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Abstract

The NOMAD neutrino experiment at the CERN SPS is described and the
silicon tracking detector (STAR) that was placed in NOMAD is discussed in
detail.

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

The vertex position resolution is determined to be 19um in the Y direction
and 78um in the Z direction from Monte Carlo.

The impact parameter resolution of STAR is determined to be 28um.

From the sample of charged current neutrino interactions, a search is
performed for the production and decay of D®, D+, DY, D% and D" mesons.

From this analysis, the masses and lifetimes of the D mesons and reso-
nances are determined to be:

mpo = 1.875 £ 0.075GeV
< erpo > = 145733 im
mp+ = 1.880 £ 0.088GeV
< erpr > = 21358 um
myy+ = 1.973 1 0.061GeV
132

< CTpt > = 199732 e
mpor = 1.973 £ 0.046GeV
mp+= = 2.072 4+ 0.031GeV
The production rates (R) per v, charged current deep inelastic interaction
of D mesons are determined to be:

R(D%) = 4.2+ 2.0%
R(D") =244 13%
R(D}) = 0.64 + 0.36%
R(D") =3.3+6.2%
R(DT) = 1.7+ 2.6%

The inclusive production rate of charmed mesons is determined to be
7.2 +92.4 %.
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Chapter 1

Theory and Motivation

1.1 Introduction

On the most fundamental level, matter is thought to consist of two types of
particles, leptons and quarks (see Table 1.1). The four forces through which
interactions can take place arc the clectromagnetic, weak, strong and grav-
itational (Sce Table 1.2). Particles “feel” a force through the cxchange of
mediating particles called bosons. The boson mediating the clectromagnetic
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 which binds them into either barvons of three quarks (such as
the proton and neutron) or mesons which are quark anti-quark pairs (such
as pions and kaons). Particles with a charge can interact through the elec-
tromagnetic force. Both quarks and leptons can interact via the weak foree
which is responsible for J-deeay.

In 1967-1968 Weinberg and Salam proposed a theory to unify the weak
and electromagnetic interactions [38]. This model started with the SU(2)
group of weak isospin and a U(1) group called the weak hypercharge. In-
voking a process called spontaneous symmetry breaking, they gave three of
the bosons (W7, W~ and Z°) mass leaving one (the photon) massless. The
interaction energy, represented by the Lagrangian energy density £ is:

8 S i +117— g
£ = E(Jﬂ_ HH -‘rJﬂ W'u )-‘rm
The first term describes the weak 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

(J&) —sin®Oyr JE™)+ g sin Oy JE" A, (1.1)



Quarks

Flavour

Electric Charge (e)

Mass (MeV /c?)

Up (u) +2/3 4
Down (d) -1/3 2 7
Charm (c) +2/3 ~ 1,500
Strange (s) -1/3 ~ 200
Top (1) 12/3 ~ 180, 000
Bottom (b) -1/3 /2 4, 700
Leptons ‘
Flavour Electric Charge (e) | Mass (MeV /c?)
e-neutrino {(v,) 0 < 0.000003
Electron (e) -1 0.511
p-neutrino (v, ) 0 < 0.19
Muon () -1 105
r-neutrino () 0 < 18.2
Tau (7) -1 1777

Table 1.1: Propertics of the Quarks and Leptons

Range (m)

Interaction Relative Strength | Mediator
strong 1 gluon & 1079
electromagnetic 1072 photon oC
weak 1072 Z% and W= i
gravity T graviton oC

Table 1.2: Properties of the Gauge Bosons




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 = gsinfy (1.2

In the Standard Model, the quark mass eigenstates are not the same
as the weak cigenstates. The matrix relating these bases was defined and
parameterised by Kobayvashi and Maskawa [32] in 1973. The conventional
deseription leaves the three charge % quarks (up, charm and top) unmixed
and the mixing is expressed in terms of a 3 X 3 unitary matrix operating on
the —15 quarks (down,strange and bottom).

d Vad Vis Vi d
s )= Vi Vi Vi 5 (1.3)
b’ Vie Vis Vi b

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

0.9742 — 0.9757  0.219 — 0.226 0.002 — 0.005
0.219 —0.225  0.9734 — 09749 0.037 — 0.043 (1.4)
0.004 — 0.014 0.035 - 0.043  0.9990 — 0.9993

There are currently three main areas under study, to find predictions
made by the Standard Model or evidence for physics bevond the Standard
Model.

e Higgs Boson : The Higgs mechanism has been suggested as the means
by which fundamental particles acquire a mass. The Large Hadron
Collider at CERN will, when completed in 2005, allow a search for the
Higgs Boson predicted by this theory.

e CP Violation : The symmetrics C (particle/anti-particle exchange)
and P (inversion of all three axes) have heen found to hold for all strong
and electromagnetic interactions. Large C and P violations have been
discovered in weak interactions, however, so it was suggested that the
product CP (that is the operation of C followed by the operation of P)
would be a good symmetry. In 1964, CP violation was discovered in
the decay of the K°. This asymmetry may explain why the matter and
anti-matter in the very carly universe did not completely annihilate.
Several different experiments are currently looking for further evidence
of CP violation in the decay of B mesons.



e Neutrino Oscillations : In the Standard Model, the masses of the
neutrinos are assumed to be exactly zero, however, there is growing
evidence to suggest that this is not the case. If neutrinos do possess
some small mass, then it can be shown that a neutrino of one type,
after travelling some distance, may “oscillate” into a different flavour.
This will be discussed in more detail in Section 1.6.

1.2 Neutrino-Nucleon Scattering

Neutrinos hold a special place in the Standard Model. Being neutral leptons,
they only experience the weak interaction. A common method of studying
the structure of hadrons is through the interactions of neutrinos in a fixed
target.

In section 1.1 it was shown that the electro-weak Lagrangian allows for
two different neutrino interactions, the charged and neutral current.

The charged current interaction involves the exchange of a W¥ boson
and the resultant transformation of the incoming neutrino into the charged
lepton from the same generation.

vat N — - + X (1.5)

Figure 1.1: A v, Charged Current Interaction
In the neutral current, a Z° boson is exchanged (see Figure 1.2).

v+ N —vy,+X (1.6)



N VM

Figure 1.2: A v, Neutral Current Interaction

For the purposes of the analysis described in this thesis, we will assume
that the event involves the interaction of a muon neutrino. In the following
discussion, natural units are used, for which

c=h=1 (1.7)

Figure 1.3 shows the lowest order Feynman diagram of the neutrino-
nucleon scattering process. In the diagram k* and [* are the four-momenta
of the incoming neutrino and outgoing lepton respectively, ¢* is the four-
momentum transferred to the hadronic system, P* is the 4-momentum of
the nucleon, x is Bjorken x (see below) and W* is the four momentum of the
outgoing hadronic system.

Measurement of these 4-vectors allows the determination of all the kine-
matic quantities of the v, — N scattering process:

The square of the energy in the centre of mass is a Lorentz invariant
quantity which can be calculated from the energy of the neutrino and the
assumption that the neutrino scatters off a nucleon.

s=(k+ P)>=2MyE, + My ~ 2MyE, (1.8)

The nucleon mass has only been retained to first order and the calculation
of the dot-product (k + P)? has been carried out in the laboratory frame.

The energy transferred from the neutrino to the hadronic system is given
the symbol v:

P.
v = Wq =E, —E, (in the laboratory frame.) (1.9)
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Figure 1.3: Definitions of kinematic variables in neutrino-nucleon
deep-inelastic scattering

The square of the 4-momentum that is transferred to the hadronic jet
can be calculated from the energy of the outgoing muon E; and the angle #
between the incoming neutrino and the outgoing muon.

—*=Q*=—(k—1)*=2(EE, — |p|E,cos0) — m? (1.10)

Neglecting the mass of the muon, the energy of the lepton can be approx-
imated by the measured momentum of the muon and the expression can be
simplified to:

0
Q* = 4E, E)sin® <§> (1.11)

The Bjorken variable xp; measures the fraction of the total nucleon mo-
mentum that was carried by the quark that was struck by the neutrino.
Q? Q*
P = 1.12
BI—op. q 2Myv ( )
The Bjorken variable ypz; measures the degree of inelasticity of the inter-
action.




Pq

yBi = 1 (1.13)
In the laboratory frame this can be expressed as:
v
Upi = o (1.14)

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

W= PP = (1) (115)

Trj

1.3 The Charged Current Interaction

The inclusive eross section for neutrino-nucleon scattering may be expressed
as

Lo"PW R ( M}, )2 B,

_ Ly S 1.16
A dE, ~ 2r? \MZ +Q*) E, " (1.16)

In this expression G g is the Fermi constant and Ay is the mass of the
W boson. L, is the energy of the neutrino and £, is the energy of the mnon.
The solid angle element into which the muon scatters is represented by d€2,,.
It is possible to calculate the lepton tensor:

L = kMEY — g™k k4 PR i kok, (1.17)

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

In [5] it was shown that the tensor W, which describes the interaction
between the nucleon and the W boson, cannot be determined analytically.
It was shown, however, that the term could be expressed in terms of the 4-
vectors P*, E, and ¢* and that the resulting differential cross-section could
then be expressed in terms of the quantities which were defined in Equations
1.8-1.13.

=1
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It would seem that Equation 1.18 containg twelve structure functions,
three for each of the possible interactions of neutrinos or anti-neutrinos with
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 Model which is the basis
for Quantum Chromo Dynamies (QCD).

1.4 The Quark-Parton Model

When using (QCD, we assume that the incoming neutrino scatters incoher-
ently off point-like partons within the nucleon. These partons arc the spin—é
quarks introduced in Table 1.1. A proton would consist of a (U D) configu-
ration of “valence” quarks and the neutron consists of (FDD). There is also
a continuum of “sea” quarks which are just ¢g pairs in the nucleon.

Under the agsumption that the neutrino is scattering off spin % con-
stituents of the target nucleon, the ratio between /7 and F) in the scaling
region (high (J%) is determined to be:

20:F (x)
— =1 (1.19)
FQ (I)

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

In order to visualise the ncutrino-quark interaction, it is convenient to
operate in the so-called “infinite momentum” frame in which the nucleon
3-mormentum is very large and so the masses of the quarks and leptons as
well ag the Fermi motion are neglected.

When operating in the infinite momentum frame, the transverse momen-
tum of the quarks in the struck nucleon are essentially zero and so the
neutrino scatters off only one quark leaving the other “spectator” quarks
untouched.



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 which is significantly greater than that of the
neutrino-quark interaction.

The predictions made 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 deunsities for each quark flavour. These densities ag a func-
tion of the fraction of the nucleon momentum carried by the quark (x) are
denoted by u(z), d{x), s(z) and ¢(z) for the up, down, strange and charm
quarks.

Using these defintions, the momentum distributions for neutrino and anti-
neutrino scattering off a proton can be written in terms of the densitics
defined above:

vq’F () = xd” (z) + 25T ()

gt (z) = 20 () + ze’ (x) ‘
wg” (z) = wut’ (1) + 2 () .20)
27" (x) = 2d ,(1‘) + 25" (x)

where the v(7) superscripts refer to the quark or antiquark content seen by
a neutrino {antineutrino) probe.

It is possible to agsume 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:

af =d® (1.21)
dt = o (1.22)

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

g™ (x) = zuf (2) + 2 (2)
7N (z) = xd (z) + 28 (2) (1.23)
"N (z) = 2d" (z) + zc" (2)
27 (x) = 27" (2) + 25 (2)



It is now possible to express the differential cross section for neutrino
scattering in terms of the quark and anti-quark momentum distributions.

2 wP(N) SYRVEY & 172 2 Mo ,
d?o B 2G*ME, | 42411” | (1= )2 — May 7 ()
dady v Mg + @7 2E,

My ,
i, — Vgt ) (g 1.24
s (1- F2 e 20

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:

dEO_r/(F) 1 . dQJV(E)P ) dQJV(E)N
dedy —~ Z+N ( ' )

where 7 is the number of protons and N the number of neutrons in the target.

+ ! L. 20
dxdy dady 2]

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 Model, the presence of a charm quark in the
final state requires that the struck quark be a d or an s quark. In necutrino
interactions this implies that the structure functions take the form

Fyt = aFyt = o(|Vead(x) + |Vis|*s(2)) (1.26)

where the Cabibbo flavour mixing has been made explicit by the inclusion of
the Cabibbo-Kobayashi-Maskawa (CKM) matrix clements [V.q| and |V, In-
serting these structure functions into Equation 1.24 and assuming an isoscalar
target, massless charm quarks and neglecting the mass of the proton the dou-
ble differential cross section for charm production is :

Ve

2 P 23 172 2
do” G ME, (U%U—EQZ) [ 2(wd(x) + 2ulz)) + 21/‘},_q|2:ts(:r:)}
(1.27)
If charm quarks were massless this would be the final cross scction. How-
cver, the correct inclusion of massive gquark cffects 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”.

dady il

10



The slow rescaling mechanism was developed by Georgl and Politzer [37]
in order to present a correct account of kinematic effects arising from non-
negligible masses in perturbative QCD. Their proposition was that the struc-
ture functions do not scale with z; but rather with

Ql2

2
&= 2M v (1 + (1 + Q’2/1/2))

(1.28)

where

207 =Q* + mi —mi + (Q" + 2Q%(m3. + m?) + (mi, — mf)Q) (1.29)

The struck quark mass is my, the produced quark is mg, the proton mass
is M, and Q* and v have been introduced in Section 1.2. In the case of
charm production mz; can be set to zero and so, in the limit that % > M,
Equation 1.28 reduces to
ms.
2Myv
It is also possible to come to the same result by looking at the momentum
of the W boson and that momentum carried by the struck quark and requiring
energy and momentum conservation, one obtains:

E= 4

(1.30)

(EP + )" = m% (1.31)

When Equation 1.31 is expanded one finds that

v Q2 + m
T )

v & T (1.32)
2My,y  2M,v

9
Mg

2M,p

=+

and so, in the casc of heavy quark production, Equation 1.28 may he scen
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 eross section. The

11



procedure mainly consists of replacing = by £ in the structure functions and
parton demnsities,

By(z, Q%) — F(6.Q9)

. @ ; 1.33

2By (x, Q%) — Eng(é.Qz) (138)
These are inserted into the charged current cross section to yvield

BTN GIME, [ ME ON\°[229 . o,
> ke T2 e ) 19 g 2B 6@+
dady 7 Mg +Q 2¢ 2

N J_[..‘ nerana B 1

B ) (1-v- 22 £ 2@ (1-9) ] s

Writing the structure functions as lincar combinations of the quark densitics
as before and changing variables from (2, Q%) to (£, Q?) allows the charm
production cross section to be expressed as

do"™  GPME,
didy is

[(w(€, Q%) + d(&, Q%) [Via|® + 25(£, Q)| Vi|*]

B Mazxy
2FE,

Mazxy
: L:85
°F, ) (1.85)

)f

(1;y+?+F(1y

for neutrino interactions and
d*c™  GPMEL{

dedy 7 [(w(€. Q%)+ d(£.Q%) [Vaul* + 25(£, Q%)

I;b | f ]

Maxy
: 1.

Maxy
2E,

(1y+"r’y+F(1y ) -

3

for antineutrino events.
In Equations 1.35 and 1.36 the variable I' is introduced to take the exact
Callan-Gross relationship into account and is written as

1+ R |

1+ 4%

where 12 is defined as the ratio of the longitudinal to transverse W boson
absorption cross sections.

Kinematic limits for £ and y may be derived from the requirement that
() be greater than zero and that the invariant hadronic mass, W2, be larger
than the square of the sum of the charm mass and the nucleon mass :

Q* >0

; ; 1.38
W2 > (m, + My)? 28]

12



These limits are

2
e ce<
oE, <5<

(me + M)? — M?
IME,

(1.39)

<y<1

1.6 Neutrino Oscillations

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, |v,) where
o = e, p, 7, only have definite flavour, but not mass, then due to mixing, they
must be superpositions of some other mass cigenstates ;). The neutrino
flavour cigenstates may then be expressed:

|Va> - ZUG?' ‘V1> (1'40)

where U,; is a 3 X 3 unitary mixing matrix.
In order to sce the “oscillation”, it is necessary to follow the time evolution
of the neutrino eigenstates:

val®) = 3 €T Ui ) (L41)

1
At a later time, the relative mixtures of the 3 mass cigenstates may be
diffcrent, and thus the flavour state obscrved if the ncutrino is obscrved
through an interaction may have oscillated. The probability that the neutrino
has oscillated from flavour @ into flavour 5 at some time ¢ is therefore given
by:

Plug, = vg) = |[{slva) ? (1.42)
= 12 PTG (143

= Z Z UnilU3UUs; PPNE—HE—EDL (1 44)
N

This can be simplified using (v;|v;) = d;;. Given current upper limits on
neutring masses, it is safe to also assume that the neutrinos are relativistic,
and therefore ] 3 m, hence:

13



st s

: T m;
Ei=+/p*+m? ~ p+—— ~ p+—-
i I i r 2 ! o

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

(1.45)

AmZ

Plvg > wg) = >3 UnUgUnUs; e 2" (1.46)
i i

where Am?j = T — m:f is the difference between the squares of the mass
cigenvalues of the two mass cigenstates. It can be scen, thercfore, 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 would demonstrate a massive neutrino as at least
one neutrino would have to have a non-zero mass for this mass difference to
oceur.

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:

—sinf cos0

U= — ( cosfl  sinf ) (1.47)

where # 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:

{ o { Amit
Py — 1) = sin*(26) sin” (E) (1.48)

If we then use L = ¢t and define L,
iwE  2.48(E/GeV)
Lose = — = k 1.49
Ami, (Am3, /eV?2) [ (1.49)

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

P(v — 1) = sin?(26) sin’ (i) (1.50)

asc
It can be seen that L, is the length at which the oscillation probability
returns to zero. Depending on the value of L compared to that of L.,
the observed oscillation will range between a prominent oscillation and an

14



apparent, absence as the oscillations become so quick that they average to a
half.

When a search is conducted for neutrino oscillations, it is described in
terms of a region of the Am? versus sin?(26) phase space. The region that can
be probed by a given experiment is determined by the average energy of the
neutrino beam and the distance between neutrino source and the detector.

If no signal is observed, an exclusion plot can be calculated showing the
region in phase space covered by the experiment.

An exclusion plot for v, — v, oscillation determined by the NOMAD
experiment as well as that for v, — v, is shown in figure 1.4.

{)\ [l {)\
Cioe ES31; E Toil J
2 2
Ng CHORUS . Ng
| icorr CHORUS
1021 NOMAD ]
A MAD
102 L 4
\ CCFR
0t B -
1 V;«_’VT ‘_ 10 | v, v, |
90% C.L. 90% C.L.
‘ CDHS ’ CHOOZ
L L L
0™ 107 107 10" 1 107 10" 1
sin” 20 sin” 20
(a) v, — v, Oscillation (b) ve — v, Oscillation

Figure 1.4: NOMAD exclusion plots for v, — v, [3] and v, — v,
[4] oscillations

If, however neutrino oscillations are observed, then given the known beam
energy and distance a region in phase space can be identified for the two
particular flavours of neutrinos involved.

The Super Kamiokande experiment [51] has observed an up-down as-
symetry in the observed rates of muon neutrinos. It has been suggested that
this is due to the muon neutrino oscillating to either a tau or a theoretical
sterile neutrino. The 60%, 90% and 99% confidence intervals in the Am?
versus sin?(20) plane corresponding to this signal are shown in figure 1.5.
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Figure 1.5: The 60%, 90% and 99% confidence intervals for Am?
versus sin®(20) for v, — v, oscillation based on the Super
Kamiokande data. The 90% confidence interval determined pre-
viously by the Kamiokande experiment is shown for comparison [51]

1.7 NAUSICAA

There have been two main techniques used in the search for v, — v, oscil-
lation through the production of 7~ by v,. The first technique utilises a large
tracker with good momentum resolution as well as particle identification and
calorimetry to identify the 7~ indirectly by locating the decay products of the
7~ and using kinematic cuts to remove background. This technique requires
the accurate measurement of the missing transverse momentum in the event
and was used in the NOMAD [8] experiment. The second technique requires
the direct identification of the 7~ on an emulsion stack and was used in the
CHORUS [7] experiment.

A proposal has been made in [9] and [10] to design a different experiment
that would combine the best features of both techniques described above.
This proposed design for A Neutrino ApparatUS with Improved CApAbil-
ities (NAUSICAA) contains a tracker, calorimeter and muon identification
similar to the NOMAD experiment but also has an instrumented target con-
sisting of emulsion stacks separated by silicon detectors to enable an accurate
extrapolation from the large tracker into the emulsion.

The NAUSICAA design would allow the analysis to use both kinemat-
ical criteria (such as missing momentum) and topological criteria (such as

16



displaced vertices or impact parameter measurements) to identify the 7~
produced by the charged current interaction of a v, .

Search v ~vVv
u T

v, CC
Background

Figure 1.6: Definition of Impact Parameter

Figure 1.6 shows the definition of Impact Parameter. It can be seen that
when looking for 7 through the decay 7= — p~ v,7, the main background
will be due to v, charged current interactions. This background will have
a very small impact parameter however, compared to that of a u~ resulting
from the decay of a 77.

A comparison of the impact parameter distribution and that of the impact
parameter significance for 1~ produced in v, charged current interactions and
those as a result of the decay of a 7~ is shown in figure 1.7. This comparison
was made using a Monte Carlo simulation of the NAUSICAA design.

1.8 Past Experiments

The phenomenon of charm production by neutrinos had been investigated
by a number of experiments since 1974 [52].

Three different methods have been used to study the production of charmed
hadrons:

e Dilepton : Dilepton studies look for the semi-leptonic decays of the
charmed hadrons. Because a v, charged current interaction will pro-
duce charm while 7, produces anti-charm, there is a simple signature
for the semi-leptonic decay. A charmed hadron produced by a v, in-
teraction can decay semi-leptonically to a 4t or e™ and so the dilepton
signature results from the leading p~ produced by the neutrino inter-
action and the opposite signed lepton produced in the charm decay.
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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 low 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 hoth muons have a reconstructed momentum in
excess of 10 GeV.

x+ CDHS Collaboration : Running at the CERN SPS, the
CERN-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
with drift chamber tracking and required that both muons
have a momentum greater than 5 GeV.

x+ CCFR Collaboration : The CCFR group also used a high
density target calorimeter, this one made of iron plates inter-
leaved with 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 Next-to-Leading order QCD.

+ CHARM II Collaboration : The CHARM II detector
was a massive, fine-grained and low density detector designed
for the study of muon ncutrino scattering on clectrons. 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 GeVeut in the momentum of both muons.

*+ NOMAD FCAL : The forward calorimeter {see Section
2.4.2) of the NOMAD experiment was used to measure dimuons
produced in the iron/scintillator target of the FCAL and sub-
scquently tracked and identified in NOMAD. The charm mass,
strange sca 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
(12~ ¢™) sample from a bubble chamber experiment was gath-
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ered by the Columbia-BNL-Rutgers collaboration. The ex-
periment used the Fermilab 15-ft bubble chamber filled with
a Ne-Hy mixture [56] and accepted events in which the mo-
mentum of the secondary positron was above 300 MeV /c.

+ F632 : This experiment also used the 15-ft bubble chamber
at Fermilab with a Ne-Hs mix [57]. Their dimuon sample
required both muons to have greater than 4 GeV/e of mo-
mentutn.

e 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:

DT — D" (1.51)
D — K7™ (1.52)

This technique allows a stronger rejection of background, but suffers
from a low rate duc to the branching fractions of the decays and recon-
struction efficiencics.

e Invariant mass reconstruction with a secondary vertex: This
method also requires the accurate determination of the momenta of
the charm deecay 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 NOMAD-
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 emulgion ex-
periment [58,65]. This detector measured charm particle produc-
tion directly by identifying and reconstructing the charm particle
decay in the emulsions. Much of the information used in Monte
Carlo simulations of charm production by ncutrinos comes from
this experiment.
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‘ Counter Experiments ‘

Experiment | E, (GeV) Ny
FMMF 30-600 393
CDHS 0-300 11041 3685
CCFR 30-600 5030 1060
CHARMII | 30-300 3100 700
NOMAD 0-300 3116 112
‘ Bubble Chamber Experiments ‘
Experiment | E, (GeV) ot il
Col-BNL 0-200 461 (pe™)
E632 10-450 | 40 (pp7) | 8(ptp)
NOMAD 0-300 320 (pe™)
‘ Emulsion Experiment
Experiment, | F, (GeV) | Charmed Hadron Events
E331 0-250 192

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 cvents, there are very few events where the charmed hadron was 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 deseribed. This detector was designed to test the NAUSICAA concept,
and operated inside the NOMAD experiment at CERN during 1997 and 1998.

Chapter 2 deseribes the NOMAD experiment, which was one of two ex-
periments in the CERN west area looking for v, — v, 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 deseribed
in chapter 3.

Chapter 6 defines the implementation of the Kalman vertex fit for STAR.

Using the STATR detector, it will be possible to test the impact parameter
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resolution of the design and thus the feasability of the NAUSICAA design
for a future v, — v, oscillation experiment.

(iven the limits on v, — v, oscillation already set by the NOMAD and
CHORLUS experiments, it is extremely unlikely that a 2, would be observed in
the STAR detector. However it has been shown in section 1.5 that charmed
mesons arc expected to be produced in charged current v, interactions and
these have similar masses and lifetimes to that of the 7=, If STAR is able
to directly reconstruct the decay vertices of charmed mesons, it will be able
to demonstrate the ability to identify a », interaction as well as adding to
the very small number 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
DY D, DY, DY and DT is described.

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

Appendix A containg images from the NOMAD event display program
as modified for STAR for a Monte Carlo charm event as well as a typical
reconstructed v, 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 NOMAD experiment and the nentrino heam will be de-
scribed. The results of a simulation of the neutrino beam will be presented
with a discussion of the types of neutrino interactions that are expected to
be observed in NOMAD.

2.2 Aim of the NOMAD Experiment

The NOMAD (Neutrino Oscillation MAgnetic Detector) experiment is look-
ing for the appearance of ncutrino oscillations [8]. It is assumed in the
standard model that the neutrino has no mass. However there is no theoret-
ical reason why neutrinos should be massless, but experiments so far have
only been capable of putting upper limits on the masses of neutrinos. It was
shown in Chapter 1 that if at least one neutrino has a non-zero mass then as 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 spacce. The neutrino heam that NOMAD is exposed to is composed
of mainly muon-ncutrinos (#,). The NOMAD experiment is looking for the
appearance (and interaction) of tau-nentrinos (v, ) indicating an oscillation
v, — v, [2], [3]. In order to detect the presence of the tau neutrino, NOMAD
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 allowed a scarch for v, — 1, oscillations [4].
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2.3 The CERN West Area Neutrino Beam
Facility

TOP VIEW of neutrino cave

BCT Cu Collimator Tron Collimator Shutter
Reflect
Al Collimator Horn erlector
O E Target H Helium Helium Vacuum Tunnel
SEM D
T 31.62
~20 18.90 71.53 124.32 from T9
Muon Pits
123
SIDE VIEW of beam line behind cave exit
.ﬁ NOMAD Front-face
Vacuum Tunnel . Earth Iron Earth
total length 289.81 Shield Shield Shield
—
Iron Shield
- 258.19 185.0 T 44.0 39.5 100.3
B — 782.93 from T9
Toroidal Magnet 3 kA 835.63 from T9
lengths in m

Figure 2.1: The West Area Neutrino Facility (WANF)

Neutrinos are produced at CERN through several stages. The process
starts with the Super Proton Synchrotron (SPS) which accelerates protons
to 450 GeV. The accelerator cycles every 14.4 seconds and during that cycle,
protons are directed onto a beryllium target during two separate extractions
(known as neutrino spills). In order to calculate how many neutrinos to ex-
pect at NOMAD, it is necessary to follow the production starting with the
protons hitting the Be target (the number of protons on target is abbreviated
POT). The interaction of the protons in the Be target produces secondary
particles (mainly pions and kaons) which are focussed with two magnetic
focussing devices known as the horn and reflector, into a collimated beam.
The pions and kaons are then allowed to decay in a vacuum chamber 290m
long producing neutrinos. Shielding of 225m of iron and 140m of earth pre-
vents everything except the neutrinos and all but the high energy muons
from making it to the NOMAD detector 835m from the beryllium target.

Muons of both signs and hence v, and 7, are produced through the fol-
lowing decays:
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Tt — 1w, ~ 100% (2.1
K" — wyy, ~ 64% (2.9
Kt — 7°r (= uty,) ~ 21% (2.3)
KT — ot (= pty,) ~ 1.7% (2.4)
Kt — Touty, ~ 3% (2.5)
K] — r*uFy, ~ 277 (2.6)
K! = ot — pty)r (— pm,) ~12.6% (2.7)
K= at(—upty)r (—pw) ~69% (2.8)

Electrons, positrons and the corresponding neutrinos (v, and 7)) are also
produced through the decays:

Kt — n%tv, ~5% (2.9)
K} —» wfeTv, ~ 39% (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 NOMAD, simulation pro-
grams have been developed to predict what types of neutrino will pass
through NOMAD and what the distribution of their encrgies will be. The
NUBEAM (version 6.00) simulation starts at the beginning with the protons
interacting in the beryllium target and follows the decay products until they
reach NOMAD. The resulting predictions show the energy spectra of each of
the four types of neutrino that pass through NOMAD.

Results from Nubeam 6.00 are presented in figure 3.9 and table 3.1
NUBEAM is discussed in more detail in section 2.6.1.

The STAR detector (see Chapter 3) became operational in 1997, however
shortly after some data acquisition problems were fixed, a fire brought the
SIS 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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Figure 2.2: Protons on Target for 1997
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Figure 2.4: The NOMAD detector
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2.4 The NOMAD Detector

The NOMAD detector (Figure 2.4) consists of a number of subdetectors,
most of which are located in a dipole horizontal magnetic field of 0.4T, per-
pendicular to the neutrino beam. The magnet was utilised previously in the
UA1 experiment and has a volume 7.5 x 3.5 x 3.5m?

2.4.1 Veto

ﬁ
100 cm

Figure 2.5: The Veto looking along the neutrino beam

The neutrino beam encounters the veto planes first. The veto planes are
a collection of 59 scintillation counters covering an area 5 x 5 m? (Figure 2.5)
which respond to the passage of any charged particles. The aim of the veto
is to reject the passage of charged particles that are produced upstream of
NOMAD. The NOMAD data acquisition will not record an event if the veto
has fired.

28



ﬂ v-beam

m——— =
— =

175 cm

Figure 2.6: The FCAL viewed from above

2.4.2 Front Calorimeter

The front calorimeter (FCAL) sits at the upstream end of the magnet. The
calorimeter consists of 23 iron plates 4.9cm thick. Twenty of the 23 gaps are
instrumented with scintillation counters to measure the energy loss of the
secondary particles produced in the iron. This calorimeter provides an addi-
tional heavy target for neutrino interactions for a search for neutral heavy lep-
tons and for multi-muon studies, including the opposite-sign dimuon search

published in [5] and [6].

2.4.3 Drift Chambers

Drift chambers measure the accurate position and tracking of charged par-
ticles. An argon (40%) - ethane (60%) mixture sits between potential strips
and sensing wires. If a charged particle passes through the chamber, it will
ionise the gas mixture. The 1kV/cm electric field produced by the potential
strips causes the electrons produced in the ionisation to drift towards the
sense wires with an average velocity of 50mm/us. By measuring the time of
arrival of the signals with respect to a reference time, the position can be
determined to an accuracy of 180 pm.

The walls and support of the drift chambers act as the target material
where the neutrinos interact with a total mass of 3 tonnes. Each drift cham-
ber covers an area of 3 x 3m? and has sense wires running horizontally and
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Figure 2.7: Detail of a NOMAD Drift Chamber
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at two other planes £5° to the magnetic field (Figure 2.7). There are 11
modules of four chambers each comprising the main target. The Transition
Radiation Detector (TRD) region contains 5 additional chambers. Because
the magnetic field causes the directly detectable charged particles to move in
a curved path, sign and momentum can be determined as well as position.

2.4.4 Trigger

286 cm
vertical counters
= horizontal counters
280 cm light guides
< phototubes
-

B-field direction

Figure 2.8: One of the two trigger planes

There are two trigger planes of scintillators inside the magnetic field of
NOMAD (Figure 2.8). The first trigger plane is situated at the back of the
target with the second trigger plane behind the TRD region. The trigger
condition that flags a neutrino interaction in the target is V71,75, meaning
that the veto must not have fired and there must have been a coincidence
between the two trigger planes. This condition corresponds to a neutral
particle (the neutrino) interacting inside the drift chambers and producing
charged particles which are detected by the trigger. From looking at the
various possible interactions it can be seen that while the charged current
interaction always produces a muon which should fire the trigger, the neutral
current interaction must rely on the secondary particles to fire the trigger.
This results in a slightly lower trigger efficiency for neutral current events
than for charged currents.
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2.4.5 Transition Radiation Detector
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electronic cards \ —
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Figure 2.9: The Transition Radiation Detector

The Transition Radiation Detector (TRD) consists of 9 modules (Figure
2.9), each module made up of 315 plastic foils (the radiator) and a detection
plane of 176 vertical proportional tubes (called straw tubes). The purpose
of the TRD is to differentiate between electrons and strongly interacting
particles such as pions. Electrons crossing the radiator planes emit transition
radiation, due to the rapid change of refractive index as the particle crosses
planes of plastic and air. This radiation is emitted in the form of X-rays
that are measured with the straw tubes. The X-ray energy depends on the
Lorentz factor v = % of the particle. This property is used to differentiate
between electrons and hadrons. The TRD achieves a 7 to electron rejection
of 10 for a 90 % electron efficiency ( [60] [61]).

32



Assembly of the NOMAD Preshower

Lead converter
4% Antimony,

9 mm thickness
+ 2 mm Aluminium

J

Aluminium plates »
0.5 mm thickness
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Wall thickness : 1 mm

Useful cross-section : 9 x 9 mm?
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gas manifold for the vertical ones

Aluminium plate

1 mm thickness >
Vertical tubes /ﬁA
(Aluminium)

Closing block (stesalite)

holding the stretched wires ’

Aluminium plates
0.5 mm thickness

Figure 2.10: The Preshower
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2.4.6 Preshower

The preshower (PRS) starts with a lead converter which causes photons and
electrons to start an electromagnetic shower (Figure 2.10). Behind the con-
verter are a plane of horizontal proportional tubes followed by a plane of ver-
tical tubes. Each proportional tube has a useful cross-section of 9x 9mm? and
records the electromagnetic energy deposited. The preshower is also useful
because it has a higher spatial resolution than the Electromagnetic Calorime-
ter. Tracks from the drift chambers can be matched to first the preshower
and then to the relatively coarse spatial information in the electromagnetic
calorimeter.

2.4.7 Electromagnetic Calorimeter

Magnetic field
X

v beam

Figure 2.11: Glass counters of the Electromagnetic Calorimeter

The measurement of the electromagnetic energy deposition is performed
in the Electromagnetic Calorimeter (ECAL [62]). It consists of 875 lead
glass counters (Figure 2.11) with cross sectional area 8 x 11em? and 19
radiation lengths deep (ensuring that all of the electromagnetic component
is contained). The counters are read out by two stage photomultiplier tubes
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(tetrodes). The energy resolution of the electromagnetic calorimeter has been
measured to be:

E 0322
7E) _ o.0104 1+ L0322 (2.11)

E VE

Where the energy E is in GeV. The preshower, in combination with the
electromagnetic calorimeter, can be used to identify electrons from hadrons.
A pion rejection factor of 100 can be obtained for a 90% electron efficiency.
Electrons and photons with energies between about 100MeV and 100 GeVwill
shower their energy into lead-glass detectors. Muons and strongly interact-
ing particles only lose a small amount of energy due to ionisation in the
calorimeter.

2.4.8 Hadron Calorimeter

360 cm

350 cm

[ — |

e
Sinch
Photomultiplier

Light Pipes Scintillator Iron Pillars Bolts

Figure 2.12: Front view of the Hadronic Calorimeter

The Hadronic Calorimeter (HCAL) is an iron-scintillator calorimeter down-
stream of the electromagnetic calorimeter used for the energy and position
measurement of hadrons (Figure 2.12). Most of the hadronic energy is con-
tained in the 3.2 interaction lengths in depth. The hadron calorimeter has
an energy resolution of
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where E is again measured in GeV.
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Figure 2.13: The Muon Chambers

The final components, the muon chambers are pairs of drift chambers
(Figure 2.13) with position resolution of 450 pum, separated by 80cm of iron
shielding. Only muons and energetic pions will make it through to the muon
chambers, since there is additional shielding between the hadron calorimeter
and the first muon chamber. The tracks in the first chamber can be matched
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to those in the second chamber, taking into account the multiple scattering
caused by the shielding. It is therefore possible to correctly identify muons
in NOMAD as is required for the oscillation search. A muon will only leave a
minimum ionizing pulse (mip) of energy in the Hadron Calorimeter, whereas
a strongly interacting punch-through particle will tend to deposit more.

2.4.10 Silicon Target

During 1997 and 1998 a new detector named STAR (Silicon TARget) was
installed in place of the first module of drift chambers. It is described in
detail in Chapter 3.

2.5 Data Acquisition and Handling

2.5.1 Data Acquisition

Each of the subdetectors described previously have separate FASTBUS mod-
ules which perform the appropriate digitisation for that detector. Each of
the modules is then readout by 5 VME-based boards based on the Motorola
68040. Another VME processor (the “Event Builder”) assembles the blocks
of data from each of the other processors into a single structure which now
contains the complete information for a single event.

2.5.2 Triggering

The NOMAD trigger is described in reference [63].
Each 14.4s cycle of the SPS was broken up into 4 main periods, shown in
Figure 2.14.

=
WAWA [\ S\

1445 ‘ *‘ 6ms

-—

Figure 2.14: Timing of the neutrino target extractions
The first extraction is referred to as NU1 as it is the first period where

neutrinos are being produced. This is followed by other extractions to test
beams in a neighbouring hall. A large quantity of muons, resulting from
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‘ Trigger Signal Components ‘

Ty First, trigger planc signal
To Second trigger plane signal
Ty The trigger plane at the back of STAR
\% Veto signal
Vs Signal from the veto plane in front of the FCAL
Vs | Signal from the veto plane immediately in front of STAR
Feal FCAL signal
Fecal' | Signal from the FCAL at a lower discriminator threshold
Ecal ECAL signal
Ecal’ | Signal from the ECAL at a lower discriminator threshold
Hcal HCAL signal

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

the deecay of particles in these beams, then passes through the two neutirno
experiments. The period when muons pass through the detector is referred
to as MU. A second extraction, NU2 follows the MU 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 NU1
and NU2 while the muon gate is the period MU

The following triggers are implemented in NOMAD during the neutrino
gates. The trigger signal components are described in Table 2.1, :

e V x Ty x Ty : This was the main NOMAD trigger as it selects neu-
trino interactions inside the Drift Chambers. The rate for this trigger
was approximately 5.0/10%p.o.t, however only 0.5/10"p.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
voke.

e Vg x Fcal : The discriminator threshold was set at 75 mV, which
corresponds to an energy of approximately 2.0 GeV, in order to trigger
on deep-inclastic interactions in the FCAL.

e Vg x Feal’ x Ty x T3 : The lower discriminator threshold in this trig-
ger allows the selection and study of quasi-elastic like events in the
FCAL.
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e Vg x Ecal :This configuration was 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 new gauge boson in 7¥ decays [45], a search
for v, — v, oscillations [46] and a search for the so-called KARMEN
anomaly [417].

e T; x Ty x Ecal : During the 1996-1998 data-taking runs, the ECAL
trigger above was changed to remove the veto signal and instead use
the 77 and 15 plancs as a veto. This change resulted in an increased
live-time.

e Vg x Vg x Tg x Ty : This trigger selects neutrino interactions inside
the STAR detector. In a similar manner to the V x T} x T trigger,
the majority of events sclected were of no interest and were mainly
caused by non-vetoed muons, and low-momentum particles produced
in a neutrino interactions elsewhere in the forward part of NOMAD
being bent in the magnetic field and producing T while other tracks
from the intial interaction produced 77.

e CHORUS : The CHORUS trigger was motivated by a search for
neutral heavy particles and was a joint trigger with the CHORUS ex-
periment [7]. Both experiments recorded events when a simultaneous
interaction was observed in NOMAD and CHORUS. In addition to the
requirement for a signal from the CHORUS muon spectrometer and
the V x T} x Ty from NOMAD, planc 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 CHORUS.
This allowed a search for the production in CHORUS of a hypothetical
neutral heavy particle which subsequently decays in NOMAD.

e RANDOM : A random trigger was also implemented in order to
study detector occupancy, mainly due to out-of-tirme muons from the
neutrino beam. The trigger consisted of a signal 22us after every 16
valid neutrino trigger. The delay is equivalent to one complete turn
around the SPS and was chosen to guarantee a coincidence between
the trigger and a proton-cxtraction.

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

o V x T x Ty : This trigger responds to through-going tracks in the
full NOMAD 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

e Vg x Fcal' x Ty x Ty : This trigger selects muons passing through
the FCAL.

e Vg x Ty and Vg x Ty : These triggers were implemented in order to
measure the separate efliciencies of the T and 75 trigger planes.

e V x Ty x Ty x Ecal x Heal : This trigger allows the sclection and
study of electrons from muon decay or delta rays for measuring the
electron identification efficiency. The purpose of the Heal signal is to
exclude triggering on muons when looking for muon decays. When
delta rays are required this last signal is not included.

o Vg x Vg xTg x Ty : This trigger selects muons passing through the
STAR 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 software packages have been necessary in order to conduct
an analysis on data taken with NOMAD.

The simulation of the physical processes occuring and the response of
cach detector is made through a series of programs that utilise Monte Carlo
methods and paramaterisations of measured quantities.

The simulation of NOMAD 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 detectors.

2.6.1 Beam Simulation

Simulation of the WANF beamline is performed by a GEANT [40] based
program called NUBEAM [44]. NUBEAM simulates the interaction of the
SIS proton beam with the neutrino target and follows the particles produced
in this collision through the focussing and shiclding elements of the heam-line
in order to predict the position and 4-momentumn 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 GEANT within the NUBEAM package, however it
has since been altered to allow a stand-alone implementation of FLUKA to
perform the same task.

Due to the geometry of the WANF beamline, the neutrino beam actually
encounters NOMAD 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 NUBEAM, as the radial and energy distributions
are only calculated for a single position in Z which corresponds to the center
of the ECAL. Figure 2.15 shows the reconstructed angle in the YZ plane of
the leading muon in v, and ¥, charged current events from the 1998 STAR.
data.

2.6.2 Event (Generation

Simulated events in NOMAD are generated using the NEGLIDB [43] program.
The program, based on LEPTO 6.1, [41] can simulate quasi-elastic, resonant
and deep-inelastic lepton-nucleon scattering, All the Monte Carlo events
uscd in this thesis, however are deep-inclastic.

Rather than tracking a simulated neutrino from production to interaction
in NOMAD, 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 ncutrino and the interaction point.

It is also possible to sclect 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 partons 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 particles through the material of NOMAD. 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 GENOM [39] program, which is a specific
implementation of the NOMAD detector in the general purpose simulation
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Figure 2.15: Distribution of the reconstructed angle in the YZ plane
of the leading y* in reconstructed v, and U, charged current events
from the 1998 STAR data.
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package GEANT [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 NOMAD is based on the tracking provided by the
drift chambers. The framework for the reconstruction is a package known as
“engine” which drives the reconstruction of each subdetector and the subse-
quent matching of information between subdetectors. This process occurs in
three stages. At cach stage, cvery subdetector is able to perform whatever
reconstritction is necessary through a call to a subroutine specific to that
subdctector.

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

The sccond stage sces 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 between the drift chambers and the other
detectors. In this stage, particle identification information from the transi-
tion radiation detector, preshower and clectromagnetic 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 NOMAD reconstruction, all the information obtained in
this process would then be stored in a Data Summary Tape (DST) [48]
which includes the Monte 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, however required different reconstruction due
to the addition of a second tracking detector (STAR) which will be discussed
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in the following chapters.

44



Chapter 3

The STAR upgrade

3.1 Introduction

In order to test the NAUSICAA proposal, the STAR (Silicon TARget) de-
tector was constructed and installed inside the NOMAD 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 below 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 shown
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 0.5¢cm
thick. The silicon detectors measure 33.5mm x 39.9mm x 300pm, and have
641 readout strips with a pitch of 50pm. Floating strips arc evenly spaced
between the readout strips.

The ladders are read out by 3 VA1 chips which are mounted on a printed
circuit board. Each VA1 chip has 128 charge-sensitive low-power low-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 VA1 chips
whose output is passed to a repeater board which drives clock signals, and
allows control of the operation of the VA1 chip.

The analog signals are readout by CAEN model V 350 10 bit ADCs.
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Figure 3.1: Position of the STAR detector within NOMAD
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Figure 3.2: Construction of a STAR Ladder

46



59900 wm

750 um 905 wm ‘ 400 um 330 um 925 um
\ L
l I g %Ii
‘ s e T
B i e
= ( () (
= | = mw
( = ( ( = (
( = ( | ( = (
o—{ o o =
. = = | = =
58400 um | (readout length)
- &£ - - - - - - - - - _ _— _—_ _— = 18 |
g go—mm o | o =
= i I I | I I
S o— ( () =
= o o o o
by o—{ I g | o =
(I (I 1= (I (I
—m R SR
o — o | i =
\— . —
& : =
# ‘ F
Contact hole | Strip bonding pad | Gate bonding pad/ Drain bonding pad

Figure 3.3: A Hamamatsu silicon detector

A layer (or plane) of detectors is composed of 10 ladders orientated such
that the silicon strips are parallel to the magnetic field, which corresponds
to the X axis in the NOMAD coordinate system (the X axis is parallel to
the magnetic field, the Y axis points upwards and the Z axis is at an angle
of 43mrad with respect to the beam). In order to obtain full coverage in the
Y direction, each ladder slightly overlaps with its neighbour. The result is
an active surface of 72 x 31.5¢m? (see Fig. 3.4).

The passive target of STAR consists of 4 blocks of B,C' with dimensions
of 72 x 31.5 x 2em?® and a total mass of 45 kg. Each block is separated by
3.6cm and is followed by a plane of detectors. A further plane follows the
4™ block of B4C' to allow reconstruction of tracks originating in that block
(see Fig. 3.5) giving a total of 5 planes of silicon detector. The passive target
was chosen as the best compromise between maximum density ( 2.49gcm™3)
and hence number of neutrino interactions, and minimum radiation length
(21.9¢m) and hence multiple scattering !.

A single B,C' layer contains 0.06 interactions lengths and 0.09 radiation
lengths.

A full layer of target, detector and support structure contains an average
of between 0.04 and 0.05 radiation lengths.

In order to provide a specific trigger for interactions inside the STAR

'For example, Carbon Fibre has a density of around 2.2gcm ™2 and radiation length of
18.8cm
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volume, two planes of scintillator were placed in front of and behind the
detector. The front (Vi) pair are lem thick while the rear pair (Ty) are
0.5cm thick. Two triggers were added to the NOMAD DAQ system to allow
the readout of STAR.

A coincidence of the NOMAD veto plane 8, the STAR veto, the STAR
trigger and NOMAD trigger plane 1 (V3ViT,T}) during the muon-gate causes
the detector to be read out. This condition was named STAR-MU and
allowed flat-top muons passing through the detector to be recorded.

During the neutrino gates (v, and v5) the STAR trigger consisted of the
anti-coincidence of veto plane 8 and the STAR veto with a coincidence of the
STAR trigger and NOMAD trigger plane 1 (VgV,T,T}). This condition was
named STAR-NU and allows the selection of neutrino interactions inside the
STAR target.

To allow the detector to be aligned with the maximum precision, a pulley
system was incorporated into the support structure (see Fig. 3.6) allowing
the B4C' to be raised above the level of the silicon detectors. The multiple
scattering experienced by the flat-top muons used for the alignment is thus
minimised.
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Figure 3.6: Support system for STAR

3.3 Alignment of the detector

The initial stage in the determination of the exact locations of each silicon
detector was a survey of each ladder conducted prior to the final assembly and
installation of STAR [34]. This survey was performed with a CCD camera
and magnifying optics which were mounted on a table. The silicon layer
undergoing measurement was secured vertically with the detectors facing the
camera. The layer remained fixed and the camera was moved independently
in each of the three axial directions by stepping motors (see Fig. 3.7).

The position encoders were able to measure the position of the camera
with a precision of approximately 1um. However the overall precision was
degraded by the image quality and precision of the stepper motors. A PC
was used to read the position and store this information. To measure the X
and Y coordinates, the camera was positioned over and focussed on a ref-
erence feature on the surface of the detector (a specific corner of a bonding
pad on either read-out strip 40 or 600). In order to measure the Z position,
a red laser, oriented at 45° to the camera, was focused on the surface to be
measured. A spot could be seen on the monitor if the laser light reflected
diffusely from an aluminized surface of the detector. The camera was ad-
justed in the Z-direction so that the centre of the laser spot coincided with a
crosshair on the monitor screen. The crosshair was adjusted a priori so that
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the camera was in focus when the laser spot hit it.

For each detector, a total of 4 points were measured, resulting in 48 points
per ladder. The bottom left corners of the inner bonding pads on strips 40
and 600 were used for this. Each ladder was surveyed by at least two people
to test for any systematic errors and to check for mistakes.

Figure 3.8 shows the histograms of the differences in the X, Y and Z
measurements performed by each operator for all ladders. It was found that
the measurements were repeatable to within 6.4 pm in the X-axis, 6.6 ym
in the Y—axis and 14 pum in the Z—axis.

As each layer was added to the mini-basket, the layer was surveyed again
to allow the relative positions of each layer (and hence each detector) to be
determined. Due to constraints imposed by the camera system, only detec-
tors 4 through 8 were measured in each of ladders 1 through 9. For ladder
10 only the bottom row of the ladder was visible and hence less information
was recorded. By comparison of the plane by plane survey to the survey
completed inside the minibasket the separation of each detector with respect
to reference points on the mini-basket was established.

Once STAR was installed inside NOMAD, the reference points were mea-
sured by surveyors and these positions were used to convert the surveyed
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Figure 3.8: Systematic differences in the (a) X, (b) Y and (¢) Z

position measurements for all operators of the surveying systerm.

detector positions into the NOMAD 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 below the Z axis at the front
of the Drift Chambers, so that the centre of the neutrino beam would pass

through it.

The NUBEAM [44] package was used to determine the flux and average
energies of the 4 species of neutrino passing through STAR. The concentra-

tion and average energy of v, v, v, and ¥, are shown in table

3.1

Neutrino | Average Energy (GeV) | Concentration (%)
2 30.60 94.12
7 19.83 5.02
- 12.18 0.69
Ve 31.11 0.17

Table 3.1: NUBEAM predictions for the STAR target

Figure 3.9 shows 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 80keV (known as a MIP) in a silicon detector. In
order to produce a single clectron-hole pair, 3.6eV is required, thus a MIP
will result in the production of approximately 25000 clectron-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 allows more
charge sharing between the readout strips and thus a greater preeision 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 cluster) of strips with charge,
an algorithm, described below, is implemented to use all the available infor-
madtion.

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 be 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.
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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. By accumulating a large
number of such measurements, the average pedestal value was calculated for
each strip and stored in a database. At the end of a run of data-taking, this
databasc was transferred to the STAR data-acquisition system. This pedestal
information was stored in the VAT 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 allowed a reduction
in the amount of space taken up by the data recorded by STAR. Due to the
fact that only strips with a pedestal-subtracted value of exactly zero were
subtracted, it is possible to recover this information during off-line processing
as these arc the only strips without a record.

The same on-line program that calculated the pedestals also calculated
the RMS 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 was 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 RMS 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
VA1 chip and is therefore known as Common Mode Noisc.

Common Mode Noise (CMN] is calculated on an event by cvent basis
during the event reconstruction and subtracted by cach chip before the secarch
for hits begins.

The procedure for calculating CMN 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 3¢ away 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 caleulated for each strip connected to a given
chip, the ADC values of every strip on that chip are reduced by the value of
the average, which is the CMN.
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Figure 4.1 shows the distribution of common mode noise for all chips in
the 1998 data and the noise as a function of chip.
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Figure 4.1: Common mode noise in STAR during the 1998 run.

4.3 Formation of Clusters

The search for hits in STAR starts with a search for “seed” strips. A cluster
of charge deposition will be marked by at least one strip on which a very
high amount of charge was deposited. A signal/noise threshold was chosen
on a ladder by ladder basis, and any strips whose signal /noise exceeded this
value are designated seed strips.

Because some clusters may contain more than one strip that exceeds this
cut, a test is made on all seed strips to remove those that are neighbours of
another with a higher value of signal/noise.

The second phase in the process is to define a lower cut, again on a ladder
by ladder basis, that selects strips which are part of the overall cluster. The
strips neighbouring each seed strip are tested against this cut, and those that
survive are collected into a cluster with the seed hit.

The final stage is to find the total signal/noise of the clusters that have
been formed and remove any that do not exceed a third cut which is also
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Seed Cut | Neighbour Cut | Cluster Cut
4.0 1.0 6.0

Table 4.1: Signal/Noise cuts used to reconstruct hits in Monte Carlo

applied on a ladder by ladder basis.

The total signal to noise is defined as the sum of the signal to noise of
each hit in the cluster.

This process is illustrated in Fig 4.2.

SEED STRIPS

/

SEED STRIP CUT

SIGNAL/NOISE

CLUSTER 1 u CLUSTER 2 J

CLUSTER 3

STRIP 1 ;‘
b
7
|
N
]

STRIP 20 7*‘

NEIGHBOUR SEED CUT

Figure 4.2: Illustration of cluster search algorithm

The values of the cuts described above have to be chosen with some care,
as lowering the values too much allows noise to be mistakenly reconstructed
as a hit, while raising cuts too high results in the loss of good hits.

In the Monte Carlo, all detectors were modelled as being identical, and
so the cuts defined in Table 4.1 were used for all ladders.

When this was applied to the data, it was found that the different ladders
in STAR behaved quite differently and so it was necessary to determine
optimum cuts separately for each ladder. A study was conducted of the hit
finding efficiency as a function of the three cuts on a ladder by ladder basis
using single muons passing completely through STAR recorded during the
muon gate [49].
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The optimised cuts are shown for each ladder in figure 4.3
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Figure 4.3: Cuts used for reconstructing silicon hits in the data.

These values are also presented in Tables B.1 - B.5.

As a result of this optimisation, the efficiency for finding hits was substan-
tially improved over the simpler method of using fixed cuts for each ladder.
A comparison of the hit finding efficiency before and after the optimisation
is shown in figure 4.4.
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The effects of these cuts can be seen when silicon hits reconstructed from
data and Monte Carlo are compared.

The total number of strips per cluster is shown in Figure 4.5. The real
data shows a slightly greater number of strips per cluster on average due to
the relaxing of the cluster signal to noise cut and due to not including noisy
strips in the simulation.

can
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Number of Strips in a SiHit

Figure 4.5: Number of strips in a cluster. The data points are
overlayed on the Monte Carlo histogram which has been normalised
to the data.

The total charge collected in a cluster is shown in Figure 4.6. The total
signal/noise for a cluster is shown in Figure 4.7. There are more clusters
with a low total charge and signal to noise due to the lower seed and cluster
signal to noise cuts and the possible use of noisy strips to create a cluster.

Now that a technique for defining clusters in STAR has been refined, we
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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 which hits correspond to which track. Due to the lack of any
information in the X-direction, 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-7 plane to provide optimum track parameters inside the detector.

5.2 Pattern Recognition

The pattern recognition process involves identifving 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 B,C, two cuts are implemented to select suitable drift chamber tracks
(DcTracks). The DeTrack must have a reconstructed momentum of more
than 150McV, and the most upstream hit of the track must have a Z posi-
tion of less than 100em.

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

Each DeTrack 18 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
cach hit in STAR (SiHit).

A simple procedure would then be to assign the SiHit that is closest to
cach 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 DeTrack 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, followed by each half of plane 4 and so on to plane 1.

Once a single SiHit has been associated to a DeTrack, 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 hetween plancs 1 and 4.

The cxtrapolation is improved further once 2 hits arce associated to a
DeTrack, the two aceurate positions in Y and Z are used in conjunction with
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 allowed. This can
restlt in a DeTrack 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 i8 kept of the number of
unexplained (in terms of the active area) holes (that is planes where 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
offcctively one long strip, with inactive regions due to the bonding pads,
approximatcly 72cm long. It was not possible to attach cach 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 Dc'Track associated to a given hit to the Z position



of the detector, the approximate X position of the track can he 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 algorithin used to reconstruct the precise location of the hit was
deseribed 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 well as with the backplane. The hit position is assumed to be
somewhere between a readout and a floating strip and the charge distribution
on cach strip is optimised via a chi-squarc 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 v 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 widely used in High Energy physics tracking applications
[17%=28]:

A track in space can be described by its 5-dimensional state vector x =
(2, y,dr/dz,dy/dz, 1/p), where x, y and z are the spatial coordinates and
p is its momentum, at cach of the measurement points, defined by their z
coordinate along its trajectory. In it$ linear form, the evolution of the state
vector 18 described by the discrete system of linear equations:

X(Zk,) =xp=Fp_1xp_1 + wp_1, (‘:).1)

which defines the change in status of this vector based on the previous
measurcment, point xX,_;. The function Fp_, is the track propagator from
measurement £—1 to measurcment & and the random variable w;,_; describes
the random noise of the system (also called process noise). In the tracking
of particles through dense media, the process noige 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 my, carried out at each of the measurement
points are a function of the state vector:

my, = Hyxp + ¢, (5.2)

where Hy, describes the relationship between the measured quantities and
the state vector and e describes the measurement noise.
The Kalman filter proceeds by performing these three distinet operations:

e Prediction, where the status of the state vector is estimated at a future
measurement, point;

e [ltering, where the current estimation of the state vector is carried
out based on the previous measurements; and

e Smoothing, where the estimation of the state vector at a previous mea-
surement is re-evaluated with the new information of the present mea-
surcment,.

These operations will be followed in the description of the application of the
Kalman filter to the NOMAD-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 x coordinate,
and using the z coordinate as a parameter, then:

_ y"[2] g B0.3 }
A= I N213/2 (5.3)
1+ (y'[2])?] pL
[z =0 |, (5.4)
where p = 1/R is the curvature, R the radius of curvature (in meters), g
the charge of the particle and p, = p%, + p? the transverse momentum to

the magnetic ficld (in GeV). The solutions to these equations ate:

w1
by |
-

Y= Ye— g\/RZ - (Z - Z(')2 p ( .

T=a;+bz , (5.6)

which represent the parametric equations of a helix using the z coordinate

as a parameter (a, and b, being fit parameters). The zz projection (Eq. 5.6)
is a straight line and the yz projection a circle (Eq. 5.5), with (y..z.) the
center of the circle, R its radius and § = ¢/|g| the sign of the charge of the
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Figure 5.1: Projected measurements for a Kalman filter track fit.

particle. The two possible solutions in Eq. 5.5 are such that a negatively
charged particle, § = —1, is bent downwards (in the negative y direction)
and a positive one is bent upwards (positive y direction). If # is the angle
of the track with respect to the z axis in the yz plane (see Fig. 5.1), the
coordinates of the center of the circle are:

Ye =Yy + GRcosH, (5.7)
2. =z — qRsin#. (5.8)
The equation of the circle is not linear so, to keep the matrix notation of

Eq. 5.2, we perform a Taylor expansion of Eq. 5.5 around z = 0 to linearise
the problem:

y=> Pfui", (5.9)
n=0

P (S Nz ) J (5.10)

n! dzn 2=0

In principle, this expansion implies that the matrices Hy and x; are of
infinite dimension: Hy = {1, 2, 22,23, ...} and x;, = {0, 51, B2, ...}. However,
only three of the (3, parameters of the expansion are independent because
y only depends on y., z. and R. The state vector x; as defined in Eq. 5.1
needs to contain only the independent parameters, thus:

1

y=1|2z |.[Bo B Bo]+ ZBTL(BO)BI)BZ) 2" (5.11)
n=3

22
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The number of terms in the expansion to correctly describe the particle
trajectories inside NOMAD-STAR is given by the extrapolation errors as-
sociated to cach term. Fig. 5.2 shows the extrapolation errors incurred by
neglecting Ay = Zf:j O 1. in the Taylor expansion, as a function of p
and for track angles 10° and 60°, assuming B = 0.4 T and that the separation
between two consecutive planes is [, = 3.6 cm. One can see that the cubic
term is still needed to ensure that the tracking accuracy remains below the
intrinsic resolution of the silicon ladders (5 pm) [1] for some tracks with high
angles and low momentum. NOMAD-STAR is not sensitive to further terms
in the expansion.

The parameters of the cubic equation: y = a + bz + ez + dz? and a

possible quartic term ez? are as follows:

a=fy=y.— G/ R? — 22, (5.12)
b:ﬁy‘;%%ié, (5.13)

c= 3y = 2(1%2({}3243)}/2 (5.14)
d=fh=> (WQ?Z} = 1251(’22, (5.15)
i e B L) (5.16)

§(RZ — 2)7/2

with d and e dependent on & and ¢. It is also worth noting that, as the
Taylor expansion was 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 writen in terms of a, b and
€

1 4 B2)3/2
R=g (5.17)
144
yL—a—I—% (5.18)
b1+ b2
%——ing (5.19)
s
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Figure 5.2: Extrapolation errors incurred by neglecting the terms
Ay and A3z (where A; = E;o:j Bn I ,) in the Taylor expansion,
assuming the separation between consecutive planes is 3.6 cm, as
a function of the momentum p,; for track angles of 10° and 60°.
Also shown are the uncertainties due to multiple scattering of the

quadratic and cubic terms of the expansion: dc I2,,, and dd [3,,,.
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5.4.2 Kalman Track Filter Algorithm

We now have a simplified scenario where the state vector only has three
paramcters so we vary the standard implementation of the Kalman Filter to
accommodate this circumstance. The measurements m; ate the measured
yr positions at a given plane at position z; (see I'lg. 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:

my, = Hyx, +dz) + ¢ (5.20)

This allows the track to be defined by a cubic polyvnomial, while the fit
only alters the first three parameters.
The covariance matrix of the measurement:

cov{e} = Vi = G ', (5.21)

is a 1 x 1 matrix and is equal to the square of the y resolution of the
silicon detectors o

The evolution of the state vector is given by Eq. 5.1. In the abscnce of
energy loss or any other systematic perturbation to the system, thig particular
choice of state vector should not vary from one plane to another. In that case
we have Fj = I, the identity matrix. However in the case of NOMAD-STAR
energy loss can be visible for some low 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:

cov{wrt = Q. (5.22)

This matrix has two contributions, one related with multiple scattering
and the other with energy loss:

Qe = Q" +Qf (5.23)

which are studied in the following two subsections.

Multiple Coulomb scattering

Multiple 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 algorithin.



The multiple scattering theory of Moliere [28], reformulated by Bethe [29],
can be parametrised by a Gaussian approximation [30], where the width of
the distribution is given by:

g
X 1+ N
ﬁfzns - 11 2 - 111(]. =+ ’L‘) -1 , (524)
with:
0.5
U= 1 :)Fs (5.2-5)
and where: .
=5, gz 7 (5.26)

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

¢ = Xeo 4 o 5.27
Xe = Xee 4, 3 (5.27)
with xe & (0.39612 x 107%)?Z, &, ¢ and 3 the charge and speed of the

incident particle, p and W the density and molecular weight of the material,
and:

b, & 6702.33pZ el %e~Zu)/%: (5.28)
For a mixture or compound, the following variables are defined:
N ”
Z = 21: izi(zi +1), (5.29)
N - _
7l = Zl: I:Zi(ZL— + 1) In(Z; 2, (5.30)
7 —iﬁZ.(Z,Jrl)ln 1+334( 42 )2 (5.31)
s B ' 1373 ’ '

where Z; and A; are the atomic number and atomic weight of each element
in the mixture, p; is the proportion by weight of that clement and N the total
number of clements. This approximation reproduces the Molicre theory with
an accuracy of 2%.

For an incident particle of ¢ = +1, and for the case of boron carbide, the

term # 2~ 1 and then Eq. 5.24 becomes:



02, = ks[In{1 + Bs) — 1], (5.32)

with & = 5.8335 x 107 7/(p3 3?) and B = %874'944%'073/‘32 (if 5 is in
cm and py is in GeV/e). |

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

] 1 ]
5(02,,) = ks {111(1 + Bs) — 1B } = kL(2)G(2)dz, (5.33)
S5

where:
L(z) =1/cosf = /1 + [y(2)]? . (5.34)

s(z) = /.ZL(Z’)d,z’ : (5.35)

% 3
i3

1

Glz) =In(l + Bs(z)) — ————. 5.36

(€)= (1 + Bs(2)) ~ 1 (5.3
The integral of s(z) can be calculated analytically:

s(z) =R [arcsin (cjz }Z(:) — aresin (cjzi ]_%Zr)] (5.37)

and using Eq. 5.17 and 5.19

_ . 2ez+b(14b%) {2z + (1 + D7)
sl =R |:(J,?"C=‘5271 ( TENEIE — aresin TENEEE (5.38)

Explicitly, the fitting parameters 3, of the track model depend on the
multiple scattering angle. The multiple scattering contribution to the covari-

Tits

ance matrix of the prediction, 7%, is a 3 X 3 matrix with terms:

ms a g "8 85 08 05; s
(Qi)ij = covg{ 3, 55} = ] 60 59 ) ="k /4 50 59 (DG
(5.39)

where the integration is needed for non-straight particles and z;, zp are
the limits of each of the B,C planes. To calculate the terms of this matrix

we use the relation:
38, =—(n+1) 8,10z, ,n>0. (5.40)

which is a consequence of Eq 5.10. We also use the continuity of y(z):



oo
0 =4dy = da +Z§5’”z = da — §ZCZ(H + 1)Bug12™ =da— (¥ —b)dz.
n=1 =1
(5.41)
and the relation between the multiple scattering angle and y'(2) = tan é:

(1447100 = 6y' = —y"d2, (5.42)
This last equation implies:
) T
OZ(_; = ( H J ) (}9 = (H ) 09 (5‘43)
Y Y
Using equations 5.40, 5.41 and 5.43 it is straight-forward to obtain the
desired quantities:

da Efe)? :
58 —(y = b) 7 (5.44)
85, L(z)?
59 (n—+ 1)3,41 5}7) >0 (5.45)

Defining the following integrals:

; [y”(Z)P
* (y'(2) — B L(z)° .
I, = G(z)dz 5.47
= [ e (8.47)

zf L(Z).‘j
I d D.48
= [ o (5.48)

the covariance matrix can now be \\ ritten:

ki) —2ckls —3dEkI,

= | —2ckly Ac*kly  Gedkly ) (5.49)

—e?)dkfjg 6(fdk713 9d2 kfj

In the case of the cubic equation: 3'(z) = b+ 2cz + 3d2? and y"(z) =
2c¢ + 6dz. These integrals are performed numerically for each B4C plane
traversed. The crror terms de = %2k, and &d = +/16¢2k]; are shown in
Fig. 5.2. dd is found to be negligible for the case of NOMAD-STAR.
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Figure 5.3: Variation of the circle parameters induced by energy
loss.

Energy loss

The trajectory of particles in dense media is affected by energy loss. For
moderately relativistic particles other than electrons, the mean rate of energy
loss is given by the well known Bethe-Bloch formula [32].

As is shown in Eq. 5.3, the radius of the circle is proportional to p,. As
the particle loses energy, the radius of the circle does not remain constant
and the trajectory is like a spiral. To simplify the Kalman filter formalism
we can assume that, locally, the trajectory of the particle is still a circle
(Fig.5.3). We assume that energy loss changes the parameters of the circle
in a continuous way from one point to the next (in certain cases, delta rays
may break this continuity). This assumption implies the continuity of y(2)
and y'(z). The infinitesimal variation in the circle parameters can be written
in terms of 0 R, dy. and dz., but only one of these variations is independent
because of the two constraints dy(z) = 0 and dy'(z) = 0. Starting from
equation 5.5, it is easy to obtain:

R

5yc - _(y - yc)f; (550)
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which can also be intuitively extracted from figure 5.3. The variation in
the expansion coefficients is:

OB OB
= ) e + —202, . .52
R R+6ycy+8zcz (5.52)

Introducing the derivatives of equations 5.12, 5.13 and 5.14 into 5.52,
and using also 5.50 and 5.51, we obtain:

0z, = — (2 — 2.) (5.51)

54, 9P

R =~ . ,OR
5a——§;6nz ~ —ct (5.53)
oR
0b = 2cz— 5.54
cZ ( )
oR OR
de = (— dz)— ~ —c—. :
¢ = (—c+ 3dz) 7 g (5.55)
p 1
Elog ey 30 g
S0 12 | ]
— = E Fcz - -
> 10 1 >0 -
© ok o 1%° | 1
10 60 . i 1
107 =R E
1 : 1 IIIIIIII 1 1 IIIIII: 10-4 IIIIIIIIIIIIIIIIIII
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Figure 5.4: a) Extrapolation error incurred by neglecting the en-
ergy loss effect through a single B4C' layer and a distance of 3.6cm
between measurement points (only the dominant terms up to ¢ in-
cluded) as a function of the momentum for different angles. b) Ratio
between the d-term and the dominant terms up to ¢ of the extrap-
olation error due to energy loss.
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These two approximations are needed if we want to keep the formalism
of Eq. 3.1. Figure 5.4 b) shows the ratio between the terms containing
and the dominant terms up to the one containing ¢ of equations 5.53, 5.54
and 5.55. In general, this ratio is very small, thereby justifying the previous
approximations. Now we have to find out how the radius of the circle is
affected by encrgy loss:

iR d; dFE  BdFE
g OBy E5 B8, (5.56)
R P E P ds
At a given z, the momentum of the particle can be calculated by inte-
grating the Bethe-Bloch formula for energy loss along the length of B,C"

E EL
p(z) = / edd—db/ gdE LG, (5.57)

“ds cos ¥

5 J ; 3 T 5 3 i — ?_ —_— ﬁ ‘ha 1 Al
where «y is the angle between p and p, and § = 7 = . This integral

can he performed numerically, but if one assumes that the encrgy loss can
be approximated by a power law:

dFE
T ap™ (5.58)
then the integral can be performed analytically (assuming 3 constant):
. _ [ l—a . /{1 —exz) [
p(z) = [p;7% + B(1 — az)a s(2)] : (5.539)
Using equations 5.56, 5.58:
dR Ban 1
R~ pl™®cosy 1 4 2U=02)ous() o2) 3(2) Lzkde, (5:80)

We now combine Eqgs. 5.53, 5.54, 5.55 and 5.60, and integrate over the
thickness of the B,C' plates, to obtain the Fy matrix of Eq. 5.1:

1 0 —kaf2F(2)L(2)d2
: 2k fzf 2F(2)L(z)dz . (5.61)
0 0 1—kaf F(z)L(z)dz

—

F, =

where the parameter k., is:

R o (5.62)
P F cosy

and F(z) is defined as:

-1
=~



Momentum range {GeV/c) o (t

pp < 0.17 5.729 x 107t -1.321
0.17 < py. < 0.51 3.715 x 107*  -0.2636
pL > 0.51 4.615 x 107*  0.06141

Table 5.1: Parameters for power law parametrizations (Eq. 5.58) of
the Bethe-Bloch energy loss formula for 34C. With these parame-
ters, the energy loss is in units of GeVem™'.

1

1+ ,B('l—alg_)c?; s{z) 7 (
Py

5.63)

F(z) =

Notice that at first order, the variation of the state vector between two sil-
icon planes induced by energy loss depends only on the quadratic parameter
¢ as can be seen from equations 5.53, 5.54 and 5.55.

We have parametrized the Bethe-Bloch formula for B,C' {with d£'/ds in
units of GeVem™') 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% between 1 GeV/c and
10 GeV/e. Figure 5.5 shows the parameterised Bethe-Bloch formula and the
ratio between this approximation and the Bethe-Bloch formula. Figure 5.4 a)
shows the extrapolation error incurred if we 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 follow a Landau distribution, which is approximately Gaussian
for thick media. These random fluctuations contribute to the process noisc
and are included in the Kalman filter mechanism through the covariance
matrix Qi defined in Eq. 5.23. Tn NOMAD-STAR, 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 we 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.

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

Having determined the track model and process noise, the Kalman track
filter can now be broken down into its three constituent phases: prediction,
filter and smoother (see for example Ref. [16]).
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Prediction

A prediction of the state vector x§ made at measurement plane £ is based
on the state vector information at planc & — 1.

The NOMAD 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, ¢ and d (Eqs. 5.13-5.15) as given by the drift chambers.

Given the covariance matrix of the state vector as:

Cp = covixl — x;}, (5.64)
the extrapolation of the covariance matrix (the prediction for this covari-
ance matrix given the knowledge of this matrix from previous steps) is:
P s

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 prediction from the measurcment at plane £ is:

r; =my — Hyx) — dz}. (5.66)
The covariance of this residual is then:
RY =V, + H,CLHY + 2562, (5.67)

where o2, is the square of the error in the parameter d due to the uncer-
tainty in the measured track momentum.

Filter

The filtering process now incorporates information from the measurcment at
planc k into the state vector x;.:

Xp = Xf: + Kkl‘f, (568)

where K is known as the Kalman gain matrix that updates the relation-
ship between the state vector and the measurements by including the new
information:

K, = C/H]G;. (5.69)

The updated covariance matrix is then:
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C; = (I — K H;)CY, (5.70)
with the filtered residuals:
T, = my — Hkxf — dz}:, (5.71)
and the covariance matrix of the filtered residuals:

Ry = (I - HyKp)Vy + 204, (5.72)

The v? of measurement % at this stage of the filtering process is:
x; =1 R, 1y (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:

X7 = Xp + Ap(X3,, — X0, ), (5.74)
with: ) .
Ap=CF(CLL) =Cu(CLL) (5.75)

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

Cj = Cy + Ak(cf—yl - Cf+—|)A}‘é' : (5-76)
e =my — Hyx§ — dzi | (5.77)
R; = V; — HyC{H} + 2807, . (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 v, charged current Monte
Carlo. The RMS of this distribution is 8.6um.

The ¥? also has to be modified for the smoothed values:

. T iy gy —1 "
X% = () (RY) . (5.79)

Figure 5.7 shows the smoothed y? and x? probability for data and Monte
Carlo for all hits in all tracks.

The three step process of prediction, filtering and smoothing is iterated
for all the measurerment planes up to and including the information from the
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most upstream plane. The whole procedure then gives the track parameters
at the plane closest to the interaction point.

The total ¥? for the track is determined from the sum of the y? contri-
butions of each hit in the track fit.

The total ¥? and x? probability for data and Monte Carlo are shown 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 low x? are probably due to the larger number
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 subscquent decays.

6.2 Pattern Recognition

The limitations of the 2 dimensional information recorded by STAR. become
evident during the vertex building and fitting stage. As cach 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
Parameter 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 v, charged current interactions, the pattern
recognition uses this information.

The procedure starts by looking for a muon candidate STAR track (SiTrack).
This track 1s 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
boundarics of STAR, then all other SiTracks arc extrapolated to this position
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and the amount by which this extrapolation misses the crossing point is
compared with a cut of 100um. The combination of muon and another track
that allows the largest number of tracks to pass this cut is taken as the basis
for building the primary vertex.

These tracks are fitted into a primary vertex using the Kalman filter
described below, and the remaining tracks are tested against the new position
returned by the fit. Any more tracks which are now consistent with the new
vertex position are added and the vertex is refitted.

6.3 Kalman Vertex Filter

The vertex fit is an iterative procedure and is similar to the track fit, except
that the measurements now consist of the track parameters determined in
the track fit, Py = {a,b, ¢, d}, and the state vector becomes the position of
the vertex x = {y, z} (see Fig 6.1). Each track is weighted according to the
inverse of the covariance matrix of the measurements:

Gy = (cov(Py)) . (6.1)

First Measurement Plane

Vertex Position -

x={y,z} (/,/’// /

Pa Te aI])e

lerg p
{ap
’ ,C’}

Figure 6.1: Schematic of the Kalman vertex fit.
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The tracks with lower momentum will have lower weights, due to the
effects of multiple scattering, and so will have a smaller effect on the ver-
tex position. These low momentum tracks have the largest values of the
parameters ¢ 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:
P, = {a,b.c'}. where the parameters @ and b are the same as before, but the
new parameter ¢ = ¢ + 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 will again be represented by
Ci. An additional vector Qg = {b,'} is introduced to represent the angle
and magnitude of the momentum of track £ at the vertex. The measurement
cquation contains the track model:

Py = Hi(xy, Qi) + 6, (6.2)

with the function H defined as:

H(0) =y — bz — ¢'#? (6.3)

H1)=2""_¢; (6.4)
y—a b

H(2) = e 6.5

@=r2tt (6.5

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

. 1 —b—2cz
oP; a—1i
A, = Kk = | =/ , (6.6)
fols s
0 0
P
B.——%—110], (6.7)
()Qk 0 1

such that the function Hy, is linear around the point (xy g, Qg 0):

H;. (%30, Qro) = Cro + ApXpo + BrQuro (6.8)

and scrves as a definition for ¢ . We can then proceed to perform the
stages of the Kalman vertex filter as outlined in [16].
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Prediction

The prediction cquations are approximated by the paramcters at the last

measurement pla.ll(!:
j_]
Xp — Xp—1,
P _
= Gy,

Filter

The new state vector after filtering is:

xi = Cul(Cr1) ' xs1 + ALGE Py — ¢,

where the following matrices are also defined:

Cr=[(Ci)) '+ ATGEA,,
G = Gy — G;B,W; B, Gy,

W, = [BIG,B,]™".
The 2 of each filter step has 2 degrees of freedom:

(6.11)

(6.12)
(6.13)

(6.14)

Xor = (Pr—cro— Apxy — BeQu) Gi(Py — cpo — Apxy — BiQy) +

(% — xp1) " (Cron) Mz — X4,

so the total y* of the fit after adding & tracks is just:

2 2 2
Xk = Xp—1 T Xk

(6.15)

(6.16)

The filter is recomputed until there is no significant change in the ¥ 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 exeept in the sign of the matrix

;4}1,:

x; = Ci[(Cr_1) Ixi1 — AL G (Py — crol],

91

(6.17)



with:

Cp = [(Ceo)™H = AYGIALT (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
cach track at the final vertex position:

Xy = X, (6.19)
¢ =G, (6.20)

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
neutring experiment, where there is no ¢ priori vertex estimate, as opposed
to the case of collider 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 with
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 NOMAD-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 cffect compared to the weight of the initial
estimate of the track parameters. As aresult, the initial estimate should have
sore physical basis and, in our case, it is made by finding the crossing point
of at least 2 tracks while determining the accuracy of this initial estimate by
studying Monte Carlo events.

An additional consideration is raised when there are three or more tracks
in the vertex fit. A typical », charged current interaction with three or more
tracks will contain a 1~ with a large momentum and several other hadronic
tracks of lower momenta. It would be tempting to take the p~ 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, however, as the initial vertex will 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 down 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 sce that the vertex position
does 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 », CC events. A detailed
discussion of the filter procedure and Monte Carlo is made in Section 8.2.

When comparing the mulitplicity in data and Monte Carlo, it is impor-
tant to note that the v, charged current Monte Carlo only simulated deep
inclastic scattering, and so there will be quasi-clastic events in the data with
no corresponding sample in the Monte 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 NOMAD target.

For an isoscalar target, the DIS cross section is:

o(DIS)
E
Quasi-elastic {QEL) interactions are practically independent of the neu-
trino energy and the neutrino beam simulation NEGLIB uses the cross-
section:

=0.67 x 107 ¥em?GeV ™! (6.22)

o(QEL) = 0.4455 x 10 em? (6.23)

These cross sections, along with the flux estimates used in the simulations,
predict a total of 1.628 x 10% DIS and 0.043 x 10° QEL interactions in the
standard NOMAD 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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DIS to QEL events, however it would be of a similar order to that obtained
for NOMAD as a whole of approximately 38:1.

There is a small difference in the distribution of the number of recon-
structed tracks in the drift chambers (Fig. 6.2) and as these are the basis
for the pattern recognition in STAR, it is expected that there will be a dif-
ference in the number of reconstructed STAR tracks (Fig. 6.3).

— T T T T T T T
1000 |- ‘Mean 6.489 |

800 + i

i |
. ?

-
/

200

o5 |
0 20 25 30
Number of DcTracks

Figure 6.2: Distribution of the number of reconstructed tracks in
the Drift Chambers

As the STAR detector contains no tracking information in the x direc-
tion, the position of the vertex in x is determined approximately from the
extrapolation of tracks from the Drift Chambers (Fig 6.4).

The distribution of the reconstructed Z position (Fig 6.5) of the primary
vertex shows the structure of the STAR detector as shown in Figure 3.5.
The Monte Carlo only simulated the 4 blocks of B,C which is why there are
very few reconstructed interactions in the gaps between the blocks. In the
data, the silicon ladders, carbon fibre supports and aluminium covers have
resulted in a small number of interactions between the passive targets.

The Kalman vertex fit produces, through the square-root of the diagonal
elements of the covariance matrix, an estimate of the uncertainty in the
reconstructed vertex position in the Y and Z directions (Fig. 6.6). These
estimates will be used to cut on the quality of reconstructed charm candidate
vertices.
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Figure 6.3: Distributions of the number of STAR tracks in the event
and in the primary vertex. Note the excess of events with 2 or 3
tracks in the data compared with Monte Carlo due to the absence
of quasi-elastic events in the simulation
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Figure 6.4: Distributions of the X and Y positions of the primary
vertex
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The x? contribution (and y?* probability) of each track in the Primary
Vertex ig shown in Figure 6.7

Figure 6.8 shows the difference between the reconstructed primary vertex
position and the true value as obtained from the Monte Carlo. Both distribu-
tions have been fitted to a gaussian on top of a polynomial background and
indicate a resolution from the central gaussian of 19um in Y and 78pum 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’U-U(IL‘) _ Treconstructed — T MonteCarlo (624)
Ty

This variable should be normally distributed with a mean of 00 and a
width of 1 (sce Fig. 6.9).

6.4.2 Impact Parameter

During a v, 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 1s produced.

If a reconstructed event contains a muon in a primary vertex then thig
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
jet. The muon track is then extrapolated to this new vertex position and
the impact paramater measured. The true value of the impact paramcter
should, of course, be exactly zero. However, due to measurement crrors and
the effects of multiple scattering it will actually be approximately gaussian
in shape, centred at zero with a width which is determined by the resolution
of the detector.

Figure 6.10 shows 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 paramcter significance plot are probably due to neglecting
the fluctuations in the energy loss in the covariance matrix ¢, used in the
track fit.

Figures A.1- A4 show a typical reconstructed v, charged current inter-
action from the 1998 run.
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6.4.3 Kinematics

The kinematic variables defined in Section 1.2 are calculated when an cvent,
is reconstructed with a primary vertex which contains a muon. The cvent is
assumead to be a charged current interaction.

The total energy visible in the event shown 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 VU 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 hadronic system (v) as defined in Eq. 1.9,

The square of the 4-momentum transferred to the hadronic jet (%) is
caleulated from Eq. 1.10 and is shown in Fig 6.12 which also shows W2,
calculated from Eq. 1.15.

Figure 6.13 shows the reconstructed momentum of the leading p% and
the total reconstructed momentum of the hadronic jet.

Figure 6.14 shows X,; and Yy, , calculated from Eq. 1.12 and Eq. 1.13.

Figure 6.15 shows the distribution of momentum times clectric charge
for STAR tracks in the hadronic jet and those not in the primary vertex.

It can be scen that although there is a reasonable agreement between data
and Monte Carlo, the tails of the variables such as v, Q°, yg; 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 Monte Carlo
and data as well 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 which subse-
quently decay with a typical lifetime of the order of 107'%s. This chapter
will illustrate the method used for the scarch for the production and decay
of these mesons in the STAR detector.

7.2 Charm Production and Decay Topology

When 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 will be
hadromised and form part or all of the hadronic jet. This charmed meson will
then travel between approximately 100um and 4rmmn 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 he
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 z momenta of the decay
tracks.
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Figure 7.1: Charm production and decay

For the particular case of STAR, the constraint equations used were:

fi=P=> \/p% +1D2 +12 (7.1)
=1

fo= VP2 M2 —Z\/pii +p2 +p2 +m] (7:2)
1=1

1 tan ©y; >0 Py, + D00 Pa
Vi s [1+ tan (0,.7)]

Where p,,, p,, and p,, are the x y and z momenta of the decay products.
The masses of each track in this hypothesis are m;. P is the unknown total
momentum of the charmed particle and ©,, is the measured angle in the y-z
plane that the particle followed between production and decay, as measured
by the vertex positions in STAR (see Fig 7.2).

For the purposes of the constrained fit, the measured variables (in this
case the measured momenta of each particle and the measured angle ©,,) are
denoted by x; with the original unfitted quantities specifically referred to as

f3 =cos™

(7.3)
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Figure 7.2: Definitions of variables used in charm reconstruction

2. The error matrix of the measured quantities is called G . The unknown
variables (in this case only the total momentum of the charmed meson) are
referred to as y;.

The fit uses the method of least squares based on the assumption that the
variables are distributed normally and that the best set of variables minimises
the chi-squared

x> = Z D (@i — ) (Gr)ij(x; — ). (7.4)

subject to the constraint that the variables satisfy the equations:

In order to achieve this, it is possible to re-express the fit in a more general
way such that the chi-squared minimised is:

X =303 (= ) (Ga)is(ay — 2f) + ) 201 filw,y) (7.6)

j=1 i=1

This requires the solution of the equations:

I 3 [(@ = a7, +aT fola)] =0 (7.7

dx?
i 207 f, =0 (7.8)
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dx”
doy
Where f, = % T”) = df(w and m, the mass.

For the " iterd.tlon of the ﬁt the constraint equations can be expanded
as follows

=2f(x,m;) =0 (7.9)

F o BT =)+ G =y = 0 (7.10)

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

ot = g1 [R + 'ﬁ;’(y”l — -_y”)] [ L1
with R and S defined by

R=f"+ f2(z"—2") (7.12)
S =G (7.13)

It is thus possible to determine the new values of o and y

:L,erl — _ Cf (fy) 1/+1 (714)
v =y = (()'S7R) () SR (7.15)

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

= (@) R 1, (0 - )] (7.16)

The iteration is repeated until some criteria is satisfied. In this case, the
requirements were that the change in chi-squared between iterations be less
than 0.1% and that the sum of the functions fi, fo and f3 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 v, charged cwrrent inter-
actions are DY, Dtand D, some of which are the result of the decay of
higher energy states such as D" and D", Tables 7.1, 7.2, 7.3 and 7.4
show the different decay modes of the D°, DT, D;r and D~ 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 K9 or KO, this is necessary as NOMAD can only identify K.

7.4.1 Decay Modes

Table 7.1 shows the different decay modes of the DY, table 7.2 shows the
decay modes of the DT, table 7.3 shows the decay modes of the D¢ and
table 7.4 shows the decay modes of the D* that were reconstructed in this
analysis.

H Decay ‘ Branching Ratio {from [32]) H

D' — K—grglx0 ~ 15%
DY — K gtgl ~ 13.9%

DY — gt Kin 07" mmz'(j% = 5.3%

D' — mat Kix® m100° =5.0%

D' — 71K} LR A 4C = 2.7%
D' — K—7t ~ 3.83%
FLI S ~ 1.6%
DY — Kgtgta ~ T7.49%
DY — K—rtgtn- ~ 4.0%
D" — prtrta “0 ~ 1.9%

Table 7.1: DY decay modes reconstructed in this analysis

| Decay | Branching Ratio (from [32]) |

Dt — K—gtgt ~ 9.0%
DY — K rtata® ~ 6.4%
DY — K Ktata® ~ 1.1%

DY — antat KY L% 2r 0.6%
Dt — K~ 7'+7'+7T07'0 ~ 2.2%
Dt — o rtgta? ~ 1.9%

Dt — g atata K} =05 — 2.7%

Table 7.2: D decay modes reconstructed in this analysis
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Decay ‘ Branching Ratio (from [32]) ‘

Df — KK atx" ~ 9%
Df — KTK r* ~ 4.4%
Df — K-rt7 K} ~3% — 2 15%
Df — Ktrtr~ ~ 1.0%
Df — rmxtat ~ 1.0%

Table 7.3: D:{ decay modes reconstructed in this analysis

[ Decay Branching Ratio (from [32]) ||
DY — D70 ~ 61.9%
DY — D% ~ 38.1%
DY — DV~ ~ 67.7%
DY — DtgY ~ 30.7%

Table 7.4: D* decay modes reconstructed in this analysis

Each of the decay modes above has been chosen to fulfill & number of
criteria. The decay must produce at least two charged tracks, so that a
second vertex can be reconstructed using STAR. It was also required that
the decay mode only produce particles that can be fully reconstructed in
NOMAD, henee the inclusion of modes with v, 7% and K2. The following
scction 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 EB31 [65]. These
events were observed in quasi-elastic interactions: v, N —— p~ A, A study
with Monte Carlo indicated that due to the nature of the production and low
efficiency of reconstruction, it was not worthwhile to attempt to reconstruct
A7 in the STAR data.

In the following scctions, the plots show a comparison of the 1998 fil-
tered data with cither a sample of charm enriched Monte Carlo cvents for
determination of efficiency, or non-enriched v, CC Monte Carlo events for
background determination.

7.5 Reconstruction of v, 7’ and K2

Photons can be identified in NOMAD 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 which will then be recorded by the drift chambers.

The decay of a 7° produces two photons, so having reconstructed photons,
it is possible to test the invariant masses of pairs of photons to see if any are
congistent with the decay of a 7.

Several decay modes of the charmed mesons under study include a K or
a K0, Hall of these will appear as K which cannot be identified in NOMAD,
however the other half can be detected when they decay into two charged
pions, which occurs approximately 69% of the time. It is for this reason that
the decay modes listed previously only indicated K_g.

7.5.1 VY Reconstruction

The searches for photon conversions and K3 are carried out simultaneously.
If the drift chamber reconstruction proceeded completely to the stage of
identifying sccondary vertices, then cach vertex which is labelled as being a
possible V" decay is tested for four hypotheses:

v—rete” (7.L7)
Ky — o™ (7.18)
A — P~ (7.19)
AV — Prt (7.20)

For each hypothesis, the difference between 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 are within
30 of the true value and whose 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 V' is the
Armenteros plot. This plot displays p,, the transverse momentum of the
positive track with respect to the total momentum of the V° versus the
asymmetry variable:

ik e g
P —p
w="2 !

- N (7.21)
P+
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where pi are the longitudinal momenta of the positive and negative
tracks.

This plot shows photons in the low pi region as a photon conversion
produces an electron and positron which are initially travelling parallel to
each other. The kinematics of the Kg and A decays results in them occupying
well defined regions in the plane, with some overlap.

The Armenteros plot in figure 7.3 shows reconstructed photons in black,
K} inved, 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 K% hypothesis for all
combinations and that for good K5 decays. The mass of the K2 is reproduced
by the plot.

Once a VP has been identified as cither a photon or a Kg., then the
constrained fit is performed to determine the true momentum of the parent
particle.

7.5.2 ECAL ~ Reconstruction

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

7.5.3 7" Reconstruction

Having reconstructed photons through two means, it is now possible to scarch
for 7% decays to two photons.

The invariant mass of each possible combination of two photons is tested
against the known mass. The constrained fit is again used to determine
the best momenta for the #° and as an additional cut, the x? probability is
required to be greater than 0.05.

Figurce 7.6 shows the reconstructed mass for the 7% hypothesis for all
combinations and that for good 7° decays. The mass of the 7¥ is reproduced
by the plot.

7.6 Reconstruction of D', D" and D/

The scarch for charmed meson decays proceeds by looking for cach of the
decay modes listed in Tables 7.1- 7.3 in turn, applying several cuts and if
9

any modes survive, selecting that with the best y~.
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In order for an event to be considered, 1t must have a reconstructed
primary vertex that contains a muon of the correct sign (that is a g~ when
reconstructing v, and a ¢t when reconstructing 7;) 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) are
kept of charged tracks that could possibly be used to form a charm deecay
vertex. These tracks must either have no particle identification, or have been
identified as pions.

The charged tracks must have a momentum of more than 200 MeV. 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
reconstriuction 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 caleulated 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 two vertices, the line of flight of the decay hypothesis is known
and can then be used, along with the reconstructed momenta of the decay
tracks, in the constrained fit.

The constrained fit returns the x? and y? probability as well as the fitted
total momentum of the D meson and 777, 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 below, are used to
retove {non-charm) backgronnd and incorrect decay modes.

7.6.1 Constrained Fit

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

Combinations with a y? less than 20 were kept.
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Figure 7.7 shows the y* 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 MeVirom the
known value are kept.

The distributions of reconstructed mass minus the known mass are shown
in Figure 7.8.

From the uncertaintics in the reconstructed momenta of the charged
tracks and ncutrals, 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 MeVwere
kept. The distributions of uncertainty in the invariant mass are shown in
Figure 7.9.

7.6.3 Distance of Flight

From the Monte Carlo, it is seen that the distance travelled by the D mesons
between production and decay rarely exceeds 4mm. Bevond 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 distance of flight in the Z direction exceeds 4mm are excluded.

The distributions of distance of flight in the Z dircction are 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 low, and hence the reconstructed Z
position is poorly known, a cut was made on the reconstructed uncertainty
in the Z position (o).

Events with a value of g greater than 400um were rejected.

The distributions of distance of o are shown in Figure 7.11.

7.6.5 Reconstructed c7

If the distance travelled by the D meson between production and decay as
well as the momentum are known, 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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Figure 7.7: Distributions of the x? returned by constrained fit
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where 7 is the lifetime of the meson and ¢ the speed of light. If the measured
distance of flight is d and the Lorentz factors 3 and ~ are determined from
the reconstructed momentum, then the lifetime can be determined from:

_d
By
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 ¢r of the decay. A cut is made on the normalised ¢r, which
is the reconstructed cr divided by the known value from [32]. Events with a
normalisced value of e¢7 greater than 6 are rejected.
The distributions of distance of normalised ¢ are shown in Figure 7.12.

T

(7.22)

7.6.6 Fitted Total Momentum

The constrained fit returns the total momentum of the D meson under
the hypothesis under test. Combinations with a fitted momentum between
2 GeVand 40 GeVwere kept.

The distributions of fitted momentum are 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 P, which is defined

Pma-a: _ R'e(-on.sir'u.clﬁd (723)
v EhmiQ - ﬂ{l—DZ

Here Eh,q is the visible hadronic energy and M, is the PDG value for
the mass of the D meson in the hyvpothesis under test.

Lo can range from low values, when the D meson catrried a small fraction
of the total hadronic energy to 1, if the only hadronic product is the D meson
itsclf.

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

The distributions of P, are shown in Figure 7.14.

7.6.8 Total Momentum in Rest Frame

As deseribed above, the constrained fit calculates the total momentum of the
decay products in the rest frame (P})) of the D meson, using the fitted total
momentum and PDG mass to calculate the boost.
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Figure 7.12: Distributions of the normalised c7
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Combinations with £}, less than 200 MeVwere kept.
The distributions of P}, are shown in Figure 7.15.

7.6.9 Topological Cuts

Two variables Oy and @y are defined in Figure 7.16.

The variable Gy is the angle in the YZ plane that the line of flight of
the I meson makes with the Z axis. This is the same angle used in the
constrained fit.

The variable @y, is the angle between the angle Oy, and the angle
formed by the fitted total momentum of the charm decay products in the YZ
planc.

Events with an absolute value of @y 7 greater than 10° are rejected as arce
those with an absolute value of ®y; greater than 10°.

The distributions of @y 7 are shown in Figure 7.17.

The distributions of @y, are shown in Figure 7.18.

7.6.10 Charge Sum

When a v, charged current interaction occurs on a neutron or proton, con-
servation of charge requires that the total charge of the hadronic jet be either
+1 or +2.

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

When the primary vertex is fitted without the tracks used for the charm
decay vertex, it will contain the reconstructed muon and at least one other
charged track. The variable €, is defined as the total charge of all the
charged tracks in the primary vertex except the muon.

The variable (.., can thus take a number of values, depending on the
type of D meson under investigation. If a DY is being reconstructed, then
() gum can either be +1 or +2 while if a D' or D§ is being reconstructed then
(2 snn, ST be cither O or +1.

The cuts applied are exactly those deseribed above.

The distributions of Q. are shown in Figure 7.20.

7.6.11 Summary of Cuts

The cuts deseribed in sections 7.6.1- 7.6.10 above are summarised in Table
7.5 which shows the number of combinations passing cach cut.

To create this table, a sample of simulated v, charged current events, in-
cluding both chaym and non-charm events, were reconstructed and analysed
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Figure 7.16: Definitions of Angles Oy 7z and ®y 4

using the procedure described above. It should be noted that the number of
combinations surviving a certain cut does not equate to a number of charm
events, but to the total number of combinations over all events that survive
the cuts to that stage. Of the combinations surviving the full set of cuts,
some will be different interpretations of the same event (for example a DT or
D decaying into the same mode) and others will be non-charm background.
The calculation of the reconstruction efficiency and predicted background
rate for each charmed meson will be discussed in section 8.4.

For a given event, if there are one or more combinations that survive all
the cuts, then that combination with the best kinematic fit is retained.

Figures A.5- A.8 show a reconstructed Monte Carlo event in which a D°
has been produced and subsequently decayed into a K~ and 7.

7.7 Reconstruction of D and D"

If a D° or Dt is reconstructed in the event, then a second search is made,
for the decay of a D*.

Depending on the D meson that has been reconstructed, combinations
of 7%, 7® and « are combined with the reconstructed D and the invariant
mass is calculated. A test is then made on the invariant mass as well as the
invariant mass difference:

* _ D* D
A7 ies = MASS, . — MASSy e, (7.24)

If the reconstructed invariant mass is within 150 MeVof the known (PDG)
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Figure 7.17: Distributions of ©yz, the angle that the line of flight
of the D meson makes with respect to the Z axis (°).
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Q=12 Q=0,12

Figure 7.19: Charge assignment in a v, charged current interaction
used in the definition of Qgym,-

H Cut ‘ Number of combinations ‘ Efficiency ‘ Relative Efficiency H
x? <20 7567 100.0% 100.0%
Omass < 160 MeV 6645 87.8% 87.8%
Apass < 150 MeV 6370 84.2% 95.9%
Ay <4000 pm 5376 71.0% 84.4%
oz < 400 pm 5265 69.6% 97.9%
e <6 5057 66.8% 96.0%
2 < Pp <40 GeV 5056 66.8% 100.0%
Praz > 0.5 1910 25.2% 37.8%
P} < 200 MeV 1573 20.8% 82.4%
Oyz < 10° 1528 20.2% 97.1%
by, < 10° 1484 19.6% 97.1%
Qsum = {0,1,2} 1083 14.3% 73.0%

Table 7.5: Charm event selection and efficiency from v, charged
current Monte Carlo.
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Figure 7.20: Distributions of (Qsym, the total charge of the hadronic
jet minus the charge of the D Meson.
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value and the mass difference is within 100 MeVof the known value (A% ).},
then the combination i8 kept.

If more than one combination in the event survive these cuts, that com-
bination with the lowest difference A7 = — A%, is kept.

mass

7.8 Comparison of Monte Carlo and Data

Figure 7.21 shows two scatter plots of the difference between the recon-
structed and true charm meson mass versus the separation of the recon-
structed vertiees in the Z direetion divided by the uncertainty in the separa-
tion. In the top figure, the small points represent Monte Carlo background
events while the larger open cireles represent Monte Carlo charm events. The
lower figure is the same as the top, except that events passing all the cuts
in the data are now superimposed ag filled large circles, indicating that the
distribution of events reconstructed as charm in the data agrees well with
the predicitions of the Monte Carlo.
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Figure 7.21: Scatter plot of the difference between the reconstructed
and true charm meson mass (GeV) versus the separation in Z of the
reconstructed vertices divided by the uncertainty in that separation
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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 Monte Carlo events consisting of v, CC,
v, CC and v, NC.

8.2 Filter

During the 1998 data-taking run, approximately 63 million events were 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 NOMAD 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-NU trigger.
Ouly 2% of STAR-NU triggers turned out to be actual 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 was to select only STAR-NU triggers from the
raw NOMAD data.

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

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

e STAR Track Events - Events which did not pass the STAR Vertex
Event criteria but which had at least one reconstructed STAR track.
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e DC Vertex Events - Events not passing the two criteria above, but for
which the DC reconstruction produces a primary vertex in STAR.

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

Table 8.1 shows the number of events assigned to cach of the four cate-
gories described above.

H Event Category ‘ Number of Events H
STAR Vertex Events 11632
STAR Track Events 29442
DC Vertex Events 4600
(Other 377275
| Total STAR-NU 423249 |

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

It was shown with Monte 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 STATR tracks and so the data sample used is only
those events in the STAR Vertex Event categorv. 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 STATR reconstruction described in Chapters 4- 7 was added into the
standard NOMAD reconstruction, however the output was a set of ntuples
containing information specific to STAR, rather than the usual NOMAD
DST.

8.3.1 Monte Carlo

Table 8.2 shows the reconstruction efficiencies for v, CC Monte Carlo events.

The criteria for accepting an cvent as having a vertex, is that a vertex
is reconstructed from 2 or more STAR tracks, whose position falls in the
following volure:
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—36¢cm < x < +36em (8.1)
—3%cm < y < —Tem (8.2)
+3cm < z < +19¢m (8.3)

If an event has a vertex satisfving 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 now be extrapolated to the new position of the
vertex and the impact parameter calculated (sce Figure 1.6).

H H Number of Events ‘ Efficiency ‘ Relative Efficiency H

All Events 62880 100.0% 100.0%;
Events with a Vertex 57602 91.6% 91.6%
Vertex and a p~ 44678 T1.1% T7.6%
Impact Parameter 19114 30.4% 42.8%

Table 8.2: Reconstruction Efficiencies for v, CC Monte Carlo

The equivalent information for ncutral current Monte Carlo is shown in
Table 8.3.

H H Number of Events ‘ Efficiency ‘ Relative Efficiency H

All Events 15011 100.0% 100.0%
Events with a Vertex 11741 78.2% 78.2%
Vertex and a p~ T 0.5% 0.6%
Impact Parameter 33 0.2% 42.9%

Table 8.3: Reconstruction Efficiencies for v, NC Monte Carlo

For 7, CC cvents, it is no longer sensible to talk about a leading i, so
Table 8.4 shows the efficiency for reconstructing a vertex with a pt.

8.3.2 Data

During the 1998 data taking period, the neutrino beam was run in several
different configurations. Most of the time the horn and reflector were config-
ured to produce a predominantly v, beam. A subset of the data was taken
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H H Number of Events ‘ Efficiency ‘ Relative Efficiency H

All Events 20388 100.0% 100.0%
Events with a Vertex 16982 83.3% 83.3%
Vertex and a p' 15605 76.5% 91.9%
Impact Parameter 5867 28.8% 37.6%

Table 8.4: Reconstruction Efficiencies for v, CC Monte Carlo

with the polarity of these focussing elements reversed, which resulted ina v,
beam.

For this reason, Table 8.5 shows both negative and positive muons, as
the reconstruction would look for a g~ when the the neutrino beam was
producing v, and a pt when the beam was 7.

H H Number of Events ‘ Rate H

All Events 11528 100.0%
Events with a Vertex 10846 94.0%
Vertex and a jo— 5099 44.2%
Vertex and a pt 591 5.1%
| Vertex and a p* | 5690 | 49.3% |
Impact Parameter (p27) 1393 12.1%
Impact Parameter (p7) 152 1.3%
| Impact Parameter (p*) | 1545 | 13.4% ||

Table 8.5: Reconstruction Rates for 1998 Data

8.4 Charm Search

For each of the charmed mesons, Monte Carlo was used to determine the
reconstruction efficiency and expected background. In order to normalise
the Monte Carlo and data samples, the number of events in which an impact
parameter is measured was used. As was shown in Table 8.2 and Table 8.3
the vast majority of cvents with a reconstructed impact parameter will be
from charged current interactions.



8.4.1 Monte Carlo Signal

In order to determine the efficiency of reconstructing charm, a separate sam-
ple of Monte Carlo charm cvents was produced, using a modified version of
NEGLIB that generated cvents normally, but only wrote the cvent to disk
if a charm quark was produced in the initial interaction. This Monte Carlo
charm sample consisted of 7511 events, distributed as shown in table 8.6.
The total number of simulated charm events 18 shown as well as the total
number of simulated events in which an impact parameter is reconstructed.
The DY and D+ entries include those events in which a D* was produced
and subscquently decayed into a DY or DY,

H Charmed Particle ‘ Number of simulated events ‘ Number with Impact Parameter H

D’ 4574 1586
DT 2441 845
I 110 38
Other charm 386 133
Total charm 701l 2602 ‘
e 3014 1044
Dt 1871 648

Table 8.6: Numbers of charmed particles in Monte Carlo

Table 8.7 shows the efficiency for reconstructing different charmed mesons
as determined from the charm Monte Carlo. It can be seen that the efficiency
for reconstructing a D is significantly higher than that for a DY or D,
This is primarily due to the greater number of decay modes for the DF
which contain only charged decay products as well as kinematics of the decay
resulting in lower combinatorial background, resulting in less stringent cuts.

H Charmed Meson | Events Reconstructed ‘ Efficieney H
DY 161 3.51+0.27 %
Dt 86 3.52+£0.37 %
Df 14 127432 %
DY 23 0.76 £0.16 %
Dt 18 0.96 +0.23 %

Table 8.7: Efficicncy 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 cach charmed particle was determined from Monte
Carlo in terms of the number of events with a measured impact paramcter,
so that the expected background in the data can be casily determined.

A sample of general v, charged current Monte 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
when there was none, or in which the decay mode or identity of the meson
was incorrectly reconstructed was determined.

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

H Charmed Meson | Number Reconstructed ‘ Background rate H

P 183 0.957 & 0.070 %
D' 52 0.272 £ 0.038 %
D7 71 0.371 + 0.044 %
D" 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

8.4.3 Systematic Uncertainties

In order to measure the cffect of systematic uncertaintics, cach 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 0.5% and 1.8%.
Ag 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

We are 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 nunber of charm mesons of each type
that were produced in the data.

H Charmed Meson H Reconstructed ‘ Estimated Background H Estimated Number ‘

DY 24 13.33 £ 0.98 304 £ 144
Dt 10 3.79 £ 0.53 176 £ 93
5,8 11 517 £0.61 46 £ 26

DY 11 9.18 (.82 239 £ 451
B 3 1.82 £ 0.36 123 + 187

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

In the limited sample of 7, charged current data taken when the neutrino
beam was altered to produce predominantly 7, onc event was found with
a reconstructed charmed meson. This event was reconstructed as DV —s
D7 and is in addition to the 45 events described above. Due to the lack of
statistics, an analyvsis of the production of anti-charm by anti-neutrinos will
not be attempted in this thesis.

The reconstructed mass of the D mass (see Figure 8.1) is determined to
be 1.875 = 0.075 GeVwhich agrees with the world average of 1.8645 + 0.0005
GeV.

The reconstructed er (see Figure 8.2) of 145152 um is consistent with the
world average of 123.7 £ 0.8um.

The reconstructed mass of the DT (see Figure 8.3) is determined to be
1.880 4 0.088 GeV, which agrees with the world average of 1.8693 L+ 0.0005
GeV.

The reconstructed cr (see Figure 8.4) of 2137 um is consistent with
the world average value of 315 = 4um.

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

The reconstiucted ¢r (see Figure 8.6) of 19913
the world average value of 148.6%3 _um.

The reconstructed mass of the D (see Figure 8.7) is determined to be
1.973 £ 0.046 GeVwhich agrees with the world average of 2.0067 £ 0.0005
GeV.

The reconstructed mass of the DT (sce 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

g is consistent with
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33 GeVare shown in Table 8.10. The “Total Charm” rate is determined by
the sum of the DY, DT and D rates. The rates quoted for the D and Dt
include those events where the DY or DT was reconstructed as the decay of
a D,

H Charmed Meson H Number of Events ‘ Production Rate ‘

D° 304 4 144 124£20%
D+ 176 + 93 24£13%
Dt 46 + 26 0.64+0.36 %
D" 239 £ 451 33+62%
D¥ 123 +187 1.7+26 %

| Total Charm [ 5261174 [ 72424% |

Table 8.10: Production rates of charmed mesons as a fraction of v,
DIS charged current interactions

Even though the individual rates of cach of the exclusive channels D, DT
and DY are not significantly meagsured {a respective significance of 2.1¢, 1.8¢
and 1.87), 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 with a small
efficiency. With additional target mass, additional tracking stations and a 3
dimensional reconstruction (strips in both the x and the y direction) some of
the cuts could be tightened to produce higher efficiencics, thereby improving
these measurements. The DY and DT 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-scctions
of individual charmed particles by neutrinos was E531 ( [64], [65]). This
experiment was able to reconstruct the primary neutrino interaction and the
charm decay in a nuclear emulsion.

EB31 observed the production and decay of DY, DT, D} and A particles.

Table 8.11 shows a comparison between the observed rates of production
of charmed mesons in STAR and Eb31. As NOMAD-STAR did not attempt
to make an inclugive measurement of the charm production cross-section, the
rates arc presented in terms of the production of the DY.

H Charmed Meson H Rate in STAR ‘ Rate in E531 H

D" 100% 100%
DT 58 & 41% 72 £ 18%
D 16+ 12% 11+ 7%

Table 8.11: Comparison between the observed production rates of
charmed mesons in STAR and EB31.

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 signaturc. Although a scarch for dimuons was not performed
in STAR, it is possible to use the known semi-leptonic branching ratios of
the charmed particles in [32] and the observed charmed particle production
in STAR to estimate the dimuon rate that would be observed at STAR.

This rate was determined to be 0.4140.14% 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 scen that, within the relatively large statistical uneertainties,
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 necutrino factory is a proposed facility in which a very high numhber
of muons (approximately 10*° 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 down-stream from one of the two 150 metre long straight sections

154



G/J.—/.H/UCC

0.01 —

T
——

0.008 —

T
——

0.006 =

0.004

A STAR
0.002 O NOMAD
% CDHS
* CCFR
0 L Ll L L ‘
100 150 200 250 300

Neutrino Energy (GeV)

Figure 8.9: Neutrino-induced opposite sign dimuon rates corrected
for acceptance and kinematic effects assuming a charm mass of 1.3
(GeV/c?). This figure has been taken from [6] and a point added to
represent the STAR data

155



of a 50 GeVmuon storage ring (see Figure 8.10). From this estimate, and
using the measured efficiency of STAR, it can be determined that if the STAR
detector was part of a near detector at a neutrino factory, it would record
200 million events per year, and would thus reconstruct approximately one
million charm events per year!

150m 30@m

D

Near Detector

50 GeV

Figure 8.10: Schematic view of the muon storage ring and a near
detector at a neutrino factory.

With such a high number of reconstructed charm events, the production
cross-sections could be measured to high accuracy. In addition, the CKM
parameter V.4, currently known with a precision of approximately 5%, could
be measured by comparing the rates of production of charm and anti-charm
by neutrinos and anti-neutrinos. Lastly, a neutrino factory beam could be
used to search for D° — DO mixing, and CP violations in charm mesons as
the beam produced at a neutrino factory consists of either v, and v, or v,
and v,. A charged current interaction, producing charm or anti-charm, can
be labelled by the sign of the lepton produced at the primary vertex, and
so the initial charmed particle can be tagged from the primary interaction,
while a search is made for the decay of both D° and D?.
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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
NAUSICAA-like detector in order to demonstrate the ability of such a de-
tector to measure v, () <> v, oscillations.

The impact paramcter resolution of the STAR detector was found to be
28m, agreeing well with Monte Carlo and indicating that STAR could he
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, D, DT,
D" and DY’ mesons. The search utilised both the tracking and high resolu-
tion vertexing capabilities of the silicon detector and the precision momentun
measurcement capabilities of the drift chambers. This scarch resulted in the
reconstriction of 45 charm cvents, of which 22 were estimated to be back-
ground. The inclusive rate of production of charm in deep ineclastic charged
current v, 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 with previous experiments.

The measured impact parameter resolution and ability of STAR to re-
construct charm decayvs indicates that it would be possible to use a similar
detector to reconstruct the decay of a 7+ and therefore could be used in an
appcarance scarch for 1/,,‘(%) < 1. oscillations.

It should be noted that as the STAR detector was only able to make pre-
cision measurements in the Y axis, the 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 heen determined that even without modification, the STAR
design would be able to make a significant contribution to necutrino, charm
and CP physics at a future neutrino factory facility.



Appendix A

Images from the STAR version
of matchgraph

The following figures arc images taken from the NOMAD cvent display pro-
gram {matchgraph) as modified to include the reconstruction of the STAR
detector.

In the views showing the whole of NOMAD and the Drift Chambers,
particles may be identified by the line style and colour. Muons are indicated
by a solid green line, pions by a solid red line, and other tracks without
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 closc-up views 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, which is the ellipse of
error determined from the kalman vertex fit. In addition, the primary vertex
has a distance scale, the longer marks are spaced 100 pm apart, to give an
inidecation of scale.
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Appendix B

Cuts used in the reconstruction
of silicon hits

Plane | Ladder | Seed Cut | Neighbour Cut | Cluster Cut
1 1 4.1 0.5 4.8
1 2 4.1 0.5 5.0
1 3 4.0 0.5 4.3
1 4 1.1 0.5 1.8
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 9 3.9 0.5 5.0
1 10 4.0 0.5 2.0

Table B.1: Signal/Noise cuts used to reconstruct hits in Plane 1



Plane | Ladder | Seed Cut | Neighbour 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 5.1
2 D 4.4 0.5 3.8
2 6 4.3 0.5 6.1
2 7 4.3 0.5 2.3
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 B.2: Signal/Noise cuts used to reconstruct hits in Plane 2

Plane | Ladder | Seed Cut | Neighbour Cut | Cluster Cut
3 1 4.4 0.5 5.4
3 2 3.7 0.5 4.9
3 3 3.7 0.5 4.4
3 4 3.8 0.5 4.5
3 H 3.8 0.5 1.4
3 6 3.5 0.5 4.0
3 7 3.7 0.5 4.3
3 8 3.9 0.5 4.9
3 9 3.9 0.5 1.6
3 10 3.9 0.5 0.0

Table B.3: Signal/Noise cuts used to reconstruct hits in Plane 3
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Plane | Ladder | Seed Cut | Neighbour Cut | Cluster Cut
4 1 3.9 0.5 4.8
4 2 3.9 0.5 4.7
4 3 4.0 0.5 2.0
4 4 3.7 0.5 4.5
4 D 3.0 0.5 4.7
4 6 3.8 0.5 4.6
4 7 3.9 0.5 52
4 8 3.9 0.5 4.6
4 9 3.8 0.5 4.6
4 10 4.1 0.5 2.6

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

Plane | Ladder | Seed Cut | Neighbour Cut | Cluster Cut
5) 1 4.3 0.5 0.0
5 2 3.8 0.5 4.6
5 3 3.9 0.5 4.6
5 4 3.9 0.5 5.2
) H 3.4 0.5 1.8
5 6 3.7 0.5 4.6
5 7 4.0 0.5 4.8
5 8 4.4 0.5 5.2
) 9 4.2 0.5 5.1
5) 10 3.4 0.5 3.8

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