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Abstract 

In an exposure of the SLAC Hybrid Facility (SHF) to a backward scattered 

laser beam, 136 charm events produced in yyp interactions at 20 GeV have been 

observed. The SHF 1 m bubble chamber was equipped with a High Resolution 

Optics camera in order to detect directly the production and decay of charm par- 

ticles. After imposing rigorous cuts, 48 charged, 50 neutral, and 2 topologically 

ambiguous decays remain. Using a novel method for estimating the momentum of 

unconstrained decays, the D meson lifetimes from this sample are measured to be 

T+ = (8.6 Zt 1.3::*1) x lo-l3 set and Q,O = (6.1 3~ 0.9 -+ 0.3) x lo-l3 set with a . 

ratio of R = rD*/rDO = (1.4 -+ 0.3~~*~). This value of R indicates the Spectator . 

Model charm particle decay mechanism is the dominate piece in the D* and Do 

decay rates. Limits are placed on additional contributions to the D decay rates 

from other processes including W-Exchange, Final State Interactions, and Pauli 

Principle Interference. - 
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Chapter 1: Introduction 

1.1 OVERVIEW 

The goal of elementary particle physics is to identify and understand the 

fundamental constituents of matter and the forces through which they interact. 

In our current understanding, the fundamental constituents are point-like spin 

l/2 quarks and leptons listed in Table 1.1 which interact through four forces 

mediated by the exchange of gauge bosons listed in Table 1.2. The ideal in particle 

physics is to find an underlying structure that would allow the unification of these 

forces resulting in a more fundamental theory. A part of this unification has been 

successfully achieved in combining electromagnetism and the weak force into a 

unified electro-weak theory described below. 

Table 1.1 

Fermions Leptons Quarks 

Charge 0 -1 213 -l/3 

h e u UP d down 

Flavor vP p- c charm s strange 

V? 7 t top lo bottom 



Table 1.2 

Interaction Gauge Boson 

Gravitation graviton 

Electromagnetic 7 photon 

Weak IV*, Z” bosons 

Strong g gluon 

While both quarks and leptons undergo gravitational, electromagnetic and 

weak interactions only quarks experience the strong force. In fact this is what 

distinguishes quarks from leptons. This is because quarks carry an additional 

quantum number “color charge” to which only the gluons couple. The current 

candidate for a theory of the strong interaction is Quantum Chromodynamics 

(&CD). Unlike all th o er fundamental interactions, the color force in QCD has 

the property that it increases in magnitude with the separation of the interacting 

quarks. The consequence is that at short distances (or high q2) quarks behave as 

if they were free particles, the phenomena known as “asymptotic freedom”, and 

at large distances (or low q2) quarks are “confined” in color singlet bound states 

called hadrons. The hadrons are of two types: (1) mesons - quark anti-quark - 

states and (2) baryons - three quark states. Charm hadrons contain at least one 

charm quark, those relevant for this thesis are listed in Table 1.3. 



I Table 1.3 

I Charm Particle Quark Content I 

D+ 

DO 

F’ 

AZ- 

Cd 

Cti 

CS 

cud 

The lifetimes of charm particles provide an excellent laboratory for the study 

of several aspects of elementary particles and their interactions [l]. Charm particle 

decays are characterized by a subtle interplay of the weak and strong interactions 

because of the specific properties of the charm quark. The weak decay of particles 

containing sufficiently heavy quarks can be described in a simple spectator model 

which treats the heavy quark as essentially a free particle. In the case of particles 

containing light quarks, the decay involves complicated strong interaction bound 

state effects which are difficult, if not impossible, to calculate. Thus the quark 

mass is a primary factor in determining the way in which the particle decays. 

The mass of a quark is, however, difficult to define because quarks do not exist 

as free particles and the mass is a function of the energy of the probe used to 

measure it. To set a rough scale of quark masses, Table 1.4 lists the so-called - 

“constituent masses” [2]. As seen in the Table 1.4, the charm quark could be 

described as “medium - heavy” and thus a complete picture of its decay, and 

hence the lifetimes of charm particles, must incorporate both the weak and strong 

interactions. 
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Table 1.4 

Quark Mass (GeV) 

U 0.34 

d 0.34 

s 0.51 

C 1.5 

b 4.9 

t > 30 

1.2 THE WEAK INTERACTION 

In the standard Glashow-Weinberg-Salam unified electro-weak theory [3] bas- 

ed on the SU(2)h QD U(1) group, the quarks and leptons form left handed doublets 

of the weak isospin of SU(2) while the right handed components are kept as 

singlets. The doublets are arranged as follows: the leptons are grouped in three 

‘generations’ as 

and in a very similar fashion the quarks are grouped as 

The d’, s’, b’ weak eigenstates are related to the mass eigenstates through the 

transformat ion 
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where V is a 3 x 3 unitary matrix. In general, the rotation can be described 

by three angles and one (CP violating) phase. The commonly used Kobayashi- 

Maskawa parameterization [4] is given by 

Cl SlC3 as3 

v= -&C2 ClC2C3 - s2s3e i6 ClC2S3 +s2c3e i6 

-6182 ClS2C3 +c2sge i6 
Cls2s3 - c2cge is 

I 

where ci E cos Oi, si E sin Bi (i = 1,2,3). 

Since the center of mass energy of this experiment is well below bottom or 

top threshold, a 4 flavor approximation will be used to describe the mixing where 

cos 8, sin 8, d 

-sin& )O cosec s 
and 8, is just the familiar Cabibbo angle. 

The flavor changing weak decays proceed exclusively via the charged current 

interaction; that is, by the radiation or exchange of a VV* boson. The charged 

current is given by 

J$ = Jgt + Jg* 

where the leptonic current piece is 

and the hadronic current piece is 

2 

Ji* = c qiiry1 - 75)w?i 
i=l 

q1= (;) ) q2= (;,) 

and rh are the usual isospin raising and lowering operators. 
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An effective weak Hamiltonian (in the limit rn~ + 00; that is, mw much 

larger than the relevant quark masses) can be written down for the weak decay 

process 

Hw = @(O)J-,(a) + kc.). 

In principle, all the tools necessary for calculating the decay rate (and hence 

the lifetime) of charm particles are at hand. However, to calculate the rate for the 

process D + X, where X is any final state, one must evaluate the matrix element 

(XIH#) and th e initial and final state wave functions involve hadronic bound 

state effects that are not yet calculable within the theory. 

1.3 THE NATIVE SPECTATOR MODEL 

Although the decay rate can not be calculated from first principles the problem 

can be simplified by making the following approximation. It is observed that the 

momentum transfer in weak decays of heavy, that is, charm and bottom, hadrons 

is on the order of the heavy quark mass. Therefore it is not unreasonable to 

expect that the decay of heavy flavors reflects the dynamics at short distances. 

If the short distance behavior dominates, then the heavy quark can be treated as 

essentially a free particle (this being a consequence of “asymptotic freedom” in 

QCD). Thus the decay of charm mesons is described by the decay of the charm 

quarks with the light constituents of the mesons acting as passive “spectators”. 

In this spectator model [5] picture, the decay of a charm meson proceeds as shown 

is Figure 1.1. 

Explicitly, the simplifying assumptions of the spectator model are the follow- 

ing 



C 

Figure 1.1: 

S 

The Spectator Diagram. 
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(i) The charm meson is represented by its valence quark configuration, i.e. a 

charm quark and a light anti-quark only. All complex bound state fluctuations 

are disregarded. 

(ii) Soft gluon emission is neglected. 

(iii) The sum of all possible hadronic final states is replaced with final states of 

“free” quarks emitted in the decay. 

Using these assumptions, the charm meson lifetime is readily calculated. The 

matrix element for either D meson to decay as in Figure 1.1 into an arbitrary 

non-leptonic (NL) hadronic final state XH is given by 

ht = (XH 1 (ad)(a) 1 D) 

where the convenient notation (@ q2) = q&( 1 - TS)Q~~, i being a color index, has 

been used. Assumption (iii) reduces this to 

M = (qsd 1 (ad)(a) 1 D) 

Now using assumption (i) gives 

M g (sucq (ad)(a) 1 c) 

= (wP(l - 75)VJ)(W,(l - 75)J-k) .- 
where u,v are 

to the matrix 

straight away 

the usual Dirac spinors. This last expression is formally identical 

element for p decay (61. Thus the decay rate can be written down 

rNL(D + XH) = ~NL(C + SW%) 
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where the factor of 3 arises from the 3 color combinations of the final state ud 

pair. In analogous fashion, the semi-leptonic (SL) rate for a given final state 

lepton ! = e,j.4 is 
rsL(D -+ t+~,x) z rsL(c -+ @u@) 

G$TY$ =- 
1924 

The D meson lifetime is then 

x 3 x lo-13sec . 

where m, = 1.8 GeV has been used for the numerical evaluation. This value of 

rD 

by 

should be taken as a very rough estimate since varying m, by 20% changes rD 

a factor of 3 and the relevant value of m, is not well determined. 

As is clear from the above calculation, an important prediction of the spectator 

model is that since the charm quark decay is independent of the light quarks in 

the charm hadron then all charm particles will have the same lifetime. That is 

7 D+ = 7 go = 7 p+ = % =88e=Tc 

Deviations from this relation require contributions from other processes or modi- 

fication of the nayve Spectator Model picture. Both possibilities will be discussed 
- 

in a later sections. 

Inspection of Figure 1.1 reveals another prediction of the spectator model, 

namely that all charm particles have the same semi-leptonic branching ratio 

BRl(D+) = BRt(Do) = BRt(F+) = BRt(Az) = . . . = BRt(c) 

where !! = e,p. Semi-leptonic branching ratios are relevant to charm lifetime 

studies because a number of experiments which can not measure the charm meson 
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lifetimes directly are nonetheless able to measure the ratio of lifetimes with good 

precision. Explicitly 

B&p+) r(DO + x) r(D+ -+ lx) 
BRt(DO) = r(D+ * X) l r(DO --) ex> 

= 
‘D* /‘Do 

where I’(D+ -+ lx) = r(D” + /!X) is assumed and is a rather good approxima- 

tion. 

Given the number of diagrams implied by Figure 1.1, it is clear that 

BRt(c) = ; = 20% 

Deviations from this prediction again require contributions from other processes 

or modification of the naive Spectator Model; both options are described in the 

following sections. 

1.4 THE QCD CORRECTED SPECTATOR MODEL 

Although the naive spectator model is aesthetically pleasing in its simplicity 

it is perhaps unreasonable to expect the model to provide a complete description 

of charm particle decay. Possible strong interaction contributions to the basic 

picture are discussed in this section. 

Strong interaction corrections are of two kinds: (1) soft gluon radiation correc- 

tions and (2) hard gluon exchange corrections to the effective weak hamiltonian. 

Strong interaction corrections to the naive spectator model are a priori expected 

to be necessary. This is because a real meson in nature is a complicated super- 

position of short lived quark and gluon configurations, where the valence quark 

configuration used in the spectator model is merely the simplest. Since the weak 

interaction time (- l/mw) is considerably shorter than the typical lifetime of a 
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given configuration it is not unlikely to have one (or more) gluons in the meson’s 

wavefunction during heavy flavor decay and so influence the lifetime. This fact 

will be important for non-spectator processes as well. 

The effect of lowest order soft gluon radiation is easily calculated [7] because 

the calculation is formally identical to the usual electromagnetic (EM) radiative 

correction to p decay with the substitution of the EM coupling constant CY by the 

strong coupling constant Q~ which has been averaged and summed over initial and 

final color states 

where 

%(P2) = 
47r 

(11 - gN/) in (g) ’ 

p is the mass scale where ~l~ is evaluated, lVf is the number of available flavors 

and A is the QCD scale parameter. For charm decay, p = m,, Nf = 4 and 

A - O.l- 0.5 GeV. 

For simplicity, consider only the corrected semi-leptonic width 

wr= 
hL 

where as before 

is the uncorrected width, g(E) is a mass correction for finite strange quark mass 

&I 
[ 

2 Q$) 
1 - 3 f( )] c n- 

g(c) = 1 - 8c2 - 24~~ In f + 8~’ - e8 

c= m8/mc, 

and f(c) is a smoothly decreasing function of c bounded by 

f(o) 
25 3 = 7r2 s-0 f(l) =- 
4' 2' 
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f(0) corresponds to the ~1 decay result. The value of I’yr/I’s~ for c - 0 is on the 

order of 0.50. The semi-leptonic branching ratio is not largely affected however 

because a large part of the correction to I?$“’ exactly cancels the effect in the 

hadronic channel. The overall effect on the spectator model predictions is to raise 

the lifetime by a factor of - 3 and lower B&(c) by - 30%. 

The non-leptonic piece of the spectator model Hamiltonian for the process 

c + sud can be written 

HNL = z cos2 B,(sc)(ad). 

Since the W boson does not carry color, the s quark has the same color as the c 

quark and the ud pair can be produced in any of 3 color states. The color con- 

figuration can be altered by allowing gluon exchange across the weak interaction 

vertex as shown if Figure 1.2. Changing the color flow in this way renormalizes 

the weak coupling and creates more non-leptonic diagrams. After the calculation 

of the QCD enhancement, the Hamiltonian is written 

GF 
HNL = - COST 8, 

c+ + c- 

fi 
2 (sc)(ad) + ‘+ ; ‘- (sd)@c)] 

where the first term retains the previous color structure, i.e. the s quark has the 

same color as the c quark, and in the second piece the color flow is modified so 

that the u quark has the same color as the c quark. The QCD enhancement 

coefficients c+ and c- are given by 

[ 1 

[ 12/(33--2Nf I] 
c- = c+ -2 = a8(ml) 

a8(mid 
. 

When c+ = c- = 1 there is no enhancement, and HNL reduces to what we had 

before. Riickl [l] h as calculated the coefficients including quark mass effects and 

gets 

C+ = 0.74 , c- = 1.8; 
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d 

.- 

Figure 1.2: Lowest order hard gluon correction to the weak interaction 

vertex. 
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depending on parameters, ck can easily vary by Z!Z - 10%. These numbers lead to 

a non-leptonic enhancement of 2c$ + CL = 4.34 compared to the previous factor of 

3. The effect of the enhancement on the lifetime is unfortunately totally washed 

out by the uncertainty in m,; but the enhancement does show up in lowering the 

semi-leptonic branching ratio 

BRt(c) --$ ’ 
2+2c;+c2_ 

= 16% 

where the na?ve spectator model prediction was 20%. Combining the short dis- 

tance enhancement and gluon radiation, BRc(c) is lowered to - lo%, although 

putting in finite quark mass corrections raises BRt(c) back up to - (13 - 20)%. 

1.5 OTHER PROCESSES 

It should be stressed that the strong interaction corrections are refinements 

of the na;ive spectator model and do not produce d$erences in D meson life- 

times or semi-leptonic branching ratios. In order to produce differences, other 

processes must be introduced. This section will present three leading candidates 

for mechanisms outside the na!ve spectator model which are expected to make 

sizeable contributions to the D decay rate: non-spectator diagrams, final state 

interactions and identical quark interference. 

W-Exchange and W-Annihilation The non-spectator diagrams for D decay 

are shown in Figure 1.3. Figure 1.3 (a) is referred to as “W-exchange” and Figure 

1.3 (b) as “W-annihilation”. Two things should be noted: (1) W-exchange is a 

totally non-leptonic process and thus produces a non-leptonic enhancement in the 

Do rate and (2) W- annihilation is Cabibbo suppressed and so the contribution to 

the D+ rate is believed to be negligible. Originally these non-spectator diagrams 
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(b) 

.d 

Figure 1.3: Non-spectator diagrams for D decay: (a) W-exchange which 

contributes only to Do decay and (b) W-annihilation which 

contributes only to D* decay. 
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were thought to be highly suppressed relative to c-quark decay because of helicity 

suppression which arises since a pseudo-scalar state can not decay into a massless 

fermion anti-fermion pair. This effect is well known in ?r decay where r + eDe is 

highly suppressed relative to ?r + pfiP despite a favorable phase space factor. This 

suppression can be overcome by having one of the initial state quarks radiate a 

gluon or by having a gluon in the D wave function. As was argued previously, it is 

reasonable to expect to have one (or more) gluons in the wave function during the 

decay some considerable fraction of the time. Various authors [8] have estimated 

the non-spectator contribution to the non-leptonic Do rate is about the same 

size or even larger than the spectator rate. The calculations are not very precise 

because they contain bound state effects that involve large model uncertainties. 

Regardless of theoretical uncertainties, evidence for W-exchange can be ob- 

served experimentally by looking for decay modes which occur only through W- 

exchange and not the spectator graph, for example Do + +K”. The strength 

of non-spectator diagrams relative to the spectator graph will be determined by 

such measurements and to some extent by the measurement of rD&o. 

Final State Interactions Final state interactions (FSI) are expected to make 

significant contributions to D decay rates because there are strangeness 1 res- - 

onances in the nearby 1.4-1.5 GeV region [9]. A complete theoretical analysis 

of FSI in D decays is complicated by the fact that most final states are highly 

inelastic. An example that will illustrate the importance of FSI is the KX final 

state in Do decay. This analysis is fairly reliable since s-wave K7r scattering ap- 

pears to be elastic up to about 1.4 GeV and can be extrapolated smoothly up 

to the D mass. In the nayve spectator model where color suppression factors 

are taken seriously, the Ron0 decay mode is suppressed relative to K-X+ so that 



IyDO ---) lc07r0) B 

the K”lro rate so 
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$(D” + K- 7r+). Adding QCD corrections further suppresses 

that it is about & of l?(D) + K-r+) whereas experimentaIIy 

it is found that [lo] 

r+(DO -+ K07t0) 
- 0.35 It 0.07 zto.07. 

r(D” -+ K-n+) - 

Note that the two rates can be written as linear combinations of isospin states. 

The suppression of Ron0 implies a cancellation of the isospin amplitudes. This 

cancellation can be removed by FSI which introduce phase shifts between the 

amplitudes. The following exercise demonstrates this. 

Assuming Kr scattering in the O+ state is elastic up to the D mass, the FSI 

are parameterized by elastic scattering phases 61 and 63. The Do decay amplitudes 

can then be written as 

A(D” + fi”no) =- & (&A3 ei63 + A1 eiJ1) 

1 
A(D” + K-d) = - 

d ( A3ei’3 - hAlei61) 

where Al and A3 are the I = 4 and I = p amplitudes without FSI, respectively. 

If the Ron0 is suppressed in the absence of FSI, then A1 = -&A3 and 

I’(D” ---) K”vro) 8 
I’(D” + K-n+) = 9 cot2 [, (63 - 61) 

With FSI, however, the i(T”7ro rate is suppressed only if 6s B 61. Note now that 

the I = p channel is exotic and has no resonances while the I = f channel 

contains many resonances, in particular the ~(1350) O+ state. Therefore at 1.4 

GeV 61 = 90’ and 63 is known to be about -25’ to -30°, leading to a value for 

(6s - 61) of 120' to 180' at the D mass. This yields the remarkable result that 

IyDO --) RW) 
I’(D0 + K-n+) x1 
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which is in complete disagreement with spectator model expectations. -d 
The conclusion is that FSI can introduce strong interaction effects which com- 

pletely dominate the underlying weak interaction processes. A consequence of this 

is that lifetime difference for charged and neutral D’s can be generated within the 

spectator model framework. The reason is the non-leptonic D* decays are purely 

I=; whereas non-leptonic Do decays, as shown above, contain both I = i and 

I =- : contributions and are thus susceptible to FSI. Unfortunately, the magni- 

tude of lifetime difference produced by FSI can not be predicted accurately and 

the role of FSI will be ascertained only by precise measurement and comparison 

of two body D decays (see Kamal, ref. [9]). 

Pauli Principle Interference Another mechanism exists which can produce D 

lifetime differences, namely interference in the final state of ,D* decay [ 111. Figure 

1.4 shows the quark configurations and final states for the Spectator Model decays 

of the Do and D+ resulting from the two terms in the QCD corrected HNL. For Do 

decays the final states are distinct, while for the D+ they are identical since there 

are two d quarks in the final state. Therefore the two D+ decay amplitudes can 

interfere. The interference is destructive, in accordance with the Pauli Principle 

where the reassignment of identical fermions, namely the d quarks, between the - 

two diagrams introduces a relative minus sign between the amplitudes. Note that 

if color suppression of diagram (d) in Figure 1.4 is lifted (the case of so-called 5 

dominance where c- >> c+ [ll]) th e cancellation of the D+ amplitudes is complete. 

This interference serves to suppress the D* non-leptonic rate, thus increasing Q-+ 

and the D* semi-leptonic branching ratios. 

The magnitude of the interference effect on the total D* rate clearly depends 

on the overlap of the quark wave functions, and therefore is not calculable exactly 
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.D + 

Figure 1.4: 

2, i?:.... - 
d 

i / 

‘a 
K”, Ku, 

(b) (d) 

Spectator Model diagrams for non-leptonic Do and D+ decays. 

Diagrams (a) and (b) h ave amplitudes proportional to (c- + 

c-t), (cl and (4 are proportional to (c- - c+). 
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and must be estimated in some model. Following Ref. [l], the contribution I’* of 

interference to the D* decay rate is 

I71 = - ( c2_ - 2c:) $m; 1$(0)12 . 

The wave function at the origin $(O) can be evaluated in bag models, by using 

QCD sum rules, or alternatively by its relation to the D decay constant 

f 2 
D 

= 12 lW)12 
-. 

mD 

The ratio of the interference rate to the D* non-leptonic rate is then 

To demonstrate the uncertainty in the calculations consider that, with fD = 

200 MeV [l] and c+,c- as found previously in this chapter, the above expression 

yields rr/rNL - 90% while relativistic quark model calculations suggest &/rNL - 

20% [ll]. I n any case, the interference effect can be observed experimentally, for 

example, by comparing the Cabibbo suppressed modes D+ --) nor+ and D+ + 

x°K+, where interference is expected for the former mode but not the latter. 

Data on these modes will be discussed in Chapter 5. 

1.6 SUMMARY 

The theoretical predictions for D meson lifetimes are 

rD - (1 - 10) X lo-13sec. 

The current state of the theory is clearly malleable enough to accommodate a wide 

range of experimental results. The uncertainties in the predictions arise because 
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charm quarks are not free particles but come in complicated bound states. It is 

therefore up to experiment to give the theory the guidance necessary to decide 

the relative importance of the many and varied contributions to the charm meson 

lifetimes . 

In this thesis, I will describe the results of two experiments, BC72/73 and 

BC75, performed at the Stanford Linear Accelerator Center (SLAC) using the 

SLAC Hybrid Facility (SHF). Ch arm,particles were produced in 7p interactions 

with 20 GeV photons incident on a hydrogen filled bubble chamber. Both exper- 

iments used essentially the same apparatus, although BC75 incorporated many 

improvements, and so the data will be combined for the final results. Throughout 

this work BC73/75 will refer to the combined experiments. The SHF apparatus 

and improvements will be detailed in Chapter 2, the charm event sample will be 

extracted in Chapter 3 and used in Chapter 4 for the D lifetime analysis. Discus- 

sion and conclusions about what the lifetime results can say about the theoretical 

situation outlined above will be the subject of Chapter 5. 
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Chapter 2: Experimental Details 

The experiments BC72/73 and BC75 were performed at the SHF with essen- 

tially the same apparatus shown in Figure 2.1. Briefly, the experiments consisted 

of a photon beam incident on a liquid hydrogen filled bubble chamber (BC) fol- 

lowed by a downstream hybrid system made up of four sets of proportional wire 

chambers, two threshold Cherenkov counters and finally a wall of lead glass blocks. 

This chapter will describe the beam, the SHF and the trigger. 

2.1 BACKSCATTERED PHOTON BEAM 

The unique feature of BC73/75 is the 20 GeV photon beam shown in Figure 

2.2. The beam is essentially monochromatic and has a quite different spectrum 

from other high energy photon beams which are produced by bremsstrahlung. 

The beam is produced by scattering 4.68 eV photons from a frequency quadrupled 

Nd:YAG laser off the 30 GeV electrons delivered from the SLAC linear accelerator. 

The laser was pulsed at 10-12 Hz matching the bubble chamber expansion rate. - 

The ultra-relativistic Compton scattering kinematics give the following relation 

for E,, the scattered photon beam energy 

where 

Er = (41 - p cos t9,) 
1- ,Bcos~~ + (wi/Ei)(l -cos8) 

wi = incident photon energy 

Ei = incident electron energy 
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Figure 2.X: The SLAC Hybrid Facility. 
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81 = angle between incident photon and incident electron 

02 = angle between scattered photon and incident electron 

8 = angle between incident and scattered photon 

P = velocity of incident electron 

The maximum Er is achieved by making the collision head on, i.e. 81 = 

n, 02 = 0 and 8 = X. After a little manipulation, the expression for E, reduces to 

E,m== = 4wiEi E 
rn:+4wiEi i 

Plugging in wi = 4.68 eV and Ei = 30 GeV gives Eyuz = 20.5 GeV. The beam in 

reality is not exactly monochromatic primarily because the backscattered photons 

have a finite angular acceptance. 

The photon beam was monitored by a drift chamber pair spectrometer located 

just upstream of the bubble chamber, see Figure 2.2. A thin copper foil converted 

about 1% of the beam photons into e+e- pairs which were subsequently analyzed 

by the spectrometer, details of the pair spectrometer and an excellent discussion 

of the entire beam line are found in (121. The E, spectrum obtained from the 

pair spectrometer is displayed in Figure 2.3 and shows that the beam is nearly 

monochromatic with an average energy of 19.5 GeV with a FWHM of about 2 

GeV. 

The beam intensity was typically 20-30 y/pulse. The photon flux was made 

as large as possible to maximize statistics but was restricted in order to maintain 

good conditions for photographing charm events. If the flux is too high there are 

two detrimental effects: (1) the number of e+e- conversion pairs per photograph 

becomes so large that it becomes difficult to scan the film for the hadronic events 

of interest, and (2) these same e+e- pairs, due to their - 0” opening angle, deposit 

much of their ionization loss energy along the beam path which, after a number 
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Figure 2.2: The 20 GeV backscattered photon beam. 



26 

of successive beam crossings of sufficiently high flux, can produce thermal distur- 

bances in just the volume of hydrogen where charm decays occur thus distorting 

the image. In practice it was found that 30-35 r/pulse was the tolerable upper 

limit to the photon flux. 

2.2 THE BUBBLE CHAMBER 

The bubble chamber used in these experiments was the SLAC l-m chamber. 

Commissioned in 1967, BC75 was the last experiment for the chamber. The 

chamber was filled with liquid hydrogen that served as both proton target and 

charged particle detector. The chamber was a cylindrical in shape with a 1 m 

diameter and 43 cm deep, the beam was directed along a diameter through the 

middle of the chamber. Parallel to the axis of the chamber was a magnetic field of 

26 kG and later 18 kG. The expansion piston formed the back wall of the chamber 

and was covered with Scotchlite, a retro-reflective material, for the bright field 

photography. A quartz glass window provided the opposite wall of the chamber 

through which the photographs were taken. 

The operating conditions were optimized for the study of charm particles. In 

order to see short decays, a high bubble density is needed. Slow bubble growth 

is also required so that there is time to make a trigger for the flash lamps while 

the bubbles are still sufficiently small. Both conditions are met by running the 

chamber “hot”, T = 29K instead of the more usual 26K, and by increasing the 

expansion ratio. This was demonstrated previous to BC72/73 at CERN with the 

hydrogen bubble chamber LEBC [ 131 and guided by their experience we found that 

with T = 29K and a bubble growth time of 200~s we obtained 55pm diameter 

bubbles with a linear density of 60 bubbles/cm. Assuming rD = 7 x lo-l3 set 

and D momentum of 8 GeV (typical for DD pair production at -&, = 20 GeV) 
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Figure 2.3: The photon beam energy spectrum. 



28 

then the mean D decay length expected for this experiment is about 1000 pm. 

Therefore the above operating conditions produce bubble size and density suitable 

for charm studies at the SHF provided the BC is equipped with a camera capable 

of resolving 55pm bubbles and can be triggered in fs 200~s. The camera and 

trigger are discussed later in this chapter. The bubble chamber expansion rate 

was lo-12 Hz; while 15 Hz was attained, the operation was not stable enough for 

sustained running and in practice 12 Hz was the upper limit. 

2.3 HIGH RESOLUTION OPTICS CAMERA 

The BC was equipped with two camera systems, a low resolution stereo triplet 

of cameras and a High Resolution Optics (HRO) camera. The low resolution 

cameras had 125 mm lenses operated at {ZZ to get a depth of field covering the 

entire chamber volume with a resolution of about 300 pm and the 3-view stereo 

configuration provided 3-dimensional track reconstruction and kinematic analysis 

for charged tracks throughout the chamber. The HRO camera had much better 

resolution but substantially worse depth of field and was used solely to photograph 

the region near the production vertex of events to search for charm decays. This 

section is concerned primarily with the HRO camera, but first a description of 

the overall system. Figure 2.4 shows the layout with the BC window separated by 

169 cm from the vacuum tank viewports through which photographs were taken. 

Figure 2.5 shows the positioning of the viewports as seen along the BC axis and 

indicates the relative positions of the cameras. In photographing an event, the 

bubbles are illuminated twice by the flash lamps. The first flash is 175~s after 

the beam spill by the HRO camera and the second flash is 3 ms later when the 

bubbles have grown to 400pm for the low resolution cameras. The durations of 

the flashes were 50~s and 300~s respectively. The coexistence of the two camera 
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systems caused several problems for the HRO images, the remedies are described 

below. 

Table 2.1 
I 

Rayleigh Criterion Depth of Demagni- 

Experiment Lenses Resolution Field fication 

BC72/73 One 360mm at jll 45pm zk6mm 5.5 

BC75 Two 610mm at /II 30pm jc2mm 2.7 
, 

The parameters for choosing the optics for the HRO cameras in addition to 

the desired bubble resolution were (1) large enough depth of field so that tracks 

from events originating throughout the 3mm diameter beam travel sufficiently far 

before going out of focus, and (2) restricting the demagnification from space to 

film so that bubbles have images no smaller than - 8pm on film while at the 

same time keeping the overall HRO frame size compatible with available scanning 

tables. The BC72/73 HRO camera was substantially upgraded for BC75, details 

of the optics for both cameras are summarized in Table 2.1. For BC72/73, a single 

lens HRO camera was installed which photographed the central 80% of the lm 

beam path. Bubbles recorded on the HRO film were - 55pm in diameter. The - 

camera location, as shown in Figure 2.5, aligned the optical axis along the BC 

axis. In this position specular reflections off the window and Scotchlite surfaces 

from the HRO flash and low resolution View 2 camera flash resulted in flares on 

the HRO film which obscured - 15% of the fiducial volumk right along the beam. 

The low resolution camera flashes had two other detrimental effects for the HRO 

images: (1) they produced specular reflections (effectively dark field photography) 

off the 400pm bubbles which severely distorted the HRO bright field images, and 
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Figure 2.4: Vertical section along the bubble chamber cylindrical axis, 

shown in perspective. The arrows indicate, from left to right: 

the drive shaft and piston; the liquid hydrogen volume; the 

optical glass window; the snout of the vacuum tank; the camera 

positioning plate, penetrated by the viewport window mounts. 
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2 P 

0 0 

Figure 2.5: Layout of the bubble chamber vacuum tank view port window 

mounts. Numbers 1, 2 and 3 correspond to the low resolution 

cameras, while V and P were used by operators to monitor 

hydrogen conditions visually and photographically during run- 

ning. The central view port was used by the BC72/73 HRO 

camera, the ports marked A and B were for the two lens BC75 

HRO camera. 
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(2) they increased the general light level so that the average density on the HRO 

film was raised thus reducing contrast. The remedy for the low resolution camera 

flash problem was the installation of a mechanical shutter which was open for the 

HRO flash but closed in the 2.5 ms before the low resolution camera flash [Ml. 

The BC75 HRO camera [15] cured the HRO flash problem by placing the lenses 

parallel to the window 6.7 cm above the BC axis, see Figure 2.5, so that the HRO 

flash was directed off the film. 

Experience with BC72/73 film revealed that the most desirable improvements 

for the upgrade of the HRO camera were getting better resolution so that smaller 

bubbles could be photographed, and lower demagnification in order to increase 

the bubble image size relative to the film grain. The price to pay for these im- 

provements is in reduced depth of field. It was decided that a depth of field of 

k2mm was sufficient for the charm studies and this turned out to be true. With 

these considerations in mind, the BC75 HRO camera consisted of a two lens sys- 

tem, each lens viewing roughly half the fiducial volume with a small overlap of 

the views at the center of the chamber. The longer focal length lenses allowed 

the BC75 HRO camera to resolve bubbles of - 45pm in diameter. Using two 

lenses reduced the demagnification by a factor of 2 which resulted in film that 

was considerably easier to analyze. 

2.4 DOWNSTREAM DETECTORS 

The function of the downstream detector system was twofold: (1) online it 

provided the trigger, and (2) offline it aided in charged particle momentum re- 

construction, particle identification, and neutral particle detection. The trigger 

will be covered in the next section. This section will briefly describe each of the 

downstream detectors and their role in the analysis. 
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Proportional Wire Chambers Immediately downstream of the BC were 4 sta- 

tions of Proportional Wire Chambers (PWCs) f h h o w ic only the first 3 were used 

for BC73/75. For charged tracks in the PWCs’ acceptance, which was determined 

by the BC exit window, the PWCs’ tracking information was combined with the 

BC measurements to improve the momentum resolution. The resolution of these 

“hybridized” tracks is given by 

T = [(0.008)2 + (0.00085 p)“] 1’2 

for p in GeV. 

Online, the PWCs also provided information for the trigger as described later 

in this chapter. 

Cherenkov Counters Following the P W Cs were two atmospheric pressure gas 

Cherenkov counters (161, the upstream counter was denoted by Cl and the down- 

stream counter by C2. Each counter consisted of 12 cells arranged in two vertical 

stacks of 6 cells each, divided in the middle by blinds which contained the beam 

and e+e- conversion pairs. The threshold momenta for the particles of interest 

are given in Table 2.2 separately for BC72/73 and BC75. In BC75 the gas was 

changed in both counters to Freon 114 in an effort to get a lower ?r threshold _ 

thus extending the momentum range for r/K separation, an important feature 

for charm studies as discussed next. 

The Cherenkov counters purpose was to help get a handle on the identity of the 

charm decays, and therefore the charm production mechanism, through charged 

particle identification. Although the acceptance of the counters is limited, it is not 

necessary to identify all decay products to determine which the species of charm 

particle. For example, even if a given neutral D decay has undetected neutral 



34 

decay products and thus can not be fully reconstructed, knowing the sign of the 

K or e from the decay distinguishes a Do from a no. 

Table 2.2 

Threshold Momentum (GeV) 

BC72/73 BC75 

Particle Cl (Freon 12) C2 (Nitrogen) Cl + C2 (Freon 114) 

e 0.01 0.02 0.01 

P 2.3 4.3 2.0 

7r 3.0 5.7 2.6 

K 10.6 20.2 9.3 

P 20.2 38.3 17.7 

Lead Glass Wall After the Cherenkov counters was the Lead Glass Wall 

(LGW) shown in Figure 2.6 [17]. The LGW consisted of a filter hodoscope, a 

1.13 radiation length lead passive converter, a lead glass active converter, and fi- 

nally an array of 152 lead glass back blocks. The wall was divided in half vertically 

by an adjustable gap which contained the beam and es-e- conversion pairs. 
_- 

The 24 cell filter hodoscope detected and flagged photons which converted 

upstream of the LGW, primarily in the BC exit window, to distinguish them 

from unconverted photons. The active converter was made up of 26 lead glass 

blocks on both sides of the detector and provided information on longitudinal 

development of showers. The finger hodoscope consisted of 46 vertical and 204 

horizontal 2.5 cm wide fingers of scintillator and determined the shower position 

with a resolution of 7-8 mm. The back blocks were a lead glass absorber of 10.5 

radiation lengths at wide angles and 21 radiation lengths in the central region 
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Figure 2.6: The Lead Glass Wall. 
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near the beam. For electron induced showers, the energy resolution of the wall 

was found to be 

for E in GeV. 

The LGW had two contributions to the charm analysis: (1) particle identifi- 

cation by separating e*‘s from n*‘s, and (2) 7r” detection by measuring the decay 

7’s. On the first point, a set of cuts were developed on longitudinal and lateral 

shower development as well as total energy deposited in the LGW which test beam 

data demonstrated gave lOa pion rejection with 50% electron survival, see Ref. 

[I7] for details. Such electron identification is useful for tagging semi-leptonic D 

decays. On the second point, since a substantial fraction of D decay modes have 

x0’s, in order to reconstruct these modes it is necessary to have some facility for 

detecting TTO’S. The two 7 mass plot from the LGW is shown in Figure 2.7 and the 

7r” peak is clearly evident, the mass resolution at the no mass is about 10 MeV. 

Online, the LGW was also involved in the trigger decision as discussed in the 

next section. 

2.5 TRIGGER 

The camera trigger was composed of two separate triggers which were OR- 

ed together. One part of the trigger was supplied by the PWCs. Hits from the 

PWCs were combined online to reconstruct straight tracks in the non-bend plane. 

If a track intersected the BC fiducial volume a camera trigger was sent. For 

BC72/73 the track reconstruction was performed by a software algorithm in a 

168/E processor [ 181 with the trigger decision available in about 115 ps. In order 
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Figure 2.7: Two gamma invariant mass plot for photons in the LGW. 
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to photograph smaller bubbles in BC75, a dedicated hardware line processor [19] 

was installed, reducing the trigger decision time to about 90 11s. 

The second part of the trigger came when sufficient energy was deposited in 

the LG W [ 171. The dynode signals from the LG W photomultipliers were summed 

for each half of the active converter and back blocks by fast analog adders and 

then discriminated. A trigger was generated if 800 MeV was found in the active 

converter or 2.0 GeV in the back blocks. The LGW trigger was available within 

1 /Ls. 

The trigger was designed to provide an unbiased trigger on the entire 115pb 

7p hadronic cross section. To this end, the PWC and LGW triggers complimented 

each other so that the overall trigger was roughly independent of event charged 

multiplicity. The PWC trigger had higher efficiency for high multiplicity events 

while the LGW trigger had higher efficiency for events with lower multiplicity 

and therefore more neutral energy. There was considerable overlap of the two 

triggers, for charm events 84% had P WC triggers and 70% had LGW triggers. 

For all events, the combined trigger efficiency was about 90%, while for charm 

events alone the trigger efficiency was about 86%. The trigger efficiency was 

determined by taking every 50th frame untriggered while still recording the PWC 

and LGW trigger decisions. 
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Chapter 3: Data 

3.1 DATA TAKING HISTORY 

The SHF ran for about four months per year for four years. BC72/73 first 

took data in the summer of 1980 and finished in spring 1982. BC75 consisted of 

two runs in 1983. Some details of the two experiments are given in Table 3.1. 

I Table 3.1 

BC72/73 BC75 Combined 

I Number of Chamber Expansions I 1 I 1.5 x lo8 

Number of Pictures 2,408,OOO 1,225,OOO 3,633,OOO 

I Hadronic Events in Fiducial Volume I 378,000 ( 310,000 1 688,000 

I Events Containing Charm I 65 I 71 I 136 

3.2 EVENT SELECTION 

Scanning Procedure The film was scanned for charm according to the follow- 

ing procedure. First the low resolution 70mm film was searched for evidence of 

hadronic interactions. These multiprong interactions are easily found because the 

beam energy and flux were low so there are generally a small number of tracks 

in each picture and hadronic interactions are readily distinguishable from photon 

conversions. The scanning efficiency for hadronic interactions was found to be 
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(99 & l)%. Once a given hadronic interaction was found, the HRO film for that 

event was searched for evidence of decays near the production vertex. A decay 

candidate was defined as having either 

(i) a clear decay vertex, or 

(ii) a track which does not extrapolate back to the production vertex. 

All of BC75 film was scanned out to 1.5 cm from the production vertex, 

approximately 50% of BC72/73 was scanned to 3 cm and 50% to 1 cm. 

Cuts to Reject Non-Charm Decays A first level set of cuts were imposed on 

the candidates found by the above procedure. The purpose of these cuts was to 

reject non-charm decays, in particular photon conversions and strange particle 

decays. The cuts were the following: 

(i) require decays have 2 2 charged tracks, 

(ii) reject 2-prong decays if consistent with photon conversions or neutral strange 

particle decays (specifically: M,+c- < 50 MeV, I&+.- < 550 MeV, M&- < 

1130 MeV or mass within 50 of 7, K*, A masses), 

(iii) reject 3-prong decays consistent with charged strange particle decays: 

Kf -+ 7&+7r- 

C+ + p7r”(no + e+e-7) - 

or with a neutral strange particle decay superimposed on a track from the 

production vertex. 

Scrutinizing After these cuts, 136 events containing 161 multiprong decays 

remain. These events were then carefully “scrutinized”. This procedure involved 

making high magnification (at least 20x space) photographic prints from which 

quantities used in the lifetime analysis were measured. A fine point scribe was 
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employed to make a small hole in the center of each bubble along the tracks from 

the event seen on the photograph. The tracks were then reconstructed by drawing 

lines passing through the holes on the back of the photo. Curvature templates 

were used to account for tracks bending in the magnetic field. In this way the 

production vertex and decay vertices were resolved and decay lengths and impact 

distances measured directly (with a ruler!) in the film plane. An impact distance 

for a track is defined as the minimum distance by which the backward projection 

of the track misses the production vertex. For a given decay, the largest impact 

distance was called d ma2 and the second largest dz, see figure 3.1. 

3.3 FINAL CHARM DECAY SAMPLE 

Standard Cuts 

A last set of cuts was applied to the remaining events to ensure the decays 

passing cuts were found with high and uniform efficiency. These “standard cuts” 

were: 

(i) dm,, > 110~~~ (2-3 track widths). Impact distances passing this cut are easily 

seen on the scan table even when the decay vertex is obscured by overlapping 

tracks. Thus this cut ensures the scanning efficiency is high and independent 

of overall event topology. 

(ii) d2 > 40~772. Impact distances passing this cut are easily measured at the 

scrutinizing stage and ensure the decay is a multiprong. 

(iii) Projected decay length e > & = 600~772. This cut was used to reduce the 

number of topologically ambiguous decays in the sample by separating the 

decay from the region where the density of tracks from the production vertex 

was highest. 
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Figure 3.2 illustrates why the & cut was placed at 600pm. It shows that while 

the number of decays passing the & cut decreases steadily with increasing &, the 

fraction of ambiguous decays in the sample passing the cut drops sharply between 

500 and 600 pm and then levels off. Thus a cut at 600 pm reduces the fraction 

of ambiguous decays while retaining as many decays as possible for the lifetime 

calculation. 

Ambiguous Decays 

At this point there were 13 decays which were topologically ambiguous. This 

sort of ambiguity arises in one of two ways: (1) when a track from the produc- 

tion vertex overlaps the decay vertex making a neutral decay charged/neutral 

ambiguous or (2) when a genuine charged decay has a track with an impact dis- 

tance consistent (within measurement error) with zero therefore simulating the 

first type of ambiguity. 

The simplest and most common ambiguity is a 2-prong/3-prong ambiguity. 

This is illustrated in Figure 3.3 which shows a hypothetical event where 7p -+ 

3 charged tracks and there are two multiprong decays that are, in principle, 2- 

3-prong ambiguous. The first criterion employed in resolving ambiguities is de- 

manding decays be only neutral or singly charged. This requirement resolves the 

upper decay in Figure 3.3 as a negative 3-prong. The lower decay can not be 

unraveled on charge arguments alone. It could be either a positive 3-prong decay 

or a 2-prong decay with a positive track from the production vertex overlapping 

and additional criteria are needed to sort out the topology. 

The following are the additional criteria used in resolving the 13 ambiguous 

decays: 
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Figure 3.3: A hypothetical event with two decays which are XLprong am- 

biguous. Th e c h arges of the particles are indicated on the 

right. 
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(i) An interpretation was rejected if the effective mass was larger than 20 above 

the D mass. Five of the 13 decays had only one interpretation satisfying this 

condition and were resolved in this way. Note that no unambiguous charged 

or neutral decay failed this cut. 

(ii) If a decay had one, and only one, interpretation consistent with being a 

Cabibbo favored D decay with no undetected neutrals (see section 3.6 for 

a detailed description of the “fully reconstructed” decay requirements) then 

that interpretation was taken. This criterion resolved three more decays. 

(iii) An additional three decays were resolved as neutral D’s because they had one 

interpretation consistent with being the product of D** --) Do,* where the 

mass difference between the Don system and the Do mass was less than 160 

MeV/c? The background giving such a mass difference is small [XI]. 

Only two decays remain unresolved. Both are charged/neutral ambiguous 

between 2- and 3-prong interpretations where one 3-prong is positive and the other 

negative. Their projected decay lengths were 1.32 and 1.95 mm and are typical 

for both charged and neutral D decays in this experiment, neither extraordinarily 

long or short. 

Summary of Charm Decays 

Figure 3.4 is a plot of e us. d,,, for all 161 multiprong decays. Decays with 

d2 < 40pm and the region excluded by cuts are indicated. Note that the cuts have 

been conservatively placed well into a smoothly varying distribution with many 

decays below the cuts. 

After the standard cuts were applied, 100 decays from 94 events remain. Of 

the 100 decays, 48 are charged, 50 are neutral and 2 charged/neutral ambiguous 

and are summarized in more detail in Table 3.2. 



47 

0 
0 

X 
0 

Qp . . 

I I WI I I IllIll I I IllIll 

01 . 1 10 

1 (mm> 

Figure 3.4: Scatterplot of d,,, versus projected decay length J? for all mul- 

tiprong decays. Decays with d2 > 40pm are denoted by x and 

decays with d2 5 40pm by 0. In addition, if a decay is the 

shorter decay in an event containing two visible multiprong 

decays then its symbol is surrounded by a circle. 
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I 

Table 3.2 

BC72/73 BC75 Combined 

Number of Events 50 44 94 

Number of Decays 53 47 100 

3-prong 8 7 15 
Positive Decays 

5-prong 0 0 0 

48 

S-prong 16 15 31 
Negative Decays 

5-prong 2 0 2 

2-prong 13 8 21 

Neutral Decays 50 

4-prong 13 16 29 

Charged/Neutral Ambiguous 1 1 2 
* 

3.4 C HARM SCANNING EFFICIENCY 

The charm scanning efficiency is found by doing multiple scans. The efficiency 

is then calculated by a maximum likelihood method using the log likelihood func- _ 

tion 

i 

n 
c Ni 
i=l 

- Ni) log(1 - c) - NT log[l - (1 - c)~] 

where NT is the total number of events found from all scans, Ni is the number of 

events found on scan i and n is the number of scans performed. The single scan 

efficiency E: is found by maximizing L. Note that 6 is assumed to be the same 
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for all scans. The combined charm scanning efficiency for all scans is found to be 

(97f:)% for decays passing all cuts. 

Figure 3.5 shows the scanning efficiency as a function of projected decay length 

for the charm decays and also for K” and A decays. Note that only decays passing 

the &a, and d2 cuts are included. The figure demonstrates the efficiency is high 

and uniform for decays with lengths near and above the cuts. 

A unique feature of this experiment is that the charm scanning efficiency can 

be independently checked. This is done by studying the relatively large sample 

of neutral strange particles, K”‘s and A’s, which decay in the chamber. These 

V”‘s are visually quite similar to 2-prong Do decays and thus the efficiency for 

finding the V”‘s in the charm scan region will provide a check on the charm scan 

efficiency. 

The advantage we have is that the V” cross sections and momentum distribu- 

tions have been measured in BC72/73 for V”‘s found in the entire chamber volume 

where the scanning efficiency is high, uniform and well understood. Therefore this 

information can be used to predict, in a model independent way, the number of 

V”‘s expected in the charm scan region as well as their distributions in length and 

impact distances, as will be described below. 

As seen in Figure 3.5(b), the scan efficiency for V”‘s in the charm scan region 

is high and uniform and is very similar to the charm scanning efficiency, thus con- 

firming the utility of employing V”‘s to investigate the charm scanning efficiency. 

As mentioned above, this V” efficiency can be checked in two ways: (1) see if the 

number of V”‘s observed is consistent with the number predicted by the measured 

cross sections and (2) see if the e and d,,, distributions, those most important 

from a scanning efficiency standpoint, agree with the expected distributions. 



50 

100 

0 
0 

5-85 

) Charm decays 

++ 

-t 

* 
w * 

(b) A and K" 

I I I I I I I 

1.2 2.4 
Q (mm) 

3.6 4.8 
4991Al 
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The first check is addressed in Table 3.3 which lists the cross sections for V”‘s 

which decay in the charm scan region (e < 1.5 cm) and for V”‘s found throughout 

the chamber from a published study of inclusive neutral strange particle photo- 

production in BC72/73 [21]. The agreement is surprisingly good and we conclude 

we find the expected number of K”‘s and A’s, and therefore scanning losses are 

small for V”‘s in the charm scan region. 

The second check is more sensitive to losses which could bias the lifetime 

measurement. As seen above, scanning losses, if any, are small for short VO’s. 

However if all losses occurred at, for example, short decay lengths then the re- 

sulting lifetime could be biased even by small losses. The efficiency for V”‘s as 

a function of decay length is checked by plotting the e distribution for the short 

V”‘s as in Figure 3.6(a) where the V”‘s are required to pass the d,,, cut so that - 

efficiencies at short lengths can be studied independently of dmaz. The shape of 

the distribution is given by a model independent prediction made by taking the 

4-vectors of real V”‘s from the large sample found throughout the chamber and 

randomly assigning them decay lengths in the charm scan region. With the 1 ength 

and direction now fixed, the impact distances were then calculated and the decay 

was weighted by the inverse of the probability it would decay at its assigned decay 
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Figure 3.6: Distribution of K” and A decays as a function of (a) e and (b) 

d maz l The shaded region is excluded by cuts. The curves are 

described in the text. 
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length. The 4-vectors were used as often as necessary to obtain smooth distri- 

butions. The resulting curve is normalized to the data above the e cut. Figure 

3.6(b) is the similar plot of dma, for V”‘s passing the ! cut. The figures show very 

good agreement between the data and curve above the cuts and also that the data 

approach the curves even below the cuts indicating the efficiency is still high for 

small e and dma,. 

A final test of the V” scanning efficiency is to calculate the K” and A lifetimes 

using the V”‘s found in the charm scan region (the same sample of V”‘s used in the 

cross section calculation for Table 3.3). The results from a maximum likelihood 

determination of the lifetimes are given in Table 3.4 where the errors are statistical 

only. Also listed are the PDG [22] world average lifetimes and there is reasonable 

agreement between the values. 

I Table 3.4 

I I 7 in units of lo-lo set 

The V" study confirms two points made earlier: (1) the cuts have been placed 

conservatively and not near some roll off of the scanning efficiency and (2) the 

multiple scan charm scanning efficiency calculation shows the efficiency is high 

and uniform. For the lifetime measurement, the fact that the efficiency is uniform 

is most important and has been demonstrated by Figure 3.5 where the efficiency 

is constant with decay length and checked in a model independent way using the 
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V”‘s as in Figure 3.6. The conclusion is there is no significant scanning efficiency 

bias for the sample of decays passing cuts. 

3.5 BACKGROUNDS 

There are two main sources of possible background in the sample of 100 decays 

c 

passing all cuts. The first possible source only affects the %prong sample and 

arises from decays of neutral strange particles. Two body decays of K”‘s and A’s 

can contribute when one (or both) of the decay particles either decays in flight or 

elastically scatters and the recoil proton is not observed. The momentum of the 

decay particle which kinks is then mismeasured resulting in an incorrect invariant 

mass for the 2-prong such that the decay passes cuts. The background from this 

source is estimated to be less than 0.4 events. A similar background for 2-prongs 

is from three body A + pev decays, and is estimated to contribute less than 

0.5 decays. The second type of potential background can contribute in principle 

to all decay topologies. This background results from secondary interactions of 

particles from the production vertex where the recoil proton has low momentum 

(< 60 MeV/c) and is not observed. On film, these secondary interactions will 

then look like decays. It is estimated that this background is negligible except 

for 2- and 3-prong simulated final states (with undetected neutrals) where the - 

backgrounds are calculated to be 0.2 and 0.1, decays respectively. 

Other sources of background such as two independent yp interactions close 

together or secondary interactions of tracks from the production vertex with 

deuterons present in the liquid hydrogen were found to be negligible. There- 

fore the results of these calculations is that the background is expected to be less 

than or about 1 event. 
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The background can be measured directly by considering the charm scan 

region beyond the zone occupied by the charm decays, as seen in Figure 3.4 this 

is beyond 10 mm. The point is, in going further from the production vertex, the 

number of charm decays drops rapidly while the number of background simulated 

decays persists and so the charm free portion of the charm scan region can be used 

to predict the number of background simulated decays in the region populated 

by charm decays. No charm candidates were found in the region beyond 10 mm 

which translates into an upper limit on the number of background events from all 

sources of less than 3.1 events (at 90% confidence level). The calculation takes 

into account that some sources of background are not constant with distance from 

the production vertex. 

Finally, the sample of decays passing cuts was checked to determine if any 

decay was background. Each decay was carefully examined for kinks on outgoing 

decay tracks or for a proton stub which would indicate the decay was due to 

the backgrounds described above, and none were found. Also every decay was 

treated as if it was the product of a peripheral secondary interaction and the 

recoil proton momentum was calculated. Of the 48 charged decays, only two 

Z&prongs were consistent with having an unseen recoil proton, however, in each 

case there was another decay in the event, making the charm hypothesis very ‘- 

probable. In addition, each decay had a large transverse momentum imbalance 

(due to undetected neutral decay products) and therefore both are inconsistent 

with this background source. Of the 50 neutral decays, only three 2-prongs could 

have had an unseen recoil proton, although one had a large transverse momentum 

imbalance. It should be emphasized that all 100 decays passing cuts are entirely 

consistent with being charm decays. 
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To summarize the background studies, we expect from calculation less than 

or about 1 background event in the combined BC73/75 experiment. A direct 

measurement of the background puts a limit of less than 3.1 background events 

(at 90% confidence level). However, this limit would presumably be smaller if 

we had scanned further from the production vertex (as indeed was the case for 

BC72/73 where the higher HRO demagnification allowed scanning out to 3 cm 

and resulted in a limit of less than 1 background event for the experiment at 90% 

confidence level [23]). The decays have been carefully checked and there are only 

a few decays for which the background hypothesis can not be entirely ruled out. 

In conclusion, all the decays passing cuts are believed to be genuine charm decays 

and if there is any background, it is certainly 2 3 decays. 

3.6 JUST WHAT ARE THESE DECAYS ANYWAY? 

Having obtained 100 clean multiprong decays, the question is what flavor 

charm particles are they? This section will endeavor to show that there is direct 

evidence for charged and neutral D mesons in the sample of decays passing cuts 

but no direct evidence for F* or A$ decays. 

Evidence for D Mesons Direct evidence for D mesons in the sample of decays 

passing cuts can be demonstrated by reconstructing exclusive D decays with no 

undetected neutrals. The following cuts were applied: 

(1) Only Cabibbo favored non-leptonic modes with decay particle assignment con- 

sistent with available particle identification were tried. Specifically, all charged 

modes of the type D + K(ns) where n = 1,2,. . . and also modes with one 

reconstructed ?y” or Kf were included. 
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(2) The direction of the reconstructed S-momentum vector for the decaying par- 

ticle was required to match within 30 with that measured in the film plane 

on the HRO blow-up photograph. The typical measurement error on this 

direction was CT = 20 milliradians. 

(3) The error on the effective mass of the decaying particle was required to be 

less than 30 MeV/& 

Figure 3.7 shows the distributions of mass combinations passing these cuts. A 

signal at the D* mass of rn+ = 1869 MeV/c2 stands out clearly for the charged 

decays. The signal at m,o = 1865 MeV/c2 is less clear for the neutral decays 

because there are 112 mass combinations for the 36 neutral decays while there are 

only 40 mass combinations for the 32 charged decays. A smaller combinatorial 

background exists for the charged decays because tracks with the same charge as 

the decaying particle were not tried as K’s, thus for %prongs there is only one 

combination when no x0 or Kf has been reconstructed. For neutral decays, on the 

other hand, any charged decay particle can in principle be the K, as an extreme 

example a 4-prong decay can have up to 10 mass combinations if both a 7r” and K,f 

are reconstructed in the event. Note that all decays having mass combinations 

above the D mass have a mass combination consistent with rnD when particle 

, 

assignments are changed. 
- 

Decays were defined to be “fully reconstructed” if they satisfied the cuts (l)- 

(3) above and in addition had an effective mass within 3.50 of the D mass. Fifteen 

charged and 16 neutral decays passed all cuts. Of these so-called “constrained” 

decays, 12 had identified kaons, 10 K* were identified by the Cherenkov counters 

and 2 Kf were found which decayed in the chamber. The observed number of 
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fully reconstructed D decays is consistent with the total number of D’s produced 

in this experiment [20] and the known branching ratios [22]. 

Search for F* Mesons A similar search was made for F* mesons in all pion 

modes and in F* + K+K-?rf modes, again only when consistent with available 

particle identification. The effective mass combinations also satisfying cuts (2) and 

(3) are plotted in Figure 3.8. The enhancement seen near 2040 MeV/c2 is due to 

the reflection of the fully reconstructed D* decays where a 7r has been assigned 

a K mass. Once the constrained D* decays are removed, leaving the shaded 

region in Figure 3.8, the enhancement disappears. Several experiments [24] have 

reported observing the F in the mode F* + &r* with an F mass of ?nF = 1971 

MeV/c2 [22]. I n a further effort to see the F by using the &r mode, a plot has 

made for all two particle mass combinations in the charm events, again only if 

consistent with particle identification, and there was no signal in the vicinity of 

the 4. Therefore, no direct evidence for F* mesons has been observed in the 

events with decays passing cuts. 

Search for AZ Baryons No fully reconstructed A: decays were found in the 

sample of 15 positive decays passing cuts, and no A’s or C*‘s were found in 

the events containing these positive decays. This is not surprising since the A$ 

contamination of the positive sample is expected to be quite small, as will be 

shown in Chapter 4 and Appendix C. All mass combinations consistent with 

Cabibbo favored A$ decays were examined both at the positive decay vertices 

and at the production vertices. These showed no signal above the combinatorial 

background at the A$ mass of 2282 MeV/c2 [22]. Although production mechanism 

studies have shown that (71& 11&6)% [2O] of the total charm production is A$D 
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associated production, the cuts have excluded the AZ’s from the sample of decays 

passing cuts. 

To summarize, there is direct evidence for charged and neutral D meson decays 

in the 100 decays passing cuts, while there is no direct evidence for F* or A$ 

decays in the same sample. All of the 100 decays are compatible with being D 

decays, although for some unconstrained charged decays the F* or A$ hypothesis 

can not be ruled out. The number of fully reconstructed D’s is consistent with 

known D branching ratios. The conclusion is that it is most likely the decays 

passing cuts are D mesons and therefore all decays passing cuts will be treated as 

D’s in the lifetime calculation. The effect on the charged D lifetime from possible 

F* or A$ contamination of the charged D sample will be considered in the next 

chapter. 
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Chapter 4: Lifetime Calculation 

4.1 INTRoDUOTI~N 

This chapter will describe the lifetime calculation performed using the sample 

of D mesons found in Chapter 3. The calculation employs a novel method for 

estimating the momentum of unconstrained decays so that they may be included 

in the lifetime determination. This method will be discussed at length. Before 

doing so, I will present the motivation for resorting to a non-standard method. 

4.2 GENERAL APPROACH 

The proper flight time for a given D decay is 

t 
e mD =- 

c PD 

where mD and pD are the mass and momentum of the D. For an experiment 

containing N decays, the lifetime r is simply the average of the proper flight - 

times 
lN 

7 =- N h c 
i=l 

This expression holds only if all decays have the same detection efficiency. However 

in this experiment, there are losses of decays with short lengths due to scanning 3 

inefficiencies. We can correct for the losses by using only the decays passing 

standard cuts which were chosen to assure a high and uniform scanning efficiency. 
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This requires replacing /! in the lifetime formula with an effective length &ff 

defined as 

eefl = 4 - 4nin 

where enin is the first point along the D flight path where the decay passes all 

cuts and is defined by 

Since the distribution of flight times is exponential, e can be replaced with & 

because the point at which a decay passes cuts does not depend on the decay 

point. Using 4!,,, is equivalent to merely redefining the instant at which t = 0. 

The distribution of !eff for the 48 charged and 50 neutral decays passing cuts is 

shown in Figure 4.1. 

The lifetime is now given by 

7 
1 N &jji mD 

=- 
N c 

i=l CPD; l 

Thus all one needs to measure the lifetime is the &jj and momentum for a set 

of D decays. The usual procedure is to take only a subset of the data containing 

the constrained D’s where ~?eff and pD are known. As shown in Chapter 3, if 

we restricted ourselves to using only constrained decays, we would have just 15 

charged and 16 neutral decays with which to calculate the lifetimes, roughly l/3 

our total sample of decays passing cuts. With 15 decays, the lifetime measurement 

is totally statistics limited. Since we have 100 decays which are perfectly good 

from an efficiency point of view, it is highly desirable to find a way in which 

to incorporate all the decays into the lifetime calculation. In order to do this, 

we must estimate the single quantity we do not measure for every decay - the 
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Figure 4.1: &j~ distributions for the charged and neutral decays passing 

cuts. 
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any particular production model 
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using a new method which does not depend on 

[25]. This experiment is unique in this respect. 

4.3 LIFETIME ESTIMATE 

For each decay the quantity ($) in the flight time is estimated by 

1 

( 1 

C8t 
cy: mzi8 1 

ii 
=-.- 

mD hi8 

where pVi8 is the magnitude of the vector sum of the momentum from charged 

particles emerging from the decay, rnti8 is the corresponding mass where all the 

charged particles are assumed to be r’s, and a is a constant determined by Monte 

Carlo. The subscript “vis” stands for visible, the method uses information from 

the charged tracks which are “visible” and thus well measured in the bubble 

chamber. The constant o! = (1.10 rt 0.02) is determined mainly by the D decay 

properties in the Monte Carlo. It differs from 1 largely because the true visible 

mass mvi8 is replaced by mti8, the replacement necessary because of our incom- 

plete particle identification. The uncertainty in a! reflects the uncertainty in the 

D branching ratios in the Monte Carlo. Note that the method requires only a 

single constant because, as will be demonstrated below, a! is insensitive to the 

- D production mechanism, variations in the standard cuts, and the D multiprong 

branching ratios. 

The momentum estimate can be derived from the Lorentz transformation of 

the D meson from the D rest frame to the laboratory frame, and this is presented 

in Appendix A. A more intuitive derivation will be given here. Rewrite the flight 

time as 

t 
e mD e1 = -.-=-.- 
c PD c rP 
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where 7 and p are the usual Lorentz transformation parameters for a boost from 

the D rest frame and the lab. Now consider @“t8, the visible momentum vector in 

the D rest frame. Since the D is a spin 0 particle, for a set of D decays ($“&) = 0 

and on average, ji”z8 will receive the same boost from the rest frame to the lab as 

the D itself. Therefore, for a set of D’s with lab momentum PD 

. 

The method takes the point of view that it is not necessary to estimate each 

individual PD precisely but to be correct on the average, which is accomplished by 

replacing (mD /pD) by (a mGi8 /pVi8) = (mV&+,i8). This is sufficient for measuring 

the lifetime because the lifetime is the average of the flight times. The estimated 

lifetime is given by 

4.4 CHECKS ON METHOD 

This section will investigate how well the method of estimating the lifetime 

works, calculate the statistical error on the lifetime and the ratio of lifetimes, and 

estimate the systematic errors both in the method and in the measurement. 

How Well Does It Work? The quality of the lifetime estimate has been check- 

ed by generating a large number of Monte Carlo experiments which have the same 

number of decays in each experiment as seen in the real experiment, i.e. 50 neutral 

decays and 48 charged decays. The lifetime rezP found in each experiment is 
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calculated using the true momentum, so that rezP = (t), and using the momentum 

estimate, so that rezp = teat . Next, plot the quantity ( > 

where r is the true input lifetime, a, = r/a, and N is the number of decays. For 

a large number of experiments and an unbiased lifetime estimator, S(N) will be 

distributed normally with mean = 0 and as = 1. Figures 4.2 and 4.3 show S(N) 

for the charged and neutral lifetimes respectively. Note that the distributions of 

the estimated lifetimes are very similar to the distributions obtained using the 

true momentum. In fact, the width of the distributions are only 6% wider for 

the charged and 7% wider for the neutrals when the momentum estimate is used 

instead of the true momentum. Thus the precision of the lifetime estimate is quite 

good, the slightly wider distribution of lifetime is more than made up for by the 

increase in statistics by a factor of 3 resulting from using all the decays in the 

calculation. 

The statistical error on the estimated lifetime has been calculated by plotting 

rzt and r. e8t for the Monte Carlo experiments described above and finding the 

*la points in the distributions. It is found that the formula 

eat = 
test 

at 
m 

works well in describing the statistical error and, in this experiment, the statistical 

error is nearly symmetric and basically gaussian. This is illustrated by Figure 4.4 

which shows the distributions of ryt and rist along with the expected curves for 

a gaussian distribution of rest. The distributions have only a slightly larger tail 

on the high rest side. 
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Sensitivity to Production Model For this experiment, it is very important 

that any lifetime estimate be independent of production model; specifically, in- 

dependent of the momentum spectrum of the D’s. The reason being that the 

production mechanism of D’s in 7p interactions at 20 GeV is not known a pri- 

ori. BC73/75 has measured D production to result from (71 * 11 5 6)% Azn 

production with the remainder being DD pair production, while F* production 

is found to be negligible (201. The kinematics of the two contributing production 

mechanisms are quite different and result in disparate D momentum distributions. 

Therefore it is desirable for the constant cy: to be independent of the production 

model in the Monte Carlo. Because the momentum estimate is based on a Lorentz 

transformation, it is manifestly D momentum distribution invariant up to small 

effects which are introduced by the approximations in the method. An example 

of an approximation being momentum dependent is mti,, which is not Lorentz 

invariant and as pD + 00, m~i,/m,i, + 1. 

Figure 4.5 shows the momentum dependence of the method. A set of Monte 

Carlo D’s was generated at fixed pD = 2,4,6.. . 18 GeV and the estimated lifetime 

pt = 
( > 

test for each pD was plotted. The figure demonstrates that, over the 

range of momenta possible for D’s in this experiment, the lifetime estimate is 

independent of the D momentum distribution and therefore production model. - 

Any po dependence due to approximations in the method is small. The systematic 

error due to production model uncertainties is estimated to be f(O.05 x IO-13sec). 

Sensitivity to D Branching Ratios Although the lifetime estimate does not 

depend on the production model in the Monte Carlo, through the constant cy it 

does depend on the Monte Carlo D decay model. In principle, the two features 

of the model with the largest impact on cy are the D multiprong branching ratios 
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and how often a D decays into a charged K rather than a neutral K. This section 

will deal with both features in turn. 

In order to see the multiprong branching ratio dependence of the method, 

Figure 4.6 shows the lifetime estimate from the Monte Carlo as a function of D 

decay charged multiplicity. The method is independent of charged multiplicity 

for the following reason: D’s which-pass cuts decay for the most part into 2-, 3- 

or &prongs only. Although the value of cy has a small multiplicity dependence 

(it becomes larger with multiplicity), the average of the Z- and (l-prong CY’S is 

nearly equal to the 3-prong value provided there are roughly equal numbers of 2- 

and 4-prongs decays passing cuts, which is the case in the Monte Carlo and in 

the data. In principle, a different cy for each multiplicity could be used, but it is 

unnecessary and in this analysis cy will be taken to be multiprong branching ratio 

independent. 

The second possible systematic is due to how often D’s in the Monte Carlo 

decay to charged K’s rather than neutral K’s, It is clear that if D’s always decayed 

to K”‘s then rnri, = m,,i,, except for semi-leptonic modes, and a N 1. On the 

other hand, when D’s decay to K*‘s, mEi, < m,,is and Q > 1. The exact value 

of a we end up with is a weighted average of the different cy’s which result from 

the D + K-X, D + RX and D ---) e>X decay modes and thus o depends on - 

the D branching ratios in the Monte Carlo. The systematic error on Q! due to the 

specific D branching ratios in the our Monte Carlo will now be estimated. The 

effect of the semi-leptonic modes is small compared to the K*/K” ratio and will 

be neglected. For both charged and neutral decays (a consequence of the decay 

multiplicity independence discussed above) the Monte Carlo finds that a! = 1.00 

for D + K”X and oz = 1.18 for D + K-X. The typical experimental error 

on these inclusive branching ratios is about lO%i in each case which implies an 
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systematic error on QI of kO.02 and therefore an error on the estimated lifetime of 

f(0.02) l rest. 

Sensitivity to Lifetime It would obviously be disastrous for the constant cy 

to depend on the particular rDk and Q,O input to the Monte Carlo because the 

lifetime estimate would then depend on what the lifetime actually is. Figure 4.7 

plots the charged and neutral lifetime estimates rpt and 7-lst for a single value 

of a = 1.10 over a wide range of input lifetimes rinput. The figure shows that 

the lifetime estimates track rinput and therefore oz does not depend of the specific 

TinpUt used to calculate it. 

Variations in Cuts The momentum estimate relies on the fact that in the D 

rest frame (jY,$,) = 0. This will hold unless the cuts imposed on the decays exclude 

orient at ions of p’,:, such that ($,&) # 0. I n order to investigate the effect of the 

cuts on the method, the charged and neutral lifetime estimates were calculated 

for Monte Carlo decays with different sets of cuts. The cuts on e, d,,, and d2 

were varied simultaneously by multiplying the standard cuts by a factor F. For a 

given F then, the cuts are e > F l 600pm, d maz > F l 11Opm and da > F l 40pm. 

As an example, F = 1 yields the standard cuts. Figure 4.8 plots rTt and rtst 

as a function of F. The figure shows that @ is quite insensitive to even large 

variations in the cuts while r,,t tend to rise for F > 1. However, in the interval 

about F = 1 consistent with measurement errors on e, d,,, and &, rrt is stable 

enough that no correction need be applied. 

Another cut which could present a problem is requiring mtis > 550 MeV/c2 

to remove strange particle contamination. Figure 4.9 plots rgf and rist as a 
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function of the mti, cut for Monte Carlo decays and it is evident that rFt and 

TO est are insensitive to the mtis cut. 

The conclusion is then that reasonable variations in the cuts do not affect the 

lifetime estimate. 

4.5 WEIGHTING THE DECAYS 

Each test l IS weighted by the uncertainty in the estimate of (&). Weighting 

is necessary because the uncertainty in $ ( > 
est 

varies significantly as a function 

of mtis. The reason for this behavior is clear: when mtis approaches ?nn, pVis 

approaches the true momentumpD and the spread in the estimate of ($-) is small. 

Conversely, as m$, nears the 550 MeV/c2 cut there is more undetected momentum 

and the uncertainty in ’ ( > 
est 

PO becomes larger. Therefore decays with the most 

missing momentum will be weighted least, and fully reconstructed decays will 

receive the largest weights. Note that the weights in this scheme are independent 

of flight time. 

The weight for a given decay is 

where 

1 
20 

= 1+ 20; 

The derivation of this weight formula is presented in Appendix B. The quantity 

aY is calculated by Monte Carlo for bins of rnK, and then fitted to a 3’d order 

polynomial in rnzi,. The resulting weight function is shown in Figure 4.10 where 

w is seen to be about 1 for mtis k: ?nD and falls to about 0.58 at the mFis cut 

of 550 MeV/c 2. Also shown are the 48 charged and 50 neutral decays and it is 

evident that most decays receive large weights. 
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The lifetime estimate is now given by the weighted average of the estimated 

flight times 

E t est 

7 eat = i=l 
Wi i 

fjWi l 

i=l 

It turns out that the weighting is not a big effect because (1) the average weight 

for both the charged and neutral samples is < w >= 0.92 and (2) setting all the 

weights to 1 increases the charged lifetime estimate by only 4% and leaves the 

neutral estimate unchanged. 

The statistical error on reBt is now given by 

4.6 CORRECTING FOR AMBIGUOUS DECAYS 

The lifetime estimates must be corrected for the two charged/neutral ambigu- 

ous decays remaining in the sample of decays passing all cuts. This correction is 

necessary because otherwise a bias could be introduced by the ambiguous decays 

if, for example, they all occurred at small e,,,. The potential bias is not serious 

here for two reasons: (1) there are only two ambiguous decays out of 100 and (2) - 

both have typical flight time estimates for all hypotheses that are not dissimilar 

from the uncorrected mean lifetimes for the unambiguous decays. Therefore the 

correction is expected to be small and in fact that is the case as will be seen below. 

The procedure for making this correction is to recalcuIate ~2~ and rist for 

each of the Z2 = 4 possible ways of assigning the two ambiguous decays to the 

charged and neutral samples, then take the average of the four values of rzt and 
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70 est as the corrected lifetimes. The result is to increase the neutral estimate by 

0.1 x lo-l3 set and leave the charged estimate unchanged. 

4.7 MEASUREMENT ERROR SYSTEMATICS 

The errors on the measurement of decay lengths and impact distances are 

important because the errors influence which decays pass the cuts for the life- 

time calculation. The systematic error due to this source has been estimated by 

taking all the decays and smearing the decay lengths and impact distances by 

the measurement errors (typically about 50 pm for lengths and 15 pm for impact 

distances), recalculating rFt and rist, then repeating this procedure a large num- 

ber of times. The results are shown in Figure 4.11. Note that the means of the 

distributions are shifted toward higher rest than the rTt and rist found using the 

unsmeared sample. The reason for this is that ambiguous decays were not used 

in the analysis and there are quite a few below the cuts. Thus there are, on the 

average, too few decays below the cuts which pass the cuts when smeared. This 

is not too serious because it is the width of the distributions that are used for 

the systematic error. The systematic due to measurement error is found to be 

f(0.28 x 10-13) set for the charged decays and f(0.20 x 10-13) set for the neutral 

decays. 

4.8 CORRECTING FOR A$ AND F* CONTAMINATION 

In the last chapter, it was demonstrated that there is not a substantial sig- 

nal for either F* or A$ in the sample of decays passing standard cuts. From 

production mechanism studies, it has been determined [2O] that the fraction of 

total charm production due to associated production of DA$X is aoAzx /crchasm = 

(71 & 11 3~ 6)%. Therefore even though the AZ lifetime is fairly short (about a 
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factor of 4 smaller than the charged D lifetime) there is the possibility that A$ 

decays could pass cuts and thus bias the D* lifetime calculated from the charged 

decays. 

While A$ contamination obviously only applies to the positive decay sample, 

F* contamination can affect the entire charged sample. Unfortunately little is 

known about the F meson, the lifetime is probably comparable to that of the AZ 

but the fraction of F* production in this experiment is not known. Thus the Ff 

properties used below will merely be reasonable guesses. 

The corrections which will be made come from a lengthy formula derived in 

Appendix C. This formula is very general and is included only for completeness, 

its complexity will be reduced considerably by the assumptions about F’ and A$ 

production in this experiment. The A$ contribution will be considered first. 

AZ Contamination The assumptions made for this correction, in the notation 

of Appendix C, are listed in Table 4.1. 

Table 4.1 

rA+ = 2.3 x lo-l3 set 
C 

f DA,+ = 71% 

f F+F- + f&+ + fDJ’- = o 
DD 

“D = 21.4% 

p’+ 
A? 

= 0.9% 

Note that F* production is assumed to be zero. The AZ lifetime comes from 

the PDG [22], fDA + is measured in this experiment (201 and the efficiencies to pass 
C 

standard cuts for D’s and AZ’s , &gD and @, are determined by Monte Carlo. 
C 
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The A$ lifetime and the efficiencies for D’s and AZ’s are the same as before. 

The result is that the charged D lifetime is corrected to be (2 & 2)% larger than 

r.p. 

It is clear that the corrections to rzt for F* and AZ production are small. 

Careful examination of the charged decay sample which passes cuts shows that 

all decays are compatible with being D*‘s and that there are no unique F* or 

AZ decays. The conclusion is then that no correction to rTt will be made for F* 

and A$ production and any uncertainty will be put in the D* lifetime systematic 

error. 

4.9 RESULTS 

The number of decays and lifetime results for the charged, neutral, positive 

and negative D samples for various stages of the analysis are listed in Table 4.3. 

The sources of error for 7Df and rDo are summarized in Table 4.4. The final results 

on D meson lifetimes from this experiment are 

rDst = (8.6 It 1.3~~‘~) x lo-l3 set . 

~~0 = (6.1 rt 0.9 k 0.3) x lo-l3 set 

with a ratio of 

where the first error is statistical and the second systematic. The distributions 

of test for the charged and neutral decay samples are shown in Figure 4.12. The 

curves in the figure are exponentials calculated with the above final lifetimes and 

normalized to the number of decays in each plot. 
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Perhaps the most difficult factor to estimate is E:$ since it depends on the A: 
C 

momentum distribution which is not measured and must be assumed in the Monte 

Carlo. In practice, the 4-momentum transfer squared of the primary 7p interaction 

is tuned such that the Monte Carlo momentum distribution for all charged decays 

matches the observed spectrum. In this way, the value of @ = 0.9% is obtained. 
C 

Plugging in the numbers, the correction for A$ contamination makes the charged 

D lifetime (4 & 4)% larger than r,$?. 

Ff Contamination The problem with trying to correct for possible F* con- 

tamination is that the amount of F* production and the production mechanism 

are unknown. The assumptions are that F production is as large as 10% of the 

total charm cross section and that F+F- pair production occurs at roughly the 

same rate as DD pair production,i.e. about l/3 of the time, and the remaining 

2/3 being F+DX associated production. The parameters used are listed in Table 

4.2. 

I Table 4.2 

= 1.9 X lo-l3 set 

f F+F- + PDF+ + PDF- = 10% 
f F+F- = 3.3% 

f DF+ = 6.7% 

f DF- = 0% 

f DD = 29% 

f DA: = 61% 

&F 
FF = dF 

EF = 2.3% 
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Figure 4.12: test distributions for the charged and neutral decays. Super- 

imposed are exponential curves for the final lifetime results 

normalized to the data. 
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Table 4.3 

rC8t in units of lo-l3 set 

Weighted with 

Unweighted Weighted Ambiguous Decay 

Correct ion 

Sample rest N Test c wi rest c wi 

Charged 8.9 48 8.6 44.3 8.6 45.3 

Neutral 6.0 50 6.0 46.2 6.1 47.1 

Positive 9.4 15 9.2 13.4 9.0 13.8 

Negative 8.7 33 8.3 31.0 8.4 31.4 

Table 4.4 

Sources of Lifetime Errors 

(in units of lo-l3 set) 

D* Do 

Production Model Ito. zko.05 

Decay Branching Fractions HI.17 zkO.12 

Ambiguous Decays rto.09 zto.13 

Errors on L, d,,, , d2 kO.28 zkO.20 

A$ Contamination +0.69 
-0.00 - 

F* Contamination . ‘E-g - 

Statistical zk1.3 zJzo.9 

- 
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Chapter 5: Discussion and Conclusions 

5.1 CHECKS ON LIFETIME RESULTS 

A number of checks were made on the lifetime results to ensure the lifetimes 

calculated in Chapter 4 are reasonable and self consistent. The more important 

checks are described below. 

Variations in Cuts The sensitivity of the lifetime results to the values of the 

standard cuts on e, d maz and d2 was investigated by simultaneously scaling these 

cuts by the factor F defined in Chapter 4, and then recalculating ryt and r:? 

Recall that F = 1 yields the standard cuts. The results of this analysis are shown 

in Figure 5.1 for a wide range of F. The ambiguous decays were included by 

giving equal weight to every topological interpretation, then calculating ryt and 

rist for each permutation and averaging. The lifetime results are seen to be quite 

stable under variations in the standard cuts. 

Independent Lifetime Analysis The D meson lifetimes were calculated with a 

different and independent method which was used in our previous publication for 

BC72/73 data; details are found in [23]. Briefly the method consists of comparing, 

on an event by event basis, a set of parameters which describe each decay to 

those of Monte Carlo events passing the same cuts. The likelihood that the real 

and Monte Carlo decays have similar distributions in these parameters is then 
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Figure 5.1: The lifetime estimates (in units of lo-l3 set) as a function 

of the factor F defined in Chapter 4. Ambiguous decays have 

been included by averaging all topological interpretations. The 

errors are statistical only. 
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maximized as a function of lifetime. Before correcting for ambiguous decays and 

associated production, the results of this method are rob = (7.9$:-i) x lo-l3 set 

and rDo = (6.0+!$) x lo-l3 set, where the errors are statistical only. Comparison 

with the results in Table 4.3 shows the two methods are totally consistent within 

the statistical uncertainty and thus provides confidence in the method of Chapter 

4. 

Constrained Decay Lifetimes The D lifetimes have been calculated using the 

sample of fully reconstructed D’s found in Chapter 3. The results for the 15 

charged and 16 neutral constrained decays are Q,& = (8.3:;:;) x lo-l3 set and 

rDo = (8.9:;*;)~10-'~ . set, where the errors are statistical only. Again, the results 

are compatible with the lifetimes obtained from the total sample. 

Multiprong Lifetimes The lifetimes, after weighting the decays and correcting 

for ambiguous decays, are listed in Table 5.1 as a function of charged multiplicity. 

The errors quoted in the table are statistical only. 

Table 5.1 

Multiprong Lifetimes 

(in units of lo-l3 set) 

# of prongs C wi # of prongs C wi Test Test 

3 3 43.3 43.3 8.7 zt 1.3 8.7 zt 1.3 

5 5 2.0 2.0 4.8:;*; 4.8:;*; . . 

2 2 19.3 19.3 5.2 zt 1.2 5.2 zt 1.2 

4 4 27.8 27.8 6.7?;.; 6.7?;.; . . 
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There are two point to note: (1) the results are again fully compatible in each 

case with the total sample numbers and (2) the 2-prong lifetime is less than the 4- 

prong lifetime which indicates there is no residual strange particle contamination 

in the decays passing cuts. 

5.2 LONGEST LIVED no 

In the sample of neutral decays there is a fully reconstructed decay of Do + 

K%r%r-n- with a proper flight time of 55 x lo-l3 sec. This decay is of interest 

for at least two reasons: (1) it is by far the longest lived neutral D recorded 

to date and as such has considerable influence on the Do lifetime obtained in 

this experiment as well as the interpretation of world average lifetimes discussed 

in the next section, and (2) there has been speculation [26] on the possibility of 

observing DoDo mixing analogous to K°Ko mixing, in particular a DLDS lifetime 

difference with this long lived Do being an example of the DL component. The 

rate for DoDo mixing is expected to be very small, on the order of 2 10v7, which 

corresponds to a DL - DS lifetime difference of 6r 2 10S37 [27]. The Standard 

Model wisdom is then that the lifetime difference is too small to be measured 

directly. On the other hand, the best experimental limits on the mixing rate are 

only in the range of 4-S% [28], which implies 6r 2 10% and mixing at that level - 

could presumably show up in our data. Therefore this section will also see how 

consistent the t e8t distribution for the neutral decays is with being the product of 

a single exponential parent distribution. 

Details of this decay are found in ref. [29]. The event is shown in Figure 

5.2, where 9 mm downstream of the production vertex is the &prong decay of a 

Do + K-%&r-?r- where all the particles were identified either in the Cherenkov 

counters or by ionization in the chamber. The event is obviously very clean, the 
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Figure 5.2: Photograph of the event taken by the HRO camera showing the 

long lived Do as well as an additional decay near the production 

vertex. 
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Figure 5.3: (a) Probability an experiment of the size of BC73/75 would 

observe a decay with proper flight time > 55 x lo-l3 set as 

a function of Do lifetime. The hatched band indicates the 

&la uncertainty in the total number of Do’s produced. (b) 

Upper limit to the relative probability that the event is due to 

background compared to the charm interpretation as a function 

of Do lifetime. 
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been estimated to be less than 

are found in Appendix II. The 

in an experiment of this size is 

rDo in Figure 5.3 (a). Figure 5.3 (b) plots the relative 

probability that the decay is due to background compared to the probability 

of being the particular Do that is seen, where the latter probability includes, 

for example, the branching fraction for Do + K%r%r-~. The probability of 

observing this decay in this experiment is about 2% for Q,O = 6.1 x lo-l3 sec. The 

probability clearly decreases rapidly with decreasing ~~0, and is about 0.05% for 

the world average lifetime found in the following section. On the other hand, the 

relative probability remains small even for ~~0 as short as 3 x lo-l3 sec. Thus, 

although the neutral Do lifetime from BC73/75 is the longest observed to date, 

this single decay gives us confidence in the result. 

The question of whether the neutral decay t est distribution comes from a single 

exponential distribution has been explored via the Kolmogorov-Smirnov statistic 

[30]. The K 1 g o mo orov-Smirnov statistic tests the shape of a distribution and 

is superior to the more common x2 test for small statistics. The test consists 

of comparing S,, the normalized cumulative distribution of n decays, with the 

- integrated probability density F as a function of lifetime t. In the case of an 

exponential decay distribution with lifetime 7, F is given by 

F(t) = /d $,, 

= (1 - ,-f/r) . 

These distributions are plotted in Figure 5.4 for the 50 neutral decays. The 

next step is to find D(n), the maximum deviation between S,(t) and F(t). The 

Kolmogorov-Smirnov statistic then provides a probability of seeing a smaller D(n) 
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for a given n and D, but is independent of the actual distributions involved. Thus 

the test gives the probability of seeing better agreement between the theory and 

the data. This probability as a function of D(50) is shown in Figure 5.5. For the 

50 decays, D(50) = 0.092 which translates into a probability of roughly 40% of 

seeing a smaller D. The conclusion is then that the neutral test distribution is 

quite compatible with a single exponential distribution indicating the long lived 

Do is very consistent with the rest of the distribution of neutral decays and that 

DoDo mixing is certainly not required to explain the data. 

5.3 LIFETIMES FROM AROUND THE~WORLD 

This section will compare the results of BC73/75 with D meson lifetimes 

and ratios of lifetimes found by other experiments. The lifetimes are measured 

directly, that is by measuring decay lengths or impact distances of D decays. 

The measurement techniques fall into two categories: (1) visual detectors and (2) 

electronic detectors. The visual detectors include emulsions and high resolution 

bubble chambers. The electronic detectors are either high precision drift chambers 

or solid state devices such as silicon strip detectors or CCD’s. Table 5.2 lists the 

experiments with D lifetime results according to measurement technique. A word 

of warning: the systematics of these various devices are inherently very different, 

a fact which is not taken into account when averages of the world data are made 

and therefore the errors quoted on these averages are perhaps optimistically small. 
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tween S, and F for n = 50 decays as a function of D. The 

dashed line shows D(50) = 0.092 found for the neutral decays. 
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I Table 5.2 

Technique Device Experiment (See Ref. [3l] for details) 
/ 

Emulsion WA58, E531 

Visual 

Bubble Chamber NA16, NA18, NA27, BC73/75 

Drift Chamber MARK II, HRS, TASSO, DELCO, CLEO 

Electronic 

Solid State NAl, NAll 

In contrast to the lifetimes, the ratio of lifetimes, R = T~&o, can be mea- 

sured directly or indirectly. The direct measurement simply involves taking the 

ratio of the individually measured D lifetimes. The indirect method measures the 

ratio of semi-leptonic branching ratios. This ratio was shown in Chapter 1 to be 

equivalent to the ratio of D lifetimes. The indirect method is important because it 

has the potential of statistically far out-stripping the direct measurements. This 

is because an experiment such as the MARK III at SPEAR [lo] can sit on the $J” 

resonance and in a reasonable period of running produce thousands of clean Do 

events with which to extract R. On the other hand, as this dissertation demon- 

strates, it is a long and difficult task to obtain even 100 clean decays by direct - 

measurement. For the time being, however, the two methods are competitive. 

Figure 5.6 shows a compilation of data on the D* lifetime. The world average 

[31] of 70’ = (8.54 zt 0.75) x lo-l3 set is also indicated. The result of this 

experiment agrees well with this average and there seems to be general agreement 

among the experiments on the D* lifetime. 

Figure 5.7 plots the rDo data along with the world average [31] of rDo = 

(4.35 rt 0.32) x lo-l3 sec. The BC73/75 result is 1.50 higher that this average. 
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Figure 5.8 presents the data on the ratio of charged to neutral D lifetimes. 

Using only direct lifetime measurements, the world average [31] is R = (1.96 rt 

0.22). The BC73/75 result is about la lower than this average. The best indirect 

measurement comes from the MARK III experiment and agrees well with the 

world average. 

The value of rof found by BC73/75 is compatible with the world average. 

The Do lifetime from this analysis is somewhat longer than the world average but 

the rDo situation is more unsettled. Figure 5.9 shows that historically the world 

average Do lifetime has tended to increase with time so that the disagreement 

of this experiment and the world average is probably not serious. The various 

checks on the Do lifetime result and the long lived Do described in this chapter 

demonstrate our result for rDo is solid. In any case, it is safe to say the definitive 

D meson lifetime experiment is yet to be done. 

5.4 CONCLUSIONS 

Based on 48 charged, 50 neutral and 2 topologically ambiguous decays, the D 

meson lifetimes are found to be 

rDf = (8.6 It 1.3+i-f$ X lo-l3 set . 

rDo = (6.1 rt 0.9 AI 0.3) x lo-l3 set 

with a ratio of 

R = ‘Df - = 1.4 zt 0.3:;*;. 
rD0 

. 

The magnitude of these lifetimes agrees well with the naYve spectator model 

prediction obtained in Chapter 1 by scaling up the ~1 lifetime. This implies the 

spectator model approach plays a dominant role. 

- 
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The ratio of lifetimes has the ability to distinguish whether processes other 

that the spectator model contribute to the D decay rate. The measurement here 

of R = 1.4 It 0.35.f . can be interpreted in two ways discussed below. 

The first interpretation notes that the value of R is consistent, within errors, 

with R = 1. We could assume then that R actually is 1 and that would imply 

the spectator model is totally dominant. The measurement does not, however, 

discriminate between the naive spectator model and the QCD corrected version, 

but the D semi-leptonic branching ratios could provide that information. 

The other approach is to take R as measured and determine the consequences. 

For R # 1, the na;ive spectator model is not the whole story. The measurement 

of 1 2 R 5 2 means other processes contribute at some level but do not dominate 

the decay rate. The most likely mechanisms are W-exchange and final state in- 

teractions enhancing the Do rate and Pauli Principle interference suppressing the 

D* rate. Recall from Chapter 1 that these processes are not rigorously calculable 

in the theory and therefore their relative contributions are not known. Thus any 

one mechanism or any combination of them could be responsible for R = 1.4. 

Each mechanism will now be discussed in turn. 

Direct evidence for W-exchange has been detected by the ARGUS experiment 

at DESY [33]. They report observing the decay mode Do + 4x0 with a branching - 

ratio of (0.99 rt 0.32 & 0.17)%. This decay proceeds mainly through W-exchange 

since in the spectator model it only contributes via an OZI forbidden process 

with a branching ratio of less than lo- 5 (341. W-exchange could therefore be the 

mechanism responsible for seeing R = 1.4. 

It was argued in Chapter 1 that final state interactions (FSI) are expected to be 

important in D decay. At the same time it was noted that a theoretical treatment 

was difficult since most of the final states are highly inelastic. Nevertheless, the 



106 

example of the K7r final states of the Do shows that FSI can wipe out the pattern 

reflecting the basic decay dynamics and generate R # 1 within the spectator 

model. Although it is hard to be quantitative about the overall effect of FSI on 

the total decay rate, it seems reasonable that FSI alone could account for a D 

lifetime difference yielding R = 1.4. 

Pauli Principle interference in charged D decays is another candidate for caus- 

ing R > 1. Recent results from the MARK III experiment [lo] suggest this inter- 

ference has been observed. The evidence comes in part from the measurements of 

the Cabibbo suppressed modes D+ + 71-0x-+ and D+ + K°KS, where exact SU(3) 

symmetry predicts I’@+ -+ no&) = I’(D+ -+ K°K+) and phase space consid- 

erations would lead to I’(D+ + r”7r+) > I’(D+ + ROK+). The experimental 

results, normalized to the Cabibbo favored D+ + ROT+ mode, are 

I’(D+ -+ n”r+)/I’(D+ + lZ”7r+) < 0.21 at 90% CL 

I’@+ + K’K+)/I’(D+ --) Ron+) = 0.317 zk 0.086 & 0.048. 

Since Pauli Principle interference can occur for the D+ -+ K”7r+ and D+ -+ 7r07r+ 

modes but not for the D+ + iiT°K+ mode, these results suggest interference plays 

a significant role in the D* rate. Thus Pauli Principle interference could account 

for our observed D lifetime difference. - 
Each of the mechanisms described above is capable of producing a lifetime 

difference compatible with our measurement of R = 1.4 k 0.32::$ Unfortunately, 

our data can not differentiate between the mechanisms. Nonetheless, this mea- 

surement of R can put constraints on the contribution to the decay rate of other 

processes relative to the Spectator Model. The Do decay rate can be written as 

Go = rSM + rWE + rFsI 
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Figure 5.10: R and R 31 la as a function of the fraction of non-Spectator 

Model processes contributing to the Do rate and the D* rate. 

I& is the Spectator Model contribution to the total decay rate, 

rWE results from W-exchange, I’ FsI from final state interactions 

and I’1 from Pauli Principle interference. 



where I’sM is the Spectator Model piece, I’ WE is the W-exchange contribution 

PFsr comes from final state interactions. Similarly for the D* decay rate, 

3 and 

where PI is the contribution from Pauli Principle interference. Thus R can be 
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expressed as 

R Go rSM + r WE + rFSI z-z 

b* rSM + rI 

= 1 + (rWE + rFSI)/bM 

1+ rI/rSM l 

Figure 5.10 plots R and Rk la as a function of (PwE +PFsI)/PSM and PI/PsM, the 

fractions of non-Spectator Model processes contributing to the Do and D* rate, 

respectively. Making the reasonable assumption that IWE and rFsI only enhance 

I’,0 and I’1 only suppresses I’+, then the allowed region in the figure is restricted 

to the shaded region. There are two limiting cases: (1) when there is no Pauli 

Principle interference suppressing rDk and so rI = 0 which implies (I& +&I) = 

(0.4Z;.i)r . sM, and (2) when Pauli Principle interference accounts for the entire 

lifetime difference so that (PWE+PFsl) = 0 and rI = (-0.3$;)rsM. If suppression 

of I?,& and the enhancement of I’ D~ are roughly equal in magnitude then (IwE + 

rFSI) N -rI - (o*2?::;)rSMo Therefore the upshot of the measurement of R = 
- 

1.4f0.35.; . is that the Spectator Model rate is always the largest contribution to 

the total D decay rate, and for the reasonable assumption that the suppression of 

I& and enhancement of I? D~ are about the same size then these other processes 

are only - 20% of the Spectator Model piece. 

In conclusion, the D meson lifetimes measurements of BC73/75 indicate the 

Spectator Model describes the main features of D lifetimes with only moderate 

modification and in fact this experiment is consistent at the la level with total 

Spectator Model dominance. The world average value of R = (1.96&O-22) implies 
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there are larger contributions from other mechanisms but the Spectator Model is 

still a dominant piece in the D decay rate. It should be noted that all experiments 

to date, including BC73/75, are statistics limited. It will be left to a future high 

statistics D lifetime experiment to determine precisely all of the contributions to 

the decay rate. 
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APPENDIX A 

Derivation of the Momentum Estimate 

The Lorentz transformation between the lab frame and the D rest frame 

(denoted by superscript *) is 

E = Vi8 4 pviBp + m2 - - 7( EGi8 + BPtis cos e, vts - 

where vis stands for visible and refers to the charged tracks from the decay which 

are “visible” in the bubble chamber, and 8 is the angle between Band $& in the 

rest frame decay plane. The boost parameters are 

ED 
7 =- 9 

mD 
rP= $- 

and so 

E- V28 = E”E:iB + =p:i, COS 8. 
mD mD 

Now take the point of view that the primary objective is to estimate pD cor- 

rectly on the average since the average of the flight times is the desired quantity. 

Given this, take the average of the above keeping PD and mVi8 fixed 

(Evi8) = ED (EGiB) + po (p:i, COS O) s 
mD mD 

Since the D is a spin 0 particle and thus decays isotropically in its rest frame, 

(P :i8 COS B) = 0. While this is certainly true, the cuts imposed on decays can in 

principle exclude certain configurations of $vt8 which would lead to a non-zero 

average. The effect of the cuts is studied in Chapter 4. In general, for D decays 

I I P 38 ” mVi8 and SO take E:i, = a l mVi8 where a Z 1. This leads to 

(Evi,) ED = - a mvi8. 
mD 
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Given that particle identification is generally incomplete, to avoid bias mViS is 

approximated by mVi8 g b l rnti8 where mii8 is the visible mass taking all particles 

to be K’S, and b S 1. 

Defining a = a l b then 

ED = mD (EViB) 
a m;is 

which, to a good approximation, is equivalent to 

= -!zL (PViB> l 
pD Q m” 

Vi8 

Therefore the momentum estimate is 

mD 
Pest = -Pvi, l 

cx m:i, 
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APPENDIX B 

Derivation of Flight Time Weights 

The proper flight time estimate for a given decay can be written 

t eat = e est 
e 

est 

= eff mD 

c PD pD 

where 
est 

and t is the true D effective flight time. 

The variance of test is 

a,2,8, =< p2 > - < test 9 

=< (t l y)2 > - < t l y >2 

=< t2 >< y2 > - <t >2< y >2 

The last step follows because t and y are independent variables. Since the distri- 

but ion of t is exponential 

<t>=r=q 

where r is the true proper lifetime. On the average the momentum estimate is _ 

constructed to give the true momentum and so 

<y>=l. 

The variance can now be manipulated 
2 qert =< t2 >< y2 > -r2 l 1 

= (CT;+ < t >2)(a;+ < y >2) - ?2 

= (r” + T”>(tg + 1) - r2 

= r2 (1 + 24) 
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Therefore the standard deviation of test is simply 

Finally the weight for a given decay is defined as 

r2 1 
w=2= 

5 cat 1+20;' 

This weight is equivalent to the more usual l/a2 weight because in any weighted 

average, the overall factor of r2 cancels out. Defining the weight as (1 + 2$)-l 

merely removes an irrelevant scale factor and restricts the range of w to be 
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APPENDIX C 

Correction to Charged D Lifetime for F* and A? Production 

If the production of D mesons proceeds through mechanisms other than On 

pair production, then the D lifetimes must be corrected for the possible contri- 

bution of charm particles which enter the sample that are not D’s although they 

are treated in the analysis as such. The correction derived here assumes that the 

only weakly decaying charm particles produced in this experiment are D’s, F*‘s 

and AZ’s, with no contribution from, for example, the A0 or A+ charm baryons. 

Therefore the neutral D lifetime requires no correction for non-DD pair produc- 

tion while the charged D lifetime could be affected by F* or A$ contamination 

of the charged decay sample. The modes considered, the production fraction of 

each mode and the relevant efficiencies are listed in Table C.1. 

Table C.l 

Mode Fraction Efficiencies 

DDx fDD 
Db 

ED 

F+F-X fF+- FF tsF 
DF-X fDF-- DF 

e;F,eF 

iiF+X jDF+ DF DF 
‘D 9°F 

bA,+X jDn+ EiA”, E;‘:” 
C P 

The fractions are constrained by the requirement 

fDD + fF+F- + f.p- + ,~DF+ + fDA+ = 1. 
C 
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The efficiency &iB is defined as the efficiency for particle A produced in mode ABX 

to pass all standard cuts. Note that for 013 (F+F-) pair production it is assumed 

the D (F+) has the same efficiency as the D (F-). The efficiencies are calculated 

by Monte Carlo and are functions of the lifetimes, production mechanisms and 

decay models used as input. 

Define also j D/D+ (jD,D-) to be the fraction of D’S (D’S) which are D+‘s 

(D-‘s), where it is assumed that f&D+ and jDl~- are independent of production 

mode. 

Let Ntot be the total number of c quarks produced in the experiment. 

is clearly also the total number of E quarks produced. The number of D*‘s, 

and AZ’s passing cuts can then be written as 

NtOt 

F*‘s 

ND+ 

ND- 

NF+ 

NF- 

NA+ C 

Define now the 

= f D/D+ (&:‘fDD + $” fDF-)Ntot 

= f D/D-(&~'~DD +'gF,fDF+ + ~g',+fb~+)N~O~ C 

= (&g"f~F+ + ~i~f'~+~-)N"~ 

= (‘gFfDF- + E;~ jF+)Ntot 

= E;:” jDA+Ntot 
C C 

total number of positive and negative particles passing cuts 

N+- = ND+ + NF+ + NAz 

N- = ND- + NF- 

The average positive lifetime is 

where & E cu,&; CY is the factor in the D lifetime estimate of Chapter 4 

and CY+ is the equivalent factor for an F* lifetime estimate, and th+ is similarly 
C 
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defined. The ( factors account for the fact that all ti are calculated assuming the 

particle which decays is a D. 

Solving for To+ 

1 
?D+ 

=- 

ND+ 
N+*+ - NF+*~+ - IV,,+‘,+] 

C 

= r+ + NF+ + 
- ? 
ND+ 

( - (FI~*F*) + 
NA+ - *+ 

ND+ 
( 

From this relation, define a weight WT+ for the positive lifetimes 

W7+ 
*D+ =- 
r+ 

= 1+ 

[ 

(‘fFfDF+ + ‘cFfF+F’-)(‘+ - [~k?Ff) + Ef$” fDA+ (r+ - EAzTA+) C C c 

‘+fD,D+ (6’fDD + EgF fDF-) 
I 

. 

Following the above analysis, the D- lifetime can be written 

1 

?O- = iy-- [ N-r- 
D- 

- NF- rF-] 

NF- - =*-+- 
ND- ’ ( - &Ff) l 

From this relation define a weight WT- for the negative lifetime 

Weights for the number of decays are found 

by 

1+(““” ) 
F+ A$ 

ND+ 

in similar fashion and are given - 

= 1 + (E;FfDF+ + ‘cFfF+F- + #fan+) 
f D,D+ (&g”fDD + &gFf;F- > ’ 1 



and 

The charged D lifetime corrected for associated production is then 

Qf = twN+ N+ wT+ f+- + wT- N- WT- r-) 

(wN+ N+ + WN- N-) 

l 

In this expression, N +, N-, r+ and r- are directly measured while the weights are 

obtained from production mechanism studies of the data to get the production 

fractions, the PDG (221 f or r+ and rA+, and Monte Carlo calculation to determine 
C 

the efficiencies. 
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APPENDIX D 

Background Estimate for Longest Lived no 

Perhaps the most remarkable feature of the longest lived iso, aside from its 

proper flight time of 55 x lo-l3 set, is that it is so clean that the probability the 

decay was simulated by background is incredibly small. This appendix presents 

some details of the background estimate and follows closely the discussion found in 

References [29] and [ 201. Th e event is shown in Figure 5.2 and relevant details are 

listed in Table D.l. There are two decays in the event, a topologically ambiguous 

short decay with e = (0.10 91 0.02) mm and the long 4-prong decay (9.0 31 0.1) 

mm downstream of the production vertex. The event is completely consistent 

with the production and decay of two charm particles. There are two categories 

of possible background: the decays are (1) actually strange particle decays, or (2) 

simulated by a secondary interaction of a neutral particle where the recoil proton 

is unobserved. Both backgrounds will be considered. 

Both decays can be shown to be inconsistent with being strange particle de- 

cays. The minimum effective mass for the short decay comes from combining 

the two unambiguously assigned tracks, 5+ and 8-, yielding m(e+(5)7r-(8)) = - 

(6524~5) MeV/c2, th us ruling out the strange particle interpretation. The strange 

particle interpretation for the long decay is ICE + &r-7r” where the ~~ under- 

goes a Dalitz decay. This hypothesis is ruled out on several counts: (1) there is 

no e+e- mass combination less than 135 MeV/c2, (2) particle lO+ is not an e or 

a n, and (3) 11 ( a m &r-e+e-) >> mu. Therefore there is no possible background 

from strange particle decays. 



Table D.l 

Track Charge Momentum Particle Identified Vertex 

No. (MeV/c) ID BY Assignment 

6 - 489zt6 e/471- Ionization Production 

3 + 4017z!z48 - Ambiguous: 

4 + 382-+4 e/4 n- Ionization Production 

7 - 431zfr4 e/P/r Ionization or 

2 + 303ozk330 K/C Decay Short Decay 

5 + 1072 & 12 Not proton Ionization Short 

8 - 65IfI2 7r Range Decay 

10 + 5452zt56 WP Cherenkov 

11 - 599h6 eld n- Ionization Long 

13 + 3694533 e14 7r Cherenkov Decay 

14 - 466zt4 eIcLI 7r Ionization 

15 0 574zt53 7 Lead Glass Any J 

The only source of background left then is the secondary interaction of a 

neutral particle where the recoil proton stub is so short that it is not observed on 

the HRO film. Note that the interaction of any neutral particle with a proton is 

ruled out since the minimum proton recoil range is 1.3 cm which is easily seen. 

The only possibility remaining is a secondary interaction on a deuteron present 

in the liquid hydrogen. Given the fraction of deuterons in the hydrogen is about 

1.5x10-4, it is clear from the start that the background is small. The background 

calculation requires, for yd or K”d interactions, the &prong system have a mass 

within 50 of the Do mass, and for a nd interactions, a mass within 50 of the 

p&r-llr- mass of 2159 MeV/c2 ( the mass resulting from taking particle lO+ to be 

- 
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120 

a proton instead of a K+). The background estimate also includes the probability 

of seeing the short decay. The joint probability P that an experiment of the size 

of BC73/75, i.e. the same total number of charm events produced, would contain 

a background event simulating two charm particle decays was calculated. The 

four background sources considered and the value of P found for each are 

(1) An ordinary 7p hadronic interaction with a short decay (not of a charm par- 

ticle) followed by a secondary interaction of a K" from the production vertex 

with a deuteron, K”d + K%r%r-7r-(7r0)n(p,), has P < 6 x 10wlO. 

(2) Production and short decay vertices as in (1) and a secondary interaction of 

a neutron with a deuteron, nd + pn%rBr-(7ro)n(p,), has P < 2 x lo-lo. 

(3) Two independent beam 7 interactions, one giving the production and short 

decay vertices and the other giving the 4-prong vertex at 9 mm separation 

downstream has P < 0.3 x lo-lo. 

(4) Production of a charm anticharm pair at the production vertex with the short 

decay being the decay of one of the charm particles and the other charm decay 

not visible. The 4-prong results from a K”d interaction as in (1) where the K” 

is a decay product of one of the charm decays. This source has P < 1.7 x 10m8. 

It is interesting to note that the largest source of background is from a real 

charm event. The conclusion is that the probability is less than 1.7 x 10D8 that - 

the event is due to background or, put another way, we would expect to see an 

event like this in less than 1 in 6 x lo7 experiments of the size of BC73/75. 
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