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DI FFRACTIVE HADRONIC PRODUCTION OF D MESONS

William Wallace MacKay, Ph. D. -
: Department of Physics
University of I1linois at Urbana-Champaign, 1930

This thesis reports on data taken in experiment E369 wusing the
Ch}cago Cyclotron Spectrometer at Fermilab., A search for charmed
D mesons wa§ made using a beam of 217 GeV m ihcjdent on a liquid
hydrogzen tafget. The trigger required a recoil proton and a
»brompt muon; A total of 50+12 charged D evehts-were seen in the
ktor¥For¥ channeTs and were split between the tWo channels in about
eqﬁalAamounts.. Cuts were made which selected diffractive events,
but when these _cuts' were removed the signa1 remained the same
although the‘packground was greatly increased. :The Feyﬁman x and
angular disffibutions were consistent with diffractive pfoduction.

A diffractiyé mddel yields a cross section of (6-10)+4 ub.
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CHAPTER 1

Introduction

This.theéi§ is the result of data gathered by an experiment
("E369") at  Fermi National Accelerator Laboratory (FNAL) during
the summer of 1977. The experiment was performed by physicists
from -severai- institutiqns: Fermilab, Harvard University, the
University of ‘Illinois, ‘the University of Oxford, and Tufts
UﬁiVersity. |

The.primafy:thrust of the experiment was to find hadronically
produced particles with charm and to measufe the cross section.
To do this we used a 217 GerT-‘beam and the‘ Chicago Cyclotron
Spectrometer. ‘There were actually three separate triggers in the
experiment: “

1. the "2MU" trigger with both a Be target and a
liquid H, target, requiring the detection of two
oppositely charged muons, -

2. the "IMUP" trigger using the H, target and

’ requiring the detection of a muon and a recoiling
proton, and

3. the low mass proton, "LMP", trigger using the Hy

target and a proton recoiling against a low mass
‘system. ‘

The 2MU triggef was basically for the investigation of
hadronically :produced charm anti-charm bound states, and was the
subject of George Alverson's thesis (Alverson, 1979). The LMP
trigger was Ide#[gned to study diffractive production of threefmr
states, but dUe-to an error in the trigger éetUp this was not

possible at a profitable level. This thesis only covers data from
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the 1MUP trigééf;,so very little, If anything, shali be said about
the other t;lggers. The 1IMUP data 4amouﬁted to about 200,000
triggers., x '
The typévdf”feactlon | studied was
T4 p —> pD+D+X —> p+D4psX

where the D decéys into a charged'K and charged bions, the ¢ is
assumed to 'éome from the decay of the other D, and the X just
signifies an inclusive reaction. The proton in the final state
was required to recoil with a low momentum (0.3-0.7 GeV/c) and a

large angle in:the lab frame (60°-75°), so that the mass recoiling

against .the proton was large (3-6.5 GeV/cl)iand moving forward

through the spectrometer. This mass cut removed events with
recoiling massés.¢onsiderably below the DD threshold (3.7 GeV/ca).
| have speqlfically studied decays -intOg‘fjnal states with

only charged Hadrons. Dan. Bender, 1in his thesis, will cover

. decays with neutral hadrons in the final state.



'CHAPTER 2

Theory

Since the ‘discovery of the J/¥ particle In 1974, there has
heen a flooleF literature written about charmed hadrons (see'for
éxamp1e‘Einh6rh; 1975); I shall only briefly mention the' high
‘points of charmed particles. A few of the properties of the u, d,
s, and ¢ quarkg'are listed in Table 1 for the‘standard éU(h) quark
model. In addition each quark comes in threeAcoldrs and interacts
" strongly via thé SU(3). color force. This force is propagated by
eight massléss vector gluons which may carry color between quarks;
The theory of thése_interactions is called quantum chromodynamics
(QcD). |

Charméd'ﬁadrons are basically like the :o]d garden variety
hadrons of fhe SU(3) theory, except that one or more of the
valence quarké.fs now a charmed quark. Mesons are still built
from a quark-éﬁtiquark pair, and baryons from three quarks. The
resultant combiﬁation must still be formed in a color singlet
state. . TabTé.Z shows some of the expected mesons with bare charm.
Thé chargé.conjﬁgéte states with &aq comblnatiéns should also
exist. of theée only the D and D* mesons aréAéXperimentally well
verified. | |
2.1 Decays_éf D Mesons

~The Welnbérg-Salam (Elnhorn, 1975; 'Gajlla?d‘and Lée, 1975)
model of weék 'lnteractionq has incorporated>the quark model to
explain both chérm and strangeness: changlng .decays of hadrons.

This theory Introduces two left handed weak Isospin doublets,



TABLE 1

Quark Properties

.FlavorA I I3 Charge StrangeheSs Charm
u . /2 172 2/3 o 0
d- 1/2 -1/2 -1/3 0. 0
s .0 0 -1/3 -1 0

c 0 0 2/3 0 1

I



TABLE 2

Mesons with Bare Charm

 Hésqn vaience dP | I3 C S
D quarks '
ot Gl oo /2 121 0

<;‘p° cil 00 172 -1/2 1 0

Fr ¢S o0 0 0 1 1
™ ed 1 172 12 1 0
S @ 1 12 -1/2 1 0

F** s o0 0o 1 1
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where d' and sf are the orthogonal linear combinations of the d

and s quarks,

dl

-sinB.d + cosO.s

~and

/

it

= Acosec d + sin& s.
The angle, €, is called the Cabibbo angle and has _ been
éxperimentally' determined to be about 13° (Perkins, 1972). The
hadronic‘charged current can be written asl A

| o= (2T Yul1-Y") (;’)
When this isa£§Ubled to the charged intermediate vector boson
current, N;J:&qzrwli we obtain the four different interaction
vertices shéWn. in Figure‘lla with their - relative coupling
strengths. The Hecay of a heavy c quark into an s or a d quark is
_possible by thejemission of a virtué] w* boson. . Figure 1b shows
the vertices“fb}‘the normal leptonic chargéd cﬁrrent. The virtual
W boson from”-ﬁﬁe decay of a ¢ quark can produce either a
lepton-antilgbton pair or a qq pair. The decay of a c quark into
a d quark mu§f be suppréssed by a factor of ‘tanﬂ% =0.05 relative
to its decay.ih;o an s quark. This means we should usually expect
to see a stranéé partfc]e from the decay of a- charmed particle.
In ofder tpffecénstruct a charmed partic}é,.we'must look at final
states which‘Ha?e only hadrons since a neutriné, s undetectable.
Typical non-ﬁqbpressed decays are
. S D* —> K™+ e
and

p° — K™+ T



Fig. 1la. The:weak charged current quark vertices with relative

coupling strengths.

Fig. 1b. The;chargéd current leptonic vertices.






Mote that the: decgy D* -=> Kt + M + P must be suppressed by
tanQék (see Flghre 2).

Until ;fecéntly It was believed that | the semi leptonic
branching rétfps of D¥ and D° were equal. Recent data show that
B(D*->4"X)/B(D°->4"X) 2 5-6 (Kirkby, 1979). = One explanation for
this s thefwhexchange interaction (Bander et al., 1980) between
the ¢ quark and U quark shown in Figure 3. HNo such diagram exists
for D* deCay{‘ The partial widths for the.semileptonié decays of
p* and D should be equal, The diagram in Figure 3 increases the
toté] width"of the Do's; tHereby Towering the D° semileptonic
branching rafio. Another explanation uses é sextet dominance
argument. (Rosen, 1980) which 'basically Invbkes another SU(L)
symmetry breaking.

2.2 Charm Production Mechanisms

Hadronic production models for charm are on much shakier
ground than the decay models. One of the main reasons, if not the
foremost, islthe lack of data for direct production of charm.
Most of what we know comes from experiments which attribute excess
'lepton signalé to charm production or 1look at ¢ bound state
production. -‘The majority of the models can;be categorized into
two cla;sesz |

1. cenffal productidn models, in which,thé cC system tends

to- be: produced at rest in the center of mass, and

2. diffractive models, in wHicé ther; is a 'smal1 momen tum

transfer to the target, and the charmed particles tend to
move forward with large momentum in the center of mass.
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Fig. 2. The ‘quark decay diagrams for the Cabibbo nonsuppressed
decay, . p* - .,K-."ﬂ‘*'ﬂ"*, and the Cabibbo doubly 's.uppressed decay,

Dt — k¥t
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Fig. 3. The W=-exchange diagram for D° decay. Note that no such
decay is possible for p* decay, since there is no quark with a

charge of +4/3 for the d of the D'(cd) to connect with.
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2.2.1 Centra] Production

The two @6st populér central models are the Drell-Yan 1like
model (Roy, 1375) and the gluon fusion model (Jones and %Wyld,
1978; Carlson- and Suaya, 1978). Both these .models are
statistical in nature and use the formalism of the parton model.

The parfon'hodel assuhes that each hadroﬁ is' composed of
quarks, antiquérks, and gluons which are lumped together under the
name of partons. Each particular type of pértén is assumed to
have a distribution in terms of the fraction of'the hadron's
momenfum which fs carried by the parton. For ékample; a proton is
ﬁade up of' él] types of partons with a 1momentum ffaétion
distribution.Q{(x;)‘for fhe ith flavor éf ‘qQarks,‘.a momen tum
fracti@n disf}ibution q;(xj)ufor thevjth flavor of antiqqarks, ahq
-a momentum ffac;ion distribution. gk(xw) fok, theA'kth color of
gluons. Atihigh energies it is assdmed that al} of these ﬁartons
move in the‘saﬁe direction as the baféné hadfoh énd that ve may
neglect any ;}ansverse momentum of the jndivfdua] partons. The
momentum fraction of the ith barton is just |

x; = B /P, |

where P, is-the_momentqm of the parton, and P is the momentum of
the proton. .- Another  assumption is :that all the eluon
distributions for a particu]ar hadron aré the:séme, since color i;
not an observabie quantum number.

In considefing a collision beteen two hadrons, h, and h,. it

t
is reasonable to look at a collision beteen a parton from h, and a

.parton from‘hi. Perturbation theory can be dsed because the value
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of the strong coupling constant, Rllhﬂ”= 0.25 at these energies
(Jones and Wyld, 1978). |

The DreiiFYan like model (see Figure h)lconsiders the process
where one bbarton is a quark and the other is'an antiquark of the
same flavor. This qq pair then annihilates iﬁto a virtual éiuon
which decays into a new qg pair. |

The gluon fusion model (see Figure 5a) assumes that these
partons are quth gluons. Figure 5b shows the three lowest order
vertides'for'thé gg-?qa process. One embarrassing feature of the
gluon fusisn'brocess is that the gluons carry'¢oior'away from the
initial hadrohs) leaving a color imbaiancem QCD predicts that
there .shouid.be an infinite number of soft giuons near x=0. This
color diécrepénéy may now be reconciled by 355uming that these
soft giuonsAéan'ieak across with a unit probabiiity.

The parton model writes the cross sectioh for this sort of

process as .
o = fom? 3mi-x,x,5) M (x) FI(x,) dx, dx, dM?,

v

where U(Ml),is the QCD <cross section for the parton-parton.
- : i

reaction, M is the mass of the qgq system, and ﬁ’(xs) is the

momentum fraction distribution for a parton of.Atype i found in

. ‘with a momentum fraction Xj e Thé'deita function just

hadron h
fequires energy“conServation, and s is the sﬁuare of the total
center of mass energy of the incident hadrons.

For the gluon fusion model Jones and Wyld give the gg=->ccC

cross section as

.
o n?) = PE" (-(28+3108 + (FFel6re15) In(iERII/M,
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Fig. &. Thé,Drell-Yan like mechanism. Thé unlabelled external

lines signify‘an inclusive process.
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Fig. b5a. The gluon fusion mechanism. The unlabelled external
lines signify .an inclusive process;
Fig; 5b; The . three lowest order diagrams for the gluon fusion

process. .
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where for the c quark in the center of mass of the cC system, we

have-
8 = 2P/M,
p = N2 - m?), and
ro= 1/y* = Cm/m)?

Théy assume'the charmed quark mass, m,, Is 1.65 GeV/cz. They Qse
a gluon stru&ture function of the form

g(x) < £(1-x)"
with n=5 and n=10.

For burjenergy, with s=408 GeVz, they calculate the ltotal
charm cross section: from the Dreli-Yan like‘process to be aboﬁt
400 nb. Théir calculations for the gluon fusfon process give a
. Cross section“between 200 and 900 nb, depending on the value of n.
In section 6;5;.l take the gluon fusion model as a typical example
of central pfoductibn, and compare it to my data.

2.2.2 Diffractive Production

Cross séctions have been <calculated (Barger and Phillips,
1975) to be -of the order of 1 nb for D channel exchange, and 60 nb
for triple éegge proéesses with D exchange. - These estimates are
at least a factor of 100 smaller than .our data Indicates
(6-10 ub). These small cross section calculations are the basis
for the current belief that almost all of the‘charm cross section
is due to cenfré1 production. |

So |gnoring such sophlsticated diffractlve processes, | use a

naive parameterlzation for the dlfferential cross section,

. Cblt
_‘_’LL o e I "
c/falM
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where t is thé invariant momentum transfer to the proton, and M is

"the mass recoiling against the proton. The parameter, b, is a
. 2

function of M~ and has essentially no s dependence (Albrow, 1976).

More Is said aboht this model in sectlon 6.4,
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CHAPTER 3

Experimental Setup

3.1 Apparétus”

.The exper]hent was performed using the Chicago Cyclotron
Magnet (CCM) spectrometek in the Muon Lab 'at Fermi National
Accelerator Labbratory from July to August 1977. Most of the
~equipment has beehvdescribed elsewhere (Alverson, 1979), so | will

only give a brief summary of those parts. Figufe 6 shows the

placement =~ of the varlous pieces. Before proceeding, the

definition of a laboratory coordinate ‘system is requlred. The
direction of thé beam, pointing north defined the Z-axis, and the
Y-axis was veréigally upward. The .tradition of a right-handed
system defined'fhe X-axis, pofnting to the west.
3.1.1 Beam |

The beam was a 217 GeV/c momentum beam of negative pions from
the N=-1 line',fh the neutrino area (see Fig@rg 7). A temporary

modification in the beam line was made by,'the addition of a

quadrupole magnet placed through the south wall of the Muon Lab in’

.order tolfocus.the Leam in as small an area as possible in the
- target region. |

Three sections of the beam pipe were fitted with Cerenkov
mirrors and }phofotubes and were filled with hellium at a pressure
just below the kaon threshold. The composition of the beam was
found to be about 97% r, 2% K~, and 0.3% P.
3.1.2 Target

The two targéts used in the experiment consisted of a 2.6 cm




Fig. 6. The'E369 Apparatus.
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Fig. 7. The N-1 Beam line from. the pion production target to
'the Bl countér.shown in figure 8. The 1inesxmark§d x and y were
MWPC planes ih:those projections. The'unmarked:}ectangfes were
:hodoscope planes used fo define a clean single béktic]e beam.
4C102,.C103; aﬁd C104 were the beam Cerenkov counters. 1W2'énd

1EL were the bending magnets for momentum seléction.
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berlelum térgét and a 46.1 cm long llquid.hydrpgen target. Each
of these was foliowed by two thin scintillation counters with
pulse heighf' discrimination to permit triggerlng on interactions
in one ;argef 6r the other.

" Since one.of'the objects of the experiméntv was to measure
slow recoil protons coming out of the target at iarge angles with
réspect tq fhe. beam, 'we wanted the material between the
interaction and the detecting counters to be as small as possible.
A cylindrical}flask, filled with liquid hydrogen - and constructed
of 5 mil mylar;'was made 46.1 cm long and 1.5§.cm'In'radius. This
flask was cdve}éd‘with-ten layers of 0.25 mil aluminized mylar for
thermal insulation. A cylindrical sheath, made from Klegcell foam
witH a wall 3/8 inch thick and an outer diameter of 3 inches,
surrounded~the.flask. The sheath was covered wffh a seal of 2 mit
mylar and a vachm was maintained between the'seal and thé flask.
A1l this amounted to an. eduivalent of 0.15 g/em® of liquid
hydrogen for a:broton coming from the center of the target. The
effective léhéth of the hydrogen target was 6n1y 40 cm, since the
first 6 cm were énclosed in a large aluminum box for mechanical
reasons.

There wefé five scintillation counters .in- the beam placed
around the twd-fargets (see Figure.S). Each héd,an RCA 8575 photo
hu]tiplier tubé'with a special emitter folloﬁef transistorized
base (Kerns, 1977) for high rates. The first, and most imbortant
(Bl), was a ljihch diameter, 1/16 inch thick scintillator with an
air light'pipe; 1t provided the timing signal for the start of an

‘event, and<définéd the beam upstream of both targets. The next
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Cer

Fig. 8. Heét‘recoil arm and target région; . The east arm was

the mirror'imagé.of the west arm. B1-B5 were the target counters
placed around the Be and Hl targets. WF corresponds:toAthe front
layer of recof]“counters which-were numbered asAﬁhown. The back

layer, WB, was ignored in the analysis.
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two (B2 and é3) were two Inch squares of scintillator placed
between the two targets. The last two, (B4 and B5) five inch
squares, were placed downstream of the hydrogen target.

On eithgr‘side of the target, in planes parallel to the beam,

Qere two mu]fi-wire proportional chambers (MWPC) with 176 vertical
wires and 1/8 inch spacing. Each of the inner chambers had three
fast sum line outputs covering 15 cm sections for use in the fast
trigger logic; '

Three helium filled bags were placed around the farget region
to reduce muitiple scattering. Ohe was downstream of B5 and
upstream of the first 1x1 .m? chamber, and the other two were
between the recoil MWPC's and the recoil WSC's on the east and
west afms.

3.1.3 Recoil Proton Arms

In addition to the above mentioned MWPC?s,A_each recoll arm
had two' 2x2 mT wire spark chambers (WSC) With magnetostrictive
readouts. Finally came two layers of scintillator separated by a
half inch of éluminum for energy detection of the recoil particle.

" The front layer of scintillator consisted of five six inch
.wide counters and one twelve inch wide counter. The back layer
was four one-foot wide counters. Each of the ten counters was six
feet tall and QneAiﬁch thick with lucite light pipes. Each front

counter had an RCA 8575 phototube on either end, and each back

counter had a single Amperex 56DVP phototube on the top end. The
front one foot wide counter was only used in the low mass trigger.
The-positionﬁﬁg of  the counters relatlve to the target is shown in

Figure 8.
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3.1.4,  The Apparatus Downstream of the Target

The CCM was a gigaﬁtic cylindrical dipole magnet with a 1.2 m
- gap be tween ‘pole faces and an effective radius of 2.5 m. It was
run at a fie}d'of 14.047 kG pointing down in the -y direction.
This field"gave a perpendicular momentum kick of about 2.1 GeV/c
to charged pértitles. The over all angular acceptance of the
spectrometerifn:the lab system was more than 70 mrad in both the x
and y brojectldnsf

DownstréamAbf the target and just upstream of the CCM were
four 1x1 mvaWPC's, each with an x and a vy plane; Then came five
80 cm squére MWPC's leading into the CCM, with another 1xl m>
chamber in the center of the magnet. Downstream of the CCM were
twelve planes of 2xb m* capacitive readout. WSC's. Farther
downstream were-eight planes of 2x6 m* WSC's with magnetostrictive
readouts. ‘ .

Between the two sets of WSC's was an 18 cél] Cerenkov counter
with nine céljs above the beam and the other’nine below the beam.
The counter wa$ filled with 6ftrogen at one atmosphere and had a
1.2 m path "length to the mirrors. Figure 9 shows the light
output for mdons, pions, kaons, and protons as a function of
momentum, with fhe,curves normalized to the fight expectgd from a
_speed of light particle.

Downstréamﬁ of the 2x6 m* chambers were two layers of
hodoscopes,.A]abe]led 'G and H, which wereAused for separating
in-time tracks from out-of—tihe tracks. Behind the G and H
hodoscopes = were 2.2 meters of steel for stopping hadrons. After

tHIs absorber came two more hodoscopes, labelled M', and P (see



Fig. 9. Calcﬁiated light output from the Cérénkov as a function

of‘particié momentum. 100% corresponds to a (3=1 particle.
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Figqre,lO); which were used to detect muons.

Thereiwés. also an. array of 80 1lead glass blocks Ajust
downstream of ‘the G ‘and H hodoscopes, but this was not used in

, .

‘this analysis. s
3.2 Tfigéér Logic
3.2.1 High‘MaSS Proton Requirement
| The top and bottom phototube signals frqh each front layer
recoil counter Qere pﬁt into a special addef integrafér circuit
(séeiFigure ‘ii) to sum théif pulse heights' during a 20 ns
interval. fhéA two bulsés were also discriminated and fed into a
chronotron to giQe a timing signal independent of the position at
_wﬁich ‘the céuhter was hit. The adder integrater signal was
discriminated wifh a threshold twice that for a minimum ionizing
pulse, énd then'put into coincidence with the chronotron signal to
produce a-timédAgignal. The amplitude and timé information from
"~ each tube Weke also fed into ADC's and'TDC'S'resnectively, for
off-1ine analysis. |

An angularffequirement (60°-75°) for the recoil oroton was
made by combin}ng the appropriate counters with each sum line
section of tﬁe recoil MWPC as shown in Figure 12 for the west
(ecoil arm. .This resulted in a mass cut between 3 and 6.5 GeV/c2
for the system recoiling against the proton. Thé logic for the
east arm waélidentical, and the two.resulfing signals were or-ed
‘to nroduce thé:high mass trigger requirement.
3.2.2  '"imup" frigger

All fimfnngas done with respect to the_lstart signal from

counter Bl. Each of the other four target counter signals was put
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Fig. 10. THé P hbddscbpe, fhe'four sets of counters, Q1 Qz2,
Q3, and Qt, weré:used in the trigger;l The da;hed line defines
the area covered by the M' hodoscope trigger requirement. The
- muon triggeklreduirement was just the or of theisigna]; from the

5 sets.
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Flg. 11. Trigger logic for a typlcal recoil counter (e.g.‘

) L‘!FZ)Q

F: linear fanout.
- D: discriminator.
‘The outputs from the ADC's, TDC's, and latch were written to tape

for fo-line.éna1ysis.




BOTTOM

TOP

s

o

Q

FRONT.

COUNTER

B¢



Fig., 12. Logic for the récdi] proton trigger, west side. The

logic for the east side was identical.
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through high and low level discriminators (see _Figure 13). The
high 1level outputs from B2 and B3 were put in coincidence (B23H),
as were the low level outputs (BZSL), in oraer to distinguish
whether-or not an interaction took place upstream in the beryllium
target. Similarly the outputs from B4t and B5 were combined to
make the same test for an interaction upstream inAeither target.
A A‘Hydrogen targét interaction was defined by coincidence of Bu5H
with the cdmp]ement of B23H. One of the side effects of this
requirement wés to discriminate agalnst events with three or fewer .
charged tracks‘besides the recoil proton.

" The beam af,Fermilab is such that there 1Is a bunch of
‘particles, célled a bucket, about every 20 ns. ‘Since some of the
timing required gates longer than tHis, a beam self-veto circuit
was designed to avoid " recording ambiguous events with multiple
beam tracks. This was done (see Figure 14) by putting B45L into
an updating - discriminator with a width of:32 ns and a 2 ns clip
line on one 6utput. The clipped output was then delaved by 32 ns
and put’ in éofncidence with the comp]ementAoF another output to
give a signal, unless another input pulse occurfed befdre or after
within 32 ns.
| A clean hydrogen interaction was defined by a four-fold
colncidence .of the Bl start signal, Bu5H, the self-veto, and the
"~ complement of1823H. This Interaction signal was then put in
coincidence wl;h the . muon requirement (seeiFigure 10), the high
mass proton trigger, and a requirement to remové halo muons from
the béam (B98) (Hicks, 1978) to give thé "IMUP" trigger (see

Figure 15).
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Fig. 14, Self veto logic. The discriminatok:was an
disérjminator_ﬁith‘a_32Ans width and a 2 ns clip line
C. Typical signals are shown for the labelléd"ooints

input nulse and-two inont nulses within 32 ns of. each

updating
on output
. for one

other.
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Fig. 15. Final "IMUP" trigger logic.
P is thg or of the east and west proton signals.
A Ql-Qu‘énd M' are the signals from the P and M' hodoscopes

shdwn in figure 10.
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In addition there was some extra logic to stop the scalers

and data aééhisitibn if the on-line compufék was busy.
line cOmputef‘Was a Xerox Sigma-3 _and wés ‘programmed
Alverson and L. Holloway. The data for each event were
fromla system of"CAMAC crates and written to 9-track tapes

bits per,inch;f
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CHAPTER &

Recoil Proton Detection and Calibration

The reason ior using a recoll proton trigger was to pick out
events with’.éhail momentum transfer and a large missing mass
(about 3 to 6.5 éev/cl) that would be thrown fdfward ‘through the
specﬁrometer.,' The purpose of this chapter is to convince the
reader that thé recoil particles were really protons.

Professor R. D. Sard made a study of Fermilab hydrogen bubble
chamber data from experiment E154 with a7147GeV w beam. For
particles with momentum less than 1.4GeV/c, protons could be
distinguished from pions ,by the amount of lonization the track
made ih the chamber. Requiring lab angles greater than 550, and
velocities cqffésponding to flight times between 11 and 30 ns, he
found 90% of thé_ recoil particles were protons. The Tlargest
4amount of confémination'occured for the fast particles, as shown
in Figure 16. |

By correlétingAthe energy lost by the paiticle in traversing
the scintillatdf with the velocity it had befpre losing any
energy, we can'decide whether fhe recoil particle was a proton or
a pion. Enéré?:ioss per unit length, dE/dx,iis a function of the
charge and thé vélocity of a particle but not 1its mass. A
frequently used paraméterization'(Rossi, 19525 is |

.:‘{.}E_='.;0..1.53(Me\/cm"‘/g) gr—f,-[g.gﬁ + 1n(r-i)] - 13,
where x is ihﬂgrams per square centimeter, and r is the square of

the ratio of energy to momentum for theipartiCie in question.



" &g

Fig. 16. THe fraéfion of all recoil tracks with lab angles
above 55° andxwhiéh were identified as protons as a function of
~time of flight oyer a distance of 2 m. This comes from Sard's

study of bﬁbbielchamber‘data as described in theftext.
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“Kinetic energy as a function of Y(=E/M) for a particle of

mass M may be written as
| K = (Y-1)M.
Taking the dériVative we get -
dK/dY-= rg1\', ;\\
or . ' B ' o
QY = SK/M.

For a protonAand a pion both starting with the:same velocity, an
infinitesimal ‘diStancé dx would correspond to the same kinetic
energy loss fof both particies, but the "change in Y would be
greater vfor:the pion. This meaﬁs that the pion will stop in less
material than the proton.
| 'For a one fnéh thick scintillator, partiéles of increasing
veiocity will deposit all their energy until one reaches a
critical speed at which it just penetrates the back edge. For a
proton ‘this i$ about 31% of'the speed of lighf; As the Qe]ocity
increases; the total energy lost by a particle in the scintillator
decreases, sihcé the integration takes place farther to the right
on the dE/dx é;rVe (see ?igureA17). Calcu]atéd energy loss versus
velocity is sﬁown in Figure 18 for both protoﬁs aﬁd pions, |

~Time of flight measurements were made so-vthat the proton's
velocity could  be calculated. As previously mentioned, each
cbunter in the front layer had a phototube on either end, provided
‘with both timé’ and pulse height analysis. The time actually
measured for the top tube was

T, = Tof + (Z,-Zg,)/c + Tg; *+ y/V, + D,

where Tof is the - actual time of flight from the interaction



Fig. 17. Energy loss (MeV ecm®/g) in scintillator for a singly

charged particle as a function of Y=E/m.
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Fig. 18. . Ca1¢d1ated‘energy loss in the front layer of recoil

counters by protons and pions as-a function of particle velocity.
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vertex, (ZV'ZBI) is the distance the beam travelled from the sfart
signal (at B1) to'where it interacted, and Tel‘fs'the delay of the
start signal'Ffom B1l, due to cables and loglcf"The distance from
where the track‘ihtersects the counter to the top end of the
‘scintillator Is y, and Vg is the velocity of signal‘propagation
through the cbunter. Dy ﬁs,a constant summing up all the delays
from cables and‘éléctrénlcs.l
Similarly we may write the time for .the bottom tube as
T, = Tof + (Z,-Zg,)/c + Tg, * (L=y)/Vy + D,
where L is‘the ]eﬁgth of ' the scintillator.
If we take the difference of thé two times; we get
AT =T -T

o T, = 2y/Vg + (D, - D, = L/Vg).

This equatioh'te11s'us thaf the pos!tion'wﬁere‘thé track hits the
counter may be .arrivéd at  just from the fimg difference. In
Figure 19 we éhow, for a typical cduntef, the difference in 8%
~determined by:'this method and by the track reconstruction. -The“
half wrdth is less than 2 cm, and uslng.the detétmfned value for
V;A of about 1h cm/ns, we see this corresponds to an error of less
than -0.15 ns. (The resolution of the TDC wasib;lhns);

1 f we average the two times, the y dependence drops out, and

we have

- (Ty#Ty /2 = Tof + (Z,=Zgy)/c + Ty *+ L/2Vs + (D44Dy)/2,
-or . |

Tof -

where D is just the total of all those constants.
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Fig. 19, The difference in y positions of a recoil track as

measured by a typical recoll scintillation counter and by

extranolation from the recoil wire chambers.
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burinéAfhe.funning of the experiment, we attempted to measure
D by moving the recoul time of flight window. to accept elastic
pions(f3=1); " however we appear to have failed In 1lowering the
discriminator-“]eve] enough to accept minimum ionizing particles.
The method flnally used for this callbratlon was to compare the
pu]se‘ helght measurements wlth calcu]ated energy loss expected in
fhe counter. | uséd momentum range tables (Measday and Serre,
1969) to caiculate the energy loss and plotted this against the
pulse helght average of the two tubes. The ‘cohstant, D,. vas
varied unti]' the two maxima coincided. This calibration Is
prohahlv zood to about 0.5 ns. Figure 20, shouing the measured
pulse helght of: the recoil versus velocity, agrees nuite well w1th
our previous ‘estimates (Figure 18).

The enekgy']oss for pions and protons traveliinz faster than.
12em/ns  is :about the same, _and in thls' fegion they become
indistinguishable,'un]ess we increase the absorber thickness.
Behind the ‘fhoht ]ayer7 of scintillator we had a half inch of
aluminum and_ahofher inch of scintillator. .The_ expected energy
deposi ted ih fhe second scintillator is shown in Figure 21 for
both protons and pions. The‘efflciency of the back layer seems to
have Dbeen too low to do us much goon It Was ignored in the.
analyslis. .

The squareiof the‘mass recoiling azainst the protoh has - been
calculated and  plotted in Figure 22; The'smooth curve is from a

Monte Carlo doné by G. Ascoli and iS'normaIIZedxto the data.  The
agreement is ~quite good, except for the missing low mass peakp

This peak comes from three pion events which have been
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Fig. 20. Heasured pulée.height as a function of:veIOCity.
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‘Fig, 21. Calculafed energy loss in the backiféyér of recoil

counters as a function of velocity for protons and pions.
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Fig. 22. SqUaké of the mass recoiling azainst the proton. The
histogram is-a sémp\e of the "1IMUP" data and the curve is from a
Monte Carlo Uthé the proton diffractive cross section with no.

muon requirement., The curve is normalized to the data.
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discriminatéd against by thé trigger, The Monte Carlo used the
recoil proton geometry and trigger requirement, but it Had no muon
requirement; :'fhe- data, which had required a muon, correspdnd to
an acceptanééftimes cross section of about 10 ub, iﬁstead of the
Honte Carlo'acceptancé times cross section of abbﬁt 200 ub.

If we éssume that our background trigger rate'from ~the muon
-requirement ;WBS, basically due:to pions decaying in flieght and tb
hadrons punching through the hadron absorber, . Qe estimate a

maximum partial acceptance for these bogus muon events of about

N®

-
D
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CHAPTER 5

Preliminary Analysis

5.1 Track Reconstruction
Track reconstruction of the E369 data was done separately at

Oxford Univéréity and at the University of I1linois; however the

results of this paper come'only from the 111linois version. ‘The

basic skeléfon of both program versions came from the E398
éollaboratidn‘(chks, 1978), also wusing the CCi spéctrometer.
1. Shupe ahdtG; Ascoli revamped and added much of the code for the
I11inois program, and new sections were é}gé contributed by
R. Raja, U.AEg Kfuse, and me. This program was constructed on the
High Energy Physics PDP-10 and then transferréd';o the Cyber at
tHe Digital Combutation Lab. . It took about 120 hpurg of Cyber CP!
.time to reconsfruct the data for all events.'vI.wil].gfve a brief
descriptibn 6f the program's journéy through aﬁiévent.'

First aﬁ'évént was read in from tape, and.the hit positions
in each chamber were converted ffom‘ﬁeadouf bfopagation times to
length in 0,25 mm: (The reasgn ffo; 'these"bizarre units s
historical,’ and. comes frbm' the fact thaf the original CCi
spectrometer ah;lysis rou;ines were wfitten on.é, 16-bit computer
in integer format). The 2x6 m2 chamber sparks4were then corrected
for variations in speed of ' sound aléng the magnetoétrlctlve
rfbbons; o

NeXt‘weAcdme to the track finding, which was carried out
independentlyﬁjiﬁ the four regions: beam, reéoi], upstream of the

CccH, and downétream of the CCM.
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The eight upstream 1x1l m® MWPC planes were scanned separately
in x and y for track projections, requiring three out of four hits
per projection. - |

The dowhstream spark chambers were'. searched for tracks
consistent with stale beam tracks, and these hits were removed
~from the spark?buffer; This was done because - the ~combinations
added by stale beam tracks tended to choke the track finder; Then
the twenty p]anes were searched for tracks with 'at. least three
hits in each of the x and v prQJectlpns. ,These<tracks were a]so

required to prOJect upstream into .a wtndow 2.5m wide at the center

\

of the CCH(z=0). | o |

Next we scanned the recoil hodoscopes, locking for hits. 1f
one was found"we calculated a road 'thrcugh the chambers and
searched for'the_track,Arequiring three out of four x-hits and at
least one oat of two y-hits; When‘a track was found, we fit the
track using the nominal beam axis as an addltlonal ponstqaint in
Ve Then the 'rec011 flnght path length, and.the time of flight
were calculated.' | |

We tried to fit the beam track using the MWPCs and hodoscopes
shown in "Figure 7. |If the data was insufficfent for a gocd fit,
the the beam track was'flagged as bad, andvthe“fit was done using
the.beam enveiche;-

bFits of the interaction vertex_were'done separately in the x
and y projecticns'using the upstream tracks;jthe recoil track if
one was found, and the beam track if It was not flagged as bad.
The initial fit'tc the vertex assigned large weights to the recoil

and beam projections when they existed. Successive fits were done
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by femoving ‘fhe projection with 'the largest deviation in the
previous fit, Qﬁti] all . used projections were within a given
tolerance. If"there were less than two tracks left at this boint,
we did not find a vertex, and the event was sithseanently removed
from the dat= SPt; The removal procéss was then reversed tb allow
for a QHift in'thé fitted vertex. This was done by adding, one at
a time, any previously removed projection,witﬁin tolerance until
no more could be‘ added. Finally we fit the  vertex in each
projection with eduaj.weights for all tracks, iﬁcluding the recoil
and beam tracks,' The 2A for the vertex waé ‘calculated by a
weizhted averége of the z's from both orojectioﬁs.

I f we‘were‘previously unabie to do a good"beam fit, but a
cood verte% waijound, then we used the vertex information to'fiﬁd
a better beam'tréck. | : ¢ |

We then used the vertex to look fér Fragk.bfpjections coming
from the vertéx- but with only twé,hits Qer projection in the
‘upstream 1x1 m# HWPCS. | |

Mext we - linked the downﬁtream tracksv‘to the upstream
projections, including th&se. whiéh missed . the primary vertex,
using a CyTindyiéal hard edge approxihétion fo} thé magnetic field
(Pordes, 1976). The MWPC planes in thé magnet were scanned for
hits, and the.downstréém hodoscopes were checked to see if each
track was in time. _lf a downstream track was ]acklng any upstream
projection, the missing projection was fabrlcatedjby assuming the
track came from the interaction vertex. These linked tracks were
then refitted}using all hits upstream, downstream; and inside the

CCH, and a parameterization of the CCM field.
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Any leftléver upstream projections were ‘projected into the
CCH planes;"which were scanned for hits in order to find low
momentum tracks that were swept away from the downstream chambers
by the CCii.

Finally the traéks, momentum, timing data, scalers, lead
glass data,“recoil, and Cerenkov data were written to magnetic
tapes. These output tapes were then read into the PDP-10 and
- converted from. CyBer 60-bit word format to PDP-10 36-bit word
format;' The .results of this conversion were transferred to
énother set 6Fv£apes;

5;2‘ Partfé]e Identification

Thé next step in thé analysis was to fegd"the reconstructed
tracks ‘through a program written by D. Bender and E. Smith,
which looked«'for neutral particles decaying 'between the
interaction  ver;ex and the 1x1 m* MWPC's. Theff program used the
18 cell Cerenkov counter to identify charged ﬁarﬁic]es as elther
pions 6r kaons; 'The‘Cerenkov algorithm was developed by Smith and
Sard, and will be covered in more detail in Smith's thesis;
however | will give a brief summary of its fdnction since it was a
crﬁcial part Qf my analysis. -

For a charged particle travelling in a medium with refractive
index r, thé'-angle, ék,»between the Cerenkov radiation apd the
particles trajebtory is given by (Jackson, 1962)A

| cos & = 1/(@r)
where Bc is the partic]e% ve]ocity; There is no radiation when
this cosine 'is greater than one. The intenéity of the radiation

is proportional  to sinz(ec), so we may write the ratio of 1light
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intensity of a'particle of velocity fc to that of a particle with

¢=1 as e R = t=-17¢06m?*

=1z r 7
= I/r*

The averase humber, n, of photoelectrons emitted frém the cathode
is proportiéda] to the radiated Cerenkov 1lghtf7 Ye may write this
as A ;>EOR, vhere n, is the average number of‘photoelectrons seen
for a particle with @=1.‘ |

The number  of photoelectrohs was assumed to follow the
Poisson distribution and the gain A, of the photo tube was assumed
to be Gaussfan wfth mean <A> and variance a;i . ‘These assumptions

yield4a probability distribution,

-n : (Y- n<A®
a2n d';,!' )

Pigr=2 e T T

for the expecféd puise height, y, in the phqto tubef
" For each&barticle track that was found VWe‘ identified which
Cerenlov. céfl; if any, the track passed thféugh, and then using
the parametefs,»ﬁ;, <A>, and &, for that ce]]é we calculated the
rétio, R(K/ﬂd, of the brobabllity that the particle was a kaon to

the probabi]ify_that it was a pion..

Smith's>aigorithm also looked at .cases Where the Cerenkov
. circfé fel]s onto more than one ;ell, ‘and It calculated the
fraction of fiéht reflected by each mirror.'.When more than one
track fwent‘thrqugh the same cell the pu]se'height was calculated,
using.eachfpdsg{ble configuration of particle types, to find the

most probabie'hypothesis.’ The ratio was calculated for each.track

using the best'identification for all the other tracks hitting the

cell. Figure 23 shows the raw pulse height distribution for a
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Fig. 23. Raw pulse'height distribution for all 18 cells of the

Cerenkov counter for a sample of the data.
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sample of the.data in all 18 cells. Smith determined that =,

varied between 2 and 4 photoelectrons from cell to cell. A

scatter plot of?track momentum versus R(K/fr) is shown in Figure
24, We found that requiring tracks to have R(K/r)>0.25 gave>the
best discrimination between K's and r's.

Having' transformed the raw data-into a usable fofm of momenta
and"trajectbfieﬁ of identified. partic]es, we were now ready to

start the actual particle search.
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Fig. 24. Scatter plot of track momentum versus R(K/%) for a.

sample of the~data.
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CHAPTER 6

‘"Final Analysls and Discussion of Data

In this chapter | describe the cuts used to reconstrucf the D
signals. Then momentum and angular distributions are compared
with diffractive and gluon fusion models. The diffractive model
agrees mdre closely with the results and is used to evaluafe the
cross sectipn. Finally I compare the results vith other
experiments. | |

6.1 Kihemat}c Definitions

In ordér to explain the cuts and the interpretation of the
data, we need the following definitions. _Figure,ZS shows the
basic reaction considered and defines the ihcoming and outgoing
_four?mqmehta. - The reconstrﬁcted D is labelled D,, and Dy is
assumed to décéy " semileptonically. The four-momentum of the

ﬁ; to signify that it is at rest in

target protdn “is written as
the 1lab.

The invariant momentum transfer to the pfoton is

, —+ —+ 2
tP = (mp - PP) ’
and
2 — —+ - 2
is the square of the mass recoiling against the proton. Qur

trigger required that ‘

3GeV/c? <Mg<6.5GeV/c? and_.-0.1GeVz>tP>-0.uGeV1.l
For a real DD event, Mg should be greater than 3.7 GeV/c?, the
rest mass "of a D pair. The mass squared left over after the

‘momenta from the recoll proton and Dy have been subtracted is

!
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Fig. 25. Schématicvd]agram defining four-momenta-for the’
reaction

M + p—>p+ D, + D, +X.
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I T —+ 2

and Mg shouid'Eé at least as large as the D mass. Since the
recoil prqtqn ‘tfme of fligﬁtldétermination:has large errors, MR
and M will‘havé large errors. " The .cuts made with them were very
liberal, The invariant ﬁomentum trénsfer to D'vis defined by

. , t_ _ (ﬁ;-f ﬁa)z _

0, ’

- which is plqtéed later to sce if~the productlon looks diffractive.
6.2 | Cutéiand Mass P]ots o

The first cut | made on the data was to 'feqUire that the
trigger latch Lits indicated an intéraction in the hydrogeﬁ target.
only and that.ft was a "1MUP" trigger. 'I a]so.required that there
be a single reconstructed. recoil ‘track{ Of the events which
passed the trjgger bit cut, 70% had a single feconétructed recoill
track and 4% ﬁad two or mofe.recoi] trécké.' The remaining 26% had
no recoil track. ~ This 1low efficiency is indicative of the
problems we"Had with nqise from oﬁr spafk chambers which
frequently fouled up the signals from many ofaﬁogr- chambers, and’
sometimes even - zapped the on-line computers. Most of.the events
with no recof1~t}ack had other hardware errors.:

The downstream tracks were found with high éfficiency (>95%).
The upstfeam‘;tracks were not always linked fhrough the magnet
correctly. The mid magnef MWPC planes were about 50% efficient
and sometimés gaye Hits_in the wrong places; Consequéntly, the
hits in theiCCﬁ‘planes‘occasional]y told ‘usl to 1ink the wrong
upstréam X and y projections = together. .- The corresponding
downs tream tréck would then not link in one projection, and so an

upstream projéctioh would be fabricated for the downstream track.

\
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When an dbsefved 'upétréam x-projection matched the fqbricated
x=projection for a downsfréam‘tréck,‘we essentfally ended up;with
two tracks of.the same momentum; Thié tended. to produce funny
:looking SREKFS‘ in the mass plots..\By igndfihg the track stubs
with qo{do&hgtream links, -1 was able éo make plots with smooth and
reasonable loéking backgrounds. | |

| made the following cuts on the data:

2
R

2. . that the proton momentum P, < 0.63 GeV/c,

1. that Mg > 9, '

3. - that. any downstream track with a momenfum'above 200 GeV/c
should be ignored, .

4. that the number of final in-time fracks'be between L4 and
10" tracks including the proton,

5. that the sum of the downstream track momenta be between
100 and 230 GeV/c, and

G. that the primary interaction vertex be inside the target.

‘Cut 1 removed events with recoil particles which could not be
protons due tdﬁenergy.momentum cqnservatfon; Cut 2 required that
the invarfant momentum transfer'to the profon, tp, be greater than
_-O.BG(GeV)1;  fhis corresponded to a minimum time of flight cut of
about 14.3 ns Wfth more than 90% of the recoii- particles being
protons as can be seen from Figure 16. The third cut essentially
removed any Staie beam tracks. Cut 4 required the minimum number
of - fina] stéfé particles to reconstruct a D event. Events with
more than lo'tfaéks had ]afge combinatorials qhd showed no signa1
'enhancement{ Cut 5 was not very stringent. lf required that at
least half of‘the energy of an event be accounted for, and that

this did not exceed the beam energy.




In édditfoh to the above cuts., | reauired: - 7Ythat the net
charge seen Tn the event be -zero, and 8)that there were no track
stuhe (without downstream links) in the event. These two cuts
were rather sfrfngent and picked out events which were diffractive
in nature. A ninth cut was made for the éhérged i channels
which required‘the square of mass recoiling against the proton and
KT combination to be non-negative, ME)O.
| Figufes,26 and 27 show, respectively, the K*™ 7~ and K otet
mass spectra,fwfth all the vabove cuts. MNote the peaks in both
channels at tﬁe known D mass (1868 MeV/c?). No such signal can be
seen in the4.two non-exotic channels shown in Figures 26 and 29.
These channeis ~orrespond to the Cabibbo suppfessed decays. The
combined D' ‘and D° data are shown in Figure 30 along with a
maximum liEeJihéod fit to a Gaussian signal .plus a backsround
civen by a constant plus an exponential. The wfdth (36.6 MeV/cl)
is consisteét with the resolution of the spectrometer. The mass
(1877+h MeV/clj agrees with the known mass within the tolerance of
our alignment. Similar fits for the individual channels with the
mass and widfh.constrained are shown in Figukeé 31 and 32.

Figure 33 sﬁows the sum of the D° and b® channels, K7 and
K+F'. The 'lé:k of signal in this plot corfesponds to an upper
limit of 3.? events at a 90% confidence levef;

If this is Eeally diffractive production}' almost everything
should go throuzh the spectrometer to the downstream chambers. We
should not expéét cuts 7 and 8 to make much difference 1in the
signal if the production is diffractive. -On-the other hand, if

the production is central we should expect to see more signal when
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Fig. 26. The D™(K*m™#") channel invariant mass plotted In

40 Mev/ct bins with no stub events and net charge of zero.
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Fig. 27. The D+(K—7¢W3 channel invariant mass plotted in

40 MeV/c> bins with no stub events and net cHafge of zero.
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Fig.‘ 28. The non-exotic kK'm" channel invariant mass plotted

in‘hOMeV/cz'bihs.
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Fig. 29. "The -non-exotic K T*r  channel Inyariént mass pDlotted

in LOMeV/ct hins.
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_ng. 30. ThéAInvariant mass for both chargedbD channels
(kKEmr¥a¥ pTottéd'in QOHQV/C2 bins. The cu}vé fﬁ the maximum

. 1ikelihood fff; The fit gave ‘the mass and width to be

M=18774k MeV/cr and F=36.6¥§.8‘MeV/c’, reSpéctively. ‘The amount

of signal was-determined to be 50%12 events. .
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Fig. 31.. The;D+(Kfﬁ+ﬂ”3 channel invariant méSS in 20 Mev/c?
bins with a héximum likelihood fit. For the fit, the mass and
full width wére constrained to be M=1877 MeV/q2 and

[=35.6 MeV/cz) respectively. The area was determined to be 23128

events.
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ng. 32, The D" (K7~ #") channel invariant mass in 20 MeVv/c*
bins with ma*imhm likelihood fit. For the fit, the mass and full
width were cbnsfrained to be M=1877 MeV/c~ and r=36.6 MeV/cZ,

respectively.. The area was determined to be:ZS:lO events.
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Fig. 33. Both neutral D channels, pD° (K~7") and D® (K*#7),
plotted in 20MeV/c* bins with a fit of the background. This plot

has an upper limit less than 3.7 events at a 90% CL.
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these cuts are relaxed. The k*n¥w¥data are_p]otted in Figure 34
wffh cut 8 Pembved. Note that the number of backszround events s
doubled whilé fhe signal remains the unchénged. In Figure 35 cut
8 is removed énd cut 7 is relaxed to allow net charges of $1 in
‘the final stafe. Here the number of events is quadrupled without
increasfng thé signal.

The resuifs of these plots are summarized In Table 3. There
are two thing§~to note: | |

1. the_almost equal amounts of the D* and:D','and

2. the,léék of neutral D signa]s;

;This looks és’though the D mesons are producéd fn a neutral pair,
either (D*D’).'or (D”ﬁz). Since the semileptonic branching ratio
for D', |
B(D" —4X) = 23:6%,
is considerably larger than for D° (Kirkby, 1979),
| BOD* —>4"X) < 4%, -

our muon trigger requirement would suppresé_ the detection of
neutral - D -méSOns. The ratio of the hadfonfc decav branching
ratios, | ‘ A
B(D® —>K™ ") /B(D” —>K™ ™ 1*) = 0.021/0.045 = 0.5,
fKirkby, 1979) together with the seml]eptonic'ratio, gfves an over
all suépress[dn'ofimore than a factor of'iO;in‘trfﬂger efficiency
of (D°D?) re]atfve to (D*D7) pairs. N

The'produCtion of a D?D” pair can not be ruled out in ' the
type  of diffractive model discfibed ih section G.4. ~The

is about half that for

<

acceptance for DZ=—=K " with D==——4"K° =
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ﬁlg; 3y, Bofh-éharged_D channels (K*7*2® in 10 MeV/cz‘bins
1including‘eyen£s with frack stubs. For the fit, the mass and
fuli width wereleonstrained to be M=1877 MeV/c? and

'=36.6 MeV/cé, respectively. The area was determined to bg

55%22 events;f'
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Fig.ﬁ 35. Bé;ﬁ;éharged DAchannefs (Ktﬁrﬂﬁ 1",10 _MeV/p2 bins
fnchdingAgvéht§ with tréck(stubs énd allowiﬁg.a-charge imbalance
of %1 in theffiﬁél state. For the fit, fhe méss and full width
were'constraihéd:to be M=1877 MeV/c® and F;BG.S'MeV/cz,

respectively, " The area was determined to be 494£27 events.
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TABLE 3

Summary of D Meson Data

Evenfs with no

stubs and net charge of 0:

105

Chanéélf.’ # of events Mass - Width
o* and D™ 50212 187714MeV/c 37£9MeV/c
| D+iz , 23438 Constrainéa~  gonst?ained_
D~ 2610 | CE 4
b® and D° <4 at 90% CL
- Chargéd D Events with Stubs:
'_Nét Cha}ge # of Eyedts
0 55£22
+1,0, -1 49£29
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the D*D‘ modé} Using the relative acceptance and branching ratio,
we should expect to see something 1like 6 n° events, if 0°n
production occurs at a similar level to D'D'.production.
6.3 . Kinematic Distributions |

Usiné theAdata from the signal bin in Figures 26 and 27 énd
" the data in the_bins to either side of the signal as.background, |
am able to makexplots of relevant kiﬁematic variables to test
different ﬁrqduction mechanisms., There is»an excess of 40 events
from both piof§'in the signal bin over a background of about 80
events.

The scaling Qariable, Feyﬁman X, is deffnéd by

| Xe = P/ Poa +

where Py is thé.longitudinal component of momentum of the D in the
center of mass system, ahd P;;, is the_maxfmum center of mass
* momentum fhét<the D can have which 1is consistent with quantum
numbers. This maximum occurs when the fina]‘stéte contains only a
D meson and7thé lightest charmed baryon. I-haVe used a mass of

2.285 Ge\’/c'2 for the charmed baryon. This scaling variable can be

written in terms of lab variables as
_ l(sfr' + mp) Pue, = FrEo,
Yats, Mg, 2.295%) ’

Xg

where a(x,y,z)=x* + y? + z* - 2(xy + yz + zx).. At our ecnergies

with s=u08.I.GeV1, the approximation

Xg = E'otb/E*r'rnb

'is very good. Figure 36 shows the Xg distribution for the
background subtracted D signal. Figure 37 shqws the xg acceptance

of the apparatus as calculated with a flat xF' distribution in a
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. Fig. 36,-AFeynhan x distribution for the background subtracted

charged D data. .
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Fig. 37. Feynman x distribution of Monte Carlo events showing

the acceptance of D's génerated with a flat FeQnman X.
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Monte Carlo. This Monte Carlo assumed no correlation bétween the
two D's.A the that the data' peaks around xF=0.h which is
considerably higher than the acceptance peak'afound 0.25.

If a paif 6f D mesons 'is produced diffractively, we should
expect the péir to carry off most of the beam's momentum. One of
the D meson$ should have about half the momentuﬁ of the pair, or
an xg just ﬁndér 0.5.

The angﬁ]ar distribution‘in the lab is shown in Figure 38 for
the D_signal{ The small angle peak also agreeé'with a diffractlve
'_interpretatién."Figures 39 to 44 show the distributions for Mg,
tp, tg, My, the charged track multiplicity, and the square of the
perpendicular:momentum component, P:, of the D. The recoil mass,
Mg, is qufté sensitive to errors in the proton time of flight
measurement and:has an uncertéinty of aboutiASOO MeV/c?2. The Mg
distribution s consistant with masses greater than or equal to
. the threshold for D*D™# production. The t, distribution fits to
a form of §Jﬂw'with b=16%) and is consistant with elastic #-p
data (b=9 (Pérl, 1974)) as would be expected in a diffractive
model 'with_‘poheron exchange. The to'distfibution shows a small
momen tum tranéfer to the D and indicates a diffractive process.
Figure 142 .shqws the distribution of masses'Mi recoiling against
the proton and the reconstrUcted‘ D. - The minimum value of M_

should be 1860 MeV/cl, but the proton time of flight measurement

has systematic and statistical errors each of order 0.5 ns.
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Fig. 38. Distribution of Lab angle for the background

subtracted charged D data.
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Fig. 39. Més§ MR recoiling against the proton for the

background subtracted charged D data.
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Fig. u0, Distribution of the Invariant momentum transfer to the

proton, tp, for the backgrouhd'subtracted‘charged D data. A fit

to the form,‘Aéqﬂw', s shown with b=1§12 (G?sz'.
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| o Fig. Uu4l. Diﬁt?ibutibn of the momentum transfer.squared to the

D, to,s for the;Background subtracted charged D data.
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Fig. &2. MasvaL recoiling against the D and. the proton for the

background subtracted charged D data.
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Fig. 43. Charged multiplicity distribution for the background

subtracted charged D data.
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Fig. uh, Ri distribution for the background subtracted charged

_ oo 2 o
D data. A fit to the form, Aeb‘L , is shown with

.2 C e
b=-1.70,, (GeV)™™.
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6.b Diffracfive'Mode]
One of the medels'l have studied is a diffractive model vfo;
the reaction o
| w4+ p —>p + DY + D+ W _
o — Kt + T 4+ T
L—-——-—-),u.*-&-}( + 5,
and also the. reaction with the D mesqn decays reVersed. Figqre 45
shows a schemétic of this reaction. The D mesons were assumed to
- decay lsotroplcally with phase space. |
The recoil proton was generated by usnng the formula for the
proton differential cross sectlon as given in the E369 proposal

(Aecoli et él., 1975):

o o - b(M:),‘fpl.
T <~ € )
dprMR ’
where~b(M;) fs given by .
' . %77Wa -
b= (.6 + 7.0 e R gev©?
Using the generated proton, | ca]cu]ated.the'four momentum of the

pto" ™ system' recoiling against the proton. MNext, the n*p~ @
system was ejlewed to decay according to  3-body phase space.
" Finally, | 1let the D mesons decay ‘andvpropagated the tracks
through theiepparatus. Figures 46 and L7 show the Xg and angular
distributions» calculated for Mg of 4.0 and b.4 GeV/c? in this
model. The agreement with the data in both cases is very good.

0f the generated events, 15-20% satlsfled the recoil proton
trigger requfrement. About 50% of these events passed the muon
trigger requfrehent to give a combined trigger rate of 7-10%.
More than 94% . of the charged tracks recoiling against the proton

-~

were detected by the downstream spark chambers. The Cerenkov



127

Fig. 45, Schématic for the diffractfve mode]\described in

" section 6.4,
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Fig."hﬁ. ‘Ménte Carlo x distribution for the hadronjcaijly

decaying D's df}the diffractive model of sec;ion‘ﬁ.h.




- Monte Carlo Events

o+ MR= 4.0 GeVic2.

° MR= 4.4 GeV/c2

0¢tT



131

Fig. &47. Thé 1ab angie distribuflon for hadrohically decéying

D's from the dfffractive model Monte Carlo of éectlon 6.&.

-
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identification of charged kaons also limited the acceptance. The
momentum band for K lIdentification was about R’-2L GeV/c. The
final acceptance for reconstructed D's was about 1.2-1.87
depending on*MR. This acceptance is shown in Figure 48 a§ a
function of Mg;f |

The samé'Honte Carlo, with a constant b=9 instead of the

values 5-6.4 ° used above, gave identical and angular

Xg
distributioﬁs. The acceptance had the same Mg dependence but was
decreased'eVerywhere by about 0.2%. | | |
6.5 Gluon Fusion Model

The gluéh fusion model is a typical central production model.
Jones and Wﬁld have calculated charm productloh for's=950‘GeV° and
a geometry .simllar to ours but without the same trigger
requiremenf of a recoil proton and a promptbmuon. Their model
gives a toté] @ross section for ccC productioninf about 0.2-0.9 wb,
and an X diétfibution huch lower than my data. They also predict
a much wider,angular distribution. |

Does théfrequlrement of a recoil proton trigger change this
model so.that the distributions are more forward? To answer this
question, I4hQVe modified their model to inclddg a slow proton In
the final _étate. Figure .49 shows a séhematic of this modified
gluon fusion model. The basic idea is that the gluon from the
profon just. .carries off the momentum transfer from the proton as
the pomeron does in the above diffractive model The gluon from
the pion has a distribution just as in the dones-Hyld model:

| glxg) = nrl (1- xg) ,

‘bxs .
where | have used n=3 to give a somewhat flafter distribution than
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Fig. u8. Acceptance for the reconstruction of charged D's as

calculated by the diffractive model Monte Carlo of section 6.h.
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Fig. 49. Schematic for the modified gluon fusion model

described ln'sectlon 6.5.
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Jones' and HWy]d. The longitudinal momen tum ffaction of the.beam
momentum carried by the gluon g Is Xqs and the fraction of the
target moméntpm carried by gluon % is x5 . Momentum conservation
.in the high energy limit gives us |
| | Mg = XgXg S
for the mass of'the central D'D” system.b The -integra1 for the
total cross, sectlon is 4 A
G = /’g(x ) h(xs) 6 (M, ) S(xsxss -u2 ) dx dx dMB,
where h(Xs)-IS the proton gluon distrlbutlon_fgnctlon, and 61[1)
is the streﬁgth of the gluon-gluon interactlén'as gliven in section
2.2.1. 'For-high energy and small t,, the‘§-g1uoh fraction becomes
' Xs = M;/s,
and the g-gludn'fraction'becomes
2 2
xq = Mg/Mgq.
The‘délta function in the above integral aiioWs us to integrate
over Xxg4 bpfore proceedlnr to the Monte Car]o' A. -
/' A% 5/;':8’(1 g3 h(HR/s) M2 di .
The limit M, ls just twice the D mass, and M:vjs a cut off for
which | used a value of 7 GeV/c?. |
Figures 50 and 51 show the x and lab anale dlstributlons for
the hadronical]y decaving D meson in thlS ronte Carlo with the
'acceptance folded in. The distribﬁtions do‘:not agree vwith the
data. They” are essentially the same as  for the unhodified
Jones-wyld modél. This ié because the gluohAdfstribution functfon
Cz(x) peaks'.af x=0 and falls off rapidiy{ The small momentum
transfer requirement also forces the mOmentum_fraction xg to be

near -zero. The X for the blob is just xs-xs.whlch is stil]lnear
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" Fig. 50. Mohfe Carlo xg distribution for the'hadronica]]y
decaying D's of the modified gluon fusion model. Our acceptance
is’folded intd this plot. This figure should be:compared with.

‘Figure 3h.
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Fig. 51. The lab angle distribution for hadronically decaying
-_YD's from the Ménte Carlo of the modi fied g]hon fusion model of .

section 6.5.
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2

zero. This}mode] gives an acceptance at least' a factér of 1
smaller thaﬁ the diffractive model. |

6.6 Cross_Séctfon

To ca]culété avcross sectlon ] qse'the fdrmnla,
Aéo‘TF - r;, |

where n=50112-i§ the number}of D .evénfé, F?l.lxlow‘ is the. flux
of beam particles, and T=1.7/barn is the length of the target
times densitQ:tfmes Avogadro's number. For , | have wused the
acceptance ’éaléulatedA for the diffractive model in section. 6.4,

and B is the over all branching ratio,

B B(Dt— K m*)B(D=> 2 X) + B(D—> &"X)B(D—> K™ M)

(2)(4.5£0.8%)(23£6%) (Kirkby,1979)
S : . . :
=2.1£0.7%. |

This gives A@$130t50 nb. For the diffractive model the acceptance
is between.l?Qz and 1.2% depending on the Value of Me (see Figure
42). This yields a total diffractive cross  $ection for pD*D“
_production of (7-10)t4 xb. |

Contamfnation in the muon trigger by honprompt muons would
lower this cross section estimate. There are‘tWo sources for this
contamination:x 1) fn-flight decay of pions and kaons before
reaching' the ;muon detector, and 2) hadrons.punching through the
étee] absorbér and firing the muon hodoscopes. | looked at data
from the LMP trigger which had no muon trigger requirement to get
an ésfimatéﬂofithis céntaminatfon. of a samﬁlé of 2105 downstream
tracks, only‘ﬁlh were identiffed as muons  by the M' and P
hodoscopes. 1Thjs zives a bogus muon rate of'abbut 0,007 muon per .

track. We should expect about 10-¢ prompt muons per track from
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charm prOductioﬁ (Ritchie, 1980). . lf'QeAassume an average Charged
track multip]jcfty' of 7 Hownstre;m? tracks per D event, we may
expect to obsefve a non=-prompt muon in 4.9% of the‘ events. This
is consisteﬁt with the nonprompt muon partial acceptance (5%)
estimated at thé'énd of chapter b. This 4.9% shou]d be added to
the 23% bfanﬁﬁfng ratio B(D*—>4'X) to yield an overall branching
ratio B=2;5%.l Our previous cross section estimate is lowered to 6
to 9 ,m; |
6.7 Comparisén with Other Data

Recent éxpe?iments (Brown et al;n A1979;“~ Diamant-Berger et
al., 1979; Ritchie et al;, 1980) look at prdhpt muons from p-Fe
interactions at 350 GeV and 400 GeV. fheir apparatus was a large
calorimeter .target and muon identifier. 'They used central.
- production models and assumed that all of the muon excess over
‘background cahe‘ from semileptonic decays of O mesons; They
arrived at a fotal cross section for DD production around
lo-ho,ub/nuc]eon"which is highly model dehéndent. My cross
section of 6-10 wb is smaller, but this should be expected since
it is only for the diffractive region including a recoil proton.

Three'othe}~experiments were performed at the CERN ISR with
colliding proton beams and ¥5 of about 52 and 62 GeV. One shows
evidence for Df~ production in the ket chénne] (Drijard et
al;,19793) and /\: production (Drijard et al.,1979b) in the K.;?’p
and K~a** channels. The other two (Lockman et al., 1979; Giboni
et al., 1979) see .A:' production in the K°#*p and At
channels;4 A1l  three experiments indicate bsﬁbstantial forward

production.
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. The Flbonllvroup required a proton in the 4flnal state and
used a dlffractlve model to calculate their'acceptance. They
obtalned a branchinr ratio tlmés cross sectlon of

" & BN —K p ") =0.7-1.8 xb.
lf one uses ﬁhe Mark Il estimate for this branch!ng ratio of 1.5%
(Hitlin, 1979’,;thé above result implies a total cross section of
50~ 120,ub for Ac productlon. . Since diffractive cross sections
have essentially no s dependence (Albrow et al.,1976) and the /\+
mass is not very different from the D mass, my cross section
.should remaiﬁ -‘the same when scaled to their energy. Thé large
difference may arise form the use of a 'pion  beam rather than
proton beams.‘ A mechanism such as Gustafson and Peterson propose
(Gustafson et al., 1977; Peterson,_1980), which assumes that a
proton ‘has} éAAnonnegllglb]e uudcc cbntribﬁtion to its Qave
functlon, miyht glve a larger cross section for a proton than for
a beam‘(wnth a ducc contrlbutlon).. | say-'thls -since the plon
has a  much “sméller mass than the proton_ ahd therefore the

contribution fr6m heavy quarks is probably smalTér.
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CHAPTER 7

Conclusion

| see‘pfddﬁction of charged D mesohs in o7 -p interactions
with a recoilfproton and prompt muon trigger. The xg and angular
dfstributionsAindicate that the production Is diffractive. A
total of 50512 charged D events are seen in.the kX ¥r¥ channels
énd are split'bétweeh the two channels In abqut'equal amounts; An
upper limit ﬂof. 4 is placed on the number 6f neutral D evéhtsAin
the K*ﬂ4 chanhéls with é 90% confidence level. If we assdme that
the D¥D™ cross section is about the same as for D°D , we should
-only expect'£o See about 6 D° events;
~ The méasured total diffractive cross section for pD D
production fs about 6-10 gb. . This assumes that all my signal was
from DD prodgction'and ignored any p* production. This result
does not exﬁ]dde central production of charmed mesons, since we
Had a'diffracfive trigger, but it does indicaté' that diffractive

processes are ]arge enough to be competitive.
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