waiting for readout. Most of the data satlsfled the
standard two or more charged partlcle trlgger (B3 * (L + R)>0)
The trigger (B3 * HC) indicates one or more charged partlcles from
the target whlch pass through the gap - in the H and V. array, but
leave 31gn1f1cant energy 1n the hadron calorlmeter. The trlgger
(HC « (L + R).}O) is a strange particle trigger (Ks, A, etc.). In
this case a neutral particle decays downstream of.the B3 counter
and satisfies’the HC and (L + R) >0 requirenent;rbut‘not B3. 1In
addition to sending out a master gate, the confusion logic sends a
clear and gate to the MWPC interface and also keeps track of logic
livetime. If the.DC logic decides to keep the eQent, the clear
pulseAis delayed, otherwise the MWPC registérs are cleared. The
confusion 1ogrc~>0 and >1 outputs are scaled for.all outputs (no
logic deadtlme) and for those outputs sent to the DC logic, thlS
ratio (>1 with deadt1me/>l without deadtime) glves the loglc
deadtimes.

The >1 outpﬁt from the confusion logic is sent to the trigger
input generator (TGI). The TGI sends a clear and delayed gate to

the coincidence registers, and a strobe for the pin logic. Each
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time the TGI accepted a trigger, a logic deadtime was generated to
prevent accepting another input triggerAduring the time needed to
propagate the DC logic, make output triggers and store the event
into the data buffers.

The coincidence registers (CR) which generate DC latches
contain 1nformat10n from sc1nt111ation counters, dynode 51gnals
from the shower detector and hadron calorimeter, and trigger mixer
signals from the MWPC's. Once the CR's are filled, no further .
time coincidence operations are needed The outputs from the CR's
go to the CR logic system and the data buffer. The CR logic
system provides up to sixteen logical definitions which are then
distributed to a'data buss (buss lines) to which sixteen indepen-
dent pin logic modules connect. Each of the sixteen pin logic
modules defines a'trigger type according to internal connections -
corresponding:to true, false, or don't care for each of the six-
teen buss linesti'The'TGI sends a delayed strobe to the.pin logic'
modules. The outputs of each of the pin logic modules are sent'to
Athe trigger output generator (TGO) where they are'or'ed'together
to form an output trigger. Each of the trigger types from the p1n
logic can be "prescaled" so that the mixture of- trlgger types can
be controlled. " Separate outputs from the pin logic modules (not
prescaled) are sent to scalars.

After rece1v1ng the event trigger, the TGO sends out gates
for the pulse height digitizers (ADC's) and a strobe for the'data
buffer to save the event for readout. At the same time, the TGO
sends a read pulse to the data transfer controller (ACE) and

generates a system deadtime which is extended by the readout
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system to allow the eveﬁt data to be transferred to the buffér
memory. During system deadtime the TGI accepts no input events
and holds the MWPC clear. After the event data is transferred to
the buffer mémory, ACE signals the systemiis ready for another
‘event. This process continues until either the buffer memory is
full or an end 6f spill signal is received. At this time an
interrupt is éent'to the Sigma-2 computer which reads in the eventé
from the buffer memory and writes formatted data onto magnetic -
taée. Each déta event is about 150 (16-bit) wprds long and the
buffer memory capacity is 32K. Therefore, we may take approxi-
mately 200 events per'pulselbefore the memoryvfills-up.. Since

the beamAspili.répetition rate was about ten seconds, the Sigma-2
is free to act4aé a monitor when it is not bugyyériting data onto
magnetic tape;~'A'main foreground pfogram.formats data written on
tape, fires the light pulser, and accumulates statistics on beam
monitors and pin‘logic types. Pulse height infqrhation from each
shower counter-ahd a monitor photodiode was written on magnetic
tape and printed out at the end of each run (data-tépe) along4with
the other information accumulated by the foreground program. A
background program which ran while the foregroﬁnd program was idle
analyzed a samblelof events. Various distributions and individual
events could bé:aiéplayed on the on-line CRT disﬁiéy.' The - back~
ground program also accumulates informétion on-the1number of
tracks per event, MWPC efficiencies and average hits per plane,
trigger types and'hit patﬁerns in the H x V hoabscope. .This infor-

mation is also printed out at the end of each run.
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2. Singlé Léptdn Event Triggers

In this section, the single lepton triggers (Pin logics le
and luy, see Fig. 9) will be discussed. These are bhly two of a
variety of triggers (pin logics) used in this experiment.“

The single muon trigger (Pin logic 1lp) had the following

buss line reqhirements: A0 + ZAU, AB + AW,. L -'ﬁ_- EV, MWPC >1,

L - R, 1lu and.Etdt > Lo, where a X means veto on X. The counters
A0 + ZAu veto.éounters with charged tracks inAbr éround the beam
upstream of the térget. The counteré AB + AW veto events in which
one Or more wide angie particles do not pass through the detector
as discuséed in ééctionAII.B.3. _We refer to évents in which there
afe no hits in Cdﬁnters ABl,.AB2, or AW1l-AW4 as "diffractive"
events. In the MWPC readout system eight wire éignals connect to
an amplifier éafd which sends outputs tb the MWPC coincidence
register. 1In addition, each card provides an "OR" output of the
eight wires. The "OR" or trigger mixer'signals were used in the
buss lines contéining MWPC information. A schematic of the MWPC>O,
>1, and >2 bussilineS*is shown in Fig. 10, where‘_>03 stands for at
least one hit in each of the three MWPC planes (u, ‘v, xX) and >l2
(>22) stands for at least two (three) hits in two of the three
planeé. Therefofé the MWPC >1 requirement éliminafes events where
there is no chance of reconstructiné more than Qne;track. The
trigger mixer Signals are also used to form an "OR" of larger
groups of wires. for éxample all the wires in tHe x-plane to the
left of the beam fegion can be grouped into a L "OR" output. A
central vertical band bf wires is omitted to aVoid Bethe-Heitler

e+e pairs just as the H and V counters are split. These outputs
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FI1G. 9f TYPICAL PIN LOGICS FOR PHOTON{RUNNING.
PIN |
BUSS LOG'(; 2e|lejpue|2u|2pllp]2r|4mr| Mogii;%r E{T

LINE
Ao+ AL | X IX XX [x[x|x]|x X
Aw+Ag X I x{x]x X
L-R-EV X|X|[X|X
MWPC>0 4
e VAV VAVAVANAY |
MWPC > 2 | 1/
LR | X|X X | X | X
2p VANAE
T J
2e |/
e J 1/ | |
Eyor >Lo. JIVIVIV
Eror>Hi| |V S N I V4
PS>0 v IV IV
EV, -EVp -/
- EVy +EV, X\

\'/ Requi.n}ed in coincidence

X Re_d'ui‘_}r'ed in anti-coincidence
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along with information from the'H and V counter array'are used to
form the buss lines . - Rand L - R - EV. L - R requires at least
two particles  in fhe detector, one on each side of the central
veftical gap. EV stands for EV1 + EV2 where EV1 and EV2 are the
:verfical shower  counters. The L + R - EV veto eliminates events
with more than 7 GeVv depositéd in the vertical shower counters and
no tracks outside the beam region. Events of this type are likely
to be Bethe-Heitler‘e4e_ pairs. The 1lp buss lihe is satisfied if
£here are one;or.more muon counters on in each bf'the two planes
of counters (pV énd uH) . - Etot'is formed from the addition of
dynode sighals from the shower detector and hadron caiorimeter.
Thé Lo threShéié'éorresponds to about 15 GeV depoéited in the
shower counter and hadron calorimeter. This requirement eliminated
events that have a large fraction of their tracks (enefgy) missing
the active area of the detector. The single muohAtrigger requires
basically two o;“more particles in a “diffractivef event with at
least one muon gounter in each:of the two planes firing.

The single electron trigger (Pin Logic 1lé) had the follow-

ing buss line requirements: A0 + LA,, AB + AW, L - R (or

tot
the data taking period L * R was replaced by L - R - EV. This had

L-R. EV), MWPC: >1, le, and E >Hi. After about one-half of

a siight effect'on overall trigger rates., The E >Hi corres-

tot
ponds to about 40.GeV. The le buss line used dynode signals from
the front bank of the shower counters to require greater than
7 GeV in eithefithe left or right front bank (EFR + EFL). The

central front shower counters were gated by the EI counters as

discussed in section II.B.3. Thus the single electron trigger
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requires two or more particles in a "diffractive" event with
evidence for aétivity in the shower detector. The effect of

making these trigger requirements is given in section III.



III. Data and Results

A. Overview .’

In this sectién the resalté of alseafch'for:the photoproduc-
tion of a pair»df,Charmed D mesons are presented. This experiment
is able to.idenﬁify neutral v°'s ng, A, 1) and ieptons, but not
charged pions, kaons, or protons. We have seérched for the
reaction |

y + Be » DD + X

L9 leptons + ...
0 t

Kg nm
where X could include pions or photons from the production of D*'s.
The Kg and lepton are identified and all other’tfacks.are assumed
to be pions. Thé.invariant mass spectrum for‘Kg‘nﬁi‘(n = 2—6) is.
calculated. Wevthen look for an e#cess of events near the D meson

masses. Details of Kg and lepton identification, background

studies, and the results of the search are presented.

B. .Data Selection

The raw data tapes written by the on-line éomputer were re-
analyzed to reéohétruct the tracks in the detector. At this point
the data is a mixture of. many trigger types (single lepton, dilep-
ton, hadronic, and monitor triggers). First, all_events containing
Kg's were séleéted; Secoﬁd, events with‘leptop_cahdidates were
selected from the K2 events.

The followiné‘éuts were made to sélect the Kg;events of

interest:

1. A neutrél v° identified as a Kg
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2. Two~of’more adaitibnal charged tracks which verticize
‘within i 12.7 cm of the center of the target along the
beam direction

3. Four to eight tracks

4. NO'prohgs

5. Total energyvof all charged tracks 1ess than 300 GeV

A VO is defineAhas a pair of oppositely chargea tracks which ver-
ticize more than 62 cm downstream of the production target. The
v track vector is requlred to intersect the maln vertex within
the productlon target. (See Fig. ll)f The v° 1s 1dent1f1ed as a
Kg if the mass qf'the two tracks (assuming both are pions) is 498
+ 10 Mev. The,minimum number of tracks of interest is four, since
we must have.e }epton) a Kg which decays into two pions, and at
least one‘other track to form the Kgnw mass séectrum. - The total
number of tracks is required to be less- than nine;tp reduce the
number of combinations in Kgnn mass plots and to:redUCe the number
of neutron indﬁsed events. Since the neutron eneréy spectrum
peaksAat energieSiabove 300 GeVv for 400 GeV incident‘protons'and
the number of photons with energy greater than. 300 GeV is small,

' we require the total energy of the ‘tracks to- be less than 300 GeV.
A "prong" (or stub) is defined as a track which passes through,the
chambers upstream of the spectrometer magnet,‘hut does‘not pass
throudh»the chambers downstream of the magnet; This no‘prong eut
is included to be consistent with the "diffractive" trigger
requirement (KW_:fXE) introduced in the lepton triggers used in
the next set of cuts. The effect of excluding events with wide

angle particles which miss the detector is included in the Monte:
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Carlo calculation of the acéeptance used to determine cross-
sections (Section IV.A). The K2 mass spectrum for the 84,000
events passing these cuts is shown in Fig. 12. In Fig. 13 we show
the K22m masé»spectrum to illustrate the contiﬁuum of events we
observe in Kgpﬂ mésé spectra before the lepton'guts are made.

From this sample of Kg events, we want to select events of
the form ‘Kgnﬂ:t + leﬁton + other tracks where'n:= 1-4. We first
fequire the leétOn trigger (Pin logics le and 1lu) 'and then require
additional .cuts for leptons to be satisfied. | |

Applyingithe single muon trigger reduces ﬁhe 84,000 Kg events
tb 3,400 events. The single muon trigger requires a single muon
counter in each‘plane (horizontal and Qertical)'éf the muon4countér
array, but does not match a track with the'two'mﬁdn counters. We
therefore requife‘the track of the muon candidaﬁé to projecélto
within the radius of search of one muon countér in each plane.

The radius of search was téken to be three tiﬁes £he root-mean-
squared displaéemént.expected from multiple scattering. This cut
left 1,200 muon candidates from the Kg data sample.

_Applying ghe single electron trigger reduces the 84,000 Kg
events to 22,000 events. Fof an electron candidate weA:équire
(1) that-almoét;gil of its energy be deposited in the Shower
counter and,<(2)zthat it has the longitudinal éhower devélopment
characteristicidf an electrémagnetic shower. Thé'data sample is
reduced to 2,000 events by the following cuts:

l. .8 < E/p < 1.2 where E/p = shower countef:energy/track

momenﬁumi

2. .5 < f < 1.5 where
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E

£ 2§ in(otaey) (&7 T Ep

N =4n6rmalization constant to put the peak of the £
distribution at 1.0

P =_tra¢k momentum measured by spectrometer

EF(B} = energy deposited in the front (back) shower

counters associated with the track

The momentum dependepce of (Eg_ggﬁg) is removed by the term
Qn(Tﬁig—égv). The average amount of energy deposited in the front
shower counters(six radiation iengths)is inversely proportional to
the shower maximuﬁ at that energy, where 2n(?ﬁ§%“§€V? is the
position 6f thevshower maximum in radiation lengths. The efféc-
tiveness of thése_cﬁts in .rejecting hadrons in two track events
can be detérmiﬁed by comparing pions from theidecay p(770 Mev) -~
n+ﬁ_ to electroﬁS‘prbducéd in épécial speétruh éﬁd shower counter
calibration runs“jAppendix A). The E/p and £ distributions are
shown for elec¢trons and pions in Figures 14 and 15.

At this sfage of the analysis we see no evidencé for a large
Kg-lepton-corrélation based oﬁ the number of events in the final

data sample (see Section III.D).

C. Results
The results of the preceeding analysis giveszthe final muon-
KS and élect:on-Kg data samples. To look at the data in a more

sensitive way, we now calculate the invariant mass spectrum for
. . , .

the K2nm combinations. The formula used to calculate the invar-

2 . Zanz where i and j range from.one to the

' 13 - 2 2 2 , > >
total number of Fracks and mjj = my + mj +A2EiEj - 2pi . pj.:

iant mass (M) is M
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The resulting mass spectra are shown in Figures'l6—l9. If there
had been appreciable DD production accompanied by semilepfonic
decays in our data, we should have seen an accumulation of events
at the D mass. . We see no evidence. for peaks iﬁ_the mass spectrum
near the D mass. There is a small'peak in Kg4m in the electron
sample, however'fhe number of évents is not statistically signifi-

cant (compared to the number of events in adjacent bins).

D. Backgrounds’

The background is a combination of both photon and non-photon
induced events with one of the tracks misidentified as a muon or
an electron. «Wé.attribute-the non-photon induéed‘events to neutral
hadrons (predominantly Kg's)'in.the neutral -beam. In this section
we discuss, first,,the number of background‘eventé we expect from
lepton misidentification and finélly, what fractién of these events
are photon indﬁced,

The fraéﬁion of events misidentified as leptons can be de-
termined by looking within the data sample of Kg évents. The
fraction of thelﬁracks from the Kg identified as leptons is
measured and attributed entirely to misidentification, or, in the
case of muons,‘deéays in flight. - The measured'n/ﬁ-rejection is’

7.3 x 1073

per track. This agrees with:' an estimate of the /U
rejection which assumes all muons are from pion decays. Using ct
of the pidn and fhe length of the pion decay pathlgives a w/u
rejection of apprdximately 10_2. The w/e rejectibnlmeasured
using fhe tracks from‘the Kg decay is 1.8 x 10_2 per track. The

total number of events we observe in the final'lepton—Kg data
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sqﬁple is consiétent with the number of background events we ex?
pect us;ng the measured n/uy and nw/e rejection. If there were
enou@h events wiﬁh the Kgnnir masses néar the D masses we could
repeat.the ba¢kground calculation using those gvehts only. Unfor-
tunately the numbér of events left is small and the'statistical
errbrs are ;arge.A Within these.limitations the number of events
observed is‘conéistent with being éntirely due ﬁo lepton misiden-
tification.

The ndn-pboton induced background is'most likely due to
neutral hadrons‘in the beam. For example, a Kg‘will produce Kgnn
events with §~crqés;section of the order of ﬁillibarns whereas
the‘éross-SectiOn for photoprédﬁction of Kg's isva'few microbarns.
The ratio of Kg's to photons in the beam is of the 6rdé£ of 10’2;
Therefore if one séIects Kg'events, the Ki backgfbund becomeé.
important. To?measure this background we insert sik radiation
lengths of leadfinto the neutral beam to effectively remove the
photons. Backgfoﬁnd runs were taken interspaced with normal data-
taking'runs;‘ We'find_that_for the entire mass épe¢trum approxi-

mately 60% of the final'lepton-Kg events -are Kg induced.’
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IV. Sensitivity of Search

In the f611§ﬁing section our sensitivitynfor observing DD
photoproduction is estimated using the results of the previous
section along with theoreticalvbranching ratioé énd models of the
production meéhahism. Some experimental information exists on
various branching ratios, however one must rely on theoretical
models completely for the production mechanism.  Therefore»thev
largest,uncertainty in obtaining cross sections involves the pro-
duction model used in the Monte Carlo calchlation_ofthe acceptance.

The number”0f events observed is felated:tg the cross section

by

Neytg = 20(y + Be > DD + X) B e F Accfl
where B
Nevts‘; Number of events observed
B ‘= Product of branching ratios
- . 4 -
(B(D » & + ...) B(D » K°nm¥) B(K® » ntn7))
> = Experimental detection efficiency
F = F19x5= NA NY
N, = Effective number of atoms in the target
NY = Number of -photons in .beam
Acc. = Geometric acceptance

A. Flux and Acceptance

The effective number of atoms in the target is given by

N. = NoPLeff .
A A | . l ' . . ,
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where
N, = Avagadro's number
p = Deﬁsity of target material
A = Molecﬁlar weight of target material
Leff = QS‘G o dx
L = Physical length of target
Xy = Radiation length df target

A 2.46 cm long béryllium target was used for this ekperiment.

Inserting the values for beryllium (p = 1.846 gm/cm3, A =9 gm,

and X, = 35.7 cm) gives N, = 2.96 x 1023 cm™2.

Y is determined using the photon ehergy spectrum

(Fig.'2).normélized to the quantameter reading'for_the data sample

The factor N

analyzed. 4The'quantameter measures the photon spectrum power (Qc)

in Q coulombs where c is a conversion factor. The quantameter

3

reading for the data sample is 9 =2.97 x 10 ° coulombs which gives

-3 :
Qc = (2.97 x 10 coulombs) - 4.46 x l013 GeV.

(416 ions/GeV) (1.60 x 1012 coulombs/ion)

The photon spectrum (dNY) 1is normalized such that the photon
: ' dK '

spectrum power. (Qc = [ K %;g dK) agrees with Qc measured by the
quantameter. Fdr{the final states.considered thefécceptance for
events producéd from photons of less than 100 GeV ié negligible.
We therefore célcuiate NY(K'= 100-300 GeV), the number of photons
with energy betweén.loo and 300 GeV. The result is Ny (K = 100-300)
= 1.13 x 1911 photons.

The model used for the Monte Carlo calculation of the accep-
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tance assumesAa DD pair is produced with a mass (Mpp) and a trans-
verse momentum ;ccording to e-bpl. We have assumed the DD pair is
produced near threshold (hence Mpp = 4.0 GeV) and we have taken
b= 2. Aall deééYs were generated according to isostropic angular
distribuﬁions:in the center of mass. The energy of events was
generated with an equnential distribution (e_K/47) according té
the slope of the measured photon enéréy spectrum. Each event is
required to have all tracks pass through the detector, since‘the
single lepton trigger contained é veto on wide angle tracks
missing the detector. The acceptance values obtained for K(S)mri
states accompaﬁiea by leptons are .02, .015, .012, and .608 for
n=1, 2, 3, 4. 4The acceptance 1is reduced bY~5pproxiﬁately twb

if Mg is takeh'ﬁb be 5.0 GeV rather than 4.0 GeV. ‘Tﬁe acceptance
is relatively insensitive to the value of b, fbr,éxample,~taking

b = 6 changes thé acceptance by less than 20%.

InvadditiOn'to the-dependence on MDB and b, the acceptance
depends on the number of tracks in the event, because of fhe veto
on wide angle ;?acks used in the trigger. We have taken
I'(D + Kv) = F(D'+ K*2v) and together to be 80% of all semi-

" leptonic decays which is consistent with experimehtal data.
Presumably multi-pion decays (D + Knmfv, etc.) will make up the
remaining 20% and will be suppressed due to our veto on wide angle
particles. If all ﬁhe decays occurred with K*, the acceptance
will be reducedrﬁy‘about 30% due to the additional tracks from the
K* decays. From the SLAC data we know the dominant source of D°'s
is from D*Op*0 Qr.DOB*O + D*°B° where D*° - D°n°(or y). The #°

(or vy) will hot.trigger the wide angle veto counters. For DY
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production, however, one finds either one or no additional charged
.pions, for example

D+ pr-
' L3 D 7°(or y)

L" KsTT-
D°n+ or D+n0(orAyf
L) KLv Ls xev

We have assumed T (D** » Doﬂf) = T(D*t > D+w°(or Y)). Decays with’
an additional charged pion from the D* decay are suppressed by a

factor of aboutrtwo relative to those with no additional tracks.

B. Experimental‘Detection Efficiency

The experimental detectidn efficiency includes the eléc-
tronic livetime, fhe efficiency of the lepton cuts, and the
detection effiéie;cy of céunters and MWPC's. The electronic live-
time includes the logic livetime as well as system livetime as
discussed in the_qection on eleétronics (II.C). ;The overall
electronic 1iveﬁime is then

I Pin logic - D I MG - B
L Pin logic L MG.

e(livefime) =
where D means the'appropriate electronics are live and MG means
master gate. The result is g(livetime) = 61% fof'both the single
muon and the sihglé electron'pin logics (or triggers).

" The efficienéy bf idéntifying mouns has béeh studied in
special test runs where the collimators are closed. and single
upétream muon fracks are used to find the efficiépcy of the muon
cuts. The resﬁltAis € (muon cuts) = 96%. For electrons the
efficiency is mofé difficult to determine. 'For'two track events,

the efficiency of electroh cuts can be studied using electron pair
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data taken in special spectrum and calibration runs. The E/p and
f cuts are 90% efficient for two track events. In higher multi-
plicity events;some fraction of the electrons will be lost dueito
. one or moreAtracks hitting in or near the same shower counters,
Welestimate that on the average roughly two-thirds of the single
electrone wiii be lost to this overlap problem, giving an electron
efficiency of acproximately 60%. The efficiency of the counters
and MWPC requirements used in the master gate and single lepton
triggers gives e(counter + MWPC) = .90. The details of these
estimates are described in References 41 and 43. So finally the
overall detectioa efficiency is given by -

£ = f(llvetime) € (lepton cuts) e (counter + MWPC) .

tot '
The results are etot(muons) = .53 and etot(electrons) = ,30.

'C. Cross Section Estimates

For estimating cross sections we have used muons rather than
electrons, because of the better detection eff1c1ency and hadron

rejection for muons. The results of the calculations of NA' N

Y'
and etot(muon) of the previous sections can be combined with
B(K° » n+w ) = 34 to give

= : + Nevts -
o(y +Be +DD + X) B(D+ 2 +. ..) B(De-K nnw-) = Acceptance x (.082 nb).

The massee of the p° and p? mesons obtained at SLAC are
1868 1+ 2 Mev aad 1876 + 15 MeV respectively. The mass resolution
has been calculated using a Monte Carlo program. This is done by
generating horizontal and vertical positions in each chamber with
Gaussian distributlons about the projected position in that chamber.

The calculatedvmass resolution (full width at half maximum) for



52

Kgnn¥ is about 40, 30, 25, and 20 MeV for n = 1, 2, 3, 4. For the
purpose of calculating upper limits, we have taken a mass cut
about the D° mass that includes one - standard deviation (+ 10) on
either side of aznarrow mass peak. For the DT mass cuts, Nevts is
the maximum number of events in any mass bin (width + lo) in the
region of the D% mass. (This is necessary since the uncertainty
of the bt mass is larger than our mass: resolution for p¥ » K°3n- )
The number of events observed is then corrected for the (£ lo) cut
in mass. The values of o(y + Be » DD + X) B(D + L+ ...) B(D -+
Konm= ) obtained are shown in Columns IA and IB of Table II.
Column IA shows the max1mum cross section obtained by a straight-
forward calculation attributing all observed events w1thin the
D mass cut to. D mesons. Column IB shows’ the 90% confidence level
upper limits on the cross sections_found by estinating the level
of background using events in neighboring mass regions of the D
meson (i 150 MeV) " Increasing the width of the mass cut from two
to four standard dev1ations does not affect the upper limits
appreciably.

In order to estimate o(yp - DD + X), we have assumed
B(D + e + . )-B(D > U+ ...)=.10 and B(D + hadrons) = .80. As
discussed in the introduction the statistical isospin model gives
predictions for”B(D + K°n71t) which are'consistent.uith the SLAC

. : . : +
results with the exception of B(Di - Kon-).' We have used

B(D + K ni) {03iimplied by the experimental data rather than

B(Di > Koni) .10 predicted by the model. To convert the cross
section on a beryllium nucleus to the cross section per nucleon

we have divided. by nine. The resulting cross sectlon estimates



Table II: Hadronic Events in Coincidence with Muons

"Column IA, IIA: N = N

evts = Background events obéerved within Q‘mass cut
Column IB, IIB:'Ne;,ts = N'= 90% confidence level upper limits on excess
. O events based on estimated background level
within D mass cut ‘ : o
- Column I Column II¥*
' : (nanobarns) (nanobarns)
Hadronic Type o Oge X B(D > 2 + ...)x. T
Accompanying Muon Acceptance N N' B(D + KOnr¥) o(yp + DD + X)
. A B A B
o. .+ _ :
K = .02 1 2.9 6.2 18 230. 660
Kontn™ .015 4 3.5 32 28 360 310
Kondntn™ . .012 3 3.8 30 - 38 -~ 370 470
K%4n . .o08 1 2.5 15 37 . . 540 1370

*Assumed ‘Branching Ratios:

Semi-ieptonic ﬂ = 0.10

K°m = .03
K21 = .10
K°3r = .09

K°4r = .03

€g
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* ang p° (B°) production per nucleon are given in Column II of

for D
Table II. The predictions for o(yp + DD + X) range from 50 to
500 nb as discussed in the introduction. o

In conclusion,’we have searched for the photoproduction of a
pair of charméd mesons (DD) followed by the semileptonic decay of':

+

one D meson and the hadronic decay into Kgnw of the other D meson. -

We observe no statistically significant accumulation of events at

the D meson masses in the Kgnn:t

mass spectrum. _Establiéhing firm
upper limits is difficult because of uncertainties in the pro-
duction mechanism'and brancﬁing ratios. The estimaﬁes qfithis
experiment's ieQel of'sehsitivity are comparabieifo the upéer

range of‘predictions of o(yp + DD + X) of about 500 nb.
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Appendix A

Photon Spectrum and Shower Detector Calibrations

The photon énergy spectrum and the shower defector calibra-
tion constants were measured using electron pair data. 'The meas-
ured photon spéctrum is used in cross section calculations (see
section IV.A). The calibration constants are used to convert
pulse height info;mation from the shower deteétor'into.energy.

The electron pairs are produced in specialAspectrum and
célibration ruﬁs in which a 0.04 radiation length lead foil is
placed in front of the horizontal bending magnet (M1l in Fig. 11).
“The purpose. of the horizontal bgnding magnet is to séread electron
tracks over theishower detector. The Eriggef uééd:for this daté
was ﬁG . (MWPC >1) where the master gate (MG) was B3 - (L + R) >0
(see Table I on page 14 for abbreviations).

The data used to determine theiéalibration constants was
required tO‘paSS the following cuts:

1. Two trécks of opposite charge

2. 5 2 mr‘épening angle

3. The trécké within 5 cm of active area of the:shower

Mdetectdr'array
4, The‘traéks must pass through oné and‘oﬁly‘one front
counter and one and only one'back counter (within 378 cm
of the'top or bottom'of each counter)
In this way'tracks were-selepted which deposited all tﬁeir enefgy
in a singie frontAcouhter and a single back counter. The energy

measured in the shower detector (E) is then given by



where ap (aB)tis the calibration constant for the front (back)
shower counter}and NpL (NB) is the pulse height (ADC) reading for
the frent (back):counter. Electrons should depositAall their
energy in theSe_two counters, so we haue E/p = 1, where E is the
enerqgy measured‘by the shower detector and p~is'the momentUm‘
measured by tne spectrometer. The calibration constants (af, aB)
are obtained by minimizing the energy resolution subject to the
constraint that E/p should have an average value of one. 1In this
way the'calibration constants for each of the. forty-six counters |
in the shower detector were found. Detalls of thlS method and
also of the llght pulser system used to monitor the stablllty of
the ‘shower counters are included in Reference 43 The E/p distri-
bution for electrcns and pions is shown in F1g.'l4. The energy
resolution is given by N

AE _ 40
5 (3) = = + 2.5,

The same electron data was also used to determine the photon
spectrum. Euents4used for the photon spectrum‘were required to
pass the followiné'cuts:

1. Two tracks of opposite charge

2. £ 2 mr openlng angle
The photon spectrum is obtalned by correctlng the raw data for
geometric acceptance and electronic livetime. The. geometric
acceptance 1is ceICulated as a function of the photqnienergy and
the fraction of th;s energy taken by the positron. The quanta-

meter readings were used to normalize electron data collected at
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several magnet currents which were required to scan the full
photon energy range. The resulting photon spectrum is shown in

Fig. 2.
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Appendix B

Semileptonic Decays of Charmed Baryons

As discussed in the introduction, our experiment has observed
a narrow resonance which is a candidate for the charmed antibaryon

16 The observation of leptons in coinci-

(KC) decaying ihto A3m.
dence with the R3n” signél Qould support the Kc interpretation,
. since charmed béryons are expected to be photoproduced in pairs
A(Ac Kc) and could have signif;cant semileptoni¢ decay modes such
as Ac > A£+v.,;The A31r+ decay of the ;harmed baryon (Ac) was not
observed, possibly because the background is larger for A events
than for A events. This is due to the excess of baryons over
antibaryons ih‘the neutral beam and the productioh target. If a
substantial fraction of charmed baryons do decayAsemileptonically,
then one might;hbpe to reduce the background enéugh to obServé the
decay Ac’+ A3nf”bf requiring leptons.
An analySis'éf events containing_lepton—A (or K) candidates
similar to the'lepton—Kg analysis (Section III) hés been done.
The differencesga;e that the data sample includes’a vériety of
triggers (multi-hadron, single lepton, and dilepton) and a Af(or R)
is selected rather than alKg. A.neutral V° which is not identified
aé a“Kg and has an invariant mass of 1116 % 2}MeV4assuming the more
. energetic parpicle'to be a proton (anti-proton) is identified as
a & (R). |
Using this'aata sample we have seafched for the reaction

Y + Be >

e o 0

Ao As _ o
I_ale Am  or A3nm
l+ +
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’ or-theAchargevéohjugate final state containing A's. The méss
spectrum-obtdined for Ant, a3nt, An”, and A3n” occﬁrring in
coincidence,With opposite charge leptons has bgen studied. " The
A3w  and A3n+ mass spectrum are shown in Fig. 20. We observe no
statistically significant enhancements near the AC or Kc mass.
There are 106 ﬂBﬁ_ events with extra tracks in a 75 MeV masé bin
at the Kc mass. The background in each adjacent 75 MeV bin above
and below the Kc peak cqﬁtains about sixty evénts. Based on the‘
reduction of all A3m masses outside thg A, peak, we expect a
background of;abopt 4.5 muons and 3.6 electrons from eventé within
the Kc mass péak; We observe seven ﬁuon4candidates and five
electfon.cénaiaéfes within the Kc‘mass:peak: ?ﬁ;é there is no
stétistically significant.evidence in our data%sample for an
appreciablebbrahéhing ratio to semileptonic decay modes of

charmed baryoné;
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