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Production Correlations of Hadronically Produced 

Charmed Particles 

Abst.ract 

Charm pair production results are presented on the 37 charm pairs collected 

during the 1985 nm of experiment E653 at Fermilab. The pair differential 

cross section is fitted the functional form dX~Pt2 ,..._, (1- I X1 l)"e-bP;. The 

ma.ximw.n likelihood fit yields n=5.0±l.5 aud b=0.65~~:~~ (GeV /c)-2
• The 

chanu pair mass distribution is fitted to a.n exponential, e-allf(D.OJ, with 

a=0.7S±0.15 (GeV/c2)-1 • The channpair x1, P;, rapidity gap, mass and 

azinruthal opening angle distributions are presented and compared with dis-

tributions from previously published results. The azimuthal opening angle 

and rapidity gap of the charm pair exhibit correlations when compared to 

charm pairs produced uncorrelated by a Monte Carlo. The P? distribution 

has a.n excess of events at P; ?. 3.0 (GeV /c)2 • Comparisons are made to 

prt>vious)y published results 011 Drell-Yan di-lepton production. The data 

show similarities to the di-lepton results in the pair <P; > and pair mass 

distributions. The analysis method is described in detail, including the de

velopment and performance of a momentum estimator used for the charm 

parent momentum. 
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Chapter 1 

Introduction 

The last decade has seen some remarkable achievements in particle physics. The discovery 

of the intermediate vector boson, w± [1,2], in 1983 unified the electromagnetic and weak 

forces. This unification continues tbe tradition of representing what appear to be different 

interactions by one encompassing interaction. The subsequent discovery of the zo, partner 

to the w±, aµd the detailed study of its mass and width have restricted the number of 

lepton families to three [3;4,6, 7]. 

The constituents within the standard model are divided into two distinct groups. Fig

ure 1 depicts the three generations of quarks and leptons. Lepton masses aud limlts are 

from [38], d, u, .s, c and b quark masses we from [5] and the t quark mass liuiit is from [8]. 

The Z0 mass and width only limit the lepton sector. However, symmetry suggests that the 

numbers of lepton and quark gene:fations are the same. The discovery of the tau neutrino 

ancl top quark would complete the constituents needed within the standard model frame

work. Exhaustive searches at pjJ colliders have yielded no clear evidence for tbe top quark. 

1 
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-
u c t e µ T 

(,.., 0.350) (,.., 1.5) (> 77) (0.000511) (0.1056) (1.870) -
d a b Ve Vµ VT 

(,..., 0.3&0) (- 0.55) ("" 4.5) ( < 18ev) (< 0.25MeV) (< 35MeV) -
Figure 1: The quark (left) and lepton (right) families and their measured masses1 . -

-
Hit exists its mass must be greater than 77 GeV /c2 [8]. 

The quarks interact. via the strong, electroweak and gravitational forces. The leptons 

interact via the electroweak and gravitational forces. The strong force is described by the -
theory of quantwn chromodynamics (QCD). QCD is an extension of the highly successful -
theory of the electromagnetic force, quantum electrodynamics (QED), to the strong force. 

The electric field of QED is analogous to the color field of QCD, with the photon mewator -
of QED replaced by the mewator of the strong force, the gluon. QED has been tested to -
less than one part per billion by studying the electron magnetic moment. QCD has not 

undergone such strenuous testing. One of the processes described by QCD is heavy quark -
( chann,bottom or top) production in hadronic interactions. -

The study of charm production provides a test of QCD and aids in understanding bot-

tom and top production within the QCD framework. QCD calculations of chann production -
have been restricted by the questionable validity of the perturbation expansion of the cal- -
cule.tio11. Experimental results of charm production provide crucial information linking the 

-1Charge conjugate particles are implied throughout this thesis, unle• stated otherwise. 

-
-
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perturbativeregime of QCD to the non-perturbative regime. 

As the search for the top quark intensifies, the understanding of heavy quark production 

becomes important. Charm and bottom decays contribute backgrow1d leptons to the top 

signal and this backgrowid must be accurately subtracted in order to reveal new signals. 

Knowledge of the production characteristics, kinematic and dynantlc, of the top quark will 

aid in its discovery. 

Femtllab expenuent E653 was proposed in 1981 [63] to study the production and decay 

properties of particles containing heavy quarks (c, b). E653 used an 800 GeV proton beam. 

incident. on an emulsion target followed by 18 planes of 50µ pitcl1 silicon strip detectors. 

This wtlque combination of a high resolution electronic spectrometer aud the even ltlgher 

resolution of the target emulsion provided E653 with a large acceptance for charm and 

beauty pairs. The visual teclulique of the emulsion allowed charm decays to be icleutified 

topologically with a low backgrow1d. This topological identification iu addition to a mo

mentwu estimate of the parent .charm momentum allowed inclusive production studies of 

single charm and charm pair distributions to be performed. 

TI1e goal of this thesis is present a complete analysis on the production properties of 3i 

clta.nu pair events. The charm pairs were collected during the 1985 nu1 of experiment E653 

at; the Fermi Natioual Accelerator Laboratory (Fennilab ). 

Chapter Two of this thesis will briefly review the curreut theoretical status of charm 

production, followed by a review of the experimental measurements. The apparatus aud 

its perfom1auce will be described in Chapter Three. The process of selecting charm, with 

minimal particle identification, will be discussed in Chapter Four. Chapter Five will present. 
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the background determinations. Chapter Six will describe the momentum estimator used 

in E653 production analysis and Chapter Seven will incorporate the momentum estimator 

into the Maximum Likelihood Fitting procedure used in this analysis. The final results are 

presented in Chapter Eight; followed by some concluding remarks in Chapter Nine. 

-
-
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Chapter 2 

Hadro-Production of Charm: A 

Review 

2.1 Introduction 

Theoretical and experimental results on hadro-production of charmed particles have been 

converging on the same parton description of the fundamental interaction responsible for 

heavy quark production in hadronic interactions. Tilis chapter will present a brief review of 

the theoretical aspects of heavy quark production with an emphasis 011 charmed particles. 

Following the theory will be a review of previous fixed target charm production results with 

an emphasis on charm pair results. More extensive reviews of heavy quark production, with 

an emphasis on charm production, can be found elsewhere [39,40,41]. 

5 
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-
2.2 Theoretical Review 

-
2.2.1 Total Charm Cross Section 

-Heavy quarks produced in hadronic collisions are created by an interaction between the 

partons inside the interacting hadrons. The heavy quark cross section is modeled within -
the parton framework and is written as follows: 

-
D'(Pi,P2) = ~ f ckid:tjD'ij(a.(µ),:t1Pi,z2P2)fi(:ti,µ)fj(:r2,µ) ,, (1) -

where D'ij represeuts the partou cross section and /j(zi,µ) represents the probability dis- -
tribution of the lh parton at momentum fraction :z:1 • By using the factorization theorem -unwaut.ed singularities can be ''factored" away [ll]. The short order cross section is calcu-

lated through a perturbative expansion of D'ii in powers of a.(µ). Nason, Dawson and Ellis -
[9] have used this method to calculate the charm cross section. The calculation was car-

-ried out to the next to leading order (a!(µ)). The leading order parton level diagrams are 

shown in Figure 2 and the next to leading order diagrams are shown in Figure 3. Berger -
has compared the next to leading order cross section to the leading order cross section by 

-
defining the K factor as [13]: 

K _ CT( a:(µ)+ a!(µ)) 
- D"(a:(µ)). 

(2) -
The graph obtained from this calculation is shown in Figure 4. Previous leading order -
calculations hat' returned charm cross sections that were consistently lo~ than the mea- -sured values. This next to leading order calculation yields total cross section values that 

-
-
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q a 

q a 
g 

Q -
-

g Q 

Figure 2: Leading order pa.rton diagrams for heavy quark production. 

are consistent with the measured cross sections without invoking a low charm quark mass 

or jnt.rinsic cha.rm component of the hadrons. Charm cross sections calculated through 

Jead.i.ug order diagrams required a very low charm mass or an intrinsic charm component in 

the incident hadrons. 

The fact that the next to leading order diagram contribute heavily to the total cross 

section came as a surprise. However, Nason, Dawson and Ellis showed that some of the next 

t.o len(ling order diagrams can contribute to the cross section at the same level a.<:1 leadh1g 

ordet· cUagrams. For example the cross section for gg -+ gg is approximately two orders of 

llU\guitttde greater than the cross section for gg -+ qq. This gg -+ gg process produces a 

heavy qua.rk pair through gluon splitting (Figure 3c ). 



-
-CHAPTER 2. HADRO-PRODUCTION OF CHARM: A REVIEW 8 

Q 0 -
g --q 

(a) -
g -

g 0 -
g 

(b) 
g -

-
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g g -
g ( c) 

-
g -( d) 

g q -
-

q -
Q -Ce) 

. Figure 3: Ne.r to leading order pa. : :m diagrams for heavy quark production. -
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200 

mc• 1.5 GeV 
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1•4m: 

400 600 
Plab (GeV) 

800 

Figure 4: K-factor for the total charm cross section as a functio11 of beam energy. 

2.2.2 Charm Correlations 

9 

The cross section calculation provides a fundamental check of the theoretical basis of the 

parton model. In addition to the cross section there have also been predictions involving 

correlations between the q and. f produced m the interaction. Berger has shown that for 

quarks at least u ·massive of the beauty quark the rapidity gap 1 (A Y) of the quark pair 

has two distinct distributions depending on which diagram is contributing to the cross 

section [12]. For qlJ - QQ the rapidity gap, (I A YI), should be very small (full width 

at half muimum 1.3 for I A YI). whereas for gg - QQ will be broacL (full width at half 

maximum of 3.0). Although these predictions are for beauty quarks they point out that 

the rapidity gap nft.ects the parton process responsible for heavy quark production. The 

1Deflniuon of rapidity m: • • t In I:!;! and npictity pp in the charm pair ~ is defined u: 

~Y=l1D·1.ol· 
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clifferential heavy quark pair cross section was also shown to depend only on t:. Y and not 

011 the h1dividual heavy quark rapidities, Yb or Yli· 

Another important charm pair variable is the square of the average charm pair mo

mentum perpendicular to the beam direction, < Pt2 > [11]~ Collins, Soper and Sterman 

predict. that the measured value of< Pf > for charm pairs should be the same as that 

measured in Drell-Ya.n di-lepton production at the equivalent di-lepton mass. It would also 

be interesting to see if the san1e type of< Pl > scaling that occurs in Drell-Yan productio11 

holds for charm pairs. The average Pf scaling seen in Drell-Yan di-lepton production is: 

(3) 

The k; is a measure of the intrinsic transverse momentum of the partons involved in tbe 

process. Thus as Drell-Yan di-lepton production analysis was able to measure the intrinsic 

transverse momentum of the quarks involved in di-lepton production, charm pair < Pt2 > 

will.reflect the intrinsic transverse momentum of the gluons responsible for charm produc

tion. 

2.3 Hadronic Charm Production Results to Date 

Hac1rouk charm production experiments have been done with different beam and tal'get 

particles, at different center of mass energies, and with <lifferent experimental tedutlques. 

This review will concentrate on fixecl target ha.d.ro production charm e..cperiments that. have 

vert.ex resolution capabilities 11ecessa.ry to reconstruct chanu decays. Table 1 lists t.he 

-
-
-
-
-
-
-
-
-
-
-

-
-
-
-
-
-
-
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Experiment Beam Beam Target Vertex 
Momentum Particle Particle Detector 

{GeV Lcl 
NA-32 200 'Ir- ,K,P Si CCD's and silicon strips 
E769 250 "'- ,K,P Be,Al,Cu,W Silicon strips 
WA-82 340 1r - Si,W Silicon Strips 
NA-27 360 'Ir- Proton Bubble Chamber 
NA-27 400 Proton Proton Bubble Chamber 
Ei43 800 Proton Proton Bubble Chamber 
E653 800 Proton Emulsion Emulsion aud silicon strips 

Table 1: List of fixed target charm experiments with hadron beams. 

experiments in this review. 

There are two experimental techniques used to obtain a sample of charm particles for 

production studies: 

• Bubble chamber and nuclear emulsion experiments where the event topology can be 

determined through visual methods [36,49,50,53]. 

• Higb resolution silicon strip detectors that have sufficient resolution to reconstruct 

the decay vertices [36,47,46). 

The visual technique of the bubble chamber and emulsion yield small samples of chann 

decays with low backgrounds. The electronic experiments obtain large samples of charm 

decays with large combinatoric backgrounds that must be properly subtracted. 

The production results from these experiments can be divided into four measurements, 

total charm cross section measurements, nuclear dependenc~ of the charm crott"5 section, 

differential cross section distributions and charm pair distributions. Tbe current status of 

tbetie four measurements is presented in the following sections. 



,.... 
n 
:t 
'-' 

t> 

CHAPTER2. HADRO-PRODUCTION OF CHARM: A REVlEW 12 

1000 x E-65.3 P-Emulsion 

300 • E-743 P-P 

100 • NA-27 P-P 

30 ~ 6 NA-27 TT-P 

10 • )::( WA-82 TT-W,Si 

3 + NA-32 TT-Si 

0 20 40 60 

s'/2 (GeV) 

Figure 5: Total charm cross section measurements from different fixed target charm exper
iments as a function of center of mass energy. 

2.3.1 Total Charn1 Cross Section 

Until the theoretical calculation of the total cross section by Nason, Dawson and Ellis [9] 

the experimental cross sections did not agree with those predicted by the leading order 

calculation~. The measured cross sections are plotted in Figure 5 as a function of the 

center of mass energy (ya) [35,47,49,50,53,58]. Cross sections for non-hydrogen targets 

were calculated assuming a lliiear A dependence of the cross sectiou (see Section 2.3.2). 

The rise of the charm cross section with ya agnes with the calculation of Nason, Dawson 

and Ellis, anmning a reasonable 'V&lue for the charm quark mass (IDc=l.5 GeV /c2 ). 

2.3.2 A Dependence 

The factorization of the total cross section requires that the charm production process be 

describ~ at the parton level and that the cross section be independent of the target nuclei. 

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
• 
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Experiments Beam Targets Ct Technique 
E613 Proton Be,Cu,W 0.75±0.05 Beam Dump 
WA78 11"- Al,Fe,U 0.80±0.05 Beam Dump 
WA78 Proton Al,Fe,U 0.78±0.09 Beam Ow.up 
WA82 11"- Si,W 0.89±0.05±0.05 Reconstructed charm 
Ei69 1r- W,Cu,Si 0.95±0.05 Reconstructed charm 

Table 2: Measured values for a from different fixed target experiments. 

This dependence on the target nuclei is usually parameterized as: 

(4) 

Early measuremeuts of a done by studyhig the lepton spectrum from different beam dwup 

target.s, reported an a that was inconsistent with a parton description [55,56,57). Recent 

results from fixed target experiments with fully reconstructed charm decays are consistent 

with o"' 1.0 [46,58]. Table 2 list the measured values of a. The A-dependence controversy 

will be settled when one experiment measures the parameter a for different regions of X J, 

since the beam dump experiments had acceptance ouly at large X / and the reconstructed 

charm experiments are dominated by low X J events. 

2.3.3 Differential Cross Section 

The charm differential cross section is parameterized by: 

(5) 



-
-

CHAPTER 2. HADRO-PRODUCTION OF CHARM: A REVIEW 14 

-
where: -

(6) 

-
with: 

(M~ -M
2 +s) 2 

i r _ }.{~ 

2. vs l 

(7) -
an cl: -

• P 11 = momenttun of the channed particle parallel to the beam direction -
• Pt = momentum of the channed particle transverse to the beam direction -
• Mi =mass of the particle the for wb.ich X1 is being calculated -
• Mr = mass of the recoil particles h1 the reaction 

-
Experiments quote results for n and b from their fits to the differential cross section. Figure 6 

-plots the measured value of n versus the center mass energy for the fixed target experiments. 

The results from experiments with 7r beams are all consistent with each other [46,47,53]. -
The X1 distribution from the LEBC-PP data is much flatter than the extremely central X1 

distribution observed by E7 43 and E653 at higher y'S. The measured value for the exponent -
n shows an increase in value at larger values of /S. As the energy of the incident proton -
beam increases a larger fraction of the gluon structure function is used in heavy quark 

production. The distribution observed by LEBC-PP is not as central as seen at higher IS -
because only gluons with a large fraction of the proton momentum had enough energy to -
produce a charm pair. Comparing the. 7r beam data to the proton beam data shows that 

-
-
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Figure 6: The measured values for the exponent n for the different fixed target experiments. 

the XI distribution is not as central for the "' data than for the proton data. This is due to 

the larger fractional momentwn carried by the gluons distribution found in the "' compared 

to that found in the proton. 

Theoretically the measured . <P: > of the charmed particles should be approximately 

equal to the charm quark mass (~). This prediction is borne out by the fixed target 

measureme11ts. The <P: >from the different fixed target experiments is shown in Figure 7. 

The measured values are all consistent with - (1.0 GeV /c)2, and do not show any trend 

with ...j; or incident beam type. 

2.3.4 Charm Pair Results 

Single charm production studies have yielded important results on the A-dependence and 

tbe total charm production cross section, but it is difficult to determine the det.ails of 
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Figure 7: The measured values for the <P~ >from the different fixed target experiments. 

-charm production from single charm production distributions. It is hoped that by studying 

the kinematics and dynamics within the charm pair system the parton (gluon) structure -
functions, fi'agmentation effects and contributions from specific production diagrams can 

-be determined. The analysis would follow the Drell-Yan analysis of di-lepton production 

in hadron interactions. The Drell-Yan di-lepton analysis and results will be discussed in -
the next section, but let me remind the reader that the quark and anti-quark structure 

-functions for protons and 71''s, and the intrinsic transverse momentum (kt) of the quarks wa.s 

determined through Drell-Yan analysis. A 181llple of charm pairs with sufficient statistics 

and momentum resolution is required for· this analysis and the two published samples of -charm pairs do not have enough ewnta for such elaborate analysis. 

The LEBC experiment collected two sets of charm pairs (51,52). One set of 12 charm -
pairs was collected using a 360 GeV /c "'-beam incident on the bubble chamber filled with -

-
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liquid hydrogen. (These results will be referred to as LEBC-1rP throughout this thesis.) A 

second run with a 400 GeV/c proton beam collected 17 chann pair events. (Referred to 

hereafter as LEB C-PP.) 

The LEBC-1rP and LEBC-PP analyses compared the weighted charm pair X1 1 P~, mass, 

azimuthal opening angle (+t) and rapidity gap {AY) distributions with the distributions 

from charm pairs generated by the LUND Monte Carlo (LUND MC). The LUND MC is a 

Monte Carlo of high Pt physics in various interactions. The program allows the user to define 

the incident particles and energies, structure functions of hadrons and the fragmeutatiou 

functions used to add light quarks to the bare charm quarks to make charmed mesons 

and baryons. The LUND MC, however, only produces charm pairs via the leading order 

diagrams. 

The LEBC-7rP and LEBC-PP pairs distributions agreed quite well with the pairs gener-

ated via the LUND MC. The LEBC results agreed best when the intrinsic transverse parton 

momentum was parameterized by; 

(8) 

with: 

< k: >= 0.64(GeV/c)2 (9) 

This value for < 1e: > was taken from Drell-Yan studies {21]. The parton structure 

functions a Duke and Owens and the LUND fragmentation scheme were seen by the LEBC 

collaboration to be superior to other sets of structure functions and fragmentation schemes 
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Figure 8: The+, distribution meuured by LEBC-PP. There are 107 geometrically recon
structed pairs in the plot. 

[15,51]. 

The LEBC-PP results are shown in Figures 8 and 9. The agreement between the data 

and the LUND MC charm pairs is quite good. The azimuthal opening angle, +i, of the 

charm pairs shows the expected peaking at 180°. This peaking reflects the back-to-back 

nature of the leading order production diagrams. For the LUND MC +t distributio11 to 

agree with their data the < kl > of t~ partons was eet to the maximum value consiste11t 

with Drell-Yan di·lepton. results. The charm pair mass, X1 and /:1 Y distributions agree 

quite well with the distributions generated by the LUND MC. The P: distribution shows a 

Uigbt tail that is not reproduced by the LUND MC. 

The agrftJllellt between LUND MC and the LEBC.PP data is hard to resolve in light. of 

the NASon, DawsOll and Ellis cross section calculation. The theoretical charm cross section 

did not reproduce the measured cross sections until the next-to-leading order production 
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diagrams w~ included .in the calculation. It could be that the next-to-leading order clia

grams contribute only at large Q2 or mass and the LEBC-7rP or LEBC-PP data has not 

probed that region. A high statistics charm pair experiment with large mass charm pair 

events is needed to detennine the exact role of tbe production cliagrams for leadiug and 

next to leading orders. 

2.4 Drell-Yan Di-Lepton Production 

2.4.1 Introduction 

Tbe purpose of tbis section is not to give an extensive review of Drell-Yan results, but 

to briefly state some of the scaling observed in tbe Drell-Yan experiments. Complete and 

detailed reviews can be found elsewhere [17,20]. 

2.4.2 The Drell-Yan - Charn1 connection 

The mechanism first proposed by S. Drell and T. Yan for the continuum di-lepton production 

in badronic interactions is a quark-antiquark annihilation into a virtual photon that splits 

into a lept011 and anti-lepton pair (Figure 10) [19). This simple parto11 description has been 

very successful in describing the experimental results. The factorization theorem is complete 

for the Drell-Yan process [11] and the theoretical understanding of di-lepton production is 

on firm ground. 

-
-
-
-
-
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q 1 

1 

Figure 10: Leading order production diagram for di-lepton production in hadronic interac
tions. 
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Total Cross section 

The initial total cross section calculations for di-lepton production were lower than the 

experimental cross sections by more than a factor of two. This discrepancy was accounted 

for when the next to leading order production diagrams were included in the cross section 

calculation. This is very analogous to the recent results on the theoretical calculation of the 

charm cross section. The equation for the prodution cross section is similar to that written 

for heavy quark production with the number of partons summed over reduced to the quark 

and anti-quark partons. The perturbative expansion is done through powers of In Q2 / p.2 

where Q2 represents the di-lepton mass squared. 

A-dependence 

Since di-lepton production in a hadronic environment is perceived as a parton-parton inter

action, the total cross section should be independent of the target composition. The a value 

measured with 'Ir and proton beams is consistent with a = 1.0. The recent measurements 

from cbann production experiments are also consistent with a = 1.0 and the premise of a 

short order parton-parton interaction being responsible for both di-lepton production and 

beavy quark production appears to be valid. 

2.4.3 Drell-Yan Scaling 

The parton description of the di-lepton process simplified the theoretical calculation and 

allowed for detail predictions of how meast..:"ed quantities shouln scale. The promi11ent 

scaling observed in di-lepton experiments will be described here along with some of the 

-
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important results. 

Di-Lepton Mass Scaling 

By introducing the dimensionless parameter: 

mi( -
T= - =ZiZj 

8 

the differential cross section was seen to scale as: 

23 

(10) 

(11) 

This scaling allowed experiments performed at different center of mass energies to com-

pare results by comparing their respective values of a. The experimental results were seen to 

scale over almost two orders of magnitude of ft. If this scaling holds for charm pairs it will 

provide a way for different charm pair experiments at different energies to compare results. 

The value for the exponent for 400 GeV /c proton-platinum interactions is a= 27.04 ± O.li 

{22]. This scaling also reflects the probability distribution of the product of the momenttun 

fractions, :tiifj· 

Average Pt 

The average P~ of the di-lepton pair was predicted to scale as: 

(12) 
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where A:? represents the intrinsic transverse momentum of the partons and XI is the di

lepton X1. Thus at constant r, XI and Q2 the relationship is linea.r: 

(13) 

Thi:!! analysis has been done [21] and has yielded: 

<kt>= 0.52 ± 0.12(GeV/c)2 (14) 

(15) 

, for protons and 

< kt >= 0.59 ± 0.05(GeV/c)2 (16) 

, Cai= 0.0028 ± 0.0002(GeV/c2
) (17) 

for 1r's. 

Since Drell-Yan production proceeds through quark-antiquark annihilation the < kl > 

measured is that of the quark!; and autiquarks. Charm pair analysis would measure the 

intrh1sk kl of the gluons that dominate the charm pair production process. 

2.4.4 Structure F\tnctions 

Large statistic di-lepton experiments were able to detemline the structure functions of the 

quark and anti-quarks inside the incident proton and pions. Thls was done by studying 

-
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di-lepton maas distributions at constant pair rapidity. For 1rJ> interactions the cross section 

is dominated at large z11 and z,.. by the product of the structure functions, J:(z,..). The 

structme functions of the sea quarks determined in deep inelastic lepton scatteriug for the 

prot.on, /~(:r11 ), are used to unfold the structure function of the incident pion, t:(z"). In 

the case where the structure functions of both particles are unknown the structure functions 

can be extracted by studying the di-lepton mass distribution at X1(lf) = 0. 

The same analysis can be applied to high statistics charm pair d~t.a and the structure 

functions of the gluoo.s in protons, pions and kaons can be measmed. This might be the 

only way to directly measure these distributions. 

The di-lepton production analysis has made important measurements of the quark dis

tributions inside the incident hadrons. It has also provided a test of perturbative QCD. 

Charm pair production holds the same promising future however both the experimental 

and theoretical aspects of charm pair production are much more complicated that those for 

di-lept.on production. 
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Chapter 3 -
-

The Hardware -
-

3.1 Introduction 

E653 was designed to study the properties of charm production in hadron.ic interactions -and their subsequent decays. The known characteristics ofhadrouic interactions and charm 

decays were used to optimize the expected cha.rm yield. -
These considerations were: -
• The ratio of the charm cross section to the total cross section in 

-hadronic:photon:neutrino:e+e- interactions is approximately 0.001:0.01:0.1:1. 

• Typical charm meson lifetimes were then measured at: -
cr(D±) = 0.320±0.010 nun 

cr(D0
) = 0.1283±0.0033 nun -

-26 

-
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• The semi-leptonic branching ratios for heavy quarks were measured to be large and 

roughly 103 [25]. 

• Average charged track multiplicity in hadronic interactions is large, approximately 15 

tracks per event. 

The solution to these hard technical problems was the following: 

• An emulsion target with lµm spatial resolution could resolve the short decay lengths 

characteristic of charmed particles and handle the high charged track density. 

• High resolution silicon strip detectors would aid in selecting charm events and pre

dicting their location in the emulsion. 

• A Muon trigger to select events with a high momentum muon, thereby reducing the 

non-charm background. 

• Reconstruct this trigger muon throughout the spectrometer and use the resolution of 

the silicon strip detectors to determine if the muon is consistent with coming from a 

decay. 

These '!ere the primary ideas behind the E653 hybrid emulsion-spectrometer teclutlque. 

The plan view of the complete experiment is shown in Figure 11. Each detector had its own 

intemal geometry and cpordinate system, which had to be converted to the cl1ose11 E653 

coordinate system shown in Figure 12. TI1e E653 coordinate system was a right handed 

system with the Z-axis along the beam direction, see Figure 12. The hardware that was 

used consisted of the following: 
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Figure 12: The E653 coordinate system. 

• Beam system: The beam proton trajectory was determined before it enter the emu!-

- sion by a drift chamber system coupled with 9 planes of 20µ.m pitch silicon strips. 

The beam track provided an important starting point in reconstructing the primary 

vertex. 

- • Emulsion target: There were two types of emulsion targets, vertical and horizontal, 

with 14mm and 20mm thickness, respectively. The enmlsion targets were uniformly 

exp~ by moving the emulsion dwing data taking. 

-
• Vertex silicon strip detectors: Following the emulsion were 18 planes of 50µm pitch 

- silicon strip detectors. The vertex silicon strip detectors (VSSD's) measured the 

charged track trajectories upon leaving the emulsion target. 

• Analyzing magnet and vector drift chambus: The charged tracks were then bent by -
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the magnetic field of the analyzing magnet and the new trajectories were measured 

by 10 vector drift chambers (SDC's). 'lrack linking between the VSSD's and SDC's 

provided the momentum meamrements for the charged tracks. 

• Time of flight, liquid &gon calorimeter, and hadron calorimeter: Low momentwn 

particles were identified by the time of flight (TOF) system immediately downstream 

of the SDC's. Following the TOF system was the liquid argon calorimeter (LAC) that 

provided electron identification, -y tagging and 1r0 reconstruction. Long lived hadrons 

deposited their energy into the hadron calorimeter that followed the LAC. 

• Muon spectrometer and trigger: Followh1g the hadron calorimeter was the muon spec

trometer which consisted of rauging steel, 12 drift chambers, a toroidal magnet, ancl 

the muon hodoscope. The muon spectrometer provided a completely independent 

measurement of the muon momenttun crucial in linking this track to the upstream 

spe<"trometer. The muon trigger was accomplished by requiring a coincidence be

tween the front and back sections of the muon hodoscope· that followed the muon 

spectrometer. 

Of course there are always sacrifices to be made when desiguing an experhnent and this 

case the notable compromises in the design were (hindsight is a wonderful thing): 

• The multiple scattering in the thick emulsion target would reduce the vertex resolution 

of the VSSD's. 

• For the muon trigger to have a large acceptance and to reduce the nwuber of 11.'s from 

11" decay the spectrometer must be short (Total length from target to muon hodoscope 

-
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Subsystem Reference 
Overall 28,30,36 
Emulsion 34 
VSSD's 28 
SDC~ 2~ 

LAC (26,31] 
Hadron calorimeter 32] ___ _,__....._-i 

Muon Spectrometer 
--+-___,,,~~--! 

Data Acquisition 
________ _. 

Table 3: References for the E653 spectrometer and its components. 

31 

was 15m). This short spectrometer does not al.low the use of Cerenkov detectors for 

particle identification. 

• The muon trigger forces one of the decay particles to be semi-leptonic. This decay 

due to associated neutrino daughter cannot have a precise momentum determination. 

The muon trigger has turned out to be an exceptional advantage in studying of the 

semi-leptonic decays of charm mesons. 

It is the purpose of this chapter to describe the apparatus needed for the cl1arm pair 

production analysis (Beam system, emulsion target, charged particle spectrometer, and the 

muon spectrometer). The E653 apparatus has been described in detailed elsewhere, and 

I would at this time direct the reader to the theses and papers in Table 3 for complete 

detailed information on the E653 emulsion-spectrometer. 
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3.2 Beam Line 

E653 ran with the highest possible proton beam energy available to take advantage of the 

dependence of the charm cross section on the center of mass energy (see Figure 5). fu 1985 

this meant using the 800 Ge V proton beam available from the Fermilab accelerator. The 

inteusity of the proton beam was controlled by a triangular cross section shaped tw1gsten 

attenuator and ranged between 104 and 107 protons/sec. The beam spot was required to 

be less than 3mm x 3mm in area, to ensure that the region of highest track density passed 

th.rough the central region of the electronic spectrometer. The beam halo, integrated over 

10cm2, was required to be less than 73 of the beam intensity. The small halo was necessary 

to ensure that the emulsion did not become blackened by uninteresting tracks. The beam 

line chosen for E653 was the NE beam line shown in Fig. 13 of the Fermilab accelerator 

and beam line complex. 

3.3 Beam System 

The beam proton's trajectory was determined by the E653 beam system. The beam system 

consisted of two independent detectors, the beam drift chambers (BDC's) 500cm upstream 

of the emulsion and the beam silicon strip detectors (BSSD's) situation 27cm upstream 

of the emulsion target. The beam track was an important part of the primary vertex 

reconstruction since it limited the window transverse to the beam direction in which the 

primary interaction occurred. 

The upstream (BDC) element of the beam system was a conventional drift chamber 
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composed of 18 planes in three different views, X, U and V, with the U and V views making 

a ±60° angle with the X axis. Each plane had two sense wires per plane. The planes were 

grouped in pairs with the same orientation but with the wires offset within the pair to aid 

in unfolding ambiguous tracks. The resolution of the BDC was 150 µ.m (microns)/plane. 

The BSSD's located 27cm in front of the target provided another measurement of the 

beam position. There were 9 planes of silicon strip detectors with 20 micron pitch h1 the 

BSSD system. The planes were arranged in the same XUV projections as the BDC's. Only 

the cmter 1.24 cm region of the 3.4cm x 3.6cm detectors was implemented since the beam 

was confined to a 3mm x 3nun spot size. This central region of the silicon strips had a. 

position resolution of 10 microns. 

The complete beam system had an overall angular resolution of 20 µrad and a position 

resolution of 10 microns. Figure 14 shows the beam spot and slope as measured by the 

beam system. 

3.4 Emulsion Target 

The emulsion target provided the target nuclei for the incident proton and served as a 

detector for the outgoing charged tracks. These two uses for the emulsion defined its design 

criteria. The emulsion target had to be thick enough to provide a reasonable rate of primary 

interactions yet thin enough so that the products of the primary interaction could escape 

the emulsion without considerable multiple scatterhig. A thin. emulsion would also reduce 

the probability of a track from the primary interaction interacting with an emulsion nucleus 
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Figure 14: The integrated beam spot of the 800 Ge V proton beam measured by the beam 
system. 
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Element Weight 3 Atomic Weight Atomic Number Number 3 
(i) (Wi) (Ai) (Zi) (Ni) 
I 0.3 126.90 53 0.1 
Ag 45.4 107.87 47 11.7 
Br 33.4 79.90 35 11.1 
s 0.2 32.06 16 0.2 
0 6.8 16.00 8 11.3 
N 3.1 14.01 7 5.9 
c 9.3 12.01 6 20.6 
H 1.5 1.01 1 39.6 

I Totals 100.0 I <A>=26.64 I <Z>=12.42 I 100.0 I 

Table 4: Chemical composition of Fuji ET-7B nuclear emulsion. The value for <A> was 
calculated assuming a linear dependeuce on A. 

(secondary iuteractions), and the number of gamma conversions. 

Nuclear emulsion is always active. This meant that the amount of stray (out of BSSD, 

VSSD acceptance) protons or halo in the beam had to be kept to a minimwn (less tha.u 73 

of the total intensity). The emulsion was moved throughout the beam spill at a constant 

rate to insure uniform exposure of the emulsion block. 

The nuclear emulsion used iu E653 was Fuji E7-7B. The chemical composition is given in 

Table 4 taken from [30] along with the calculation for the average effective atomic weight. 

This calculation was done assuming a linear A dependence. 

During the Run I (1985) 32 liters of emulsion were exposed in four months of run-

ning. This corresponded to 49 target modules. The target modules came in two different 

co1t.figuratious, vertical and horizontal. 
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3.4.1 Vertical Emulsion Module 

Most (713) of the data was taken with vertical emulsion targets. The vertical targets 

consisted of a closely spaced region, the main emulsion block; of emulsion sheets (called 

pellicles) and followed by a region of spaced out pellicles, the a11alyzi11g regiou. The pellicles 

were oriented perpeudicular to the beam. Figure 15 shows the configuration of the pellicles 

for a vertical module. The vertical modules represented 0.043 interaction lengths and 0.473 

racliation lengths of material. The analyzing region allowed the emulsion scanners to follow 

tracks far from the primary interaction and locate daughter tracks from decays from long 

lived particles. The density of beam proton tracks for the vertical modules was 1.5 x 105 

protons/cm2 this corresponds to an average incoming beam track separation of 26 µm. This 

separation was enough for the emulsion scanners to distinguish separate events. 

3.4.2 Horizontal Emulsion Module 

Figure 16 shows the configuration of the horizontal emulsion modules. The beam was 

incident on the edge of the pellicles. The main horizontal emulsion block was also followed 

by a aualyzing region of spaced out emulsion sheets. A horizontal module represented 0.064 

interaction lengths and 0.719 radiation lengths of material. The density of beam proton 

tracks was 0.5 x 105 protons/cm2 for the horizontal module. This track density corresponds 

to an average incoming beam track separation between 77 µm. 
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Figure 15: The configuration of a vertical emulsion module. 
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3.4.3 E1nulsion Alignment 

The exposure density in the emulsion was kept constant by moving the emulsion transverse 

to the beam durlllg the beam spill. The target mover coordinates were latched and incor

porated into the event information upon triggering. These coordinates were accurate to 1 

micron and determined the event location. 

Internal calibration of the emulsion modules and alignment to the electronic spectrome

ter was an important and difficult task. Upon developing the emulsion module shrinks and 

distorts. By controlling the developing process (uniform drying temperature) the shrinkage 

is kept as uniform as possible. Internal calibration was accomplished by beam spots and 

x-ray marks. Beam spots were exposures to the beam at known positions, by comparing the 

. distance between beam spots before and after developing the shrinkage can be accounted 

for. The horizontal modules used an x~ray gun to etch lines into the pellicles. By aligning 

x-ray lines the horizontal pellicles could be calibrated relatively. 

Aligrunent to the electronic spectrometer was done by aligning beam track trajectories 

from the beam system to tracks in the emulsion. To aid this alignment each module was 

framed with a low track deusity region to allow this matching to proceed in a relatively clean 

environment. This alignment had a precision of ,...., 10 microns and allowed event location h1 

the emulsion to proceed quickly. 
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3.5 Charged Particle Spectrometer 

Upon leaving the emulsion module the particles entered the first a.rm of the charged particle 

spectrometer, the vertex silicon strip detectors(VSSD's). The charged particles were bent by 

the magnet field of the analyzing magnet, SCM-104, before entering the spectrometer drift 

chambers (SDC's) that followed the magnet. This system not only provided momentum 

measurements for the charged tracks, it also provided vertex reconstruction. The most 

important being the position of the primary nuclear interaction. 

The spectrometer was designed to cope with the high track multiplicity and high density 

oftraclcs in the highly collimated central region. The VSSD's achieved a two track separation 

of 60 microns, and the spectrometer drift chambers had two traclc separation of 600 microns. 

3.5.1 Vertex Silicon Strip Detectors (VSSD's) 

The VSSD's were composed of 18 planes of 5cm x 5cm silicon strip detectors. The center 

to center strip distance (pitch) WM 50 microns. The 18 planes were stacked 7mm apart in 

Z and strips were positioned in there different projections X, U and V with the U, and V 

projections at an angle of ±600 with the X axis. The entire stack was positioned 71Imu 

from the upstream face of the target emulsion and was approximately 150nun in length. 

The 5cm x San detector furthest from the target had an acceptance of llOmrad x llOmrad. 

However, tracks with larger angles could be reconstructed in the planes closer to the target. 

The 50 micron pitch and 5cm wirtth translates to 1000 lines per detector. To economize 

electronic costs and cooling needs not every line was read out. Figure 17 shows the read-out 
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structure of the VSSD's. The central 7.95mm of the VSSD's had every line instnunented, 

every other line was read out in the next 3.6mm. Every third line was read out 7.575mm from 

the center strip to 9.975nun. The outer 15mm had every fifth line instrumented. Capacitive 

coupling between adjacent strips permitted a charge sharing algorithm to achieve a spatial 

resolution better than the instrumented strip separation alone would give. The amonnt 

of charge deposited in each strip was recorded and the amount of charge determined how 

far from the instrumented strip the particle hit the detector. The residuals for the four 

different read out regions are shown in Figure 18 and the resolution for the central region 

was measured to be 8.8 µm nns. The decision to read out the pulse height from each strip, 

instead of just recording whether or not the strip had activity (0/1) meant that 7000 lines 

of VSSD information had to be digitally converted and read out by the data acquisition 

system. 

The detectors had 963 efficiency during the run and required very little maintenance. 

3.5.2 Analyzing Magnet 

The charged particles were bent by the magnet field of the SCM-104 analyzing magnet. 

Tbe gap separation was 50.8cm witb shaped pole pieces to increase the magnetic field 

without losing any acceptance. This asymmetric shape, shown in Figure 19, resulted in a 

non-uniform field that had symmetry in the Y-Z plane only. 

The field was mapped out in intervals of 12.7mm in .6.Z and 25.4mm in .6.X and .6. Y. 
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The integrate field strength at 2400 amps was 

j B · dl = 11.2 kilogauss ·meters {18) 

The magnet imparted a transverse kick of 0.336 GeV /c to the charged particles. 

3.5.3 Spectrometer Drift Chambers 

Completing the charged particle system were 10 multi-sampling ''vector" drift chambers 

located clowu stream of the analyzing magnet. The chambers covered a 1.7 x 1.7m2 area 

transverse to the beam aud were in there different projections X, U and V, with the U and 

V projections rotated ±30° with respect to the X axis. The tenn multisampling comes from 

the 5 position sa111plings (at 1.02cm spacings) along the Z-axis per chamber. 'Ira.us verse 

to the beam axis the chambers were divided into 22 cells. The central 10 cells were called 

'fine' cells and had a. drift distance of 2.54an with sense wires every 5.lmm along the z 

cUrect.ion. Surrowuling the fine cells were 6 'coarse' cells. The coarse cell were identical to 

the fine cell except the sense wire spacing was twice that of the fine cells. Figure 20 shows 

the wire positions for the two types of cells. The chambers were operated a 1 atmosphere 

of pressure and a 503 argon, 49.53 ethane and 0.53 ethanol gas mixture. 

Figure 21 shows the position residuals for the SDC's. When a single beam track passed 

through the chambers, the resolution was 110 microns rms. For typical secondary tracks 

the resolution was 140 microns. 
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3.5.4 Mo111entu111 

The charged particle spectrometer provided momentum measurements for tracks that were 

linked between the VSSD's and SDC's. For charm selection a simple thin lens approximation 

was used to determine the momentum. The error in this calculation was: 

6p/p = Jco.01)2 + (o.00023p)2 p in GeV/c (19) 

The first term is from multiple scattering and second tenu is the contribution from slope 

measurement errors . .A11 attempt to incorporate a Runge-Kutta iterative integrated fit to 

the track trajectories through the magnetic field found no significant improvement over the 

th.in lens approximation (31]. The thin lens momeutum estimate was used throughout this 

analysis. 

3.6 Muon System 

The muon system provided the only particle identification used in this analysis. Muons 

were tagged by scilltillation counters placed down stream of 26 interaction lengths of ma

terial. Tl~e muon hodoscope was preceded by the muon spectrometer which provided an 

independent measurement of the muon trajectory and momentwn. The muon spectrometer 

consisted of two sets of. 6 drift chambers and a toroidal magnet. Figure 22 shows the plan 

view of the complete muon system. 
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3.6.1 Muon Spectrometer 

After leaving the SDC's the particles encountered the time of flight counters, liquid argon 

calorimeter, hadron calorimeter, and ranging steel. The information provided by these 

systems was not used in this analysis. Particles that managed to get through the 8.77 

interaction lengths of material in the calorimeters entered the muon spectrometer. 

The muon spectrometer consisted of 12 drift chambers with a 3m x 3m area transverse 

to the beam axis. The chambers were arranged in three views, Y, U and V. The U and 

V views were set at ±12" with respect to the X-axis. Each chamber had two 1.6cm wide 

gaps, and the sense wires in the two gaps were offset to eliminate left/right ambiguity. Six 

chambers preceded the steel toroid magnet, representing 8.03 interaction lengths, and six 

chambers followed the magnet. The last drift chamber was just llm from the emulsion 

target. 

The chambers were operated initially with 503 argon 49.53 ethane and 0.53 ethanol 

gas mixture, for the later runs a 503 argon 503 ethane gas mixture was used. 

Unexpected non-uniform electric fields caused by floating some of the shaping strips 

caused a non-linear drift velocity. The non-linear effects were determined by using a high 

momentum muon calibration beam. The final overall position resolution of 400 microns was 

achieved when properly accounting for the non-linear velocity on a cell by cell basis. Figure 

23 plots the residuals for four of the muon drift chambers. 
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3.6.2 The Toroid 

Sandwiched between the muon drift chambers was a toroidal steel magnet, 130cm thick and 

a radius of 180cm. The toroid consisted 8.03 interaction lengths of steel. In conjunction 

with tracking information provided by the muon drift chambers, the toroid provided an 

independent momentum measurement of the muon momentum. This momentum provided 

another constraint on the linkage of the muon tra.ck reconstructed by the muon system to 

its upstream tra.ck in the spectrometer drift chambers. 

TI1e field map of the toroid was generated with the POISSON program h1 the CERN pro

gram library. The results of the program agreed within 23 with hall probe measurements. 

The equation for the magnetic field of the toriod is: 

B(r) = 22.196 - 0.040049r 12 < r < 86 

B(r) = 21.037 - 0.024904r 86 < r < 775 

The momentum equation is: 

P = 0.03B(r)L/8 

The resolution is: 

5P/P = j(0.19)2 + (0.007p)2 

• r = radius from center of magnet (cm) 

(20) 

(21) 

(22) 

(23) 
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• L= thickness traversed (cm) 

• (J = augle deflection of the track (mradians) 

• P = momentwu in Ge V / c 

The magnetic field in the toroid was 19.5 ± 2.5 kilogauss and imparted a 0.76 GeV /c 

momentwn kick to the muons. 

The amount of ranging material preceding the muon system was not quite enough to 

contain the hadronic cascade caused by the incident hadrons. This hadron punch through 

swamped the six upstream muon drift chambers. The muon drift chambers were designed 

to operate in a low multiplicity environment. The front muon chambers were incapable of 

resolving the muon track in events with large hadron punch through. 

Because of the hadronic pw1ch through the events were divided into three types: 

• Up-Down Muons: The muon track was successfully reconstructed in both sets of muon 

drift chan1bers. 573 of the events. 

• Down Only Muons: Muon track information is available from the downstream cham

bers only. 383 of the events. 

• No Muon: No muon track in the downstream chambers, 53 of the events. These 

events were later rejected by the oflline analysis. 

3.6.3 Muon Hodoscope 

At the very end of the E653 spectrometer, 15m from the emulsion target, was the muon 

hodoscope. The muon hodoscope consisted of two sets of scintillation counters seperated 
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by ranging steel. The effective area of the counters was 360on x 304cm and had an angular 

acceptance of +99 to -157 milliracliaus in dz/dz. And +142 to -99 milliraclians in dy/dz. 

The front scintillators, MU Front consisted of 36 horizontal counters logically 'or 'ed together. 

The 40 back paddles were oriented vertical behind another 6.67 interaction lengths of steel 

and were also logically 'or'ed together. A particle was tagged as a muon if both MU Front 

and MU Back arrays fired in coincidence. 

(24) 

A particle had to traverse 26 interaction lengths of material to reach the MU Back paddles. 

The signal in the MU hodoscope was used to complete the trigger requirements discussed 

in the next section. 

The efficiency of the muon hodoscope was 943. This was determined by removing 

the muon requirement from the trigger. The number of events with both a muon track 

reconstructed in the MDO and a hit registering in the hodoscope was compared to the 

number of events with a reconstructed muon track. 

3. 7 The Trigger 

The E653 trigger was the logical 'and' of three scintillator counter systems, the beam trigger 

counters, the interaction counter and the muon hodoscope. The beam trigger counters and 

the interaction counter are shown in Figure 24. The beam cvunters forced the incoming 

proton to be incident on the central regions of the silicon strip detectors and required that 
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the proton was not associated with any halo particles. The counter 53 which was 5mm in 

diameter defined the beam position and also provided the start time for the time to digital 

converters discussed in the next chapter. The interaction counter was placed hnmediately 

after the emulsion stack and was 6.35mm thick. The signal from this counter was sent to 

a discriminator with the threshold set at the equivalent of 3 minimum ionizing particles. 

Th.is counter required that au interaction had occurred in the emulsion, and produced at 

least three charged tracks. 

The muon hodoscope, described in the previous section, completed the trigger. 

The logical definition of the E653 trigger was 

Trigger= Beam· Interaction· Muon 

This was referred to as the B · I · µ data trigger. 

(25) 

The data trigger was vetoed by the data acquisition system if it was busy reading out 

a previous event or if the memory had insufficient space available for another event. The 

dead time was 25 to 30 3. Figure 25 shows the logical schematic of the Run I E653 trigger. 

3.8 Data Acquisition 

The job of the data acquisition system was to convert the analog iuforma.tiou into binary 

nwubers, digitization. This information must then be "pa.eked" into a. readable fonua.t 

aud t.rauscrihecl to a recordh1g mecliwn, magnetic tape or hard disk. The data. acquisition 
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Figure 24: The beam and interactions cOllllters of the E653 trigger system. 
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system used by E653 was the new FASTBUS data acquisition system. 

E653 was the first experiment to use the new FASTBUS data acquisition system. Being 

the first meant that the majority of the devices had to be developed and debugged on the 

experimental floor. For example: a direct path connecting the FASTBUS system to a VAX 

computer architecture did not exist at the time of the first data run ( 1985). For this reason 

a rather convoluted FASTBUS to LSI 11/83 to VAX 11/750 data path had to be used. This 

data path and the inclusion of some CAMAC modules, because the FASTBUS equivaleuts 

were llllavailable at the time, slowed the data rate to almost the same rate as the older 

CAMAC system. The compactness of FASTBUS modules compared to the older CAMAC 

modules made up for lack of a significant hnprovement in the data rate. This section will 

briefly review the data acquisition system (DA) and the ONLINE programs used to mouitor 

the performance of the equipment during data taking. 

3.8.1 Fastbus Hardware 

The nwuber of lines of i11formation per experiment grows as the cost of associated electrouics 

becomes tolerable. The problem becomes one ofincreasing the density of information. With 

this h1 mind the FASTBUS data acquisition system was developed. The FASTBUS system 

is a modular and crate _system. Each crate would hold a programmable unit that controlled 

the crate and the data acquisition modules. Each data acquisition module had 96 channels 

of input and each crate could hold up to 22 data acquisition modules. The FASTBUS 

modules used were the first generation modules produced by Lecroy Researcl1 Services. 

The Lecroy 1885 anolog to digital converter (ADC's) used·by the silicon strip detectors 
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and calorimeters had bi-level readout capability. In the low range the sensitivity was 50 

femtocoulowbs/cowit and the high range sensitivity was 400 femtocoulombs/cowit. The 

total range of the ADC's was 200 picocoulombs for the low range and 1600 picocoulombs for 

the high ran~e. Each ADC received a gate from the crate Calibration and Trigger Module 

(CAT). The timing and width of the gate was set by the experimenter. 

The Lecroy 1879 time to digital converters (TDC's) were used by all the drift chamber 

systems to convert the time difference between the start pulse from trigger cowiter S3 and 

the leading and trailing edges of the signal pulse from the drift chambers. The resolution 

of the TDC's depended on the clock frequency. The clock frequeucy was provided by the 

CAT module and was set at 334 MHz and had a bin width of 3 nanoseconds. 

In ad<lition to performing the digitization of the event information each FAS TB US crate 

had a CAT module which provided the ADC's and TDC's with the timing pulses (gates, and 

start and stop times). Each crate also had a programmable processor module (Lecroy 1821) 

that enabled ouline pedestal subtraction of the ADC signals. The digitized information 

from each crate was sent to its memory module, the Lecroy 1891. The memory module had 

multiple record capabilities and could hold up to one megabyte of iuformation (two of the 

1891 's had four megabyte capabilities). 

Once the event made it into the FASTBUS memory buffer the information was shipped 

to a LSI 11/73 via the DRllW interface. From there the information was shipped to the 

online computer, a VAX 11/750, and then onto magnetic tape. The ouline data acquisition 

system ruuning on the VAX skimmed some of the events 011to disk for online monitoring of 

the apparatus. The complete ouline data acquisition system data path is showu h1 Figure 
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26. With this configuration E653 was able to achieve a data rate of 122 Kilobytes/sec. 

3.9 The 1985 Run and Overall Performance 

The first run of the spectrometer just described started in May 1985 and was over by 

August of that year. The spectrometer had its quirks during this rmming period but for 

the most part the problems in keep.iug the hardware running were .iuconsequential to its 

final performance. Figure 27 shows the number of B·I·µ triggers written to tape during the 

1985 run. Periods of down time were due to lack of beam to the experiment, not equipemeut 

failure. 

After the data tak.iug run the individual groups responsible for building the detectors 

attacked the problem of writing the software needed to do the event reconstruct.ion. Various 

calibration data were taken during the run: 

• High momentwn µ tracks were used to calibrate and align the muon spectrometer, 

spectrometer drift chambers a.ud vertex silicon strip detectors. 

• Low momentum electron beams were used to calibrate the liquid argon calorimeter. 

• Low momentum hadrons and high momentum muons were used to calibrate tlie 

hadron calorimeter. 

• Conversion electrons from a parasitic 'Y beam were used to provide low momentum 

electrons used for additional LAC calibration. 

• 800 GeV /cprotons, no interaction target, were used to align the beam system, VSSD's, 
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Number Of Triggers On Tape 
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Figure 27: The integrated number of data triggers written to tape duriug the 1985 nm of 
E653. 

and SDC's. 

B·I·µ data triggers were also used by the system for additional alignnient and calibration. 

The resolution achieved by the individual systems is listed in Table 5. 
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System Quantity Units Resolution -
Beam Drift Position/plane µm 150 
Chambers -Beam Silicon Position/plane µm 17-35 
Strips 
Combined Position at z=O µm 10 -Beam System Angular µrad 20 
Enmlsion Position µm 1-10 

.Angular milliradia.lls 1-10 -Vertex SSD Position/plane µm 8-24 
Position at z=O µm 10 . 

Angular µrad 70 -Spectrometer Position/plane µm 50-60 
D1ift Chambers Angular µrad 35 
Primary Vertex Position( z) µm 300-400 -Position(x,y) µ.m 6-10 
Secondary Vertex Position(z) µm 550-750 

Position~x,y ~ µm 11-18 -LAC Position(x,y) IDlll 1.2 
Energy( 5E/E} 3 ~12/vE)+2.5 

Muon Drift Position(x,y) µ.m 250-600 -
Chambers 

Charged Particle Momentum pin J(o.01)2 + (o.00023p)2 
Spectrometer GeV c -
Muon Spectrometer Momeutum pin GeV /c (0.19)2 + (0.007p)2 

Table 5: The individual detector resolutions for the E653 spectrometer. -
-
-
-
-



Chapter 4 

Charm Selection 

The motivation behind the E653 spectrometer was to collect a large nwnber of w1biased 

heavy quark decays located in an emulsion target, by triggering on the semi-muonic decay 

of the partner quark. Emulsion scanning candidates were selected via ofHine spectrometer 

reconstruction. These events were visually scanned in the emulsion and decays with a 

topology consistent with charm were saved as charm candidates. The topological candidates 

went through a second pass of spectrometer reconstruction and decays consistent with charm 

decays were used for production analysis. Tbis chapter describes the complete analysis chain 

used to obtain the charm pair sample, starting with the initial muon trigger. 

4.1 E653 Trigger 

Semi-leptonic decay rates of heavy quarks were predicted by theory to be late,~ at the time 

E653 was being designed. Measurements just being made of this important decay mode 

65 
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for charm mesons agreed with the predicted rates [25,63). Hadronic interactions produce a 

charm event for every 1000 interactions, the muonic trigger enhanced the chann yield by 

eliminating background interactions that did not produce a high momentum muon. 

E653 used a muon hodoscope positioned behind 5-Ge V of ranging steel to trigger the 

data acquisition system (see Figure 22). The trigger also required a well defined beam 

particle and at least three charged particles l~aving the emulsion (see Figure 24). These 

three requirements together formed (in E653 jargon) the B·I·µ trigger where the B stands 

for be~, I for interaction andµ for µ-hodoscope. The results for this work are from the 

5•106 B·I·µ triggers written to tape and the 35 liters of exposed emulsion during the 1985 

run. 

4.2 Event Reconstruction and Emulsion Predictions 

The first stage of the ofH.ine analysis used the tracking information in the VSSD, SDC, and 

MDC to select charm events and to determine the location of the events h1 the emulsion 

block. Charm selection utilized the properties of the reconstructed trigger muon track; 

event location was detennined by the reconstructed primary vertex position. 

The trigger mu011 track had to be reconstructed in the muon drift chambers and it had 

to be linked to a track in the upstream tracking detectors. The linking was done at the 

mid-plane of the material between the SDC and the MDC systems. At this mid plane (Z= 

710 cm) multiple scattering effects are minimized. The momentum measurement of thi 

muon track in the _MDC system and the upstream spectrometer had to agree in sign and 
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Primary vertex· 

Figure 28: Cut variables applied the muon track to select events for emulsion scanning. 

value. Muon tracks were required. to have a x2 < 3.0 for the link between the MDC and the 

SDC, and x2 < 5.0 for the link between the SDC and VSSD. The li.nkiu.g efficiency between 

the MDC and SDC was 353. The major source of the linking inefficiency was due to K 

or 1r decay into muons and the unexpectedly large amount of hadron pwich tlu-ough in the 

first six muon drift chambers. The linking requirements insured that the event contained a 

high quality reconstructed trigger muon and allowed the properties of the muon track to be 

used for event selection. Approximately, 353 of the events had a completely reconstructed 

trigger muon track. 

The reconstructed tracks in the VSSD's that linked to the SDC's (so they had a mo111e11-

tw11 measurement) were used to form primary and secondary vertices. H a primary vertex 

was reconstructed inside the maln emulsion block, the impact parameter of the muon with 

respect to lhe primary vertex posit.ion was determined (see Fig. 28). 
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The charm selection cuts used in this analysis are listed in Table 6. There were four 

sets of cuts involving several variables, but the most significant cuts involved the impact 

parameter of theµ. (bµ), the transverse momentum (P .1) of theµ. with respect to the beam 

direction and a momentum cut on the muon (P µ)· The momentlllll cut (P µ > 8.0 GeV /c) 

on the muon track insured a high momentum muon which reduced the effects of multiple 

scattering in the emulsion and the in the ranging steel. The P .1 cut reduced the background 

from Kor 7r decay into muons, only 53 of muons from prompt 11"'s decays survived the cut 

while 403 of muonic charm decays survived [63]. This is due to the combination of a larger 

Pt available in charm decay and the fact that chann is produced with a higher average 

P .1. Kaons and pions from charm decay which subsequently decay into muons were not 

eliminated by this cut. This sample of mis-identified muonic charm decays represents about 

143 of the muonic sample [62]. The impact parameter cut insured that the muon was not 

associated with primary interaction. 

The three different classes of cuts were established with the muon cut variables (P µ, 

bµ, P .Lµ)· These cuts are listed in Table 6. Type I events required a clean separatiou of 

the muon track from the primary vertex and a modest P .1 of the muon. Type III events 

represented the subset of Type I events in whicl1 the muon track was associated with a 

secondary decay vertex. The reconstructed muonic vertex allowed the cut values on P .1µ 

and bµ to be reduced slightly to increase the yield. Possible beauty events, Type II events, 

were selected on the basis of the larger P .1 spectrwu seen in Monte Carlo sin1ulatio11s 

of beauty decays. Type IV events were selected because of a reconstructed decay vertex 

outside the emulsion. These Type IV events were used for K: momentwu analysis and 
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I Cut Variable Class 1 

Pii 8.00 8.00 8.00 0.00 
P .i.µ wrt Beam 0.20 0.80 0.250 0.00 
(GeV / c) 
hnpact Parameter of 50 100 100 0 
Muon (microns) 
Phaarona(GeV /c) 5.0 0.0 0.0 0.0 
Impact Parameter of 0.050 0.0 0.0 o.o 
Hadrons (microns) 
Decay Length (mm) 2.0 0.0 0.0 0.0 
Invariant Mass 0.250 0.0 0.0 0.0 
(GeV /c2 ) 

Table 6: Listing of the four different classes of cuts used in selecth1g events for emulsion 
scat.utlng. 

some preliminary charm analysis (done without emulsion information [28,29,30,31,33]}. If 

at.1 event passed Type I, II, and III cuts, the tracking and vertex information was sent to 

the emulsion scatmers in Japan to scan the event. 

Event loss durh1g ofHine scan selection for a typical vertical emulsion module is listed 

in Table 7 taken from [30]. 

4.3 Emulsion Scanning 

The two different emulsion modules, horizontal at.id vertical, had two different scanning 

teclmiques. The horizontal scanning was done mainly by human eye whereas the vertical 

sca.iuling incorporated a sophisticated automated emulsion scat.mer. The automation of the 

vertical scanning increased the scanning Fate. Since only 3 out of the 37 cl1arm pairs came 

from the horizontal modules, the scanning teclmique used for the vertical modules will be 
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-
Number of Cut(s) description Percent 
Events of Events -
Before Cut(s) Cut 
17450 Event is readable from tape and 

is within the fiducial volume 30.1 -
12093 F\illy reconstructed muon 71.3 
3469 No primary vertex reconstructed 1.0 
3331 Z of primary upstream of the -

emulsion block 1.9 
3268 Z of the primary downstream of the 

emulsion block 12.8 -
#of events 

2849 Class 1 cuts 116 -Class 2 cuts 23 
Class 3 cuts 105 
Class 4 cuts 113 -

Table 7: Typical emulsion scanning preructions for a vertical emulsion module. 

-
discussed briefly. 

-
4.3.1 Automated Scanning -
The last plate of the vertical emulsion stack, the analysis plate, was measured by the auto-

matic scanner. This scanner consists of a video image microscope with a computer driven -
stage. The movable stage had a position read-out with a lµm accuracy. The focal length -
of the microscope is also controlled by the computer and was varied in lOµm intervals. The 

last emulsion plate has two 80 µm thick layers of emulsion, so there were 16 measurements -
corresponding to 16 different focal lengths. This allowed measurement of the track angle -
and position at exit of the emulsion. These angles and intercepts were then matched to 

tracks reconstructed by the VSSD's. Tracks that have matches were then projected onto -
-
-
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Figure 29: hnpact paramter for tracks coming from the primary vertex. 

the last emulsion pellicle of the main emulsion block. 

11 

The analysis plate information with its lµm resolution allows a more precise measure-

meut of the impact parameter of the tracks with respect to the primary position. Figure 29 

shows the impact parameter for VSSD tracks confirmed to be comiug from the primary 

vertex, the dotted line is for the impact parameter calculated using VSSD infonnatiou only 

and t.11e solid line is the recalculated impact parameter using the analysis plate infonnation. 

vVit.h tWs improved impact parameter resolution events with theµ coming from the primary 

interaction were ellininated. 
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4.3.2 Graphic Analysis 

Graphic analysis refers to using the primary vertex position and analysis plate track in

formation to quickly eliminate uninteresting tracks from the primat"y vertex. A computer 

generated image of the analysis plate track segments and VSSD reconstructed tracks. 'fracks 

were humanly matched betweeu the emulsion and VSSD. Any tracks that were reconstructed 

by the VSSD's but not attached to the primary vertex were possible decay daughters. Events 

with a low Pt muon with respect to its parent, as measured in tlie emulsion, direction were 

rejected at this stage as K -+ µ decays. If the event passed this graphic analysis the event 

was saved for complete emulsion scanning. 

4.3.3 Decay Search 

The decay search started by scanning back all tracks that had a match at the analysis plate 

but were not linked to the primary interaction. This search path ended at the source of 

the daughter track, either a decay vertex or a secondary interaction vertex. 'fraclcs that 

originated at the primary but had no match at the analysis plate were scanned stat"ting 

from tbe primary vertex uutil the track led to a decay vertex or the downstream edge of 

the emulsion. In this search charged decays that had failed reconstruction could be located. 

Table 8 lists the fraction of events that survived the different stages of emulsion scanning 

and tbe time needed to do the measurements. 
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Emulsion Percent that Length of time 

analysis survived (3) (minutes) 

Fiducial volume cuts 80 0 

Locate Primary· 
Vertex 95 5 

Analysis plate measurements 
reject if µ coming from primary 33 5-10 

Graphic analysis 
reject low Pt µ's 50 10 

Decay search 
reject if no decay is fow1d 20 60 

I Totals 3.1 

Table 8: Event through put for the different emulsion scaruling stages. 

4.3.4 Interaction Background 

The emulsion technique also rejected secondary interactions in the emulsion block. The 

presence of heavily ionizing tracks indicative of nuclear breakup were clear indications of 

non-cliffractive secondary interactions. All the events that were considered charm events 

went through a second pass of scanning. One of the objectives of this second scan was to 

search for the presence of 'blobs' that would indicate de-excitation of the nucleus after a 

diffractive interaction. This powerful technique provided a sample of charm decays with 

small backgrounds from interactions in the emulsion block. 

4.4 Emulsion Charm Selection 

Once a decay vertex was located in the emulsion the event had to pass several criteria for it 

to be saved as a charm candidate event. The muon track reconstructed by the spectrometer 

must not. be liuke<l to the primary vertex. Events with the reconstructed muon linked 
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to the primary vertex or linked to a secondary interaction vertex were rejected as charm 

candidates. The emulsion scanners must find at least one decay vertex in the emulsion. 

A vertex was a candidate decay vertex if the emulsion scanners did not see any heavily 

ionizing tracks from nuclear break up coming from the vertex. 

If a decay candidate was found the event was completely measured by the emulsion scan

ners. The emulsion measurements started by matching spectrometer tracks to the primary 

vert.ex tracks. U11matcl1ed prhuary tracks (emulsion tracks without a spectrometer match) 

were then scam1ed to the end of the emulsion block or until the track ended in a secondary 

vertex. Umnatcl1ed spectrometer tracks (spectrometer tracks without an emulsion match) 

were located at the downstream end of the emulsion block and scaxmed back towards the 

primary vertex until the source (neutral decay vertex) of the track was located. This process 

of followh1g tracks down from the primary and scanning back towards the primary provided 

a way to pick up both charged and neutral decays. Upon completion of emulsion scanning, 

the topology of the emulsion decay vertices was kno\ivn. 

4.4.1 Decay Topologies 

The decays were classified by the following topologies. First the decays were broken into 

two groups depending on whether the muon track was attached to the decay. Decays with 

attached µ's were called muo1uc decays since they involved the trigger µ. Decays without 

attacl1ed µ 's were called w1biased or hadronic decays. The hadronic name was somewhat 

erroneous sh1ce this decay sample a.lso had electron daughters or low moxnentum muon 

daughters about 203 of the thne. In addition to the muon tag, the events were tagged by 
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the number of charged tracks or prong count and charge of the parent. Charged decays into 

one charged track were called C-l's and three charged tracks were called C-3's, five tracks 

were called C-5's. Neutral decays into two prongs were called V-2's and four prongs V-4's. 

The notation that evolved in the E653 classification was to place a µ, after the prong 

count if the decay had a nruon daughter - a neutral V-2 decay with a tagged muon was 

written V-2µ. If there was noµ, assignment, the decay was assumed to be hadronic - V-2 

implies a hadronic V-2 decay. 

At this poi11t, the event was selected as a charm event by topology alone with some 

cuts on the muon track. The decays fowid in the emulsion were tagged visually and non

dif&active secondary interactions were eliminated by the presence of heavily ionizing tracks. 

The next stage in the analysis was to use the emulsion information to help the spectrometer 

tracking and to reconstruct the decays outside the emulsion block. 

4.5 Refitting 

If at least one decay was fowid in the emulsion, complete measurements were made by the 

emulsion scaimers of all vertex positions in the emulsion and emulsion track slopes for tracks 

that did not have a spectrometer match. The emulsion scanners did not measure the track 

slope if the emulsion track had a spectrometer match since the spectrometer track slope 

resolution was 3 orders of magnitude better than the emulsion (See Table 5). Emulsion 

measurements were then used to guide the spec t.rometer track reconstruction. Specifically, 

emulsion track information was used to predict the track path through the VSSD's allowing 
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the VSSD's to use a more relaxed criterion to reconstruct tracks. Once all tbe emulsion 

tracks had been matched to spectrometer tracks, the reconstruction program then used the 

left over hits in the VSSD's to reconstruct tracks not matched to the emulsion tracks. 

The wunatched spectrometer tracks were then used to form decay vertices outside the 

emulsion block. These vertices were called connter or computer vertices and formed another 

distinct topology of decays. Once a counter vertex was reconstructed, the wunatched 

emulsion tracks were checked to see if they pointed to the counter vertex position. A counter 

vertex was considered a good chann decay candidate if the sum of the charge tracks was 0 

or ±1 (there were some ±2 or ±3 vertices) and if it had (had not) an emulsion pareut it 

wa,, a charged (neutral) decay. The complete event topology was established at tbis point 

and the next step in charm selection was to use the momentum information of the linked 

tracks to determine if the decay was consistent with a charm decay. The emulsion scanners 

fom1d 1205 events that contained a decay with a topology consistent with charm decay. 

4.6 Final Charm Pair Sample 

A progression of cuts was applied to the 1205 charm candidates found by the emulsion scan

ners to obtain a sample of charm pairs. These cuts are listed in Table 11 and are described 

in the following sections. Without particle identification, a set of cuts was developed that 

utilized the topological properties of charm pair events. The kinematic quantities of the 

decays were also used in the final cut to ensure that the decP~ ·~ were consistent with charm 

decays. 
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4.6.1 Level 1: A Muonic Vertex 

The trigger muon was used not only to trigger the data acquisition system but was also 

used offline to select events for emulsion scanning. The understanding of the efficiencies 

for the analysis required that one of the charm decays had the trigger muon as a daughter. 

This requirement removed the serendipitous charm found by the emulsion scanners. These 

serendipitous events were initially kept by the emulsion scanners since there was a decay 

(11011-muonic) found in the emulsion and it was hoped that the refitting procedure would 

reconstruct a partner tnuo1iic decay outside the emulsion. There were 344 events that failed 

th.is cut. 

4.6.2 Level 2: Two or n1ore decay vertices 

A complete chann event must have two charm decays reconstructed. The level 2 cut checked 

the vertex list and saved only those events that had two or more decay vertices. At least 

oue of the decays must reside in the main emulsion block, this allowed the analysis to use 

the visual power of the emulsion to check the decay vertex for nuclear break up indicative of 

a secondary interaction. A good "counter" vertex was required to have 2 or more charged 

daughters and to be located outside the main emulsion block. The counter vertex was also 

required to be a muonic vertex; the nwnber of counter hadronic vertices reconstructed with 

a charge sum of± 2 for V-2's and V-4's or ± 3 for C-3's demoustrated that the hadron.ic 

cowiter vertices were consistent with being all background (See section 5.4 for details). One 

of the decays must also be the muonic decay required in the previous cut level. There were 

409 events that had at least two vertices that passed these cuts. 
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4.6.3 Level 3: Complete tracking 

The decay daughters must be fully linked through the spectrometer to determine the mo

mentum for the charged daughters. This tracking requirement allowed more sophisticated 

charm selection than just topological identification and allowed a momentwn estimate (see 

Chapter 6) for the charm parent to be obtained. In addition to requiring complete tracking 

of the decay daughters, the cuts of the previous levels were still enforced, the event now 

consisted of at least two decay vertices which were fully reconstructed. At least one of the 

decays must be in the emulsion, and at least one of the decays must be a muonic decay. 

The number of fully reconstructed events with at least two vertices was 273. 

4.6.4 Level 4: Mmin Cuts 

Without extensive particle identification the task of determining if a decay was consistent 

with a charm meson decay was not easy, but by relying on the strengths of the spectrome

ter (excellent vertex positions, momentum resolution, and muon identification) a parameter 

called Mmin was developed which enabled charm event selection and background detenni

nation (24]. 

WHAT IS Mn.in? 

The high resolution of the vertex positions (2µm) enabled the transverse momentum 

imbalance with respect to the charm pa.rent to be well measured. This imbalance was 

called the missing Pt of the vertex and was the transverse momentwu carried by tbe 

neutral daughters. _The minimwn mass associated with the decay was calculated by 
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assuming that the charged and neutral systems, in the rest frame of the D, were produced 

transverse to the boost direction and were assigned particles masses using the mass 

assignments described in Section 6.2.1. M~. is the effective mass for the charged tracks 

and Mrwut is the mass assignment for the neutral particle. The value Mmin in equation 26 

is identical to the value obtained by solving for the mass that yields only one solution from 

the 0-C equation for the decay hypothesis and for this historical reason it is call Mmin· 

(26) 

The distributions for Af min depended on the topology in question and how many missing 

neutrals were involved. Single neutral decays had a l\.fmin distribution that peaked at the 

charm mass whereas multiple neutral modes had a rounded distribution that peaked well 

below the nominal charm mass. For this analysis the decay branching ratios in Table 23 

were used. Figure 30 shows the Mmin distribution for C-1µ V-2µ and C-3µ chann decays, 

the solid curve shows the Monte Carlo distribution, and the dashed curve is for the data 

before any cuts were applied. Figure 31 shows the Mmin distribution from the hadronic 

modes, C-1, V-2 and C-3. The Mmin for each decay was required to be within topologically 

dependent bounds described below, the error (O') on the measured value of Afmin was used 

to allow all properly reconstructed charm decays to be accepted by these Mmin cuts. 

The M.C. Mmin curves are compared to the data M.min distributions in the following 

sections. 
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Muonic Kink Decays (C-lµ's) 

The Mmin for the muonic kink decays in the complete data sample agreed well with the 

Monte Carlo Mmin at high Mmin· The discrepancy at low Mmin was due to K± -.. µv 

decay. This strange backgrow1d was eliminated by placing the low .Jl;fmin cut at (1.0 -la-) 

Ge V / c2 and by requiring the Pt of the µ with respect to tl~e parent direction to be greater 

than 0.250 GeV /c. 

Muonic V-2 Decays 

The raw Mmin distribution for the V-2µ's agreed very well with the Monte Carlo. The 

small bump at low Mmin (at 0.9 GeV /c2 ) was.due to K:-+ 7r7r decays where one of the 

7r
1S then decayed into aµ which triggered the apparatus. These strange decays were 

eliminated by placing the lower Mmt.n cut at (1.0 -l<T) GeV /c2 and requirh1g one of the 

decay daughters to have a Pt with respect to the parent direction of greater then 0.250 

GeV /c2 and by also explicitly cutting on the 11'11' mass of the vertex (See Table 9). 

Muonic C-3 Decays 

The high Mm.in tail in the C-3µ Mmin data distribution was due to two possible sources: 

• Charm backgrow1d: Hadronic feed through where one of the K's or 11''s from a D± 

decay subsequently decayed into a µ which triggered the apparatus and was 

reconstructed by the spectrometer. 
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• Non-charm background: Diffractive interactions which can not be flagged as 

secondary interactions by the emulsion scanners. 

83 

These two sources of background are explained in more detail hi the following chapter on 

backgrow1d detenniuation in tbe charm sample. Muonic tridents with high Mmin can be 

attributed to nus-identified hadronic charm decays and were included in the sample by 

placing the upper Mmin at {2.0 +2u) GeV /c2 
• 

Hadronic C-1 's 

The Mmin distribution for the hadronic C-l's in the complete data sample showed a 

strong peaking at low Mmin. The peak at low Mmin was due to small angle scattering in 

the emulsion. The low Jt,fmin kinks were eliminated by placing the lower cut on Mmin at 

(0.80 -lu) GeV /c2 , and a Pt >0.250 GeV /c cut on the missing Pt of the vertex. 

Hadronic V-2's 

The hadronic V-2's were contaminated predominantly by three sources of background: K~ 

and A 0 decays and ; couversions. These sources of background appeared at the low end of 

Mmin distribution and were eliminated from the charm pair sample by placing the Mm.in 

cut at ( 1.1 - u) Ge V f c2 and by explicitly cutting on M'fffl of the decay (see Table 9). 

Hadrouic C-3 Decays 

The ~Im.in distribution for the hadronic C-3's had the interesting attribute of peaking at 

2.0 GeV /c2 instead of at the nominal chann mass {1.867 GeV /c2 ). This over shoot of the 
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Lower Bound Upper Bound 
GeV/c2 GeV/c2 

0.310 < M'trff < 0.490 
0.504 < M'"'" 

Table 9: Allowed range for M'"'" of neutral V-2 decays. 

charm mass was due to the all charged mode of n+ - K-71"+71"+. For this reason the 

upper Mmin cut was placed at (2.1 + 20') GeV /c2 to include as many of the high M.nin 

decays as possible. 

Hadronic V-4 Decays 

There were no cuts on the Mmin for the neutral V-4 decays fonnd in the emulsio11. The 

hadrouic V-4 's represeuted a very clean sample since there is no source for strauge 

contamination and the neutral d.iffractive background was very low. 

Table 10 listSthe allowed ranges for Mmin by topology - if a decay had an acceptable Mmin 

it was considered a charm candidate. 

4.6.5 Level 5: Multiproug-Multiprong Charin pairs 

The momentwn estimator, to be described in Chapter 6, worked for all topologies but the 

resolution of the estimate became poor when most of the parent momentum was carried 

\away by neutral daughters. The study of the kinematic distributions for the charm pair 

\sample required the momentum of the two charm parents to be known with some 
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Topology Lower Bound Upper Bouud 
on .Af,..in (GeV /c2 ) on Mniin (GeV /c2 ) 

C-1 Hadronic 0.80 - 10' 1.84 + 2u 
C-1 Muonic 1.0 - lq 1.80 + 20' 
V-2 Hadronic 1.1 - 10' 1.95 + 20' 
V-2 Muonic 1.0 - 10' 1.87 + 20' 
C-3 Hadronic 1.2 - 10' 2.10 + 20' 
·c-3 Muonic 1.0 - 10' 2.00 + 20' 
V-4 Hadronic No cuts No cuts 

Table 10: Mmin cut values for the different topologies. The sigma is the measured error on 
the Mmin for the decay. 

Cut Level Type of Cut Number of Events that passed I 
-1 Type 1,2,3 events selected 56283 

for emulsion scanning 
0 Events with charm decay candidates 1205 

fow1d by emulsion scanners 
1 µ track attached to a 861 

decay vertex 
2 At least two decay vertices / 

at least one in the emulsion 409 
at least one muonic 
no cowiter C-l's, C-1µ, V-2's, C-3's 

3 At least two decay vertices with 
complete tracking / at least 
one muonic /at least one in 273 
the emulsion 

4 M.nin Cuts 
C-1 's,C-lµ's 95 
allowed in sample 

5 Fully reconstructed multiprong-multiprong 
char:m pairs 37 

Table 11: Succession of cuts applied to the charm candidate sample. 
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Hadrouic - V-2 C-3 V-4 -
Muonic l 
V-2µ 12 3 4 
C-3µ 3 2 1 -

Table 12: Emulsion-emulsion charm pair topologies in the final charm pair sample. 

Emulsion - V-2 V-2µ C-3 C-3µ V-4 -CoWlter ! 
V-2µ 1 1 5 3 
C-3µ 1 1 -

Table 13: Emulsion-counter charm pair topologies in the final charm pair sample. 

-
accuracy for the momentum of the charm pair to be determined. For this reason the final 

charm pair sample used for kinematic study involved only those events with both charm -
mesons decaying into two or more charged particles. This final cut leaves 37 

multiprong-multiprong charm pair events. Table 12 lists the topology of the 25 

-emulsion-emulsion events in the final 37 charm pairs and Table 13 lists the topology for 

the 12 emulsion-counter cha.nu pairs. -
-
-
-
-
-
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Chapter 5 

Backgrounds 

5.1 Introduction 

The charm pair event selection described in the previous chapter eliminated vertices if 

they were not fully reconstructed or if their ~!min was inconsistent with charm decay. The 

cuts did not eliminate reconstructed background that had an acceptable value of Mmin· 

This chapter will study how many of the decays and events in the charm pair sample were 

attributed to non-charm vertices and reconstruction errors. A source of non-charm 

vertices was diffractive interactions in the emulsion that can not be tagged by the presence 

of heavily ionizing tracks in the emulsion. Reconstruction errors were from two sources, 

track matching between the emulsion and spectrometer, and errors in the counter vertex 

reconstruction. The backgrow1d from these two sources will be calculated in this chapter 

aud shown to be small. 

87 
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Topology Fow1d Scaled 
Non-Diffractive Diffractive 

C-1 18 5.0 ± 1.2 
C-1µ 16 4.5 ± 1.1 
V-2 6 1.68 ± 0.69 
V-2µ 5 1.40 ± 0.63 
C-3 2 0.56 ± 0.39 
C-3µ 6 1.68 ± 0.69 
V-4 4 1.12 ± 0.56 

[TOTAL I 57 [ 15.9 ± 2.11 ' 

Table 14: The number of non-diffractive vertices with all light shower tracks match to the 
spectrometer, scaled to yield an estimate of the diffractive backgrowid in the complete data 
set. 

5.2 Diffractive Background 

The amowit of cliffractive interaction backgrowid was estimated by requesting from the 

emulsion scam1ers the 11wi1ber of non-diffractive neutral iuteractions in which light shower 

tracks wete produced in addition to the heavily ionizing nuclear break up tracks indicative 

of 11011-diffractive interactions. Non-diffractive interactions that have the light shower 

tracks matd1ed to the spectrometer were taken to reflect the nmnber of diffractive 

interactions matched. The non-cliffractive interactions was scaled by the ratio of cliffracti ve 

to non-diffractive interactions seen_ in the emulsion (using white stars), i.e. 103. Table 14 

list the number of non-cliffractive interactions fowid in 10,711 emulsion scan events by the 

topology reflected by the light shower tracks. The found 11011-diffractive events must be 

scaled up by 2.8 since the information listed does not include the complete date set. 

The scaled diffractive nwnbers represent the total number of cliffractive events h1 the 

entire data set. The final amow1t of diffractive background was calculated assw11.i11g a 
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Topology Total Total Decays Diffractive Decays Diffractive 
Number Diffractive at Backgrowid at Background 

of Decays Background Level 4 at Level 4 Level 5 at Level 5 
C-1 140 5.04 ± 1.19 30 1.08 ± 0.26 x x 
C-1µ 273 4.48 ± 1.12 33 0.54 ± 0.14 x x 
V-2 92 1.68 ± 0.69 29 0.53 ± 0.22 17 0.31±0.13 
V-2µ 179 1.40 ± 0.63 36 0.28 ± 0.13 20 0.16 ± 0.07 
C-3 44 0.56 ± 0.39 17 0.22 ± 0.15 11 0.14 ± 0.10 
C-3µ 100 1.68 ± 0.69 9 0.15 ± 0.06 6 0.10 ± 0.04 
V-4 23 1.12 ± 0.56 13 0.63± 0.32 7 0.43 ± 0.22 
TOTAL 851 15.9 ± 2.11 167 3.43 ± 0.53 61 1.14 ± 0.29 

Table 15: Diffractive backgr01md estimates in the complete data set and the charm pair 
data set at the last two stages of charm pair selection. 

constant percentage of diffractive background. This assumption leads to a very 

conservative estimate for the diffractive background. 

The emulsion scanners have checked each decay vertex in the decay sample for associated 

'blobs' at the decays. These 'blobs' indicate de-excitation of a nucleus after a cliffractive 

interaction. Decays with 'blobs' attached to the decay vertex were- removed from the 

charm candidate list. However the efficiency for finding these diffractive interactions was 

not determined and we are forced to use the best esitmate quoted in the Table 15. 

Asswning a constant percentage of background throughout the charm selection process 

implies that the charm selection process does nothing to enhance the charm signal. 

Discussion of sign correlations in the next chapter will show that this is not true. Table 15 

lists the nitmber of decays for each emulsion topology for the entire data set and for the 

events in the charm pair sample at level 4 and 5 of the selection process. 

The diffractive background in the final data set is on the order of one ev~Ttt. The study of 

the charge correlations in the charm pair events is another way to study the diffractive 
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background in the charged decays. 

5.3 Wrong Sign Charged Background 

The recoustructed muou track tagged the charm species produced m the event. 

Compariug the sign of the charged decays with the charm species detennined by the µ 

sigu ht the event allowed the background from the non-charm vertices to be estimated. 

Figure 32 shows pictorially the definitions described below. Although decays with only 

oue charged daughter {kinks) were cut from the final data set, they provided some insight 

as to the performance of the charm cuts in reducing backgrowid and are described in 

detail. There are three possible sources for these wrong sign decays. 

• The track matching or vertex reconstruction problems. 

• Ha.dronic cha.nu decay where the K subsequently decays via, K --+ 

reconstructed by the spectrometer. 

• Non-charm vertices, diffractive background. 

5.3.1 Hadronic Kinks (C-l's) 

µ v, and is 

A hadronic kink (C-1) was consistent with cha.rm decay if it had the opposite charge to 

the muon in the event. The hadronic kinks were divided into right sign/wrong sign, 

emulsion vertex/counter vertex and kinks with a Pe <0.250 GeV /c or Pt >0.250Ge·,·1c. 

Evidence that low Pt kinks were inconsistent with a charm hypothesis was seen by 
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Wrong sign muonic trident C-3µ 

Figure 32: Wrong signµ events used to estimate charge background. 
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Figure 33: Pt distribution for right sign C-1 's found in the emulsion. -

comparing the Pt spectrum for the right sign and wrong sign hadronic C-1 's found in the 

emulsion (Figure 33 and 34). The wrong sign spectrum had a much lower Pt distribution 

-than the right sign kinks indicative of small angle scattering in the emulsion. The 

difference between the two Pt distributions also gave one confidence that the µ in the -
event was associated with charm decay. Any kinks, hadronic or muonic, had to have a 

-Pt > 0.250GeV/c for it to be counted as a charm candidate. 

The background in the right sign kinks was taken to be the number of wrong sign kinks -
for the type of kink in question. Table 16 contains the results from the complete data set. 

From Table 16 we see that all the counter hadronic kinks, regardless of Pt, were consistent 

with being all back.grotuld. All counter kinks were rejected as charm candidates. Emulsion ·-
kinks with a Pt> 0.250GeV/c with the rigl1t sign have about 243 backgr?und. The -nwnber of wrong sign emulsion kinks at Level 4 is 3 events out of 33 decays, thus the 

-
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Figure 34: Pe distribution for wrong sign C-l's found in the emulsion. 

background in the hadronic kinks was reduced by more than a factor of two in the charm 

- selection process. 

5.3.2 Hadronic Tridents (C-3's) 

The sign of a hadronic trident was also required to be opposite the sign of the µ. for the 

event to be consistent with a charm pair event. Table 17 shows the right sign/wrong sign 

break down for the hadronic tridents for the entire charm sample. Hadronic C-3's found 

by the emulsion scanners were consistent with charm decay. The hadronic counter tridents 

show the same level of background as the hadronic kinks. It is for this reason that counter 

hadronic tridents were eliminated from the charm sample. The final charm sample 

contained 11 right sign hadronic tridents located in the emulsion with no wrong sign 

tridents passing the selection cuts. 
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Kink Right Sign Wrong Sign Background 
Emulsion kinks 
with Pt < 0.250Ge V 63 67 1063 
Emulsion kinks 
with Pt> 0.250GeV 46 11 243 
Counter kinks 
with Pt< 0.250GeV 10 10 1003 
Counter kinks 
with Pt> 0.250GeV 6 4 673 

Table 16: Sign correlations in hadronic khtlcs with respect to theµ in the event. llight sign 
kinks had the opposite sign of the muon sign in the event. 

Vertex Type Total Right Sign Wrong Sign Backgro\Uld 
C-3 emulsion 36 33 3 113 
C-3 counter 5 3 2 663 

Table 17: Sign correlation for hadronic tridents (C-3's) with respect to theµ in the event. 
Right sign tridents have the opposite charge sum of the muon charge in the eveut. 

5.3.3 Muonic Tridents (C-3µ's) 

A trident with a muon daughter (C-3µ) had the same sign as the daughter muon if it was 

from charm decay. Table 18 is a listing of the number of wrong sign/right sign C-3µ's in 

the complete data sample. The emulsion decays had a higher backgro\Uld than the 

co\Ulter decays due to the amount of charged secondary interactions that occurred in the 

emulsion. The final charm pair sample did not contain any wrong sign muonic tridents. 

The Level 4 charm pair sample had one emulsion C-3µ. 

All the charged topologies (C-1,C-3 and C-3µ) showed a reduction in the number of wrong 

sign vertices to right sign vertices as the charm selection cuts became more stringent. 
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Vei·tex Type Total RiJd1t SiJl;ll WronJi: Sign Background 

C-3µ e!llulsion 86 65 21 323 

C-3µ cow1ter 12 12 0 03 

Table 18: Sign correlations for nmonic tridents. Right sign means the sign of the muon 
equals the charge sum of the vertex. 

Topology · Q=±O Q=±l Q=±2 Q=±3 
V-2 emulsion 76 6 
V-2µ. emulsion 157 7 
C-3 emulsion 33 2 
C-3µ emulsion 65 3 
V-4 emulsion 19 2 
V-2 cowiter 36 31 
V-2µ cormter 41 16 
C-3 cou11ter 3 3 
C-3µ counter 12 2 

- Table 19: Wrong chacge vertices in the complete data set. 

5.4 Wrong charge vertices 

The track mismatch errors and vertex reconstruction error exhibit themselves in vertices 

that have a charge sum greater than one. The number of Q= ± 2 V-2's, Q= ± 3 C-3's and 

Q= ± 2 V-4's reflects the number of background vertices in the charm sample that had an 

acceptable charge sum. Table 19 lists the number of wrong charge vertices for the different 

topologies in the complete data set. The hadronic counter vertices show au unacceptable -
amount of backgroun.d aud were eliminated from the charm pair analysis at cut Level 2. 

The Level 4 charm pair sample had 9 wrong charge vertices and 124 vertices with a Q = 0 

or± 1. The Q=± 1 vertices had to have a sign consistent with the muon sign in the -
event. This 83 backgroun.d was reduced to one decay out of i4 decays in the final sample. 
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Topol<>11:y Q=±O Q=±l Q=±2 Q=±3 
V-2 emulsion 28 1 
V-2µ emulsion 37 2 -
C-3 emulsion 17 0 
C-3µ emulsion 9 0 
V-4 emulsion 13 2 -
V-2µ counter 16 4 
C-3µ cowiter 4 0 ... 

Table 20: Wrong charge vertices in the Level 4 charm pairs. 

-
-
-
-

Topology Q=±O Q=±l Q=±2 Q=±3 
V-2 emulsion 21 1 -
V-2µ emulsion 20 0 

C-3 emulsion 11 0 
C-3µ emulsion 6 0 -
V-4 emulsion 7 0 
V-2µ counter 10 0 

C-3µ cowiter 2 0 -
Table 21: Wrong charge vertices in the Level 5 charm pairs. -
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Background Complete Level 4 Level 5 
Data Set 

Signal+ Background Signal+ Beckgrow1d Signe.I+ Beckgrow1d 

Beckgrowid Background Beckgrowid 

Diffractive 
h1teractions 851 15.9 ± 2.11 167 3.43 ± 0.53 61 1.14 ± 0.28 
in Emulsion 
Wrong sign 
analysis 165 41±6.4 63 4± 2.0 19 0 0+1.0 

• _nn 

Wrong charge 
analysis 442 83 ± 9.1 124 9±3 62 1.0 ± 1.0 

I Total 198 I 1s.4 ± 3.s I -t4 I 2.1 ± i.o 

Table 22: Tota.I Background for the charm pairs. The cliffractive interaction backgrow1d is 
lower than measured due to additional emulsion measurements. 

5.5 Final Background Determination 

The previous sections described how the backgrounds were detennined for the different 

topologies and gave results based on looking at the entire data sample and the charm pair 

samples of Level 4 and 5. Table 22 shows the the final total background for the three 

different sources just described. The total non-charm background is estimated to be 

2.1±1.0 events, this estimate is conservative since it scales the diffractive background from 

. the complete data set. Improvement of signal to background ratios at different cut levels 

demonstrates that the charm pair selection reduced the background to signal ratio, but no 

quantitative means were available to account for this reduction. The value of 2.1±1.0 

background events is taken to be an upper limit and is low enough to permit data analysis 

on the complet·~ chwm pair data set without background subtraction. 



Chapter 6 

Momentum Estimation 

6.1 Introduction 

The study of the production characteristics of charm pairs requires that the momentum of 

each of the two charm particles be known. Adding the two momentum vectors of the 

individual charm, yields the momentum for the charm pair system so the production 

kinematics and dynamics of the chann pair can be measured. The µ trigger used in E653 

forced at least one of the two charm decays in an event to be semi-leptonic and therefore 

to have an undetected neutrino. The partner decay was unbiased, other than by dynamic 

production correlations, and had a neutral daughter ,..., 903 of the time. Although 

hadrou.ic neutrals (7r0 's,K0 's ... ) could be detected using calorimeters, the efficiency for 

detecting these neutrals strongly limited the number of unbiased decays that could be 

used to complete a charm pair event. 

A technique that estimated the charm momentum without measuring the momentum of 

98 
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the neutral daughters allowed production studies on a large sample of charm decays from 

the E653 data. The background in the charm sample must be small in order for the 

momentum estimator to work well. This chapter will describe the philosophy, 

developme11t, and performance of the momentum estimator used for production analysis of 

charm singles and chann pairs. 

6.2 Kinematics 

The momentum estimator developed for the production studies was based on modeling 

the charm decay as a two body decay. One body was the vector sum of the visible 

(charged) momentum and the other body was the neutral momentum [24]. The neutral 

system was assigned enough momentum to balance the momentum perpendicular to the 

charm direction (P-perp,Pt)· Figure 35 depicts the momentum vectors in the laboratory 

frame for a neutral decay and Figure 36 shows the momentum vectors in the center of 

mass frame. The model assume~ that the daughter particles are produced having only 

transverse momentum in the COM frame with respect to the parent direction. 

6.2.1 Mass Assignments 

The boost that transformed the COM frame to the LAB frame was defined by "Yvi•. "Yvia 

was calculated by making mass assignments to the charged tracks, and calculating the -y 

that boosted the visible momentum to the frame where the visible momentum along the 

part .,t. direction, PLvi•' equals zero. The mass assignments depended on whether the 

vertex in question had a muon attached (muonic vertex) or if it was an unbiased vertex 
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Beam 
Proton 

Ptneut = Ptvis 

PL vis: sum of the vissible 
momentum along the 

· parent direction 

Charged tracks 

Ptvis: sum of the visible 
momentum perpendicular to 
the parent direction 

Figure 35: Momentwn vectors in the laboratory frame for a neutral decay. 

Ptneut = Ptvis 

Boost direction 

Pt vis 

Figure 36: Momentum "Vectors in the center-of-mass (COM) frame for a neutral decay. 
Not.e that the Olllj' momentum in the center-of-mass frame in perpendicular to the parent. 
direction in the LAB frame. 
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+ µ 

v 

Figure 37: Mass assignments for decays with a tagged muon. 

+ 
J.I 

+ 
7t 

(hadronic vertex). For decays with a tagged muonic daughter, the muon track was 

assigned the muon mass and the track with charge opposite to that of the muon was 

101 

assigned a kaon mass. For muonic tridents, the track with the same charge of the muon 

was assigned a 7r mus. The missing neutral for muonic vertices was assumed to be a 

neutrino with zero mass. Figure 37 shows the mass assignments for neutral and charged 

muonic decays. Unbiased decays were assumed to be hadronic and the mass Msignments 

depend on the the sign of the muon in the partner decay (Figure 38). The track with the 

same charge as the muon in the event was assigned a kaon mass and tracks opposite in 

charge with respect to the muon were assigned a 7r ma,,s. The missing neutral was 

e"sumed to be aw°. For neut;.-.J decays with four charged tracks (V-4's) all the charged 

tracks were assumed to be 1f
1 a and the neutral track was a particle with zero mass. 
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-• 
1t 1t 

- 0 Do D 0 1t 1t 
-
-K+ K+ 

--7t 
+ use the muon sign from the µ -

partner decay to determine 
charm species. ... 

-
Figure 38: Mass assignments for decays without a tagged muon. -

Once the mass assignments were given, the calculation for the momentum estimate was 

-straight forward. 

-
"Yvi· = ELvU/Mvi• (2i) -

Ewu = J Pl.Ni• 2 + Mvu 2 (28) -
lvfvu = .jE2. _p2. (29) 

VH VI• -
p~ = Pm. (30) 

-
-

Pmin = MD • .,.,,.. (31) -
-
-
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{32) 

Mmin was the transverse mass for the decay and the closer Mmin was to the actual value 

of J.-fD, the more accurate the momentum estimate (Pmin)· Using Monte Carlo generated 

charm decays the resolution function for the momentum estimate was parameterized as a. 

function of Mmiri· 

6.3 The Resolution Function and Monte Carlo Studies 

Monte Carlo decays of charmed meson (D0 ,D+) into Ca~bibo favored modes were 

generated to develop the momentum estimator. The decays in the E653 data sample were 

divided into distinct topologies by the prong co\lllt and muon tag. The dominant and 

measured decay modes were installed into the Monte Carlo so that a specific topology 

could be studied. The decay modes for the topologies used in production studies are 

shown in Table 23 with the branching ratios that were used in this analysis. 
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Mode Reference Branching Ratio (percent) 
Hadronic Kinks 
n+ - K 0 7r+ 38 2.8 ± 0.4 
n+ - Ko7r+7ro 38 8.3±~·~ 

n+ - Ko1r+1f'o7ro 61 2.8 
Muonic Kinks 
n+ -K0 µ+v 60 10.2 ± 3.1±1.7 
n+ - K 0 7r0 µ+ v 60) 3.8 ±~·:? ±0.6 
Hadronic V-2's 
n°-K-1f'+ 38 3.77±~·:~ 

Do - J(-1r+1ro 38 12.5±~·~ 
no -+ Kon-+7r+ 38 5.6±~·~ 

Do - K-tr+trotro 38 15±5 
Do - Ko7r+7r-7ro 37 11.5 ± 2.2 ± 2.8 
Muonic V-2's 
n° -K-µ+v 37] 4.1 ± O.i ± 1.2 
no -+ Ko1r- µ.+v 37) 2.7 ±~·~ ±1.6 
n°-+ K-7r0 µ.+v 37 1. 7 ±~·; ±0.6 
Hadronic C-3's 
n+-+ K-1r+11'+ 38 7.8±~·! 

D+ - K-1f'+'1f'+7r0 38 3.7±~·~ 
n+ -+ K 0 11'-7r+1r+ 38 7.0±~·t 

n+ - K-1r+1r+11'o1ro 54 2.2±~7U 

D+ -+ K 0 7r-7r+1r+11'° 54 4.4±~:,U 

Muonic C-3's 
D+ - K-1r+µ.+v 37 3.9 ±~·~ ±0. 7 
v+-+ [(0 rr+rr µ+v 38 2.2±~·~ 

n+-+ K-7r+7r0 µ.+v 38 4.4±~·~ 

Hadronic V-4 's 
D 0 -+ K-1r 7r+71'+ 38 7.9±~·~ 

no - Ko7r-1r-11'+11'+ 61 4.3 
Do - K-7r-11'+11'+11'o 61 i.9 

Table 23: Branching Ratios used in the Monte Carlo development of the momentum esti
mator and charm selection. 
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- The generated momentum was then compared to the momentwn estimate of Pmin as a 

function of .Mmin· Figure 40 shows the scatter plot of Pmin/ Pgencrat<!ci versus Mmin for D
0 

two prong decays. An important feature of Figure 40 is that the Afmin distribution is 

concentrated at the value for the D mass. This means that the estimator performed well 

for the majority of the decays. The resolution dependence on Mmin is also quite evident 

from Figure 40 and the projections onto the Pmin/ Pgen axis for different slices in Mmin 

shown in Figure 41. 

!lfmin was a measured quantity and had measurement errors (assumed to be gaussian). 

The resolution distribution that coITesponded to a measured value for !.fmin and its error 

was the sum of the resolution function distributions weighted by the amount defined by 

the value for Mmin and its error (Equation 34). (Error in Mmin depends on the error in 

tbe Pt of the decay.) 

Mm in = Mmin±6Mmin (33) 

1""Jj y'2; . f 2 Reaolution Function = LR; ( 21rc5Mmin)-le(m;-Mm,,. /f,M,,.;,. dm; (34) 
mo; 

R; = Pmi.n/ Poen di$tribution /or mo; < m; < mfi (35) 

For example: H Mm.in and its error were entirely within a 100 MeV /c2 interval in Mmi"' 

the resolution function representing that value of Mmi.n would be assigned to the decay. If 

ltlmin and its error were situated 503 in R; and :o3 in~' the resolution functiort, R, 

would be the average of the two resolution functions, R=(R; + ~)/2. The integral in 
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Equation 34 represents the ~ght assigned to the 100 MeV /c2 binned resolution 

functions. The resolution function for the decay was then shifted so the average value for 

Pmin/ P generated is equal to one. Figures 42 and 43 a.re the projected resolution 

distributions for hadronic D 0 2-prong decays and Figures 44 and 45 are for muonic n+ 

decays into three prougs. Figures 46 and 47 show the resolutiou distributions for badrouic 

tlu·ee proug n+ decays and Figures 48 and 49 are for four prong badrouk D 0 decays. 

6.4 Tbe 0-C Analogy 

The kinematics described in the previous section are analogous to those used for a 0-C 

(unconstrained) fit to the decay. Using the same particle identification as in the previous 

section, Formulas 36 through 42 for the neutral momentum assuming a known parent 

mass are obtained. Equation 36 is a quadratic and will yield two solutions for the neutral 

momentum, except in the degenerate case. The two solutions represeut the ambiguity in 

the longitudinal momentum in the COM frame. The degenerate solution was called the 

solution at the minimum since it represented the minimum of the curve shown in 

Figure 39 and it also represented the case where PL was equal to zero in the COM frame 

(This is the same assumption that was made in the previous section). 

When this minimum was at the D mass the decay had only one momentwn solution for 

the charm parent. For most charm decays the D mass was above the minimum mass and 

the solution at the minimum now represents the momentum for a parent particle with a 

mass equal to the minimum mass. The curve in Figure 39 shows the relation between the 

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
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parent mass for the decay and its quadratic solutions for the neutral momentum. The 

closer the minimum mass was to the D mass the closer the momentum at the minimum 

was to the actual charm momentum. 

Siuce the mome11tw11 esthnator was first developed ushig the 0-C teclutlque, the names for 

the momentwn and mass variables were take11 from this analogy. Heuce Pmin was the 

momentum for a particle of mass Mmin which -decayed into the hypothesis chosen for this 

decay, or Mmin and P min were the mass and momentum for the decay if its daughters had 

only transverse momentwn h1 the COM frame. 

~neut = -b/2a ± Vb2 - 4ac/2a (36) 

a = I'i!i.I E!. - 1 (37) 

b = (Mi, - M!11 - M~eut - 2Pt2.n.)~.n./ E;,. {38) 

c = (.Mi,- M!11 -M~eut - 2P~11 )
2 /4E!11 - Pt2.n, - .M~eut (39) 

PD = Pitti11 + Pineut (40) 

M!,n = j4(P!;11 + .M~ut) * (P~. + M;,11 ) +Mt~•+ M~ut + 2P~•i• (41) 

Ptmin = -b/2a withMD = Mmin (42) 

Pmin = ~tti• + Ptmin (43) 
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Figure 39: The momentum solutions for the 0-C equation as a function of parent mass. 

6.5 Other Charm Decay Modes 

The decay modes listed in Table 23 are not complete. However the performance of the 

estimator will not be strongly effected by the decay modes that are not accounted for. 

The resolution of the momentum estimator depends mainly on how many neutrals are 

involved in the decay, it does not depend heavily on the masses of the particles involved. 

This was seen by looking at neutral hadronic decays and studying the difference between 

the decays which involve K 0 's and 'Jr0 's. The plots of the resolution function versus Mrnin 

are quite similar for the two sets of decays, and the fact that the kaon was mis-identified 

.in the K 0 decays has not resulted in any significant difference in the resolution functions. 

The momentum estimator will be tested at the end of the next secti~n by comparing the 

results of maximum likelibooCl fits on Monte Carlo data to the known generated values. 
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Figure 40: Pmin/P(lef'tlffatied. versus Mmin for two prong muonic D0 decays. 
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Figure 42: Pmin/ P~cra.tcd versus Mm1n for two prong hadronic D 0 decays. 
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Figure 44: Pmin/ P,,e'Mf'ated versus Mmin for three prong niuo1uc D+ decays. 
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Figure 46: P'min/Pget'lln'aUd versus M'min for three prong hadronic D+ decays. 
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D+ decays. 
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Figure 48: Pm1n/PgetW?'ated versus Mmin for four prong hadronic D0 decays. 
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Chapter 7 

Maximum Likelihood Technique 

and Efficiencies 

7 .1 Introduction 

The non-gaussiau resolution function for the ch8.rm parent momentum introduced· in the 

preceding chapter must be incorporated into the fitting analysis. Maximum likelihood 

fitting provided a natural method of incorporating generic resolution functions into the 

fitting procedure. This chapter will describe the maximum likelihood fitting techuique 

used in E653 analysis. The first section will present a short review of the method, and the 

following sections will be devoted to its use in this aualysis. 
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-
7 .2 Probabilistic Motivation 

-
The maximum likelihood technique has been used in situations where due to low statistics 

-least squares fitting was not applicable [23,59). Since the teclutlque relies on maximizing 

probabilities, incorporating a resolution function (or in other words a probability -
distribution) is straight forward. 

-The simplest situation for maximwu likelihood fitting (Maxlike) is one where the 

resolution function is a 5 fimction and the efficiency distribution is a constant. For this -
case, the probability of observing event i as a function off ( :l'i, n) is: 

-
{44) -

where :r:i is the measured quantity and n is the parameter to be detennined. The -
probability distribution must be properly normalized such that: 

-
(45) -

The likelihood distribution for the set of i = ( 1, 2, ... , m) events is -
m 

.C(n) = II Pi(Zi~n) (46) -
i=l 

-
By maximizing .C(n) with respect ton the value for then that has the highest probability 

of describing the distribution is obtained. -
-
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7.2.1 Variable Efficiencies 

The real world usually does not provide experimenters with flat (constant) efficiencies. 

The measured quantity z is defined to have efficiency E( z). The efficiency E( :r.) can be 

thought of as the relative probability of reconstructh1g the event at the measured value of 

z. Thus the total probability for the event is: 

(47) 

N(n) = (/ E(z)/(z,n)dz)-1 (48) 

Once the probability function and its normalization have been determined the MaxLike 

procedure for determining the value of n is the same as the case with uniform efficiencies. 

The probability distribution must be normalized and the efficiencies need to be well 

known for the entire range of :z: even though the events might be clustered in a small range 

of z. With the introduction of V8l'iable efficiency the integration usually has to be done 

nwuerically. 

7.2.2 Resolution Functions 

The measured variable Zi is measured with a known resolutio11, R( :Z:i, z9 ), where Zi is the 

measured value and :c9 is the generated (true) value. R(z,,:z:9 ) can have any functional 

shape (See Figure 50). 

The measured quantity is :Ci aud it is the generated value :c9 that is unknown, and 
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-
-
-
-
-

R(xg,XiJi) -
Figure 50: Generic resolution fw.iction R(zi, z11 ) as function of z 11 -

R(:r:i,z11 ) represents the probability that the generated value was :r:., given the measured -
value of Zi· The probability for the event to have a measured value of Zi is: 

-
P(zi,n) = j N(n)E{z11 )/(z11,n)R(z;,z11)dz11 (49) -
N(n) = </ j E(:r:11}/(z11 ,n)R(z,z11 )d:r11dz)-1 (50) -

Not.e that the probability integral is over all genf!f'Uted values of z 11 whereas the -
nonmwzation in.t.egral is over both :r:11 and tbe measured variable z,. This dist.inction is -
important since the measured variable (:r:i) may be limited to a small rauge but tbe 

generated variable ( :r:11 ) can have all allowed values. The efficiencies must be determined -
for the full range of z11 • -

-
-
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7 .2.3 Maxin1um Likelihood llnplementation in E653 

As described in tbe previous chapter the momentum estimation for the charm parent 

depends on the topology and visible characteristics of the decay. A decay dependent 

resolution function is also constructed for each decay. Thus the resolution function 

cha.uges witb each decay and forces the maximwn likelihood normalization 

(Equation SO)to be calculated for each decay. Once the normalization h~ beeu 

detennined the probability (eq. 49) for observing the decay is calculated and then this 

probability is combined with all the other probabilities in the event sample to form the 

maximum likelihood distribution (eq. 46). 

All the elements to perfonn the maximum likelihood calculation have been described 

except for the efficiencies. The following sections describe the efficiency distributions used 

in the fitting procedure and how they were obtained. 

7 .3 Topological Effi<;iencies 

The E653 chann decay sample was divided into distinct topological categories. These 

decay topologies had different momentum resolution functions due to the dlifering number 

of missing neutrals in the topologies. The efficiencies for reconstructing individual decays 

are also dilrereut for the different topologies. This is clearly the case for the muonk 

decays, since the muon daughter had to pass special scarmh1g selection criteria that the 

hadroni ·· daughters did not. 

The efficiencies must also be determined as a function of the variable of interest. For 
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single charm production studies the traditional kinematic variables are XI and Pt2• These -
single charm efficiency distributions are then used to construct efficiency distributions for 

the charm pair. -
7.3.1 Single Charn1 Efficiencies -
The efficiencies for reconstructing charm decays were detennined by using the GEANT -
Moute Carlo package to simulate the spectrometer performance. Events were geuerated at -the hit level and were processed through the complete spectrometer reconstruction code. 

The emulsion efficiencies were assumed to be flat for this analysis. -
Charm mesous were produced in uncorrelated pairs and were allowed to decay via the -known branching ratios. The charm mesons were produced using the differential cross 

section parameterization: -
(51) -

The user was allowed to define the n and b values used for charm generation. Correlated 

-biases in the efficiencies were accounted for by requiring the Pt2 distribution to refiect that 

seen in the data when determining the XI efficiencies (and vis versa for the Pt2 -
efficieucies). Complete details of the single charm efficiencies can found elsewhere (35]. -The X1 efficiencies for muonic topologies in the emulsion are sbowu in Figure 51. and for 

hadrouic decays in the emulsion X1 efficiencies are shown in Figure 52. The efficiency for -
tbe hadronic decays , "'tend further into the the negative X f region than the muonic -decays due to the selection cuts placed on the muonic tracks. The efficiency for all 

.. 

• 
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topologies peaks near the positive side of zero than falls rapidly zero in the negative X1 

hemisphere. The loss of efficiency at negative X1 is due to the wide angle low momentum 

daughter tracks. The efficiencies also show a slight decline at X1 > 0.5. These fast 

forward particles will have the daughter tracks in the densely populated forward cone and 

will fail reconstruction due to pattern recognition failures h1 this region. 

The P~ efficiencies for the muonic topologies iu the main emulsion block are shown if 

Figure 53. The slight dip in the muonic efficiencies at small Pf is due to the charm 

selection cuts placed 011 the µ track. The hadronic topologies are .showu in Figure 54. The 

Pt2 efficiencies are relatively flat, because there were no selectio cuts applied to these 

decays. 

The precision of the efficiencies was limited by three cohereut sources: CPU hours, disk 

space and patience. 

7 .4 Charm Pair Efficiencies 

Efficiencies for the chann pair distributions were determined by two different methods. 

For the fitted kinematic quantities, X1 and P~, the efficiencies were calculated on an event 

by event basis, integrating the individual single charm efficiencies to obtain the overall 

efficiency for the charm pair. 

For the pair X J efficiencies the integration was as follows: 

e(XJPAIR) = /_
1

1 
/_

1

1 
N ·e(X1(D)) · e(X1(D)) · (l-X1(D))" · (l-X1(D))"~1(D)dX1(D) 

(52) 
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Figure 55: Average efficiency as a function of X1 for the 37 charm pairs. -
with: 

-(53) 

-and: 

(54) -
Then value was set to the measured n from the single charm production studies [35). The -
average efficiency distribution, weighted by charm pair topology, for all 37 cha.rm pairs is 

-shown in Figure 55. The chann pair X1 efficiency distribution is similar to that seen in 

the single chami distribution. The loss of efficiency for large X1 charm pairs is due to the -
daugbt.er tracks occupying the densely populated forward cone of the event. 

-The same approach was used for the efficiency as a function of Pl. 

-
-
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Figure 56: Average efficiency as a function of P~ for the 37 charm pairs . 
...... 

with: 

(56) 

and: 

(57) 

The value of b in the exponential was set to 1.0 (Ge V / c )-2 measured in the 1h1gle Charm 

distributions. The average efficiency as a function of P~ is shown in Figure 56. The chanu 

pair P~ efficiency was fl.at for P~ < (6.0 GeV/c)2 • 

For quantitieti that were exclusively charm pair distributions the efficiencies were 
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determined via Monte Carlo generated charm pairs. Individual charm mesons were 

generated with the appropriate dliferential aoss section distribution. The productiou 

distributions were then trimmed with the known single charm reconstruction efficiencies in 

X 1 aud Pt2 • These wicorrelated accepted mesons were than used to form charm pair 

events. The flat +t distribution of these uncorrelated pairs wa,, trim to reproduce the Tt 

distribution seen in our data. Figure 57 shows the efficiency as a fwiction of charm pair 

mass, averaged to reflect the topologies represented in the data. The same uncorrelated 

MC was used to obtain the rapidity gap efficiencies shown in Figure 58. The rapidity gap 

and charm pair ma,,s efficiency distributions look simular because these two quantities are 

obtain from the same variables, X1 and P~ of the individual charm. The efficiencies fall at 

large ma,,s and rapidity gap because these events require a large difference in the 

individual X J values and the magnitude of this gap (X JG.AP) is restricted by the 

individual charm X 1 efficiency and production distribution. 1 

7 .5 Validity of the Maximum Likelihood Technique 

With the efficiencies understood the full maximwu likelihood teclmique must be tested 

with Monte Carlo events to study any biases from the momentwn estimator or efficiencies. 

The single charm studies are described hi detail elsewhere [35]. Nicho~s compares the 

generated Monte Carlo value to the value determined via the maximwn llkefiliood 

technique for the Xi and P~ single charm differential cross section distributions. 'f1•e 

1 TI1e X1aAP is defined .. X1aAP(DD) = I x,(D) - x,(D)I· The charm pair mass and rapidity gap are 
strongly correlated to the X1aAP and the efficiency distribution of the X10AP decreases at large X10AP· 
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comparison is quite good for the region around the values measured in the data n=lO.O 

aud b=l.0 (GeV /c)-2 • 

For tl1e charm pair distributions the test is not as simple as comparing the input 

parameter to the output value since charm pairs are generated by combining individual 

charm mesons produced with a known production distribution. The generated production 

distrHmtion for the charm pairs must also be determined by x2 fitting the generated 

distribution. The vector addHion of the individual charm momentum, generated with an 

exponential distribution in P;, does not return an exponential distribution for the pair P;. 

It was observed that the introduction of the ~t distribution caused the Pl distribution to 

become more non-exponential. For purposes of this test the correlated ~t distribution was 

removed to allow testing of the maximum likelihood tecb11ique 011 the charm pair 

distributious. The generated pa.iJ: P; distribution with a fl.at ~t distribution did not return 

a good fit to a single exponential and this is refelecte<l h1 the plot. The fact that the 

Monte Carlo single charm P; distributions retwn acceptable fits gives one confidence that 

the method works and can be trusted for the charm pair distributions. Figures 59 and 60 

compare the generated Monte Carlo production parameters with the values returned by 

tbe maxiwwn likelihood method. The fact that the fit for pairs generated with a fl.at XI 

distribution did not return the proper n value can be attributed to the fact that the 

efficiencies at large XI are not very well known. 
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Chapter 8 

Charm Pair Production and 

Correlation Results 

8 .1 Introduction 

The study of charm pair production characteristics allows one to measure the kinematic 

quantities involved in charm production and to study production correlations within the 

charm pair system. The kinematic quantities of the charm pair reflect the kinematic 

distribution of the parton (gluon) momentum responsible for charm production. Previous 

experiments (LEBC-7rP had 12 charm pairs and LEBC-PP had 17 pairs) were strongly 

lhnited by statistics and presented weighted distributions and their averages. The 37 

charm pair events in this sample permit fits to be performed to the X1 and P~ 

distributions of the charm pair system for the first time. In addition to fitting the 

differential pair cross section in X1, P; and pair mass, the kinematic distributions are 

136 
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compared to MC produced charm pairs. The averages for the measured quantities in the 

data are compared to those measured previously and with averages returned from the 

Monte Carlo generated charm pairs. A complete listing of the 37 charm pair events and 

the associated kinematic quantities can be found in Appendix B. 

8.2 Charm Pair Monte Carlo 

The data are compared to charm pairs produced by two different Monte Carlos, the 

LUND MC and a ~t correlated Monte Carlo developed by the author. The LUND MC 

generates charm pairs via the leading order production diagrams and is described in more 

detailed in Appendix A. The LUND MC uses only the leading order diagrams in the 

production process which account for less than a half of the cross section [9,12]. There are 

a number of user definable parameters in the LUND MC that allow the user to mold the 

charm pair distributions. With the large number of adjustable parameters and using only 

leadh1g order production diagraiiis it is impossible to determine if agreement or 

disagreemant between the LUND ~C and the data is just a fortuitous combination of 

input parameters or real physics. The LUND MC was used exhaustively by the LEBC 

collaboration in their charm pair analysis and the comparison of LUND MC to this data is 

done for completeness. 

h1 addition to the LUND MC, the data is compared to an uncoITelated pair Monte Carlo. 

This Monte Carlo consisted of single charm particles generated using the measured 

differential production distributions in x, and P~ [35]. The two single charm particles 
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were then combined to form charm pairs. The azimuthal opening angle distribution, if>t, 

for these uncorrelated charm pairs was fl.at. The Tt distribution seen in our data and in 

the LEBC data was peaked at 1800. This Tt correlation was installed in the Monte Carlo, · 

by "triuuning" the Tt of the uncorrelated charm pairs. This "trinuning" forced the charm 

pairs generated by this Monte Carlo to have the same Tt distribution that was observed in 

our data. This Monte Carlo will be referred to as the ~t correlated Monte Carlo 

throughout this section. It is important to emphasize that the correlation in Tt is the only 

correlation in the charm pair system installed in this Monte Carlo. 

8.3 Pair X1 Distribution 

Figure 61 shows the weighted X1 distribution for the charm pairs. The maximum 

likelihood fit to (1 - X1 )"yields n = 5.0 ± 1.5, and this curve is represented by the solid 

line. Charm pairs generated with the Tt correlated MC yield the X1 distribution 

represented by the dashed histogram. A fit to the Tt correlated MC X1 distribution yields 

n = 6.0 ± 1.0. The pair X f distribution is indistinguishable from the distribution obtained 

from Tt correlated MC charm pairs. The X1 distribution for the charm pairs is 

uncorrelated at this level of statistics. The X1 distribution is also consistent with being 

symmetric about X1=0. 

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-



-

-
-

..... 

CHAPTER 8. CHARM PA.ffi PRODUCTION AND CORRELATION RESULTS 139 

1eo 

1215 

100 

s:: -.D . 
... 715 

0 

s.. 

" c. 
Ill 
~ c: eo 

" > 
rzl 

215 

0 

-0 . .& -0.2 0 0.2 0.4 

X (DD) ... 
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maxhm.un likelihood 1:t to {1-X/ r. Tbe daahed histogram is from MC •t correlated cha.rm 
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8.4 Pair Pt Distribution 

The P; distribution for the charm pair was assumed to be represented by e-bP: even 

though MC studies showed that correlations in the ~t distributiou will affect the P; 

para.meterizal:ion. Monte Carlo charm pairs generated uncorrelated kinematically but with 

the ~t angular correlation did not yield a pair P; distribution that could be represented 

by e-bPc
2

• Figure 62 shows the weighted Pi distribution for the 37 pairs and the solid line 

is the result of the fit which yielded b = 0.65~~:~~( GeV/c)-2• The dashed histogram is the 

P; distribution fo~ MC Tt correlated charm pairs. The MC P; distribution does not agree 

with the data P; distribution at low and high P;. The P; distribution shows evidence for 

a tail at large P;. This tail could be from higher order charm production diagrams like 

gg-+ gqq where the charm pair is produced with larger P; than the leading order 2-+2 

diagrams. A single exponential parameterization of the P; distribution is not valid for 

charm pairs with large Pi. 

The average of the efficiency corrected Pi distribution is 2.32±0.36 (Ge V / c )2 • Figure 63 

shows the <Pi> versus s for this experhnent and the LEBC-PP [51] measurement 

obtained at a lower value of s. In Drell-Ya.n di-lepton production the average P; is 

expected to rise linearly with s. The intercept at s=O yields the average intrinsic k; of the 

partons iuvolved iii the process. Di-lepton studies measured the ki of quarks aud similar 

measurements in charm pair analysis will measure the ki of the gluons inside the i11cide11t 

and target particle. Using the t';ro measured points the intrinsic k~ of the gluous involved 

in charm production is 0. 70±0. 70 (Ge V / c )2 • This value is consistent with the value 
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Figure 62: The weighted P~ distribution for the chann pairs. The solid line is the result of 

a maximum likelihood fit to e-bpt. The dashed histogram is for ~t correlated cha.nu pairs. 
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Figure 63: The <P~ > versus s for E653 and LEBC-PP charm pairs. The curve is a least 
squares fit to <Pl > = kl+s·constant. 
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measured in Drell-Yan di-lepton production [21]. 

8.5 Pair Azimuthal Opening Angle (~t) 

The azhnuthal opening angle ( Tt) of the charm pair is shown in Figure 64. The Tt 

distribution peaks at 180° - reflecting a back-to-back nature in charm production. The 

average of the distribution is 113.2°±9.0°. This value is consistent with those measured 

previously by LEBC (See Table 24). 

8.6 Charm Pair Mass 

The mass of the charm pair reflects the "q2" of the production process. The weighted 

mass distribution is shown in Figure 65. The dashed histogram is for Tt correlated charm 

pairs. The solid line is the result of a maximum likelihood fit to caM(Df)) without taking 

· into account the mass resolution function. The fit yielded a= 0.75 ± 0.15 (GeV /c2 )-1 • 

The parameterzation e-aM was motivated by Drell-Yan di-lepton production. Di-lepton 

mass plots were done at constant di-lepton rapidity, due to the lack of statistics and 

relatively small range in rapidity for the charm pairs, all 37 charm pair events in this 

sample were used in the fit. By converting the exponential to e-c./T values for c obtained 

at different COM energies can be compared. It will be interesting to see how well this 

mass scaling holds between experhnents and for large .,/Tor M(DD). 

The average of the weighted distribution is 4.94 ± 0.17 Ge" I c2 which is slightly higher 

than for previous measurements. E653 with a higher COM energy has probed a higher 
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Figure 65: Charm pair mass distribution. The solid line is the result of a fit to e-aM. The 
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mass range than the LEBC data. 

8. 7 Charm Pair Rapidity Gap ( ~ Y) 

The weighted rapidity gap distribution is shown in Figure 66. Monte Carlo i't correlated 

charm pairs do not reproduce the AY distribution. The LEBC-1t'P charm pair AY 

distribution was slightly wider than that obtained from uncorrelated charm pairs [52]. 

The l>t correlated charn.1 pairs have some momentum balance in the plane transverse to 

the beam direction due to the Tt correlation installed in the MC. Momentum balancing 

along the beam clirection is not taken into account. By balancing momentum along the 

beam direction the rapidity gap would by broadened. Berger has pointed out that the 

shape of the rapidity gap depends distribution on whether tl1e production was through qq 

annihilation or gg fusion, but performed the calculations only for beauty quarks (12]. 

8.8 Comparison to previous results 

Comparison of the LEDC Jr-P and P-P charm pair production results with these results is 

shown in Table 24 [51,52]. Table 24 lists the weighted averages for the pair kinematic 

variables (X1, Pt, Te, mass and ti Y). 

The averages of the Tt distributions for the three experiments agree quite well. All three 

averages are lower than the average returned by the Lund MC. 

The average rapidity gap measured at vs=38.8 GeV has increased slightly compared to 

the LEBC-PP result at J3=27.4 GeV. The measurements agree within statistics. The 
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-
Experiment \Ts Nwnber < M(DD) > < X1(DD) > < P?(DD) > <AY> < <), > 

GeV of Events GeV/c2 (X1 >0) (GeV/c)2 Degrees 

E653 38.8 37 4.94±0.17 0.172±0.022 2.32±0.36 1.00±0.11 113.2±9.0 
P-Emulsion 

~t 4.71 0.13 1.52 0.87 113.5 

- Correlated MC 
LUND 5.67 0.18 1.17 1.37 121 
LEBC-PP 27.4 17 4.65±0.13 0.18±0.03 1.50±0.30 1.02±0.12 105±5 - 105 events 
LUND 4.82 0.19 0.88 0.98 119 
LEBC-7rP 26.0 12 4.50±0.16 0.25±0.07 1.65±0.40 0.80±0.14 115±8 

57 events 
LUND 4.60 0.25 0.75 0.77 126 

- Table 24: Comparison of weighted average values measured in two previous charm pair 
experiments and the values presented in this thesis. 

<P; >reported here is larger than for the LEBC-PP measurement and this can be 

attributed to a Drell-Yan like scalh1g of the average P; with s. The <Pr > value returned -
from the LUND MC does not agree with any of the charm pair measurements. 

The average <X1 >measured at vs=38.8 GeV and 27.4 GeV agree remarkably well. This 

is especially surprising since the single charm production results from E653 and LEBC-PP -
do not agree (35,50]. 

- The < M > for the charm pairs is expected to rise with larger values of ./S. This rise is 

seen when comparing the < M > measured by the three charm pair experiments. Charm 

production at high < .M > or high q2 can be more easily treated theoretically by using 

- perturbative methods. A high statistics charm pair experiment would allow the study of 

chann production in the purely perturbative region (high charm pair mass) and connect 

to the non-perturbative region {low charm pair mass). E653 has insufficient statistics to 

- do this analysis, however, the increase in < M > gives one hope that such an experiment 
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-
is possible (E653-RUNII). -
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Conclusions 

A complete aualysis of hadrouic pro<luctio11 of 37 charm pairs has been presented. The 

differential cross sectio11 for the charm pairs was fit to the followiug empirical fonuula: 

du "" (1- IX l)"e-&P? 
dX dP2 1 

I t 

(58) 

and the values for n and b were determ . .ined to be: 

• n= 5.0 ± 1.5 

- The X f distribution for the charm pairs is consistent with the distribution obtained from 

MC ~t correlated generated charm pairs. The measured value of <X1 >lx,>o was 

consistent with previously measured values done at lower .JS. Th.is is in cont.rast to single 

- charm production distributions, which showed a much more central productiou at 

149 
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-Ji'=38.8 GeV than the distribution observed at va=27.4 GeV. Then value measured for 

the pair X1 distribution is consistent with that obtained from the ft correlated MC, which -
used single charm produced with the central production distribution measured in the data. -The P; distribution for the charm pairs was seen to have a tail at high (P; > 3.0 

(GeV /c))2 , that was not reproduced by the Monte Carlo. The high P; tail could be an -
I 

indication of next to leading order two to three processes in charm production, gg -+ gqq. -This could be con.firmed by the presence of hadronic jets recoiling against the charm pair 

system. The data did not present enough statistics to search for such jets. The <P; > -
was consistent with the measured value from D~ell-Yan di-lepton production with 800 

GeV /c protons,<Pt >=1.61±0.16 GeV /c [64]. The <P; > from thi,s experiment was 

compared to the previously measured value of the LEBC-PP experiment as a function of -
the center of mass energy squared. This comparison was motivated by the Drell-Yan 

-model and allowed the <k; > of charm production to be measured (21]: 

• <k; > ,..., 0.70±0.70 (GeV /c)2 • -
This intrinsic <k; > measurement reflects the transverse momentum of the partons -
respousible for charm production and the trausverse momentwn associated with the -
fragme11tation of the charm quarks into mesons. This value is in agreement with the 

<k; >used by LEBC in the LUND MC for consistency between the data and tbe MC. -
The LUND MC does not reproduce tbe same slope when the <P; >is represented by -
<l:'t > = <k; > + C·s. 
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Tbe charm pair mass distribution bas a slightly higher <M(DD)> than the average pair 

mass measured at lower ,/i. This trend is important for future experiments that hope to 

explore.tbe perturbative regime of charm production. The mass distribution was seen to 

fit an exponential distribution: 

(59) 

with: 

• a= O.i5±0.15 (GeV /c2
)-1 

or: 

dn -c .t;. -- ""e VT 

d../T 
{60) 

with: 

• c = 29.1±5.8. 

This mass scaling will allow charm pair experiments at different energies to compare 

results. The LEBC-PP data is consistent with this result, within the limited statistics. 

The value is also consistent with that fowid in ell-lepton production in proton-platinwn 

interactions, c= 2i.02±0.16 at .fi=27.4 GeV [22]. The variable T=M(~1')
2 

XaXb allows 

one to study the momentwn fraction, Xa and xi,, of the partons involved in the reactio11. 

At this level of statistics the gluon distribution appears to be equivalent to that measured 

for the quarks in cli-lepto11 production. 

The azimuthal opening angle Tt peaks as expected at 180°. However the< Tt > is lower 

than expected from first order production diagrams (LUND). All three charm pair 
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production experiments have measured < +t > to be lower thau the LUND MC value. 

The +t distribution is dependent on the production diagrams and the intrinsic k; of the 

partons responsible for charm production. The lower measured < +t > would indicate 

either a larger intrinsic <k~ > for the gluons involved in heavy quark production than 

that used h1 the LUND MC or contributions from the next to leading order preductiou 

diagrams not installed in the LUND MC. 

The statistics limited the strength of the analysis. The observation of charm pair mass 

and <P; > scaling will aid in future comparisons of charm pair data, if this scaling holds. 

The analogy to Drell-Yau di-lepton production provides some hope that charm pair 

physics will allow access to the structure fwictions and intrinsic transverse momeutwn of 

the partons (gluons) iuvolved in the charm production process. To do such analysis one 

would need a large sample of charm pairs, the data from the second run of E653 should 

have an order of magnitude more charm pairs produced with an h1cident 7r beam. hi· 

addition the angular distributions center of mass of the charm pair with respect to the 

target or beam direction can be determined. These angular distributions will provide 

some insigl1t as to the underlying diagraulS responsible for charm production. 

-
-
-
-
-
-
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Appendix A 

The Lund Monte Car lo 

The LUND Monte Carlo·(MC) is an all purpose high energy physics Monte Carlo 

simulation. The LUND MC allows the user to define the i11itial conditions, incident 

particles, experimental configuration (colliding beams or fixed target) and the reaction of 

interest (charm production). The LUND MC generates chann via the leadiug order 

diagrams and ill light of the cross section calculation of Nason, Dawson and Ellis [9] the 

LUND MC results for charm production are not reliable. 

For charm production the user has several switches and illitial values that can be change 

to test their effect on charm production. The important switches are: 

• Structure functions of the pa.rtons ill the illcident beam and target. The user can 

define his/her own structure functions or use one of the seven sets iustalled in the 

MC. 

• Fragmentation functions used to from mesons and hadrons from the bare quarks. 

153 
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-
• The intrinsic kt distribution and width of the partons. -

The LEBC-?rP and LEBC-PP results were compared to the distributions generated by the -LUND MC. The LEBC results agreed best with the LUND MC when the using the EHLQ 

set 1 structure functions [16], lund fragmentation and an intrinsic kr parameterized by: -
dN •

2 

- ,...., e 0.64 (GcV/c)2 • 

dk; 
(61) -

-The following set of histograms compares the distributions of the 37 charm pairs to those 

obtained by running the LUND MC in the same configuration used for the LEBC analysis, -
with the one exception that the intrinsic <k; > of the partons was set to 0. 70 (Ge V / c) 2• -Figures 67 through 71 show good agreement between our data for the 37 charm pairs and 

the distributions from the LUND MC. The one possible difference is the tail in the P; -
distribution for the data. LEBC-PP data also was inconsistent with LUND MC at large -P;. However with error bars on their plots it hard to determine the statistical significance 

of their tail. The averages from these distributions were tabulated in Table 24. -
-
-
-
-
-
-
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Figure 67: The +t distribution for the 37 charm pairs (solid) and the LUND MC (dots). 
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Figure 68: The weighted X1 distribution for the 37 charm pairs (soh<i) and the LUND MC 
(dots). 
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Figure 69: The weighted charm pair mass distribution. Data (solid). LUND MC (dots). 
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Figure 70: The weighted rapidity gap distribution for the 37 charm pairs (solid) and that 
obtained from the LUND MC (dots). 
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Appendix B 

Event listings 

The kinematic quantities for the 37 charm pair events are listed in the following table. 

The table is deciphered as follows: The first row is the accounting row. The first number 

is the running sum of pair events, it starts at one and ends at 37. The next nwuber is the 

run number of the event aud corresponds to the raw data tape number the event was 

recorded on. This run number is followed by the event number of the pair. 

The next row contains the kinematic information on one of the charm that compose the 

charm pair. The first number is the decay topology: 

• 3 - V-2 

• 4 - V-2µ 

• 5 - C-3 

• 6 - C-3µ 

160 
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• 7-+ V-4. 

The second number is the minimum parent mass of the vertex followed by its error 

(GeV /c2). The fourth and fifth numbers are the momentum estimate and "error" for the 

decay (GeV /c). The error is listed as a guide and one should remember that it is a 

non-gaussian error distribution. The sixth number is the X1 of the parent. The seventh 

number is the P; of parent and the eigth number is the rapidity, y. 

The next row contains the same information for the second charm decay in the charm pair. 

The final row contains the charm pair quantities. The first number is the azimuthal 

opeu..ing angle of the pair, ~t(degrees). The pair mass is the second nwuber in the row 

(GeV /c2
). The third number is the charm pair momentum (GeV /c). The forth is the x1 

of the charm pair and the fifth number is P~ of the charm pair (Ge V / c2 ). The sixth 

number is the I LlY I of the chann pair. 
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Aw Mama can this really be the end ... [65] 
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