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Abstract 

The .\JO.\IAD neutrino experiment at the CERK SPS is described and the 
silicon tracking detector (STAR) that ·was placed in _\JQ_\IAD is discussed in 
detail. 

An algorithm for the reconstruction of hits, tracks and vertices ·with the 
silicon tracker and utilising the Kalman filter method vvas developed and is 
also described. 

The vertex position resolution is determined to be 19prn in the Y direction 
and 781nn in the Z direction from Jvlonte Carlo. 

The impact parameter resolution of STAR is determined to be 281nn. 
From the sample of charged current neutrino interactions, a search is 

performed for the production and decay of D 0
' n+' Dt' D 0

" and n +" mesons. 
From this analysis, the masses and lifetimes of the D mesons and reso

nances are determined to be: 

mno = 1.875 ± 0.075GeV 

< CTJJO > = 145~~~/lnl 
mn+ = 1.880 ± 0.088GeV 

. +1 8:1 < CTLJ+ > = 213_67 /lrn 

m 1J.t = 1.973 ± 0.061GeV 

< CT n_t > = 199~.~~2 /n ll 

rnno• = 1.973 ± 0.046GeV 

mn+• = 2.072 ± 0.031GeV 

The production rates (R) per uµ. charged current deep inelastic interaction 
of D mesons are determined to be: 

R(D0
) = 4.2 ± 2.0% 

R(D+) = 2.4 ± 1.3% 

R(Dt) = 0.64 ± 0.36% 

( o•) oz R D = 3.3 ± 6.2 ic 

R(n+*) = 1.7 ± 2.6% 

The inclusive production rate of charmed mesons is determined to be 
7.2 ± 2.4 %. 
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Chapter 1 

Theory and Motivation 

1.1 Introduction 

On the most fundamental level, matter is thought to consist of tvw types of 
particles, leptons and quarks (see Table 1.1) . The four forces through \Vhich 
interactions can take place arc the electromagnetic, weak, strong and grav
itational (Sec Table 1.2). Particles "fccP a force through the exchange of 
mediating particles called bosons. The boson mediating the electromagnetic 
force is the photon. The gravitational force only dominates on cosmological 
scales and is thus neglected in high-energy physics. Only the quarks see the 
strong force \vhich binds them into either baryons of three quarks (such as 
the proton and neutron) or mesons \vhich are quark anti-quark pairs (such 
as pions and ka.ons). Particles \Vi th a charge can interact through the elec
tromagnetic force. Both quarks and leptons can internet via the ·weak force 
·which is responsible for /3-dccay. 

In 1967-1968 \Veinberg and Salam proposed a theory to unify the weak 
and electromagnetic interactions [38]. This model started with the SU(2) 
group of \veak isospin and a L" (1) group called the weak hypercharge. In
voking a process called spontaneous symmetry breaking, they gave three of 
the bosons (1V+, vv- and z0 ) mass leaving one (the photon) massless. The 
interaction energy, represented by the Lagrangian energy density .C is: 

I' _ __!!_ (J - T,Tl+ +J+T,TT- )+ q (J(:3)_ .· 2e .Jerri)+ .. · e .Jern 11 (11) 
J..., - rc> ti ~ ~ µ. • t• . ~ µ . . . t• sm V11 µ g sm l+ - µ. ~f-1 t i . 

v 2 cos fhv 

The first term describes the vveak charged current, the second term the 
weak neutral current and the final term the electromagnetic neutral current. 
The coupling of the electromagnetic interaction is known to be e, the electric 
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Quarks 

Flavour Electric Charge (e) ~'viass (rvie V / c2
) 

l"p (u) +2/3 ~4 

Down (d) -1/3 ~? 

Charm (c) +2/3 ~ 1.500 
Strange (s) -1/3 ~ 200 

Top (t) +2/3 ~ 180, 000 
Bottom (b) -1/3 ~ 4, 700 

Leptons 

Flavour Electric Charge ( e) .\lass (IvieV /c'l.) 
e-neutrino (11c) 0 < 0.000003 

Electron ( e) -1 0.511 
ft-neutrino (vµ) () < 0.19 

1Jnon (/1 ) -1 105 
T-ncutrino (1,;.,) 0 < 18.2 

Tau (T) -1 1777 

Table 1.1: Properties of the Quarks and Leptons 

Interaction Relative Strength 1fodiator Range (m) 
strong 1 gluon :::; 10-15 

electromagnetic 10- 2 photon 00 

weak 10- '5 z0 and nr± 10- 18 

gravitv 
" 

10- 42 graviton 00 

Table 1.2: Properties of the Gauge Bosons 
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charge of the positron; so from equation 1.1 the coupling of the electromag
netic interaction compared to that of the weak interaction is: 

e = g sin e~v (1.2) 

In the Standard :t\/Iodel. the quark mass eigenstates are not the same 
as the weak eigenstates. The matrix relating these bases '\Vas defined and 
paramctcriscd by Kobayashi and l\faskawa [32] in 1973. The conventional 
description leaves the three charge ~ quarks (up, cha.rm and top) unmixed 
and the mixing is expressed in terms of a 3 x 3 unitary matrix operating on 
the -t quarks ( dmvn:strange and bottom). 

(D (1.3) 

The 90% confidence limits on each of these elements are currently deter
mined ( [32]) to be: 

( 

0.9742 - 0.9757 0.219 - 0.226 
0.219 - 0.225 0.9734 - 0.9749 
0.004 - 0.014 0.035 - 0.043 

0.002 - 0.005 ) 
0.037 - 0.043 

0.9990 - 0.9993 
(1.4) 

There are currently three main areas under study: to find predictions 
made by the Standard JVIodel or evidence for physics beyond the Standard 
JVIodel. 

• Higgs Boson : The Higgs mechanism has been suggested as the means 
by which fundamental particles acquire a mass . The Large Hadron 
Collider at CER!\" vvill , when completed in 2005, allow a search for the 
Higgs Boson predicted by this theory. 

• CP Violation : The symmetries C (particle/ anti-particle exchange) 
and P (inversion of all three axes) have been found to hold for all strong 
and electromagnetic interactions. Large C and P violations have been 
discovered in ·weak interactions: however, so it \Vas suggested that the 
product CP (that is the operation of C followed by the operation of P ) 
\vould be a good symmetry. In 1964, CP violation \Vas discovered in 
the decay of the K0 . This asymmetry may explain why the matter and 
anti-matter in the very early uni verse did not completely annihilate. 
Several different experiments arc currently looking for further evidence 
of CP violation in the decay of B mesons. 
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In the laboratory frame this can be expressed as: 

v 
/JBj = -E 

I/ 

(1.13) 

(1.14) 

The square of the invariant mass of the hadronic system can be deter
mined from: 

l'V
2 

= ( q + P) 2 
= J.Vf~T + CJ 2 

(-
1
- - 1) 

;TJJj 
(1.15) 

1.3 The Charged Current Interaction 

The inclusive cross section for neutrino-nucleon scattering may he expressed 
as 

d2 al/(v).ti/ G2 ( A12 , ) 
2 E --- = __ F_ H ___Jt_L HTµ // 

d() dE (2 )2 -~1' 2 +Q2 E JUI ,~ l /1 , ·/I· 7[ 1 \.' 1V , . I/ 
(1.16) 

In this expression G F is the Fermi constant and Afw is the mass of the 
\V boson. El/ is the energy of the neutrino and E1• is the energy of the muon. 
The solid angle element into ·which the muon scatters is represented by dfiw 

It is possible to calculate the lepton tensor: 

(1.17) 

The last term is positive for neutrino interactions and negative for anti
neutrinos. 

In [5] it was shown that the tensor \V1w, ·which describes the interaction 
between the nucleon and the \V boson, cannot be determined analytically. 
It ·was shovm, hmvever, that the term could be expressed in terms of the 4-
vectors pµ, Eu and q11 and that the resulting differential cross-section could 
then be expressed in terms of the quantities vvhich were defined in Equations 
1.8-1.13. 
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d a-v v - ' __ Al E 11 iVlvv . '!f_Fv(v) ( ' .. Q2) 2 <-l ,.- 0 2 , .. .·. ( , , 2 ) 2 { . 2 

.. 2 )2 2.r l J, , - + 
d.rdy Jr Af w + (>t 2 

pv(v) (', Q2) (i _ , _ ill X. ·y) 
2 .L, - .I) 2£

11 

±xF;(v)(~r,Q2 )y (i -%) } (1.18) 

It would seem that Equation 1.18 contains twelve structure functions, 
three for each of the possible interactions of neutrinos or anti-neutrinos vvith 
protons and neutrons in the target material. 

This number can be significantly reduced by using a model of the structure 
of the target nucleon known as the Quark-Parton Iviodel \vhich is the basis 
for Quantum Chromo Dynamics ( QCD). 

1.4 The Quark-Parton Model 

\Vhen using QCD, we assume that the incoming neutrino scatters incoher
ently off point-like partons within the nucleon. These partons arc the spin-~ 
quarks introduced in Table 1.1. A proton would consist of a (UU D) configu
ration of '\ralencei' quarks and the neutron consists of (UDD). There is also 
a continuum of :'sea'i quarks which are just qq pairs in the nucleon. 

C nder the assumption that the neutrino is scattering off spin ~ con
stituents of the target nucleon, the ratio bet\veen F1 and F2 in the scaling 
region (high Q2

) is determined to be: 

2:r:F1 (:i;) ---=l 
F2(x) 

(1.19) 

This relationship is known as the Callan-Gross relationship and has been 
verified experimentally [38]. 

In order to visualise the neutrino-quark interaction, it is convenient to 
operate in the so-called ':infinite momentum" frame in which the nucleon 
3-momentum is very large and so the masses of the quarks and leptons as 
·well as the Fermi motion are neglected. 

\Vhen operating in the infinite momentum frame, the transverse momen
tum of the quarks in the struck nucleon a.re essentially zero and so the 
neutrino scatters off only one quark leaving the other "spectator" quarks 
untouched. 

8 



As quarks are not allowed to be free, the struck quark must recombine 
·with the spectator quarks after the collision. It is assumed that this pro
cess occurs over a time scale \Vhich is significantly greater than that of the 
neutrino-quark interaction. 

The predictions ma.de by this model have been tested and found to be in 
good agreement ·with experiment. 

In order to calculate the rates of different neutrino-quark scattering pro
cesses, the quark and anti-quark probability densities are written in terms 
of the individual densities for each quark flavour. These densities as a func
tion of the fraction of the nucleon momentum carried by the quark (:i;) are 
denoted by v(x), d(x), s(x) and c(.r) for the up, dmvn, strange and charm 
quarks. 

Csing these defintions, the momentum distributions for neutrino and anti
neutrino scattering off a. proton can be written in terms of the densities 
defined above: 

xq'1P(.r) = xdP(~r) + ~rsP(x) 
~rq11f-'(x ) = ~ruf-'(x ) + xcf-'(x ) 

:Dqvf-'(:i: ) = :cuf-'(:i: ) + :u/'(x ) 

xzlP(.r) = xcl' (~r) + ~rsp(.r) 

( 1. 20) 

where the ZJ(v) superscripts refer to the quark or antiquark content seen by 
a neutrino ( antineutrino) probe. 

It is possible to assume that the sea quark momentum distributions are 
the same as those for the sea antiquarks as they are produced as particle 
anti-particle pairs. Also, according to isospin symmetry between the proton 
and neutron: 

'/J,p =dN 

df-' = 'UN 

(1.21) 

( 1. 22) 

The distributions for neutron scattering can t herefore be determined from 
those for the proton: 

.Tq11N(.r: ) = ;T'Up(.r: ) + :r8p(:z: ) 

- vN ( ) -JP( ) + -P( ) :z: q ;T = :u , :r :z: c :z: 

'I'qvN(·,,..) - 'l'llP (,1·) + 'l'(.P( ,1·) • ' ,J,. - .; I ,; • ' - ' • ' 

(1. 23) 

- VT\' ( ) - P( ) + - P( ) ;r;q ;T = r u ;T :r s :z: 
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It is 1ww possible to express the differential cross section for neutrino 
scattering in terms of the quark and anti-quark momentum distributions. 

(j2 ()1, P ( 1V) 

dx dy 

(1.24) 

The target used in this thesis contained a slight excess of neutrons over 
protons, so the cross-section must be weighted according to the relative quan
tities of neutrons and protons: 

---= Z +N---
rl2 (J1J(v) 1 ( d2 (Jv(v)P d2 (Jv(v )N ) 

d.r:dy Z + N d:uly d:1:dy 
(1. 25) 

·where Z is the number of protons and I\ the number of neutrons in the target . 

1.5 Charm Quark Production 

In the first approximation, charm production by neutrino deep inelastic scat
tering is a special case of Equation 1.24. 

According to the Standard :\Iodcl, the presence of a charm quark in the 
final state requires that the struck quark be a. d or an s quark. In neutrino 
interactions this implies that the structure functions take the form 

(1.26) 

·where the Cabibbo flavour mixing has been made explicit by the inclusion of 
the Cabibbo-Kobayashi-:\Iaska.wa (CKIVI) matrix clements 1i~dl and 1Vc8 1. In
serting these structure functions into Equation 1.24 and assuming an isosca.lar 
target, massless charm quarks and neglecting the mass of t he proton the dou
ble differential cross section for charm production is : 

rJ2 (Jv.P = G2Af E JJ ( .. Af1~v . )2 [1i~:dl2(xd(x) + :r:u(x)) + 2ll-~:_,l 2xs(:r:)] 
(h;dy 7f JVJf'\-' + Q2 

(1.27) 
If cha.rm quarks were massless this \Vould be the final cross section. How

ever, the correct inclusion of massive quark effects introduces complications 
into the treatment outlined above. At leading order in QCD, the mechanism 
used to account for heavy quark effects is referred to as '~slow rescaling''. 
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The slow rescaling mechanism was developed by Georgi and Politzer [37] 
in order to present a correct account of kinematic effects arising from non
negligi ble masses in perturbative QCD. Their proposition vrns that the struc
ture functions do not scale \vi th x JJJ but rather \vi th 

(1.28) 

2Q'2 
= Q2 + m~ - m~ + (f)~ f"l2( 2 2) ( 2 2)2) lt + 2\,11 m 1" + m 1 + m 1" - m 1 (1.29) 

The struck quark mass is rnr, the produced quark is mF: the proton mass 
is ilfp and Q2 and z; have been introduced in Section 1.2. In the case of 
charm production m 1 can be set to zero and so: in the limit that Q2 » Af P, 

Equation 1.28 reduces to 
'f n7, 

~=.r +-,-_ -
2JV!Pu 

( 1. 30) 

It is also possible to come to the same result by looking at the momentum 
of the \V boson and that momentum carried by the struck quark and requiring 
energy and momentum conservation: one obtains: 

2 2 (f;I' + <J) = mF (1.31) 

\,Vhen Equation 1.31 is expanded one finds that 

(1.32) 

and so: in the case of heavy quark prod net.ion, Equation 1.28 may be seen 
as arising from 4-momentum conservation at the quark-boson vertex. 

Slow rescaling may now be used to introduce the proper treatment of the 
charm quark mass threshold into the charm production cross section. The 
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procedure mainly consists of replacing :r: by ( in the structure functions and 
parton densities; 

( 1. 33) 

These are inserted into the charged current cross section to yield 

d2 v(v)N c2 ~ ,1E ( ~.f· 2 )2{ 2 . 2 
O' = 11· v . .11 vv _:;_. !/___, .. · . v(v)JV ( '· . Q2) 

' • • I .. 2 2 . . 2~ Fl <.,; + d.uly 'if A1iv + Q 2~ 2 

F;(v)N (C Q2) ( 1 - y - 1~~'~) ± ~(F:(v)N ((: Q2)y ( 1 - ~)} (1.34) 

\Vriting the structure functions as linear combinations of the quark densities 
as before and changing variables from (:r, Q2

) to (~; Q2 ) allmvs the charm 
production cross section to be expressed as 

( 
.Ty . 111 xy Af ;Ty) 

1 - y + - + r(l - y - - .. -) - -. -.-
~ 2~ 2Ev 

(1.35) 

for neutrino interactions and 

( 
.T.Y r·( . 1\1 x. y) Af.T. y) 1 - y + -+ 1 - y - - - --. -
~ 2~ 2Ev 

(1.36) 

for antineutrino events. 
In Equations 1.35 and 1.36 the variable r is introduced to ta.kc the exact 

Callan-Gross relationship into account and is written as 

r=( 1 ~) - l 
1 + qz 

(1.37) 

·where R is defined as the ratio of the longitudinal to transverse \V boson 
absorption cross sections. 

Kinematic limits for ~ and y may be derived from the requirement that 
Q2 be greater than zero and that the invariant hadronic mass, 1V2

, be larger 
than the square of the sum of the eha.rm mass and the nucleon mass : 

q2 > () 
1;r ; 2 > (· + ~1· )2 , ,,. Inc iv· N 

( 1. 38) 
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These limits are 

2 
m e < t < 1 

2Af E,/ - "' -

(me + ilf)
2 

- i\!1
2 < l < l 

2111 E,
1 

- :; -

1.6 Neutrino Oscillations 

(1.39) 

As mentioned in the Introduction, neutrino oscillations are the most promis
ing method of determining if neutrinos have non zero mass. 

If we assume that the states of neutrinos that are detected , I z;u) vvhere 
a = e, p., T, only have definite flavour, but not mass, then due to mixing, they 
must be superpositions of some other mass eigenstates lui ). The neutrino 
flavour eigenstates may then be expressed: 

(1.40) 

where U0 1 is a 3 x 3 unitary mixing matrix. 
In order to sec the "oscillation'', it is necessary to follow the time evolution 

of the neutrino eigenstates: 

(1.41) 

At a later time, the relative mixtures of the 3 mass eigenstates may be 
different, and thus the flavour state observed if the neutrino is observed 
through an interaction may have oscillated. The probability that the neutrino 
has oscillated from flavour u into flavour ,3 at some time t is therefore given 
by: 

"" [;! ·UT.*.UT* .. [;! . . _i(fli- iJi )x ,- i ( R;- R7)l 
~ ~ m f1i 0,1 .8.1 C L 

j 

(1.42) 

(1.43) 

(1.44) 

This can he simplified using (uilu.i) = ()ij · Given current upper limits on 
neutrino masses, it is safe to also assume that the neutrinos arc relativistic , 
and therefore 11~ » rni hence: 
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m:2 
:::::::: p+-i 

2p 
(1.45) 

Substituting this approximation into equation 1.44, and choosing the x
axis for the direction of propagation of the neutrino gives: 

~ni..~ .. 

P(z;n ----+ z;.3) = LL Uniuf;iU~}f,31 e-i ~il·
1 

t (1.46) 
j 

·where !::.m~i = 1nf - m} is the difference between the squares of the mass 
eigenvalues of the two mass eigenstates. It can be seen, therefore, that it 
is necessary for the neutrino mass eigenstates to have different eigenvalues 
before oscillations can occur. It is for this reason that experimental evidence 
for neutrino oscillation vvould demonstrate a massive neutrino as at least 
one neutrino vwuld have to have a non-zero mass for this mass difference to 
occur. 

A simplification that is often used in order to appreciate the characteris
tics of neutrino oscillations and to make predictions for a particular experi
mental arrangement is that of two neutrino mixing. This reduces the mixing 
matrix to: 

U = U* = ( co: () sin () ) 
- Slll () COS (J 

(1.47) 

·where (J is the mixing angle and determines the degree to which the flavour 
states are mixtures of the mass states. Equation 1.46 can then be expressed: 

2 . 2 (!::..m~- 1 t) I'(1;1 ----+ u2) = sin (2H) sm 
4E 

(1.48) 

If \Ve then use L = ct and define L 08 c: 

= 4KE _ 2.48(E/GeV) [ ] 
Lose - 2 - ( 2 ) km 

. 6.m21 6m21/ev2 
(1.49) 

the probability can be found in terms of the distance the neutrino has trav
elled: 

( 1. 50) 

It can he seen that L 0 8 c is the length at which the oscillation probability 
returns to zero. Depending on the value of L compared to that of L 0 ,,c, 
the observed oscillation will range between a prominent oscillation and an 
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The most common studies of charm production by neutrinos have been 
through the analysis of dilepton events. The different analyses can be 
further categorised by the type of detector used: 

Counter Experiments : 

* FMMF Collaboration : This detector ·was a lmv density 
sand-steel calorimeter which used flash chambers for particle 
tracking. It ran in the Quad-Triplet beam at the Fermilab 
Tevatron [53]. This experiment looked for dimuons and re
quired that both muons have a reconstructed momentum in 
excess of 10 GeV. 

* CDHS Collaboration : Ilunning at the CEilN SPS, the 
CERl\-Dortmund-Heidelberg-Saclay detector accumulated the 
largest sample of opposite sign dimuons to date [54]. The ex
periment was a calorimeter using a magnetized steel target 
\vith drift chamber tracking and required that both muons 
have a momentum greater than 5 Ge V. 

* CCFR Collaboration : The CCFR. group also used a high 
density target calorimeter, this one made of iron plates inter
leaved \vith scintillator planes; and drift chambers for track
ing. It ran in the Quad-Triplet beam at the Fermilab Tevatron 
and has presented many results on opposite sign dimuons, in
cluding the first analysis using Kext-to-Lea.ding order QCD. 

* CHARM II Collaboration : The CHAR~'1 II detector 
was a massive, fine-grained and lmv density detector designed 
for the study of muon neutrino scattering on electrons. It 
used glass as the neutrino target and streamer tubes instru
mented with cathode strips as both the calorimeter and track
ing detector. A dimuon analysis was performed, imposing a 
6 Ge V cut in the momentum of both muons. 

* NOMAD FCAL : The forward calorimeter (see Section 
2.4.2) of the NOJVIAD experiment \Vas used to measure dimuons 
produced in the iron/scintillator target of the FCAL and sub
sequently tracked and identified in NOTvIAD. The charm mass. 
strange sea content of the nucleon and the average semilep
tonic branching ratio of charm ·were determined [5], [6]. 

Bubble Chamber Experiments : 

* Columbia-BNL-Rutgers : The highest statistics dilepton 
(p.- e+) sample from a bubble chamber experiment \Vas gath-
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ered by the Columbia-BI\L-Il.utgers collaboration. The ex
periment used the Fermilab 15-ft bubble chamber filled vvith 
a I\e-H2 mixture [56] and accepted events in which the mo
mentum of the secondary positron was above 300 }IeV /c. 

* E632 : This experiment also used the 15-ft bubble chamber 
at Fermilab \vith a >Je-H2 mix [57]. Their dimuon sample 
required both muons to have greater than 4 Ge V / c of mo
mentum. 

• Invariant mass reconstruction without a secondary vertex: A 
different method of studying charm production is to attempt to fully 
reconstruct one or more decay modes using accurately measured mo
menta from bubble-chamber-like experiments [50]. This method suffers 
from a large combinatorial background and a commonly used modifi
cation is to look for a chain of decays such as: 

D+" ---+ D 011+ 

Do ---+ K - 7r + 

(1.51) 

(1.52) 

This technique allmvs a stronger rejection of background) but suffers 
from a low rate due to the branching fractions of the decays and recon
struction efficiencies. 

• Invariant mass reconstruction with a secondary vertex: This 
method also requires the accurate determination of the momenta of 
the charm decay products , however extra information is available in 
the form of a reconstructed secondary vertex. This extra information 
can be used to perform a constrained fit on a candidate charm decay 
to more strongly reject background. Before CHORUS and NOJ'v1AD
STAR) the only experiment to perform this type of analysis ·was E531: 

E531 : Although only accumulating a small number of events, 
the Fermilab E531 experiment is unique in being an emulsion ex
periment [58, 65]. This detector measured cha.rm particle produc
tion directly by identifying and reconstructing the cha.rm particle 
decay in the emulsions. :\Inch of the information used in }Ionte 
Carlo simulations of charm production by neutrinos comes from 
this experiment. 
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Counter Experiments 

Experiment Ev (Ge\T) - + fl. /I + -p l'· 
FivI\1F 30-600 393 
CDHS 0-300 11041 3685 
CCFR 30-600 5030 1060 

CHAR~vI II 30-300 3100 700 
l\OivIAD 0-300 3116 112 

Bubble Chamber Experiments 

Experiment Eu (GeV) 1cz+ p+ 1-
Col-B>JL 0-200 461 (1cc+) 

E632 10-450 40 (µ.-11+) 8(11+1c) 
l\OivIAD 0-300 320 (ice+) 

Emulsion Experiment. 

Experiment Ev (GeV) Charmed Hadron Events 
E;)31 0-2;)0 122 

Table 1.3: Summary of data samples from previous neutrino charm 
production experiments from [5]. 

A summary of the results obtained from these experiments is given in 
Table 1.3. It can be seen that although there exist high statistics of dilep
ton events. there arc very few events ·where the charmed hadron \Vas recon
structed as a separate vertex. 

1.9 Summary and Motivation 

In this thesis. the construction and operation of a prototype detector (STAR) 
will be described. This detector was designed to test the NACSICAA concept 
and operated inside the NOI'v1AD experiment at CERN during 1997 and 1998. 

Chapter 2 describes the NOivIAD experiment, which was one of tvvo ex
periments in the CER>J west area looking for uµ. ---+ 11T oscillations. 

Chapter 3 describes the construction and alignment of the STAR detector. 
In Chapter 4) the reconstruction of hits in the silicon detectors of STAR 

is detailed. 
An implementation of the Kalman track fit specific to STAR is described 

in chapter 5. 
Chapter 6 defines the implementation of the Kalman vertex fit for STAR. 
Csing the STAR detector, it will be possible to test the impact parameter 
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resolution of the design and thus the feasability of the :.JAUSICAA design 
for a future v{l -----+ z;T oscillation experiment. 

Given the limits on z;ri -----+ vT oscillation already set by the l\01vIAD and 
CHORCS experiments, it is extremely unlikely that a v'T ·would be observed in 
the STAR detector. Hmvever it has been shmvn in section 1.5 that charmed 
mesons arc expected to be produced in charged current u11. interactions and 
these have similar masses and lifetimes to that of the T-. If STAR is able 
to directly reconstruct the decay vertices of charmed mesons, it ·will be able 
to demonstrate the ability to identify a z;T interaction as vvell as adding to 
the very small munber of charm mesons produced by neutrinos and observed 
through the reconstruction of a secondary vertex. 

In chapter 7, the method used to search for the production and decay of 
n°, n+, nt, n°* and n+· is described. 

Chapter 8 lists the results obtained by the STAR detector, induding 
impaet parameter resolution, single and double vertex resolution as well as 
the charm search. 

Appendix A contains images from the NOl'vIAD event display program 
as modified for STAR for a :\Ionte Carlo charm event as well as a typical 
reconstructed vµ charged current interaction from the data. 

Appendix B contains the cuts used in the silicon hit reconstruction as 
described in chapter 4. 
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Chapter 2 

The NOMAD Experiment 

2.1 Introduction 

In this chapter the NOIVIAD experiment and the neutrino beam \Vill be de
scribed. The results of a simulation of the neutrino beam \Vill be presented 
·with a discussion of the types of neutrino interactions that arc expected to 
be observed in NOl'vIAD. 

2.2 Aim of the NOMAD Experiment 

The I\O~vIAD (Neutrino Oscillation IVIAgnctic Detector) experiment is look
ing for the appearance of neutrino oscillations [8]. It is assumed in the 
standard model that the neutrino has no mass. Hmvever there is no theoret
ical reason \vhy neutrinos should be massless, but experiments so far have 
only been capable of putting upper limits on the masses of neutrinos. It ·was 
shuwn in Chapter 1 that if at least one neutrino has a non-zero mass then a.s a 
consequence of the difference in the masses of the neutrinos it is theoretically 
possible for one species to oscillate into another as the neutrinos propagate 
through space. The neutrino beam that NCJ~l/IAD is exposed to is composed 
of mainly muon-neutrinos (7J11 ). The NCJ~l/IAD experiment is looking for the 
appearance (and interaction) of tau-neutrinos ( 1/T) indicating an oscillation 
1/ti ---t 1/T [2], [3]. In order to detect the presence of the tau neutrino, l\OivIAD 
has been designed to be very good at identifying electrons and muons. It also 
needs to be able to make accurate measurements of the momentum of each 
particle produced in an event. The small component of electron neutrinos in 
the beam, has allmved a search for lJe ---t 1J7 oscillations [4]. 
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71+---+ + p Vµ rv 100% (2.1) 
J(+---+ + p, v,1 rv 64% (2.2) 
J(+ ---+ 7io7r+(---+ µ+vii) rv 21% (2.3) 

J(+ ---+ 1ro1foTt+ (---+ p.+TJp.) rv 1.7% (2.4) 
J(+ ---+ 0 + 

71 /1 l/11 rv 3% (2.5) 
J(o ---+ ± 'f 

rv 273 (2.6) L Jr p /JI' 

Ko ---+ r, ri 0 7r+(--+ µ+v1J7r-(--+ µ-u11 ) rv 12.6% (2.7) 
yo i. s ---+ 'iT+(--+ µ+vµ)11-(--+ J.Fvµ) rv 693 (2.8) 

Electrons, positrons and the corresponding neutrinos (TJe and TJe) arc also 
produced through the decays: 

J(+ ---+ Jroe+ve rv 5% 
K 0 ---+ Tt±e=r=TJe rv 39% T, 

(2.9) 

(2.10) 

Anti-neutrinos are produced through the charge-conjugate of the decays 
above. The values listed are the relative branching fractions of the individual 
decay modes. 

In order to understand the neutrino beam at ~O:vIAD , simulation pro
grams have been developed to predict what types of neutrino \Vill pass 
through I\Ol'vIAD and what the distribution of their energies ·will be. The 
I\UBEATvI (version 6.00) simulation starts at the beginning with the protons 
interacting in the beryllium target and follows the decay products until they 
reach I\OivIAD. The resulting predictions shO"w the energy spectra of each of 
the four types of neutrino that pass through I\OI\'1AD. 

Results from I\ubeam 6.00 are presented in figure 3.9 and table 3.1. 
I\UI3EANI is discussed in more detail in section 2.6.1. 

The STAR detector (sec Chapter 3) became operational in 1997, however 
shortly after some data acquisition problems were fixed, a fire brought the 
SPS to a halt for over 2 months while repairs ·were effected. This break can 
be seen in Figure 2.2 which shows the daily and cumulative protons on the 
neutrino target for 1997. 

Figure 2.3 shows the daily and cumulative protons on the neutrino target 
for 1998. 
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Trigger Signal Components 

Ti First trigger plane signal 
T2 Second trigger plane signal 

Ts The trigger plane at the back of STAR 
v Veto signal 

Vs Signal from the veto plane in front of the FCAL 

Vs Signal from the veto plane immediately in front of STAil 
Fcal FCAL signal 
Fcal' Signal from the FCAL at a lmver discriminator threshold 
Ecal ECAL signal 
Ecal' Signal from the ECAL at a lmver discriminator threshold 
Heal HCAL signal 

Table 2.1: Individual signals which are used to generate NOMAD 
triggers. 

the decay of particles in these beams, then passes through the t\vo ncutirno 
experiments. The period \vhen muons pass through the detector is referred 
to as AIU. A second extraction, NU2 follows the AIU period, after which 
the SPS requires time for a new bunch of protons to be accelerated. 

The data. acquisition system breaks the cycle into two main periods for 
the purposes of triggering. The neutrino gate consists of the periods NUl 
and NU2 while the muon gate is the period 1'1U. 

The following triggers arc implemented in ~01vIAD during the neutrino 
gates. The trigger signal components arc described in Table 2.1. : 

• V x Ti x T 2 : This \vas the main KOrvIAD trigger as it selects neu
trino interactions inside the Drift Chambers. The rate for this trigger 
\vas approximately 5.0/1013p.o.t, however only 0.5/101:1p.o.t are useful 
candidates. The remaining triggers ·were due to cosmic rays, non-vetoed 
muons and neutrino interactions inside the magnet coil and flux return 
yoke. 

• V 8 x Fcal : The discriminator threshold \Vas set at 75 m V, which 
corresponds to an energy of approximately 2.0 GeV, in order to trigger 
on deep-inelastic interactions in the FCAL. 

• V 8 x Fcal' x T 1 x T 2 : The lmver discriminator threshold in this trig
ger alluws the selection and study of quasi-elastic like events in the 
FCAL. 
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• V 8 x Ecal :This configuration vvas used during most of the 1995 run 
and ·was intended to use the ECAL as a neutrino target in order to 
conduct a search for a ne·w gauge boson in 7ro decays [45], a search 
for 11?, ---+ Ve oscillations [46] and a search for the so-called KARJvIEN 
anomaly [47]. 

• T 1 x T 2 x Ecal : During the 1996-1998 data-taking runs, the ECAL 
trigger above was changed to remove the veto signal and instead use 
the T1 and T2 planes as a veto. This change resulted in an increased 
live-time. 

• V 8 x Vs x Ts x T 1 : This trigger selects neutrino interactions inside 
the STAR detector. In a similar manner to the V x T1 x T2 trigger, 
the majority of events selected ·were of no interest and ·were ma.inly 
caused by non-vetoed muons, and lmv-momentum particles produced 
in a neutrino interactions elsevvhere in the fonvard part of KO.MAD 
being bent in the magnetic field and producing T8 ·while other tracks 
from the intial interaction produced T1 . 

• CHORUS : The CHORCS trigger was motivated by a search for 
neutral heavy particles and was a joint trigger \vith the CHORUS ex
periment [7]. I3oth experiments recorded events \vhen a simultaneous 
interaction \Vas observed in NOlVIAD and CHORUS. In addition to the 
requirement for a signal from the CHORUS muon spectrometer and 
the V x T1 x T2 from :-J"()_\IAD, plane 7 of the CHORUS streamer 
tubes , which ·were behind the muon spectrometer, was used as a veto 
to supress beam muons and charged current interactions in CHORCS. 
This allowed a search for the production in CHORUS of a hypothetical 
neutral heavy particle ·which subsequently decays in KOivIAD. 

• RANDOM : A random trigger was also implemented in order to 
study detector occupancy, mainly due to out-of-time muons from the 
neutrino beam. The trigger consisted of a signal 22µs after every 161h 

valid neutrino trigger. The delay is equivalent to one complete turn 
around the SPS and was chosen to guarantee a coincidence behveen 
the trigger and a proton-extraction. 

The following triggers were implemented in place of those above during 
the muon gate. 

• V x T 1 x T 2 : This trigger responds to through-going tracks in the 
full :-JO\IAD volume and is used for calibration of the Drift Chambers 
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as ·well supplying a large sample of minimum ionising muons for the 
calibration of other detectors 

• V 8 x Fcal' x T 1 x T 2 : This trigger selects muons passing through 
the FCAL. 

• V 8 x T 1 and V 8 x T 2 : These triggers "\Vere implemented in order to 
measure the separate efficiencies of the T 1 and T2 trigger planes. 

• V x T 1 x T 2 x Ecal x Heal : This trigger allmvs the selection and 
study of electrons from muon decay or delta rays for measuring the 
electron identification efficiency. The purpose of the H cal signal is to 
exclude triggering on muons when looking for muon decays. \Vhen 
delta rays are required this last signal is not included. 

• V 8 x Vs x Ts x T 1 : This trigger selects muons passing through the 
STAil detector. Events selected by this trigger were used for the cali
bration and alignment of the STAR detector. 

2.6 The NOMAD Software 

Several different softvvare packages have been necessary in order to conduct 
an analysis on data ta.ken \Vith NOlVIAD. 

The simulation of the physical processes occuring and the response of 
ca.ch detector is ma.de through a. series of programs that utilise l\fonte Carlo 
methods and pa.ra.matcrisations of measured quantities . 

The simulation of I\OMAD proceeds as folows: 

1. Simulation of the neutrino beam. 

2. Simulation of the neutrino interaction. 

3. Simulation of the progress of the interaction products, including the 
response of the deteetors. 

2.6.1 Beam Simulation 

Simulation of the \VAI\F beamline is performed by a GEANT [40] based 
program called NUBEA:\'1 [44]. I\UBEAM simulates the interaction of the 
SPS proton beam with the neut rino target and follmvs the particles produced 
in this collision through the focussing and shielding clements of the beam-line 
in order to predict the position and 4-momenturn of the neutrinos produced 
in the subsequent decays. 
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The task of simulating the initial interaction of the proton beam ·was 
originally performed by G EAJ\"T ·within the I\UBEA:\I package; hmvever it 
has since been altered to allow a stand-alone implementation of FL UKA to 
perform the same task. 

Due to the geometry of the \VA>l"F beamline, the neutrino beam actua.ll:y 
encounters >l"O:\IAD from below the z axis and rises at an angle of approx
imately 42 milliradians. It is necessary to make an allowance for this angle 
·when using the output of I\UBEAM, as the radial and energy distributions 
are only calculated for a single position in Z which corresponds to the center 
of the ECAL. Figure 2.1;) shows the reconstructed angle in the YZ plane of 
the leading muon in vµ and vµ charged current events from the 1998 STAR 
data. 

2.6.2 Event Generation 

Simulated events in NOlVIAD are generated using the NEGLII3 [43] program. 
The program, based on LEPTO 6.1 , [ 41] can simulate quasi-elastic, resonant 
and deep-inelastic lepton-nucleon scattering. All the l\'Ionte Carlo events 
used in this thesis, however arc deep-inelastic. 

Rather than tracking a simulated neutrino from production to interaction 
in I\OivIAD, the subdetector in which the neutrino is to interact is chosen 
before execution and the position in the Z direction determined from the 
distribution of density in that subdetector. 

The profile of the neutrino beam as determined by the beam simulation 
is sampled as energy versus the square of the radius of the position of the 
neutrino in the XY plane. These distributions are used to simulate the energy 
of the incoming neutrino and the interaction point. 

It is also possible to select a specific species of neutrino and to restrict 
the interactions to a range in radius and energy. 

The fragmentation (that is the collection of produced part.ems into bound 
hadrons) is simulated ·with the JETSET 7.4 library [42] . 

2.6.3 Detector Simulation 

Once the initial interaction has been simulated, it is necessary to simulate 
the passage of the part icles through the material of NOl'vlAD. This simula
tion needs to include both the behaviour of the particles (such as multiple 
scattering, energy loss and decay) and the response of the detectors to the 
passage of these particles. 

This task is performed in the GEI\OJ\I [39] program, ·which is a specific 
implementation of the )l"()}IAD detector in the general pmposc simulation 
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package GEAI\T [40]. The detector simulation includes the production of 
data in the same format as that recorded by the data acquisition for subse
quent reconstruction and analysis. 

2.6.4 Event Reconstruction 

Event reconstruction in NOJ'v1AD is based on the tracking provided by the 
drift chambers. The framevwrk for the reconstruction is a package knmvn as 
"engine" \Vhich drives the reconstruction of each subdetector and the subse
quent matching of information between subdetectors. This process occurs in 
three stages. At each stage, every subdctcctor is able to perform \vhatcvcr 
reconstruction is necessary through a call to a subroutine specific to that 
su bdctcctor. 

In the first stage: the event is read into memory and each subdetector 
extracts the information relevant to that subdetector. The triplets: consisting 
of one \Vire in each of the three orientations (0° and ±5°) are reconstructed 
in the drift chambers and \vill be the basis for the track reconstruction in 
the next stage. Short tracks known as stubs are reconstructed in the muon 
chambers. 

The second stage secs the reconstruction of tracks and then vertices in 
the drift chambers. A Kalman filter is used to fully reconstruct tracks in 
the drift chambers based on the triplets previously reconstructed. The drift 
chamber tracks (DcTracks) are then used to reconstruct vertices inside the 
drift chambers and to determine the position of the neutrino interaction (the 
primary vertex). 

The final stage is the matching bet\veen the drift chambers and the other 
detectors . In this stage, particle identification information from the transi
tion radiation detector, prcshowcr and electromagnetic calorimeter is used to 
separate electrons and pions and to positively identify them as such. Clusters 
in the calorimeter that are not matched to a drift chamber track (known as 
~'neutral clusters" ) are treated as photons originating from the primary ver
tex. Stubs in the muon chambers are matched to drift chamber tracks and 
compared with energy deposited in the calorimeters to identify any muons 
that may be in the event . 

In the normal NOIVIAD reconstruction. all the information obtained in 
this process would then be stored in a Data Summary Tape (DST) [48] 
which includes the ]\/Ionte Carlo information (if applicable) as well as the 
reconstructed tracks, vertices, particle identification and information from 
each of the matched subdetectors. 

The data used in this thesis, hmvever required different reconstruction due 
to the addition of a second tracking detector (STAR) \Vhich vvill be discussed 
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in the following chapters. 
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Chapter 3 

The STAR upgrade 

3.1 Introduction 

In order to test the l\AUSICAA proposal, the STAR (Silicon TARget) de
tector ·was constructed and installed inside the ~()}IAD magnet in April 
1997. The associated support structures of the first three drift chambers 
·were removed to accomodate the detector (Figure 3 .1). At the same time, 
two passive targets were installed bclmv STAR in order to study the effects 
of nuclear reinteractions of the final state products of neutrino interactions 
(see Fig. 3.1). 

3.2 The STAR detector 

The assembly of a single module (or ladder) of the STAR detector is slwwn 
in Fig. 3.2 

A STAR ladder consists of 12 Hamamatsu detectors (see Fig. 3.3) glued 
to a kapton foil ·which insulates them from a carbon-fibre support 0.5cm 
thick. The silicon detectors measure 33.5nun x 59.9rnm x 300vm, and have 
641 readout strips ·with a pitch of 50vm. Floating strips a.re evenly spaced 
betvveen the readout strips. 

The ladders are read out by 5 VAl chips ·which are mounted on a printed 
circuit board. Each VAl chip has 128 charge-sensitive lmv-pmver lmv-noise 
amplifiers and so only 640 of the strips are read out [1]; [14] . 

Each of the 640 readout strips in a detector are bonded to the corre
sponding strip in the neighbouring detector and finally to the VAl chips 
·whose output is passed to a repeater boa.rd which drives clock signals, and 
allows eontrol of the operation of the VAl chip. 

The analog signals arc readout by CA.EK model V 550 10 bit ADCs. 
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Figure 3. 8: Systematic differences in the (a) X, (b) Y and ( c) Z 
position measurements frH" all operators of the surveying system. 

detector positions into the ~CnIAD coordinate system. This initial survey 
·was used as the starting point for the in-situ alignment performed using high 
momentum muons. 

3.4 Neutrino interactions in STAR 

The STAR detector ·was deliberately located belmv the Z axis at the front 
of the Drift Chambers, so that the centre of the neutrino beam would pass 
through it. 

The NUBEA:VI [44] package ·was used to determine the fiux and average 
energies of the 4 species of neutrino passing through STAR The concentra
tion and average energy of v{l Il ri lie and Il e are shmvn in table 3.1 

Keutrino Average Energy (Ge V) Concentration (3) 
Vµ 30.60 94.12 
- 19.83 5.02 VJJ. 

Ile 42.18 0.69 
- 31.11 0.17 V e 

Table 3.1: NUBEAM predictions frH" the STAR target 

Figure 3.9 shmvs the predicted neutrino spectrum at STAR. 
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Chapter 4 

Silicon Hit Reconstruction 

4.1 Introduction 

On passing through a silicon detector, charged particles produce a series of 
electron-hole pairs in the material. A typical minimum ionising particle ·will 
deposit approximately 80kcV (known as a l\HP) in a silicon detector. In 
order to produce a single electron-hole pair, 3.6cl7 is required , thus a MIP 
·will result in the production of approximately 25000 electron-hole pairs in 
the detector. 

Through the electric: field produced by the bias voltage, charge is collected 
on the read-out strips. Due to the scale of the ionisation and charge transport 
·within the silicon, charge is not confined to just one strip, but is distributed 
over a number of strips. The floating strips help to collect some of this 
charge, through capacitive coupling to the readout strips. This allmvs more 
charge sharing bct.,veen the readout strips and thus a greater precision in the 
determination of the hit position. 

This fact is used in the pattern recognition of good hits. As the signal of 
a charged particle is actually a collection (or duster) of strips ·with charge, 
an algorithm, described belmv, is implemented to use all the available infor
mation. 

4.2 Common Mode Noise subtraction 

A number of corrections need to be applied to the ADC readings so that they 
may be used to search for hits in STAR. 

At any given moment during the data-taking process, an individual strip 
will he read-out with a certain ADC level, even when there was no hit in that 
region of the detector. This average value is referred to as a pedestal level. 



During the data-taking period, on-line software measured the ADC values 
returned by each of the 32000 strips during the calibration period which 
occurs at the end of the neutrino beam extractions. 13y accumulating a large 
number of such measurements, the average pedestal value vvas calculated for 
each strip and stored in a database. At the end of a run of data-taking, this 
database was transferred to the STAR data-acquisition system. This pedestal 
information was stored in the VAl read-out. chips [12] and automatically 
subtracted from the ADC values recorded. An extra feature of the DAQ ·was 
zero-suppression in ·which strips whose pedestal-subtracted ADC ·was exactly 
equal to zero ·were not recorded. These strips have exactly the pedestal level 
and so are unlikely to be involved in a good hit. This allmved a reduction 
in the amount of space taken up by the data recorded by STAR. Due to the 
fact that only strips \Vith a pedestal-subtracted value of exactly zero \Vere 
subtracted, it is possible to recover this information during off-line processing 
as these a.re the only strips without a reeord. 

The same on-line program that calculated the pedestals also calculated 
the R:\IS of the ADC recorded on each strip allowing a check of the per
formance of the detector. During a similar process performed off-line, the 
average noise value \Vas calculated for each strip for each day of data-taking 
and stored in a database. 

This value of noise was specific to each strip and is used in the recon
struction process to define the signal/noise ratio on that strip. 

Typical values for the pedestal on a strip ranged between 150 and 450 
ADC counts. 

The typical R~vlS noise measured ranged between 6 ADC counts for good 
strips and reached as much as 20 ADC counts for noisy strips. 

A second form of noise is a result of the read-out chips rather than the 
strips. This noise is common to each of the 128 strips read-out by a given 
VAl chip and is therefore known as Common :\lode I\oise. 

Common :\lode I\ oise ( C:VII\) is calculated on an event by event basis 
during the event reeonstrnction and subtracted by each chip before the search 
for hits begins. 

The procedure for calculating CivIN starts by first calculating the average 
value of each strip on a chip by chip basis. This average is then recalculated 
excluding any strips whose ADC value is more than 3a- a.v:vay from the previ
ously calculated average. The reason for this second step is to remove from 
the average, as far as possible, any large values which actually correspond to 
a hit. 

Once the averages have been calculated for ca.ch strip connected to a. given 
chip, the ADC values of every strip on that chip are reduced by the value of 
the average, \vhich is the CivIN. 
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are in a position to consider the process of track reconstruction; ·which ·will 
be addressed in the following chapter. 
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Chapter 5 

Track Reconstruction 

5.1 Introduction 

Once the individual hits in STAR have been reconstructed, it is neccesary 
to identify \Vhich hits correspond to vvhich track. Due to the lack of any 
information in the X-dircction, it is necessary to extrapolate already recon
structed tracks in the drift chambers into STAR and use this information to 
both allocate hits to a given track and determine the optimum position of 
each hit. Once this information is obtained, the STAR hits can be fit in the 
Y-Z plane to provide optimum track parameters inside the detector. 

5.2 Pattern Recognition 

The pattern recognition process involves identifying which hits in STAR cor
respond to a given track in the drift chambers. In order to minimise incorrect 
associations due to uncertainty in track parameters and multiple scattering 
in the B4C, two cuts are implemented to select suitable drift chamber tracks 
(DcTl'a.cks). The DcTl'a.ck must have a rcconstrncted momentum of more 
than 150TvleV, and the most upstream hit of the track must have a Z posi
tion of less than lOOcrn. 

For all DcTl'acks passing these cuts, an iterative procedure is followed, 
starting with those ladders of plane 5 closest to the drift chambers. 

Each DcTrack is extrapolated to the position of that plane of detectors 
and the extrapolated position in X is tested to check that it lies within the 
active volume of STAR The extrapolated position in Y is then tested against 
ca.ch hit in STAR (SiHit). 

A simple procedure would then he to assign the SiHit that is closest to 
ca.ch DcTrack to that track. However due to the range of momenta involved 
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and the corresponding variation in multiple scattering, this can result in a 
significant rate of mis-identification. The solution is to; instead; measure 
the difference in Y divided by the approximate uncertainty due to multiple 
scattering as measured from the DcTrack and the material the track travelled 
through. These differences are then accumulated for each different plausible 
combination of assigning hits to tracks. The combination with the lowest 
overall "cost" is then chosen. 

The next stage is a repeat of the procedure carried out on the remaining 
ladders of plane 5; follmved by each half of plane 4 and so on to plane 1. 

Once a single SiHit has been associated to a DcTrack, its position can be 
determined more accurately (see below) and then this position can be used 
as the starting point of the extrapolation. In this manner, the accuracy of 
the hit assignment is not degraded by the significant quantity of material 
that exists bet.ween planes 1 and 4. 

The extrapolation is improved further once 2 hits arc associated to a 
DcTrack; the two accurate positions in Y and Z are used in conjunction vvith 
the measurement of the momentum of the track from the drift chambers to 
continue the extrapolation towards the FCAL. 

In order to further minimise incorrect associations, a test is made on 
the X position of the extrapolation of the DcTrack to the detector under 
consideration. If the X position corresponds to an active region of silicon; 
then the association of a SiHit with that DcTrack will be a.Unwed. This can 
result in a DcTrack not being associated to hits in one or more planes as the 
track was passing through an inactive region of the detector at that point. 
The final check is that if the track has passed through an active region, then 
it should have had a hit associated to it. A count is kept of the number of 
unexplained (in terms of the active area) holes (that is planes vvhere a hit is 
expected but was not found) and once a track exceeds 1 unexplained hole, 
the extrapolation process for that track is stopped. 

5.3 Fine Tuning of Hit Position 

As each detector in a given ladder is bonded to its neighbour; a ladder is 
effectively one long strip, ·with inactive regions due to the bonding pads; 
approximately 72cm long. It was not possible to attach each of the detectors 
to the support structure such that each strip is aligned exactly ·with the 
corresponding strip on the other detectors. For this reason; it is necessary to 
·work out which detector a signal came from , in order to determine the exact 
Y and Z positions of the strips in that detector. 

By extrapolating the DcTrack associated to a given hit to the Z position 
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of the detector, the approximate X position of the track can be determined. 
By looking up the database of detector positions determined by the survey 
and subsequent alignment, the exact positions of the ends of each strip can 
then be determined. 

Once the positions of each strip in a cluster are known precisely, the 
amount of charge deposited can be used to determine ·where, in relation to 
the strips, the particle passed. 

The algorithm used to reconstruct the precise location of the hit ·was 
described in detail as "Algorithm C" in [1]. In this algorithm, 8 strips are 
considered on each side of the seed strip and the charge collected on each is 
taken into account. Some charge will be shared by the readout and floating 
strips as vvell as ·with the backplane. The hit position is assumed to be 
somewhere betvveen a readout and a floating strip and the charge distribution 
on each strip is optimised via a chi-square minimisation to determine the 
position of the hit. 

This position is determined as a fraction of the distance from the readout 
to the floating strip which is subsequently converted into y and z positions 
through the database of strip positions. 

5.4 Kalman Track Filter 

The Kalman filter is the optimal estimator of the state vector of a linear 
dynamical system, since it minimizes the mean square estimation error [15, 
16]. This has been \videly used in High Energy physics tracking applications 
[17- 25]. 

A track in spa.cc can be described by its 5-dimcnsional state vector x = 
(.r, y, d.r:/dz, dy/dz, l/p), where :r, y and z arc the spatial coordinates and 
p is its momentum, at each of the measurement points, defined by their z 
coordinate along its trajectory. In its linear form, the evolution of the state 
vector is described by the discrete system of linear equations: 

(5.1) 

which defines the change in status of this vector based on the previous 
measurement point xk- l· The function F1;:_ 1 is the track propagator from 
measurement k - 1 to measurement k and the random variable wk - l describes 
the random noise of the system (also called process noise). In the tracking 
of particles through dense media, the process noise can be due to multiple 
scattering, energy loss or any other physical process that might disturb the 
particle trajectory. 
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The actual measurements mk carried out at each of the measurement 
points are a function of the state vector: 

(5.2) 

·where Hk describes the relationship bet\veen the measured quantities and 
the state vector and f1.: describes the measurement noise. 

The Kalman filter proceeds by performing these three distinct operations: 

• Prediction, vvhere the status of the state vector is estimated at a future 
measurement point; 

• Filtering, \Vhere the current estimation of the state vector is carried 
out based on the previous measurements; and 

• Smoothing, \Vhere the estimation of the state vector at a previous mea
surement is re-evaluated \vith the nev>' information of the present mea
surement. 

These operations \Vill be followed in the description of the application of the 
Kalman filter to the NOJVIAD-STAR detector. 

5.4.1 Trajectories of particles in a magnetic field 

The trajectory of a particle inside a constant magnetic field is a helix. As
suming that the magnetic field B (in Tesla) is parallel to the ;T coordinate, 
and using the z coordinate as a parameter, then: 

- y"[z] 
p = [1 + (y'[z]) 'T~f'z 

qB0.3 
(5.3) 

:r" [z] = 0 , (;5.4) 
·where p = 1 / R is the curvature, R the radius of curvature (in meters) , q 

the charge of the particle and pj_ = JP~+ p; the transverse momentum to 
the magnetic field (in Ge V). The solutions to these equations arc: 

Y = Ye - iJ.J R 2 - (z - Zc) 2 (;5.5) 

X =ax+ b:v Z , (5.6) 
·which represent the parametric equations of a helix using the z coordinate 

as a parameter (ax and bx being fit parameters). The :rz projection (Eq. 5.6) 
is a straight line and the yz projection a circle (Eq. 5.;5), with (Yc,zc) the 
center of the circle, R its radius and ij = q /I q I the sign of the charge of the 
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The number of terms in the expansion to correctly describe the particle 
trajectories inside NOIVIAD-STAR is given by the extrapolation errors as
sociated to each term. Fig. 5.2 shows the extrapolation errors incurred by 
neglecting 6.i = 2.:~=j /Jn l~~ax in the Taylor expansion, as a function of p _l 

and for track angles 10° and 60°: assuming B = 0.4 T and that the separation 
between two consecutive planes is lmax = 3.6 cm. One can see that the cubic 
term is still needed to ensure that the tracking accuracy remains belmv the 
intrinsic resolution of the silicon ladders ( 5 pm) [1] for some tracks \vi th high 
angles and lmv momentum. NOlVIAD-STAR is not sensitive to further terms 
in the expansion. 

The parameters of the cubic equation: y = a + bz + cz 2 + dz:~ and a 
possible quartic term cz4 arc as follows: 

a ;3o =Ye - qJR2 - z~, (5.12) 

(5.13) 

, ijR2 
c = /32 = 2(R2 - z?r3/2' (5.14) 

-R2 , -q , Zc 

d - !h = ( 2 2)5/2 2 R - zc 
2bc2 

1 + [J2; 
(5.15) 

_ / (jR2 (R2 + 4z;) 
e = /34 = 8(R2 - z~)7/2 ' (5.16) 

·with d and e dependent on b and c. It is also \vorth noting that, as the 
Taylor expansion \Vas calculated for the limit z -+ 0, it is necessary to change 
the coordinate system so that the most upstream plane of the measurement 
defines z = 0. Now the circle parameters can be \\Tit.en in terms of a, b and 
c· 

_(1 + b2)3/2 
R=q----

2c 

(1 + b2
) 

y.=a+---
. c 2c 

b(l + b2
) 

Zc == - - ---
2c 
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(5.19) 



10 2

10 3

10 4

0 2 4 6 8 10
P' (GeV)

$
2 (
µ

m
)

10o
60o

1

10

10 2

10 3

0 2 4 6 8 10
P' (GeV)

(c
 l m

ax
2  (
µ

m
)

10o
60o

10
-1

1

10

10 2

10 3

0 2 4 6 8 10
P' (GeV)

$
3 (
µ

m
)

10o
60o

10
-3

10
-2

10
-1

1

10

10 2

10 3

0 2 4 6 8 10
P' (GeV)

(d
 l m

ax
3  (
µ

m
)

10o
60o



5.4.2 Kalman Track Filter Algorithm 

\Ve now have a simplified scenario where the state vector only has three 
parameters so 1.ve vary the standard implementation of the Kalman Filter to 
accommodate this circumstance. The measurements mk arc the measured 
Yk positions at a given plane at position Zk (see Fig. 5.1). 

The measurement equation (Eq. 5.2) has to be modified to include the 
fixed parameter ·which is not explicitly included in the state vector: 

(5.20) 

This allmvs the track to be defined by a cubic polynomial, while the fit 
only alters the first three parameters. 

The covariance matrix of the measurement: 

(5.21) 

is a 1 x 1 matrix and is equal to the square of the y resolution of the 
silicon dctcetors (}~. 

The evolution of the state vector is given by Eq. 5.1. In the absence of 
energy loss or any other systematic perturbation to the system; this particular 
choice of state vector should not vary from one plane to another. In that case 
·we have Fk =I; the identity matrix. However in the case of I\OivIAD-STAR 
energy loss can be visible for some lmv momentum particles. The inclusion 
of energy loss in the Kalman Filter is studied in section 5.4.2. 

The process noise, defined in Eq. 5.1, is included through the covariance 
matrix of the extrapolation; defined as: 

(5.22) 

This matrix has two contributicms; one related \vith multiple scattering 
and the other with energy loss: 

Q = Qms +Q".l k k k 

·which are studied in the following t:wo subsections. 

Multiple Coulomb scattering 

(5.23) 

1-foltiple scattering was added to the Kalman filter for a parabolic track 
model in Ref. [27]. In this section we will generalize this for a cubic model 
·with a more accurate multiple scattering algorithm. 
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The multiple scattering theory of \foliere [28]) reformulated by Bethe [29], 
can be parametrised by a Gaussian approximation [30], ·where the width of 
the distribution is given by: 

·with: 

and \vhere: 

2 

82 Xe 
ms - 1 + p2 [ 

1 + l! ] --· ln(l + ·u) - 1 
v 

(5.24) 

o.5n 
'U=-

l-F' 
(5.25) 

" b '2 
8 

(t;.26") H = c q ()'2 u 
,<) 

is the mean number of scatters, s is the path length of the particle and 
F = 0.98 is the fraction of tracks considered in the Gaussian distribution. 
The critical scattering angle [31] is: 

X = v <1 vs (5.27) 
c A.CC P1-B' 

·with Xcc ~ (0.39612 x 10- 3 ) 2 Z.~ fi1 , q and /J the charge and speed of the 
incident particle, p and TV the density and molecular weight of the material, 
and: 

be~ 6702.33pZ~t/'~~-z~.)/z~. (5.28) 

For a mixture or compound, the following variables arc defined: 

(5.29) 

,v 

z~ = L ~- Zi (Z i + 1) ln(z i- 21:3), 
i = l 1 1 

(5.30) 

Z'_ = ~-N Pi Z (Z + 1) ln [1 + 3.34 ( qZi..: ) 
2

] 
x L A.i 1 1 1376' 

i= l 

(5.31) 

·where Zi and A.i are the atomic number and atomic vveight of each element 
in the mixture, Pi is the proportion by weight of that clement and N the total 
number of clements. This approximation reproduces the \Iolicre theory with 
an accuracy of 2%. 

For an incident particle of q = ±1, and for the case of boron carbide, the 
term 1 +·v ~ 1 and then Ec1. ;).24 becomes: 

v 
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B'?ns =ks [ln(l +Es) - 1]; (5.32) 

·with k = 5.8335 x 10-7/(p3_,82 ) and n = 10~~85 e-1 ·911 xio-:i/32 (ifs is in 

cm and P1- is in GeV /c). . 
\

1Ve can assume that, locally, the particle trajectory is a straight line. In 
that case 

o(e;n,,) = k6s [111(1 +Es) - l +lBs] = kL(z)G(z)6z, (5.33) 

·where: 
L(z) = l/cose = yl1 + [y'(z)]2 , 

s(z) = .£: L(z')dz' , 

1 
G ( z) = ln ( 1 + B s ( z)) - ( )" 

1 +ns z 

The integral of s(z) can be calculated analytically: 

s(z) = R [arcsin ( i/ ~ Zc ) - arcsin ( c/i ~ zc)] 
and using Eq. 5.17 and 5.19 

(5.34) 

(5.35) 

(5.36) 

(5.37) 

_ [ _. (2cz+b(l + b
2
)) __ . (2czi +b(l + b

2
))] 

s(z) = R arcszn (l + b2r11 2 - arcsu1, (l + b2 ) 3/ 2 (5.38) 

Explicitly, the fitting parameters ,Bn of the track model depend on the 
multiple scattering angle. The multiple scattering contribution to the covari
ance matrix of the prediction, Qf.'.ls, is a 3 x 3 matrix ·with terms: 

/
. MJ. MJ / 'Zf 0 3 MJ 

(Q~ns)i.i = rove{ /Ji JJ.i} =. ~~' ~,~ (5(rP) = k. z ; ~~
1 

~,~ L(z)G(z)(5z 

(5.39) 
"\vhere the integration is needed for non-straight particles and zi, z f a.re 

the limits of each of the B1 C planes. To calculate the terms of this matrix 
·we use the relation: 

6,811 = - (n + 1) ,Bn+iOZc , n > 0. (5.40) 

·which is a consequence of Eq 5.10. \Ve also use the continuity of y(z): 
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00 

() _ X. _ .\" ~ £ r> n - uy - ua + L upn Z = 6a - 6zc L(n + l),Bn+l z 11
• = 6a - ('y' - b)6zc 

n = l n = l 

(5.41) 
and the relation between the multiple scattering angle and y' ( z) = tan(}: 

(1 12)-e - I Ifs; + y 0 = Oy = -y UZc (5.42) 

This last equation implies: 

_ -(1 + :i/2 ) _
0 

-L(z)2 _
0 6zc = O = O 

' y" y" 
(5.43) 

Csing equations 5.40) 5.41 and 5.43 it is straight-fonvard to obtain the 
desired quantities: 

()~a = -(y' _ b) L(z)
2 

()(} y" 

6,Bn (· ) , L(z)2 

68 
= n + 1 fln+ 1-. -

11
- , n > 0 

y 

Defining the follmving integrals: 

-1.z' (y'(z). - b)
2 
L(z)" 

I1 - z , [y"(z)]2 G(z)dz 

_ {'21 (y'(z ) - b)L(z f' 
12 - Jz; [y"(z)]2 G(z )dz 

[

zJ L(z )'5 
h = . [ ( )]2G(z)dz , 'Y" z 

y Zi 

(5.44) 

(5.45) 

(5.46) 

(5.47) 

(5.48) 

(5.49) 

In the case of the cubic equation: y'(z) = b + 2cz + 3dz2 and y"(z) = 

2c + Gdz. These integrals are performed numerically for each 134 C plane 
traversed. The error terms 8c = J9r1'2kh and r)d = jl6e2h;/;~ arc shown in 
Fig. 5.2. ()d is found to be negligible for the ease of NOIVIAD-STAR 
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These two approximations are needed if we want to keep the formalism 
of Eq. ;).1. Figure 5.4 b) slwws the ratio betvveen the terms containing d 
and the dominant terms up to the one containing c of equations 5.53, 5.54 
and 5.55. In general, this ratio is very small, thereby justifying the previous 
approximations. ~ mv \Ve have to find out hmv the radius of the circle is 
affected by energy loss: 

dR = dpj_ = dE = !!_ dE ds. 
R P1- E p ds 

(5.;)6) 

At a given z, the momentum of the particle can be calculated by inte
grating the 13ethe-13loch formula for energy loss a.long the length of B4C: 

/
. dE 1·z1 dE L(z) 

p(z ) = {J-ds = (J---dz, 
. ds . z, ds cos / 

(5.57) 

'Where "f is the angle between p and p 1- and fJ = ~ = *. This integral 
can be performed numerically, but if one assumes that the energy loss can 
be approximated by a power lcxw: 

dE - = 0:1JJ02 
ds 

(5.58) 

then the integral can be performed analytically (assuming /J constant): 

p(z) = [P;- 0 2 + ;J'(l - 0:2)01 .s(z)] l / (l-n
2
). 

Csing equations 5.56, 5.58: 

dR 
R 

,3n:, 1 
--- -----L(z)dz 
p~-nz (;OS"( l + /1 (1-02)2?1 s(z) " ' 

P; " 

(5. ;)9) 

(5.60) 

\·Ve now combine Eqs. 5.53. 5.54, 5.55 and 5.60, and integrate over the 
thickness of the B4C plat.cs, to obtain the Fk matrix of Eq. 5.1: 

0 
1 

0 

vvhere the parameter ke1 is: 

and F(z) is defined as: 

- k.;el .J2. z2 
F( z) L(z)dz l 

2ke1 J2 zF( z)L(z)dz . 
1 - ke; .fz~J F(z)L(z)dz 

(5.61) 

(5.62) 



Momentum range (GeV /c) 
j)j_ < 0.17 

0.17 < J)J_ < 0.51 
f)J_ > 0.51 

5.729 x 10-4 

3.715 x 10-:~ 

4.615 x 10-:1 

-1.321 
-0.2636 
0.06141 

Table 5.1: Parameters for power law parametrizations (Eq. 5.58) of 
the Ilethe-I3loch energy loss formula for B~C. With these parame
ters, the energy 101:11:1 ii,; in unit1:1 of GcVcm- 1

• 

1 
F(z) = l + /i(l-n2)n1 s(z) 

1-c~z 
Pi 

(5.63) 

I\ otice that at first order , the variation of the state vector bet\veen two sil
icon planes induced by energy loss depends only on the quadratic parameter 
c as can be seen from equations 5.53, 5.54 and 5.55. 

\Ve have parametrized the I3ethe-Bloch formula for I34C (with dE / ds in 
units of GeVcm-1

) using Eq. 5.58, ·with the parameters given in table 5.1 
for relevant momentum ranges. This approximation is accurate to better 
than 10% below 1 GeV/c, and is better than 0.5% betvveen 1 GeV/c and 
10 Ge V / c. Figure 5. 5 shows the parameterised Bethe-Bloch formula and the 
ratio between this approximation and the Bethe-Bloch formula. Figure 5.4 a) 
shmvs the extrapolation error incurred if \Ve do not take into account energy 
loss in the Kalman filter matrix (Eq. 5.61). 

Eq. 5.58 gives the mean rate of energy loss, but in fact fluctuations in 
energy loss follmv a Landau distribution, \vhieh is approximately Gaussian 
for thiek media.. These random fiuetuations eontrilmte to the process noise 
and are included in the Kalman filter mechanism through the covariance 
matrix Q%1 defined in Eq. 5.23. In >JO:\IAD-STAil, the energy loss effect is 
relatively small, so it has been assumed that the error induced by this effect 
is even smaller and can therefore be neglected ·when vve add it in quadrature 
(see eq. 5.23) to the multiple scattering error. This may not be a valid 
assumption and further work is in progress to extend the covariance matrix 
to reflect the gaussian approximation to the Landau distribution. 

Drama.tic energy loss, such as that at the tail of the Landau distribution 
and delta rays may break the continuity of y' (z) and thus invalidate the 
assumptions made in this derivation. 

Having determined the track model and process noise, the Kalman track 
filter can nmv be broken dmvn into its three constituent phases: prediction, 
filter and smoother (see for example Ref. [lG]). 
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Prediction 

A predietion of the state vector x( made at measurement plane k is based 
on the state vector information at plane k - 1. 

The I\Ol'vIAD drift chambers provide tracking and momentum informa
tion for each of the reconstructed tracks. The initial conditions for the state 
vector are given by the first silicon hit position, ·which defines a, and the 
parameters b, c and d (Eqs. 5.13-5.15) as given by the drift chambers. 

Given the covariance matrix of the state vector as: 

ck= cov{xf - xk}, (5.64) 

the extrapolation of the covariance matrix (the prediction for this covari
ance matrix given the knmvledge of this matrix from previous steps) is: 

(5.65) 

Again: the initial conditions for the covariance matrix are given by the 
resolution of the first silicon hit and the errors in the parameters as deter
mined by the drift chamber fit. 

The residuals of the predietion from the measurement at plane k is: 

rf = mk - Hkxf - dzZ . (5.66) 

The covariance of this residual is then: 

(5.67) 

·where a~d is the square of the error in the parameter d due to the uncer
tainty in the measured track momentum. 

Filter 

The filtering process nmv incorporates information from the measurement at 
plane k into the state vector xk: 

(5.68) 

·where Kk is knmvn as the Kalman gain matrix that updates the relation
ship between the state vector and the measurements by including the ne·w 
information: 

(5.69) 

The updated covariance matrix is then: 
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(5.70) 

with the filtered residuals: 

p ;~ 
rk = mk - Hkxk - dzk, (5.71) 

and the covariance matrix of the filtered residuals: 

( ) 
6 2 Rk = I - HkK11: V1.: + zkudd· (5.72) 

The x2 of measurement k at this stage of the filtering process is: 

(5.73) 

Smoother 

Once every measurement has been filtered, the smoother is then used to 
propagate all the information added during the filtering process to a given 
measurement plane. The superscript S is used to denote the value after the 
smoothing operation. The smoothed state vector is: 

(5.74) 

·with: 
(5.75) 

and the smoothed covariance matrix, residuals and covariance of the residuals 
being: 

s s p 'J.' 
ck= ck+ Ak(Ck+I - Ck+i)Ak 

S' 8 :3 rk = mk - Hkxk - dzk , 
s s 'J.' 6 2 Rk = vk - HkCkHk + zkcrdd 

(5.76) 

(5.77) 

(5.78) 

Figure 5.6 shows the residuals for all hits in all tracks ·with data rep
resented by points ·with error bars overlayed on l/µ. charged current \Jonte 
Carlo. The Rl'v1S of this distribution is 8.6pm. 

The x2 also has to be modified for the smoothed values: 

(5.79) 

Figure 5. 7 shows the smoothed x2 and x2 probability for data. and \fonte 
Carlo for all hits in all tracks. 

The three step process of prediction, filtering and smoothing is iterated 
for all the measurement planes up to and including the information from the 

81 



0

1000

2000

3000

4000

5000

-25 -20 -15 -10 -5 0 5 10 15 20 25

Mean
RMS

 0.3671E-01
  8.563

SiHit Residual



0

1000

2000

3000

4000

5000

6000

7000

0 1 2 3 4 5 6 7 8 9 10
SiHit )2

10 3

10 4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
SiHit )2 Probability



most upstream plane. The ·whole procedure then gives the track parameters 
at the plane closest to the interaction point. 

The total x2 for the track is determined from the sum of the x2 contri
butions of each hit in the track fit. 

The total x2 and x2 probability for data and 1vionte Carlo are shmvn in 
Figures 5.8-5.10 for all tracks, those tracks fitted into the primary vertex 
and those tracks not in any vertex. 

Even though the distributions are in reasonable agreement ·with each 
other, the small discrepancies at lmv x2 are probably due to the larger munber 
of low multiplicity events as ·well as the lower hit finding efficiency in the data. 
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Chapter 6 

Vertex Reconstruction 

6.1 Introduction 

Once tracks have been reconstructed in the detector, it is possible to use the 
fitted track parameters to determine the most likely position of the neutrino 
interaction and that of any subsequent decays . 

6.2 Pattern Recognition 

The limitations of the 2 dimensional information recorded by STAR become 
evident during the vertex building and fit ting stage. As each track is only 
recorded as the projection of the true track onto the y-z plane, it is not 
sufficient to look at crossing points of tracks to determine an estimate of the 
location of the neutrino interaction (primary vertex) . 

The main analyses required of STAR are a measurement of the Impact 
P arameter resolution of the detector, the search for the decay of strange 
mesons and the search for the decay of charmed mesons. As these three 
analyses all involve the study of 1J11. charged current interactions, the pattern 
rceognition uses this information. 

The procedure starts by looking for a muon candidate STAR track (Si Track). 
This track is chosen as the most "muon-like" in the event. If there exists a 
muon of the correct sign as identified by the muon chambers, then it ·will, 
of course, be chosen. If there is no such track , then the track of type Un
known (which means not an electron, muon or pion) with the correct sign 
and highest momentum is chosen. 

This muon candidate is then tested against all other SiTracks in the event 
to find the crossing point in the y-z plane. If the crossing point is within the 
boundaries of STAR, then all other Si Tracks arc extrapolated to this position 
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The tracks with lmver momentum \vill have lower weights, due to the 
effects of multiple scattering, and so ·will have a smaller effect on the ver
tex position. These lmv momentum tracks have the largest values of the 
parameters c and d and so in order to save computing time without any 
significant penalty in vertex accuracy, a new set of track parameters is used: 
Pk = {a, b, c'}, where the parameters a and b a.re the same as before, but the 
new para.meter c' = c + d · z, ·with z the coordinate of the vertex after the 
last filter (or the initial estimate, if this is the first iteration). This produces 
a local approximation to the cubic track model which is accurate as long as 
the vertex position does not move significantly during the filtering stage. 

The covariance matrix of the state vector vvill again be represented by 
Ck. An additional vector Qk = { b, c'} is introduced to represent the angle 
and magnitude of the momentum of track k at the vertex. The measurement 
equation contains the track model: 

Pk = Hk(xk, Qk) + fk, 

with the function H defined as: 

H(O) = y - bz - c' z2 

H( ) y - (1 .' 1 =---C Z 
z 

y - a b 
H(2) = -- -

z 2 z 

(6.2) 

(6.3) 

(6.4) 

(6.5) 

In order to complete the vertex fit, it is necessary to introduce 2 additional 
matrices: 

- b- 2c' z l 
a-y / 
--z'2 - (. ' 
2(a- y) + _!!._ 

- 3 2 ;, z 

[() ()] 
1 0 ' 
0 1 

such that the function Hk is linear around the point (xk,o , Qk,o): 

(6.6) 

(6.7) 

(6.8) 

and serves as a definition for ck,O· \Ve can then proceed to perform the 
stages of the Kalman vertex filter as outlined in [16]. 
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Prediction 

The prcdietion equations arc approximated by the parameters at the la.st 
measurement plane: 

Filter 

The new state vector after filtering is: 

xk = Ck[(Ck-1)-1xk-1 + AfGf (Pk - ck,o)J, 

·where the follmving matrices are also defined: 

Wk= [BfGkBki- 1
• 

The x2 of each filter step has 2 degrees of freedom: 

(6.9) 

(6.10) 

(6.11) 

(6.12) 

(6.13) 

(6.14) 

x%,P = (Pk - Ck,O - AkXk - BkQkfGk(Pk - Ck,O - Akxk - BkQk) + 
(xk - Xk- 1f (Ck_i)-1(xk - Xk- 1), 

so the total x2 of the fit after adding k tracks is just: 

X
2 

= x~ + x2 
. k .k- 1 k,F 

(6.15) 

(6.16) 

The filter is recomputed until there is no significant change in the x2 or 
in the parameter estimates. 

Inverse Filter 

It is also possible to remove a track from a vertex fit by applying the inverse 
filter. The procedure is identical to the filter except in the sign of the matrix 
Ak: 

(6.17) 
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with: 
(6.18) 

Smoother 

The smoother does not make any changes to the vertex position since it is 
assumed that there is no process noise. Rather , it finds the parameters of 
ca.ch track at the final vertex position: 

(6.19) 

C 8 c k = k, (6.20) 

(6.21) 

Initial Conditions 

It has been found that the result of the vertex fit is very sensitive to the 
initial conditions that arc passed to it. This is a peculiarity of a fixed target 
neutrino experiment. "\vherc there is no a prion: vertex estimate, as opposed 
to the case of collidcr experiments or to other fixed target experiments where 
a well defined target region is defined. An initial estimate for the vertex 
position and the covariance matrix for this estimate need to be chosen vvith 
some care. If the initial vertex position is chosen to be at the origin (or 
at some other arbitrary location) and the covariance matrix correspondingly 
large, the fit may not converge quickly (or not at all) as the majority of events 
in ~O:VIAD-STAR have low multiplicity. If the initial covariance matrix is 
too small then no matter where the initial position of the vertex is chosen, 
the filter will have a very small effect compared to the weight of the initial 
estimate of the track parameters. As a result, the initial estimate should have 
some physical basis and, in our case, it is made by finding the crossing point 
of at least 2 tracks \vhile determining the accuracy of this initial estimate by 
studying l\'Ionte Carlo events. 

An additional consideration is raised \Vhen there a.re three or more tracks 
in the vertex fit. A typical uJJ. charged current interaction with three or more 
tracks will contain a 11- with a large momentum and several other hadronic 
tracks of lower momenta. It would be tempting to take the /C and the 
highest momentum hadronic track to calculate the initial vertex estimate, 
as this combination suffers least from multiple scattering. This can cause a 
problem, hmvever, as the initial vertex \Vill lie exactly on the extrapolated 
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paths of the two highest momenta (and thus highest ·weight) tracks and the 
filter will fail to effectively incorporate information from the other lower 
momentum tracks. In practice, this effect causes the vertex position to only 
move up and dmvn the path of the highest momentum track. The solution is 
to take at least three tracks and find the centre of the triangle defined by the 
3 crossing points of these tracks. The filter will sec that the vertex position 
docs not agree perfectly with any given track and ·will thus be free to move 
the vertex to accommodate all the tracks in the fit: weighted appropriately. 

6.4 Comparison of Data and Monte Carlo 

6.4.1 Multiplicity and Vertex Position 

For this comparison, the filtered sample of 11528 events from the 1998 data 
taking run are compared with the 62880 simulated z;ii CC events. A detailed 
discussion of the filter procedure and }Ionte Carlo is made in Section 8.2. 

\Vhen comparing the mulitplicity in data and :\fonte Carlo, it is impor
tant to note that the vfi. charged current :\fontc Carlo only simulated deep 
inelastic scattering, and so there will be quasi-elastic events in the data with 
no corresponding sample in the l\font.c Carlo. 

Although an analysis of the quasi-elastic rate in STAR has not been 
performed, it is possible to estimate the relative fraction of quasi-elastic to 
deep inelastic (DIS) events in the full I\OMAD target. 

For an isoscalar target, the DIS cross section is: 

cr(DIS) = 0.67 x 10-:~8 c1n?GcV'- 1 
E 

(6.22) 

Quasi-elastic ( QEL) interactions are practically independent of the neu
trino energy and the neutrino beam simulation :-JEG LIB uses the cross
section: 

CJ(QEL) = 0.4455 x 10- 38cm? (6.23) 

These cross sect.ions, along with the fiux estimates used in the simulations: 
predict a total of 1.628 x lO(i DIS and 0.043 x lO(i QEL interactions in the 
standard NOJ\IAD fiducial volume. Although there is some evidence: based 
on the observed numbers of DIS events in the data, to suggest that the flux 
used may be overstimated by up to 20%: the prediction of the ratio of DIS 
to QEL interactions should be reliable. STAR is exposed to the central part 
of the neutrino beam and thus one ·would expect a slightly different ratio of 
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The x2 contribution (and x2 probability) of each track in the Primary 
Vertex is shmvn in Figure 6.7 

Figure 6.8 shmvs the difference bet\veen the reconstructed primary vertex 
position and the true value as obtained from the 1vionte Carlo. I3oth distribu
tions have been fitted to a gaussian on top of a polynomial background and 
indicate a resolution from the central gaussian of l9prn in Y and 78p,rn in Z. 
The resolution is better in the Y direction due to the orientation of the strips 
and the fact that on average the tracks produced in the neutrino interaction 
tend to be produced at small angles to the Z axis and thus constrain the Z 
position by a lesser amount. 

A test of the accuracy of the vertex reconstruction and error estimation 
can be obtained by plotting the ''pull" variable, which is the ratio: 

P 'll ( ) 
:I: reconstructed - :1; kl onteCarlo v. x = -----------

O"x 
(6. 24) 

This variable should be normailv distributed ·with a. mean of 0 and a. 
·width of 1 (sec Fig. 6.9). 

6.4.2 Impact Parameter 

During a v11, charged current interaction, the neutrino is converted into a. 
muon at a certain point in space. which is the same point as that where the 
hadronic jet is produced. 

If a reconstructed event contains a muon in a primary vertex then this 
fact can be used to test the physical resolution of the detector. 

The muon can be removed from the vertex and the vertex refitted so 
that the position is only dependent upon the tracks comprising the hadronic 
jct. The muon track is then extrapolated to this new vertex position and 
the impact para.mater measured. The true value of the impact para.meter 
should, of course, be exactly zero. Hmvevcr, due to measurement errors and 
the effects of multiple scattering it vvill actually be approximately gaussian 
in shape, cent red at zero \vith a width ·which is determined by the resolution 
of the detector. 

Figure 6.10 shmvs the measured impact parameter and impact parameter 
significance which is defined in Figures 1.6 and 1.7. The small non-Gaussian 
tails in the impact parameter significance plot arc probably due to neglecting 
the fluctuations in the energy loss in the covariance matrix Qk used in the 
track fit . 

Figures A.1- A.4 show a typical reconstructed v11 charged current inter
action from the 1998 run. 
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6.4.3 Kinematics 

The kinematic variables defined in Sect.ion 1.2 a.re calculated when an event 
is reconstructed with a. primary vertex which contains a muon. The event is 
assumed to be a charged current internet.ion. 

The total energy visible in the event shovm in Figure 6.11 is calculated as 
the total energy of the tracks reconstructed in STAR (under the assumption 
that tracks without any particle identification information are pions) plus the 
total energy of clusters in the electromagnetic calorimeter plus the energy of 
any yo vertices reconstructed as photon conversions or K.~ decays recon
structed in the drift chambers. Figure 6.11 also shows the reconstructed 
energy transferred to the ha.dronic system (v) as defined in Eq. 1.9. 

The square of the 4-momentum transferred to the hadronic jct (Q2
) is 

calculated from Eq. 1.10 and is shmvn in Fig 6.12 \vhich also shows T'V'\ 
calculated from Eq. 1.L). 

Figure 6.13 shuws the reconstructed momentum of the leading /t± and 
the total reconstructed momentum of the hadronic jet. 

Figure 6.14 shmvs X&i and 1'/,.i , calculated from Eq. 1.12 and Eq. 1.13. 
Figure 6.15 shmvs the distribution of momentum times electric charge 

for STAR tracks in the hadronic jct and those not in the primary vertex. 
It can be seen that although there is a reasonable agreement between data 

and Ivionte Carlo, the tails of the variables such as 11, Q2
; YR] etc., which are 

formed from the reconstructed hadronic jet, do not agree well. This lack of 
agreement is due to differences between the fragmentation in 1vionte Carlo 
and data as \Vell as possible nuclear reinteractions. 
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Chapter 7 

Charm Search 

7.1 Introduction 

During approximately 5% of charged current interactions, a charm quark is 
produced. This charm quark is mainly bound into D mesons \Vhich subse
quently decay with a typical lifetime of the order of 10- Bs. This chapter 
·will illustrate the method used for the search for the production and decay 
of these mesons in the STAR detector. 

7.2 Charm Production and Decay Topology 

\Vhen the incoming neutrino strikes a valence d quark, or a d or s quark 
from the sea, it is possible for a charm quark to be produced, ·which vvill be 
hadronised and form part or all of the hadronic jet. This charmed meson will 
then travel behveen approximately 100µ,m and 4rnm before it decays (see Fig 
7.1. 

7 .3 Constrained Kinematical Fit 

In order to test a number of hypotheses, it is necessary to perform a con
strained fit on the momenta of the tracks under investigation. Energy and 
momentum under the hypothesis must be conserved, so they form the ba
sis of several constraints. As there is a topological criterion which must be 
satisfied, it can be added as a. constraint to the fit. 

As the vertex positions obtained in STAR are only 2 dimensional , the 
topological constraint can only affect the y and 'h momenta of the decay 
tracks. 
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dx2 . 
- = 2j (;r, mi) = 0 
da 

\Vhere fr = df~~:Y), fy = df~;y) and mi the mass. 

(7.9) 

For the z;th iteration of the fit, the constraint equations can be expanded 
as follmvs 

r + f:.(:z:v+! - ;T11) + f;(:i/+I - !/) = 0 

The value of ct for the next iteration can be determined from 

a v+1 = s-1 [ R + g (yv+l - YI/) J 

·with Rand S defined by 

S = 1·1/c-·' (f'v)T 
x :z; • :z; 

It is thus possible to determine the new values of :i; and y 

Xv+l = ,,.0 _ c-l(jv)Tc,,v+l 
~.v 7 x x ,{.. 

:i/+' = ?/ - ( (f;)'1's-' g )-\g(s-' R 

and the new chi-squared can be more easily evaluated as 

(7.10) 

(7.11) 

(7.12) 

(7.13) 

(7.14) 

(7.15) 

(7.16) 

The iteration is repeated until some criteria is satisfied. In this case, the 
requirements \Vere that the change in chi-squared between iterations be less 
than 0.1% and that the sum of the functions .ft, hand h be less than 0.0001. 

Once the fit has converged on a solution, the chi-squared can be tested 
by calculating the chi-squared probability. 

7.4 Charm Decays 

The majority of charmed particles produced in v11 charged current inter
actions are n°, n+and n;, some of which are the result of the decay of 
higher energy states such as n°"a.nd n+". Tables 7.1. 7.2, 7.3 and 7.4 
shmv the different decay modes of the n°, n +, n t and n* respectively that 
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·were reconstructed in the analysis. The branching fractions listed are those 
from [32]. It should be noted that the branching fractions for those decay 
modes containing a K.~' have been halved as the PDG value lists the fraction 
for K 0 or K 0 , this is necessary as :Kr\IAD can only identify K,~ . 

7.4.1 Decay Modes 

Table 7.1 shmvs the different decay modes of the D 0 , table 7.2 shmvs the 
decay modes of the D+, table 7.3 shmvs the decay modes of the D! and 
table 7.4 shuws the decay modes of the D* that ·were reconstructed in this 
analysis. 

Decay I Branching Ilatio (from [32]) II 
D0 ---+ K-11+11°11° rv 15% 

Du ---+ K-7r+7ru rv 13.9% 
Do - +Ko o o ---+ 7r 71 S' 7r 7r ~10.fi% = 5 3% 

? . c 
D 0 ---+ 71- 11+ !(~11° ~10.0% - r:: 0% ') - ;). . c 
D 0 ---+ 7r-7r+ J(~ ~G.4% = 2 77( 

') . 0 

Du ---+ K-7r+ rv 3.83% 
Do ---+ 7r-7r+71o f"V 1.6% 

Du ---+ J(- 71+ 71+ 71- rv 7.49% 
Do ---+ K-7r+ 7r+ 7r-7ro f"V 4.0% 
D 0 ---+ 71- 11+ 7r+ 71- 11° rv 1.9% 

Table 7.1: D 0 decay modes reconstructed in this analysis 

Decay I Branehing Ratio (from [32]) 
D+ ---+ K-7r+7r+ rv 9.0% 

D+ ---+ K - 11+n-+71o rv 6.4% 
D+ ---+ K- ](+71+11° rv 1.1% 
D+ ---+ 71- 11+7r+ I<.~ ~L21j· = 0 6% '), . c 

D+ ---+ J(-71+71+Jro7ID rv 2.2o/c:. 
D+ ---+ 71- 71+ 71+ 11° rv 1.9o/c:. 

D+ ---+ 7!"- 71+71+7!"° K~. ~G.~% = 2 7% 2 .. (, 

Table 7.2: n+ decay modes reconstructed in this analysis 
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Decay I Branching Ratio (from [32]) II 

n.-: -----+ K+ K-11+Ttu ""9% 
D.-:- -----+ K+ K- ri+ rv 4.4% 

n; -----+ K- Tt+Jr+ K.S ~4~:~% = 2.15% 

n; -----+ }( + 7i +Ti- rv 1.0% 
Dt -----+ ri-7r+n+ rv 1.0% 

Table 7.3: D! decay modes reconstructed in this analysis 

Decay I Branching Ratio (from [32]) II 
no* -----+ no 1(0 rv 61.9% 
no· -----+ no~, rv 38.1% 

n+· -----+ D 0 n+ 5- -o/c rv (.I C 

n+· -----+ n+riu rv 30.7% 

Table 7.4: D * decay modes reconstructed in this analysis 

Each of the decay modes above has been chosen to fulfill a number of 
criteria. The decay must produce at least two charged tracks; so that a 
second vertex can be reconstructed using STAR. It \Vas also required that 
the decay mode only produce particles that can be fully reconstructed in 
I\O~vIAD, hence the inclusion of modes ·with ''( , Jro and J(~. The following 
section details the reconstruction of these last three. 

Charmed mesons are not the only charmed particles produced in neutrino 
interactions, in particular the At has been observed by E531 [6;)] . These 
events \Vere observed in quasi-elastic interactions: Vµi.V -----+ p-At . A study 
·with :\fonte Carlo indicated that due to the nature of the production and lovv 
efficiency of reconstruction, it >vas not vwrtlnvhile to attempt to reconstruct 
A~ in the STAR data. 

In the follmving sections, the plots shmv a comparison of the 1998 fil
tered data ·with either a sample of charm enriched :\fonte Carlo events for 
determination of efficiency, or non-enriched 1;11 CC Ivionte Carlo events for 
background determination. 

7 .5 Reconstruction of r, Ko and K~ 

Photons can be identified in >JO:\IAD through 2 separate means. Firstly; 
the photon may travel through STAR, the drift chambers and be recorded 
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in the electromagnetic calorimeter (ECAL); in ·which case it is assumed that 
the photon originated at the primary vertex and, using the energy recorded 
in the ECAL, the momentum can be determined. It is also possible for 
the photon to convert inside the drift chambers producing an electron and 
positron \Vhich 1.vill then be recorded by the drift chambers. 

The decay of a 71° produces two photons, so having reconstructed photons, 
it is possible to test the invariant masses of pairs of photons to sec if any arc 
consistent with the decay of a 71°. 

Several decay modes of the charmed mesons under study include a K 0 or 
a K 0 . Half of these will appear as K2 \vhich cannot be identified in l\OTvIAD, 
hmvever the other half can be detected when they decay into two charged 
pions, \vhich occurs approximately 693 of the time. It is for this reason that 
the decay modes listed previously only indicated J(~. 

7.5.1 v0 Reconstruction 

The searches for photon conversions and J(~, are carried out simultaneously. 
If the drift chamber reconstruction proceeded completely to the stage of 
identifying secondary vertices, then each vertex which is labelled as being a 
possible \/ 0 decay is tested for four hypotheses: 

J(~ -----+ 7r +71-

i\. 0 -----+ p71-

A 0 -----+ Pn+ 

(7.17) 

(7.18) 

(7.19) 

(7.20) 

For each hypothesis , the difference bet\veen the invariant mass and the 
true value of the mass of the parent particle is compared to the uncertainty 
of the reconstructed invariant mass. Those combinations which arc within 
3a of the true value and 'vhosc invariant mass is close to the true value 
are accepted as candidates. If more than one hypothesis survives; then that 
·which has the smallest deviation from the true mass is accepted. 

A useful method of separating the different hypotheses for a \/0 is the 
Armenteros plot. This plot displays Pi, the transverse momentum of the 
positive track ·with respect to the total momentum of the \/0

, versus the 
asymmetry variable: 

(7.21) 
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where Pt are the longitudinal momenta of the positive and negative 
tracks. 

This plot shmvs photons in the lmv Pi region as a photon conversion 
produces an electron and positron \Vhich are initially travelling parallel to 
ea.ch other. The kinematics of the K.~ and J\. decays results in them occupying 
\Vell defined regions in the plane, with some overlap. 

The Armenteros plot in figure 7.3 shows reconstructed photons in black, 
I<,~ in red, A in blue and .A in green. 

Figure 7.4 shows the reconstructed mass for the photon hypothesis for all 
combinations and that for good photon conversions. 

Figure 7.5 shows the reconstructed mass for the J{~ hypothesis for all 
combinations and that for good J{~, decays. The mass of the K.~ is reproduced 
by the plot. 

Once a \.7 0 has been identified as either a photon or a K,i, then the 
constrained fit is performed to determine the true momentum of the parent 
particle. 

7.5.2 ECAL r Reconstruction 

Each cluster in the ECAL which has been determined by the standard NO
l'vIAD reconstruction to be a photon from the primary vertex is kept for later 
use if the total energy deposited is greater than 100 l'vie V. 

7.5.3 7ro Reconstruction 

Having reeonstrncted photons through two means, it is now possible to search 
for 71" 0 decays to two photons. 

The invariant mass of each possible combination of two photons is tested 
against the knmvn mass. The constrained fit is a.gain used to determine 
the best momenta for the 71° and as an additional cut the x2 probability is 
required to be greater than 0.05. 

Figure 7.6 shows the reconstructed mass for the 71° hypothesis for all 
combinations and that for good 71° decays. The mass of the 71° is reproduced 
by the plot. 

7.6 Reconstruction of D 0 , D+ and Dt 
The search for charmed meson decays proceeds by looking for each of the 
decay modes listed in Tables 7.1- 7.3 in turn, applying several cuts and if 
any modes survive, selecting that with the best x2

• 
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In order for an event to be considered; it must have a reconstructed 
primary vertex that contains a muon of the correct sign (that is a tC when 
reconstructing vµ and a p+ vvhen reconstructing vt.) and at least 4 tracks in 
total (2 for the primary vertex, of which one is the muon and 2 tracks for 
the charm decay). 

Two separate lists (one for positive, the other for negative tracks) arc 
kept of charged tracks that could possibly be used to form a charm decay 
vertex. These tracks must either have no particle identification, or have been 
identified as pious. 

The charged tracks must have a momentum of more than 200 _\le V. Those 
tracks that pass this cut are subjected to a second particle identification test 
for the particular hypothesis under test. 

This test just checks that a track positively identified as a pion by the 
reconstruction is not included in the sample of potential kaons. The recon
struction docs not identify charged kaons. so tracks that have been recon
structed without a definite particle identification are used for both pion and 
kaon hypotheses. 

For each charm decay mode, each combination of positive and negative 
tracks along with reconstructed neutrals is tested to see if they are consistent 
·with a charm decay. 

For each combination of charged tracks and neutrals in a given decay 
mode, the invariant mass is calculated using the reconstructed momenta and 
mass assignments for that hypothesis and a STAR vertex is built using the 
charged tracks. The primary vertex may have contained one or more of the 
tracks under consideration and so this vertex is rebuilt ·without these tracks. 
From these tvvo vertices, the line of flight of the decay hypothesis is knmvn 
and can then be used, along \vith the reconstructed momenta of the decay 
tracks, in the constrained fit. 

The constrained fit returns the x2 and x2 probability as well as the fitted 
total momentum of the D meson and I''fJ , the total momentum of the decay 
products in the rest frame of the D meson according to the fit. 

These variables, along with several others described belmv, are used to 
remove (non-charm) background and incorrect decay modes. 

7.6.1 Constrained Fit 

The constrained fit returns a x2 value which is used to remove background. If 
several decay hypotheses in an event survive all the cuts, then the hypothesis 
with lowest x2 is chosen. 

Combinations with a x2 less than 20 were kept. 

122 



Figure 7.7 shcnvs the x2 of the constrained fit for all combinations and 
those that pass all the cuts defined in sections 7.6.1- 7.6.10. 

7.6.2 Invariant Mass 

The reconstructed invariant mass is compared with the known value from [32] 
and combinations whose reconstructed mass is less than 150 IvieVfrom the 
known value are kept. 

The distributions of reconstructed mass minus the knmvn mass are shmvn 
in Figure 7.8. 

From the uncertainties in the reconstructed momenta of the charged 
tracks and neutrals, it is possible to determine the uncertainty in the in
variant mass calculated from these momenta. 

Combinations with an uncertainty in the mass of less than 160 Ivie V \Vere 
kept. The distributions of uncertainty in the invariant mass are slwwn in 
Figure 7.9. 

7.6.3 Distance of Flight 

From the .\Ionte Carlo, it is seen that t he distance travelled by the D mesons 
between production and decay rarely exceeds 4mm. I3eyond this distance the 
vast majority of combinations are background due to poorly reconstructed 
tracks, or tracks that have undergone significant multiple scattering. Combi
nations ·whose dist.a.nee of flight in the Z direction exceeds 4mm arc excluded. 

The distributions of distance of flight in the Z direction arc shown in 
Figure 7.10 

7.6.4 Uncertainty in the Decay Vertex Position 

In order to remove poorly reconstructed vertices. or those vertices where 
the opening angle of the tracks is very lmv, and hence the reconstructed Z 
position is poorly krnJwn, a cut ·was made on the reconstructed uncertainty 
in the Z position (CT;;;} 

Events \Vith a value of CTz greater than 400pm \Vere rejected. 
The distributions of distance of CTz are shmvn in Figure 7.11. 

7.6.5 Reconstructed CT 

If the distance travelled by the D meson bet\veen production and decay as 
·well as the momentum are knmvn, then it is possible to measure the lifetime 
of the meson. It is convenient to express this lifetime as the product er 
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·where Tis the lifetime of the meson and c the speed of light. If the measured 
distance of flight is d and the Lorent:;>; factors ;3 and ~7 are determined from 
the reconstructed momentum, then the lifetime can be determined from: 

d 
CT= - (7.22) 

,3/ 

From the fitted momentum of the D meson and the distance of flight in 
the YZ plane as measured by the STAR vertices, it is possible to make an 
estimate of the CT of the decay. A cut is made on the normalised CT, which 
is the reconstructed CT divided by the knmvn value from [32]. Events with a 
normalised value of CT greater than 6 arc rcjcetcd. 

The distributions of distance of normalised CT arc shown in Figure 7.12. 

7.6.6 Fitted Total Momentum 

The constrained fit returns the total momentum of the D meson under 
the hypothesis under test. Combinations vvith a fitted momentum between 
2 Ge V and 40 Ge V \Vere kept. 

The distributions of fitted momentum a.re shown in Figure 7.13. 

7.6.7 Fragmentation 

On average, events in which charm is produced tend to be quite hard. A 
variable ·which tests this feature of the interaction is Prna:r \Vhich is defined 

I', = Precon.slr-ac/.ed 

max JE1ial - A11/ 
(7.23) 

Here E1iwi is the visible hadronic energy and Af 1J is the PDG value for 
the mass of the D meson in the hypothesis under test . 

I'ma.r can range from low values, when the D meson carried a. small fraction 
of the total hadronic energy to 1, if the only hadronic product is the D meson 
itself. 

In order to select hard interactions, only combinations ·with Pmax greater 
than 0.5 are kept. 

The distributions of Pmax are shown in Figure 7.14. 

7.6.8 Total Momentum in Rest Frame 

As described above, the constrained fit calculates the total moment.um of the 
decay products in the rest frame (P!J) of the D meson, using the fitted total 
momentum and PDG mass to calculate the boost. 
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Combinations ·with PJJ less than 200 IvieVwere kept. 
The distributions of PI) are slwwn in Figure 7.15. 

7.6.9 Topological Cuts 

T\vo variables 8n~ and <I>yz are defined in Figure 7.16. 
The variable 8y z is the angle in the YZ plane that the line of flight of 

the D meson makes ·with the Z a.xis. This is the same angle used in the 
constrained fit. 

The variable <I> y z is the angle bet\veen the angle f) y z and the angle 
formed by the fitted total momentum of the charm decay products in the YZ 
plane. 

Events with an absolute value of (-jy z greater than 10° arc rejected as a.re 
those with an absolute value of <I>yz greater than 10°. 

The distributions of 8yz are slwwn in Figure 7.17. 
The distributions of cl>y z are shmvn in Figure 7.18. 

7.6.10 Charge Sum 

\Vhen a 1111 charged current interaction occurs on a neutron or proton, con
servation of charge requires that the total charge of the hadronic jet be either 
+lor + 2. 

This is used in conjunction vvith the known charge of the D meson under 
investigation, to test the remaining tracks in the hadronic jct (sec Fig. 7.19). 

\,Vhcn the primary vertex is fitted without the tracks used for the cha.rm 
decay vertex, it will cont.a.in the reconstructed muon and at least one other 
charged track. The variable Q.sum is defined as the total charge of all the 
charged tracks in the primary vertex except the muon. 

The variable Q sum can thus take a number of values , depending on the 
type of D meson under investigation. If a D 0 is being reconstructed, then 
Osurn can either be +1 or +2 \Vhile if an+ or Dt is being reconstructed then 
CJ.mm must be either 0 or + 1. 

The cuts applied a.re exactly those described above. 
The distributions of Q.sum are shown in Figure 7.20. 

7.6.11 Summary of Cuts 

The cuts described in sections 7.6.1- 7.6.10 above arc summarised in Table 
7.5 which shows the number of combinations passing each cut. 

To create this table, a sample of simulated 1111 charged current events, in
cluding both charm and non-charm events, were reconstructed and analysed 
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value and the mass difference is within 100 IvieVof the knovm value (~;,_vu), 
then the combination is kept. 

If more than one combination in the event survive these cuts , that com
bination with the lmvest difference ~~i.ass - ~PDC: is kept. 

7.8 Comparison of Monte Carlo and Data 

Figure 7.21 shows tvw scatter plots of the difference between the recon
structed and true charm meson mass versus the separation of the recon
structed vertices in the Z direction divided by the uncertainty in the separa
tion. In the top figure, the small points represent l\fonte Carlo background 
events while the larger open circles represent l\fonte Carlo charm events. The 
lmver figure is the same as the top, except that events passing all the cuts 
in the data are now superimposed as filled large circles, indicating that the 
distribution of events reconstructed as charm in the data agrees well vvith 
the predicitions of the Monte Carlo. 
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Chapter 8 

Results 

8.1 Introduction 

The data sample used in this analysis consisted of 11528 filtered STAR events 
from the 1998 data run and 98279 l\fonte Carlo events consisting of Vµ cc) 
v11. CC and v11. I\C. 

8.2 Filter 

During the 1998 data-taking run) approximately 63 million events \Vere recorded 
during the two neutrino gates. Of these events, 423249 ·were STAR-NU trig
gers . Due to the location of STAR close to the coil of the I\Ol\IAD magnet 
and the proximity of the nuclear targets: it is quite possible for a neutrino 
interaction that does not occur in STAR to produce a STAR-.'-H; trigger. 
Only 2% of STAR-_'-rC t riggers turned out to be act ual neutrino interactions 
inside STAR. As a result, a filter ·was developed to produce a sub-sample of 
STAR events for later detailed reconstruction and analysis. 

The first stage of the filter \Vas to select only STAR-NU triggers from the 
raw NOJ\JAD data. 

A special version of the reconstruction was developed \vith looser cuts on 
track and vertex reconstruction: that sorted the data into 4 categories: 

• STAR Vertex Events - Events where a primary vertex was reconstructed 
in STAR using STAR tracks. 

• STAR Track Events - Events which did not pass the STAR Vertex 
Event criteria but which had at least one reconstructed STAR track. 

142 



• DC Vertex Events - Events not passing the two criteria alH)ve; but for 
which the DC reconstruction produces a primary vertex in STAR 

• Other - Events not passing any of the three criteria above. 

Table 8.1 shows the number of events assigned to ca.ch of the four cate
gories described above. 

Event Category I K umber of Events II 
STAil Vertex Events 116.32 
STAR Track Events 29442 
DC Vertex Events 4600 

Other 377575 

Total STAR<'n_; 423249 

Table 8.1: Number of events assigned to each category during the 
filter 

It \Vas shown with 1fonte Carlo that 100% of neutrino interactions in 
STAR that produce a STAR-NU trigger will be accepted by the first three 
criteria. 

For this analysis; however; it is necessary to reconstruct a good primary 
vertex using reconstructed STAil tracks and so the data sample used is only 
those events in the STAR Vertex Event category. In addition; the quality 
cuts on the vertex reconstruction used for this analysis were tightened with 
respect to those used for the filtering. This resulted in a total of 11528 events 
with a. properly reconstructed primary vertex. 

8.3 Reconstruction 

The STAR reconstruction described in Chapters 4- 7 \Vas added into the 
standard N01\1AD reconstruction, however the output was a set of ntuples 
containing information specific to STAR, rather than the usual K01vIAD 
DST. 

8.3.1 Monte Carlo 

Table 8.2 shows the reconstruction efficiencies for 1,111. CC Monte Carlo events. 
The criteria. for accepting an event as having a. vertex, is that a vertex 

is reconstructed from 2 or more STAil tracks, whose position falls in the 
following volurne: 
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-36cm < :i; < +36cm 

-39r:rn < y < -7 r:rn 

+5crn < z < +19cm 

(8.1) 

(8.2) 

(8.3) 

If an event has a vertex satisfying these criteria, a search is performed 
amongst the tracks in the event for a muon. 

If the vertex has at least 3 tracks, and one of those tracks is a muon, then 
the muon track is removed from the vertex, and the position of the vertex 
refitted. The muon track can nmv be extrapolated to the nc"\v position of the 
vertex and the impact para.meter calculated (sec Fignre 1.6) . 

II Number of Events I Efficiency I Relative Efficiency 

All Events 62880 100.0% 100.0% 
Events vvith a Vertex 57602 91.6%, 91.6% 

Vertex and a µ- 44678 71.1% 77.63 
Impact Para.meter 19114 30.4% 42.8% 

Table 8.2: Reconstruction Efficiencies for v µ CC Monte Carlo 

The equivalent information for neutral cnrrent \fonte Carlo is shmvn in 
Table 8.3. 

II Number of Events I Efficiency Relative Efficiency 

All Events 15011 100.0% 100.0% 
Events with a Vertex 11741 '"'8 2% ( . (,' 78.2% 

Vertex and a µ- 77 0.5% 0.6% 
Impact Para.meter 33 0.2% 42.93 

Table 8.3: Reconstruction Efficiencies for I/ µ NC Monte Carlo 

For u11. CC events, it is no longer sensible to talk a.bout a leading /1.- , so 
Table 8.4 shows the efficiency for reconstructing a vertex with a fl+. 

8.3.2 Data 

During the 1998 data taking period, the neutrino beam was run in several 
different configurations. \fost of the time the horn and reflector ·were config
ured to produce a predominantly I/ ti beam. A subset of the data was taken 
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II Number of Events I Efficiency Relative Efficiency 

All Events 20388 100.0% 100.0% 
Events with a Vertex 16982 83.3% 83.3% 

Vertex and a /l+ 15605 ,..,6 -ex { ,;) 0 91.9% 
Impact Para.meter 5867 28.8% 37.6% 

Table 8.4: Reconstruction Efficiencies for z;ti CC Monte Carlo 

·with the polarity of these focussing clements reversed, which resulted in a u11. 

beam. 
For this reason, Table 8.5 shows both negative and positive muons: as 

the reconstruction \vould look for a /L- when the the neutrino beam was 
producing vµ and a ft+ \vhen the beam was Vw 

II I\ umber of Events I Rate II 

All Events 11528 100.0% 
Events with a Vertex 10846 94.0% 

Vertex and a /1- 5099 44.2% 
Vertex and aµ + ;)91 5.1% 

Vertex and a /1± 5690 I 49.3% II 

Impact Parameter (1c) 1393 12.1% 
Impact Para.meter (p,+) 152 1.3% 

II Impact Parameter (p±) II 1545 I 13.43 

Table 8.5: Reconstruction Rates for 1998 Data 

8.4 Charm Search 

For each of the charmed mesons, I\fonte Carlo "\Vas used to determine the 
reconstruction efficiency and expected background. In order to normalise 
the I\fonte Carlo and data samples, the number of events in vvhich an impact 
parameter is measured \Vas used. As vrns shmvn in Table 8.2 and Table 8.3 
the vast majority of events with a reconstructed impact parameter will be 
from charged current interactions. 
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8.4.1 Monte Carlo Signal 

In order to determine the efficiency of reconstructing charm, a separate sam
ple of 1fonte Carlo cha.rm events \Vas produced, using a. modified version of 
KEG LIB that generated events normally. but only ·wrote the event to disk 
if a charm quark was produced in the initial interaction. This _\fonte Carlo 
charm sample consisted of 7;)11 events , distributed as shown in table 8.6. 
The total number of simulated charm events is slwwn as well as the total 
number of simulated events in \Vhich an impact parameter is reconstructed. 
The D 0 and D+ entries include those events in \Vhich a D* \Vas produced 
and subsequently decayed into a D 0 or D+. 

II Charmed Particle I I\ umber of simulated events Number ·with Impact Parameter 
Du 4574 1586 
D + 2441 845 
D+ 

8 110 38 
Other charm 386 133 

Total charm 7511 2602 

3014 1044 
D +' 1871 648 

Table 8.6: Numbers of charmed particles in Monte Carlo 

Table 8.7 slwws the efficiency for reconstructing different charmed mesons 
as determined from the charm _\Jonte Carlo. It can be seen that the efficiency 
for reconstructing a Dt is significantly higher t han that for a D 0 or D+. 
This is primarily due to the greater number of decay modes for the Dt 
·which contain only charged decay products as \Vell as kinematics of the decay 
resulting in lower combinatorial background, resulting in less stringent cuts. 

II Charmed l'vieson I Events Reconstructed I Efficiency 
Do 161 3.51 ± 0.27 % 
D+ 86 3.52 ± 0.37 % 
D.i 14 12.7 ± 3.2 % 

* 

18 
I 0.76 ± 0.16 % II 23 

0.96 ± 0.23 % 

Table 8. 7: Efficiency of reconstructing charmed mesons with respect 
to the total number of charmed mesons produced 
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8.4.2 Monte Carlo Background 

The background rate for each charmed particle \Vas determined from :.\fonte 
Carlo in terms of the number of events \vith a measured impact. para.meter, 
so that the cxpcet.cd background in the data can be easily determined. 

A sample of general uµ. charged current Ivionte Carlo events were used to 
test each reconstructed D-meson decay mode. For each mode, the rate at 
·which events were incorrectly reconstructed as containing a D-meson decay 
\Vhen there was none, or in \Vhich the decay mode or identity of the meson 
\Vas incorrectly reconstructed vvas determined. 

Table 8.8 shows the background rate from both charged current and 
neutral current interactions. 

II Charmed IVIeson I ~umber Reconstructed Background rate 

8.4.3 

Do 183 0.957 ± 0.070 % 
D + 52 0.272 ± 0.038 % 
D+ 

8 71 0.371 ± 0.044 % 
DO" 126 0.659 ± 0.059 % 
D+· 25 0.131 ± 0.026 % 

Table 8.8: Rate of incorrectly reconstructing a background event 
as a charmed meson as a fraction of the number of events with a 
reconstructed impact parameter 

Systematic Uncertainties 

In order to measure the effect of systematic uncertainties, ca.ch of the cuts 
described in table 7.5 were individually varied by 10% and the new overall 
reconstruction efficiencies and background rates were determined for each 
charmed meson. The total effect was determined by adding each of the 
contributions in quadrature, resulting in a change of between 0.;)o/c:, and 1.8%. 
As the statistical errors in this analysis are much larger (of the order 10% to 
25%) the systematic errors are not included in any of the calculations. 

8.4.4 Data 

\Ve arc now able to examine the data. By multiplying the scaled background 
rate in Table 8.8 by the number of reconstructed impact parameter measure
ments, the estimated number of background events can be determined. Once 
the number of background events have been subtracted, the reconstruction 
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efficiency can be used to estimate the number of charm mesons of each type 
that vvere produced in the data. 

II Charmed :vieson II Reconstructed I Estimated Background II Estimated Kumber I 
no 24 13.33 ± 0.98 304 ± 144 
n+ 10 3.79 ± 0.53 176 ± 93 
n+ 

8 
11 5.17 ± 0.61 46 ± 26 

no" 11 9.18 ± 0.82 239 ± 451 
n+· 3 1.82 ± 0.36 123 ± 187 

Table 8.9: Reconstructed charmed mesons in uµ charged current 
interactions from the 1998 data 

In the limited sample of TJ11. charged current data taken 'vhcn the neutrino 
beam was altered to produce predominantly TJ11., one event was found with 
a reconstructed charmed meson. This event was reconstructed as no- -----+ 
D 0 ri0 and is in addition to the 4;) events described above. Due to the lack of 
statistics, an analysis of the production of anti-charm by anti-neutrinos 'vill 
not be attempted in this thesis. 

The reconstructed mass of the D 0 mass (see Figure 8.1) is determined to 
be 1.875 ± 0.075 GcVwhich agrees with the 'vorkl average of 1.8645 ± 0.0005 
GeV. 

The reconstructed CT (sec Figure 8.2) of 145!~~/lm is consistent with the 
\vorld average of 123.7 ± 0.81un. 

The reconstructed mass of the n+ (see Figure 8.3) is determined to be 
1.880 ± Cl.088 GeV, \Vhich agrees \vith the vmrld average of 1.8693 ± 0.0005 
GeV. 

The reconstructed CT (see Figure 8.4) of 213 ::+- A~:~ µm is consistent with 
the world average value of 315 ± 4prn. 

The reconstructed mass of the D.; (sec Figure 8.5) is determined to be 
1.973 ± 0.061 GeVwhich agrees with the world average of 1.9686 ± 0.0006 
GeV. 

The reconstructed cT (see Figure 8.6) of 199!g~211rn is consistent vvith 
the ·world average value of 148.6~g_7µm. 

The reconstructed mass of the D 0
" (see Figure 8. 7) is determined to be 

1.973 ± 0.046 Ge\\vhich agrees \Vith the world average of 2.0067 ± 0.0005 
GcV. 

The reconstructed mass of the D+* (sec Figure 8.8) is determined to be 
2.072 ± 0.031 GeVwhich is close to the world average of 2.0100±0.0005 GeV. 

The production rates of charmed mesons at a mean neutrino energy of 
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33 GeVare shcnvn in Table 8.10. The "Total Charmn rate is determined by 
the sum of the D 0 ; n+ and Dt rates. The rates quoted for the D 0 and n+ 
include those events \Vhere the D 0 or n+ \Vas reconstructed as the decay of 
a D*. 

II Charmed 1foson II I\umber of Events I Production Rate I 

no 304 ± 144 4.2 ± 2.0 % 
D+ 176 ± 93 2.4 ± 1.3 % 
n+ 

8 46 ± 26 0.64 ± 0.36 % 
no· 239 ± 451 3.3 ± 6.2 % 
n+· 123 ± 187 1.7 ± 2.6 % 

Total Charm 526 ± 174 7.2 ± 2.4 % 

Table 8.10: Production rates of charmed mesons as a fraction of 11{l 

DIS charged current interactions 

Even though the individual rat.cs of each of the exdusi ve channels D 0 ; D+ 
and D.t are not significantly measured (a respective significance of 2.lcr; 1.80" 
and l.8cr), the total rate of charm produced is measured at the 3 sigma level. 
This serves to prove the principle that a STAR-like silicon detector can mea
sure charm states within a fixed-target neutrino detector; but \Vith a small 
efficiency. \Vith additional target mass, additional tracking stations and a 3 
dimensional reconstruction (strips in both the x and they direction) some of 
the cuts could be tightened to produce higher efficiencies, thereby improving 
these measurements. The D 0* and n+* states were not measured above the 
high background, but with a 3 dimensional detector this background would 
be further reduced thereby making the measurement possible. 
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8.4.5 Comparison with Past Experiments 

The most significant experiment to measure the production cross-sections 
of individual charmed particles by neutrinos "\Vas E531 ( [64], [65]). This 
experiment was able to reconstruct the primary neutrino interaction and the 
charm decay in a nuclear emulsion. 

E531 observed the production and decay of D 0 , D+, D t and J\ t particles. 
Table 8.11 shows a comparison between the observed rates of production 

of charmed mesons in STAR and E531. As :Kr\IAD-STAR did not attempt 
to make an inclusive measurement of the charm production cross-section, the 
rates arc presented in terms of the produetion of the D 0 . 

II Charmed \leson II Rate in STAR I Rate in E531 II 
Do 100% 100% 
D + 58 ± 41 % 72±18% 

Dt 15 ± 123 11 ±7% 

Table 8.11: Comparison between the observed production rates of 
charmed mesons in STAR and E531. 

In [6] and [5], the total charm production cross-section was determined 
by reconstructing the semi-leptonic decay of charmed particles into a muon, 
giving a dimuon signature. Although a search for dimuons was not performed 
in STAR, it is possible to use the known scmi-leptonie branching ratios of 
the charmed particles in [32] and the observed charmed particle production 
in STAR to estimate the dimuon rate that ·w<mld be observed at STAR. 

This rate was determined to be 0.41±0.14%, at a mean energy of 33GeV. 
Figure 8.9 has been taken from [6] and a point corresponding to the 

STAR measurement has been added. 
It can be seen that, \vithin the relatively large statistical uncertainties. 

the measured production rate of charmed mesons within STAR agrees well 
with the previous experiments. 

8.4.6 Future Possibilities 

An exciting opportunity for a STAR-like detector would exist at a neutrino 
factory. A neutrino factory is a proposed facility in which a very high number 
of muons (approximately 1020 per year) are created, accelerated and then 
allowed to decay in storage rings, producing two intense beams of neutrinos. 
In [66] an estimate is made for the flux of neutrinos at a near detector , placed 
30 metres dmvn-stream from one of the two 150 metre long straight sections 
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Conclusion 

This project aimed to reconstruct charmed mesons produced in the charged 
current interaction of neutrinos and thus to measure the capabilities of a 
KAUSICAA-like detector in order to demonstrate the ability of such a de
tector to measure v11 (1,;e) B V7 oscillations. 

The impact parameter resolution of the STAR detector was found to be 
28prn, agreeing well with :\Ionte Carlo and indicating that STAR could be 
used to reconstruct the decay of a tau into a muon through the use of an 
impact parameter cut. 

A search was performed for the production by neutrinos of D 0
, n +, Dt , 

D 0
" and n+" mesons. The search utilised both the tracking and high resolu

tion vertexing capabilities of the silicon detector and the precision momentum 
measurement capabilities of the drift chambers. This search resulted in the 
reeonstrnction of 45 charm events. of which 22 \Vere estimated to be back
ground. The inclusive rate of production of charm in deep inelastic charged 
current v11 interactions was determined to be 7.2 ± 2.4 %. The total produc
tion rate and relative fractions of charmed mesons produced were found to 
agree \vith previous experiments. 

The measured impact parameter resolution and ability of STAR to re
construct charm decays indicates that it would be possible to use a similar 
detector to reconstruct the decay of a T± and therefore could be used in an 
appearance search for v11 (ve) B 1/7 oscillations. 

It should be noted that as the STAR detector was only able to make pre
cision measurements in the Y axis, t he constrained fit and vertex separation 
·were not able to separate signal from background as strongly as a full 3D 
tracker. In addition to performing an oscillation search, such a tracker would 
also be able to provide a significant contribution to the understanding of the 
production of charm by neutrinos. 

Finally, it has been determined that even without modification, the STAR 
design \vould be able to make a significant contribution to neutrino, cha.rm 
and CP physics at a future neutrino factory facility. 



Appendix A 

Images from the STAR 
of matchgraph 

• version 

The follmving figures a.re images ta.ken from the NOIVIAD event display pro
gram (matchgra.ph) as modified to include the reconstruction of the STAR 
detector. 

In the vievvs slwwing the whole of I\OJvIAD and the Drift Chambers, 
particles may be identified by the line style and colour. \foons are indicated 
by a solid green line, pions by a solid red line, and other tracks \vithout 
definite particle identification by a solid blue line. Dashed lines indicate 
photons reconstructed from clusters in the calorimeter and are assumed to 
come from the primary vertex. 

In the close-up vicvvs of STAR, a dark blue line indicates a track in the 
primary vertex, a green track indicates a track in the charm decay vertex 
and a light blue track indicates a track that has not been assigned to either 
vertex. Hits in the silicon are represented by a large cross, with the charge 
deposited in each strip represented by filled blu histograms. 

The silicon vertices are surrounded by an ellipse, \vhich is the ellipse of 
error determined from the kalman vertex fit. In addition, the primary vertex 
has a distance scale , the longer marks arc spaced 100 11m apart , to give an 
inidcation of scale. 
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Appendix B 

Cuts used in the reconstruction 
of silicon hits 

Plane Ladder Seed Cut ~ eighbour Cut Cluster Cut 
1 1 4.1 0.5 4.8 
1 2 4.1 0.5 ;).0 
1 3 4.0 0.5 4.3 
1 4 4.1 0.5 4.8 
1 5 4.0 0.5 4.8 
1 6 3.5 0.5 4.4 
1 7 3.8 0.5 4.1 
1 8 3.6 0.5 4.5 
1 g 3.9 0.5 5.0 
1 10 4.0 0.5 5.0 

Table B. l : Signal/ Noise cuts used to reconstruct hits in Plane 1 
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Plane Ladder Seed Cut :.J" eighbour Cut Cluster Cut 
2 1 3.9 0.5 4.8 
2 2 4.0 0.5 4.9 
2 3 4.0 0.5 4.8 
2 4 3.8 0.5 ;).1 

2 5 4.4 0.5 3.8 
2 6 4.3 0.5 6.1 
2 

..., 
I 4.3 0.5 5.3 

2 8 3.9 0.5 4.6 
2 9 4.2 0.5 4.6 
2 10 3.9 0.5 4.3 

Table Il.2: Signal/Noise cuts used to reconstruct hits in Plane 2 

Plane Ladder Seed Cut :.J" eighbour Cut Cluster Cut 
3 1 4.4 0.5 5.4 
3 2 3.7 0.5 4.9 
3 3 3..., .I 0.5 4.4 
3 4 3.8 0.5 4.5 
3 5 3.8 0.5 4.4 
3 6 3.5 0.5 4.0 
3 

..., 3.7 0.5 4.3 I 

3 8 3.9 0.5 4.9 
3 9 3.9 0.5 4.6 
3 10 3.9 0.5 5.0 

Table Il.3: Signal/Noise cuts used to reconstruct hits in Plane 3 

168 



Plane Ladder Seed Cut :.J" eighbour Cut Cluster Cut 
4 1 3.9 0.5 4.8 
4 2 3.9 0.5 4..., ./ 

4 3 4.0 0.5 5.0 
4 4 3.7 0.5 4.5 
4 5 3.5 0.5 4.7 
4 6 3.8 0.5 4.6 
4 ..., 

I 3.9 0.5 5.2 
4 8 3.9 0.5 4.6 
4 9 3.8 0.5 4.6 
4 10 4.1 0.5 5.6 

Table Il.4: Signal/Noise cuts used to reconstruct hits in Plane 4 

Plane Ladder Seed Cut :.J" eighbour Cut Cluster Cut 
5 1 4.3 0.5 5.0 
5 2 3.8 0.5 4.6 
5 3 3.9 0.5 4.6 
5 4 3.9 0.5 5.2 
5 5 3.4 0.5 4.8 
5 6 3..., ./ 0.5 4.6 
5 

..., 4.0 0.5 4.8 I 

5 8 4.4 0.5 ;).2 

5 9 4.2 0.5 5.1 
5 10 3.4 0.5 3.8 

Table Il.5: Signal/Noise cuts used to reconstruct hits in Plane 5 
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