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Abstract

MINOS (Main Injector Neutrino Oscillation Search} is an experiment currently
running in the US. A beam of neutrinos is created at Fermilab, Chicago. measured in
the 1 kiloton "Near Detector’ and then travels 730km to the b kiloton "Far Detector’
in the Soudan Mine, Minnesota. In the intervening time, it is hoped that some of
these neutrinos will change from one flavour to another. If this is observed, it is
strang evidence for neutrino oscillations, the parameters of which can be measured
to 10%.

The MINOS experiment is a large project with a huge number of technical issues.
Many aspects of the experiment were tested several years before the main experiment
itself began to run, by employing a scaled down version of the detectors, known as
the Calibration Detector (CalDet). This was placed in a test-beam at CERN and
extensively studied, the data from which is analysed in this thesis.

In this thesis, photomultiplier tube crosstalk is discusseed, a phenomenon which
senerates false signals in the MINOS detectors. [t is studied and an algorithm pre-
sented to enable its removal. Particle identification via various methods at CalDet
is also described. Various pieces of hardware are available to assist with this, and
a comparison is made to software technigques which are used at the larger MINOS
detectors. A study of the CalDet beamline simulation is carried out and the discrep-
ancies with data highlighted and explained. Finally, muon energy loss in CalDet is
investigated. A comparison is made between published data and the observed data.

NEMO-3 is an experiment that has been running for some time in the Fréjus
tunnel between France and [taly. It is a 0v5 3 experiment, hoping to show that the
neutrine is a Majorana particle and set limits on its mass.

This experiment, like every, has backgrounds. The dangerous background signals



that arise from the radioactive decay of Uranium and Thorium are discussed in
this thesis, specifically the measurement of the gquantity of *®T1 and ?"Bi in the
source foils of the detector. This is achieved by using Monte Carlo simulations of
the contaminants behaviour in the detector, developing cuts on these events and

applving them to the dataset.
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Chapter 1

Introduction

1.1 A Brief History of the Neutrino

o 1896: Becguerel observes thal uranium minerals emit radiations that can be
recorded’ on photographic emulsions. In this process. elementary particles
are created apparently from nowhere and chemical elements spontaneously

transform from one to another,

s 1930: o-particles and ~-rays are understood to some extent, but f-rays appear
to exhibit non-conservation of energy. Pauli proposes the existence of the
‘neutron’ in a drastic attempt to solve the problem [1].

o 1932: Chadwick discovers the neutron as it is known today, but it is teo heavy

to solve the g-ray problem [2].

¢ 1933: Fermi builds the theory of f-decay and the weak imteraction around

Pauli’s hypothesis, naming the illusive particle the neutrino’ [3].

o 1935: Maria Goeppert-Mayer predicts the existence of the two peutrino double
beta decay process [4].

» 1939: W. H. Furry proposes neutrinoless double beta decay, based on Majo-
rana’s idea that a particle could be its own anti-particle [3].

o 1956: Frederick Reines and Clyde Cowan make first experimental detection

of the neutrino by observing neutrinos from a nuclear reactor interacting with

17



14,

A BRIEF HISTORY OF THE NEUTRINO 18

a mixture of water and cadminm chloride [6].

1957: Madame Wu shows that the weak interaction is "left-handed’ by observ-
ing that S-particles are preferentially emitted in a direction correlated with the

nuclear spin 7).

1957: Bruno Pontecorvo postulates that if different types of neutrino exist,

they might be able to oscillate’ from one type to another [8].
1961: The v, is first experimentally observed [9].

1968: Ray Davis makes the first experimental measurement suggesting a dis-
crepancy between the number of v, peutrinos emitted by the sun and the

number arriving at the earth [10].

1983: Atmospheric v, deficiency first observed [11, 12].

1987: 19 peutrinos observed from supernova SN1987A |11, 12].

1991: LEP shows that there are ouly 3 active neutrino species [13, 14, 15, 16].
2000: The 1 is first experimentally observed |17}

2003: SNO shows that the total number of neutrinos arriving at the earth

from the sun is in agreement with stellar models [18].

2004: Super-K data supports neutrino oscillations by observing a zenith angle

dependence of v, deficit [19].

Today, there is extremely strong evidence to suggest that neutrinos have non-zero

mass and that they can oscillate from one flavour to another.

The questions that remain today are:

» What the absolute values of their masses?

» What the values of the oscillation parameters?

Twe experiments thal are in operation today are addressing these guestions.

NEMO-3 is & neutrinoless double beta decay (0rG5) experiment that is hoping to
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find or improve the Hmits on the mass of the neutrino. MINOS is & long-baseline neu-
trino oscillation experiment that hopes to measure oscillation parameters to better

than 10%.



Chapter 2
Neutrino Physics

2.1 Introduction

The neutrino is one small component of the theory known as the Standard
Model |20, 21]. It is the theory that describes all of the particles in nature and
their interactions with each other. It is an incredibly successful theory having made
predictions that were proven by experiment and having stood up to rigorous sci-
entific testing., However, many believe that the Standard Medel is an inconplete
theory on account of the fact that many fundamental parameters are arbitrarily set
and do not naturally evolve from the theory itself. Allowing massive neutrinos also

requires an extension to the existing theory.

2.2 The Standard Model

According to the Standard model, there are two types of fundamental particles:
fermions and bosons. Fermions are the constituents of matter and bosons are the
force carrying particles. The three forces by which these particles interact are the
Stroug force, the Weak force and Electromagnetisin. The force of Gravity is not

included in the Standard Model.

20



2.2. THE STANDARD MODEL 21

2.2.1 Fermions

All fermions have 1/2-integer values for their spin guantum number. They can
be subdivided into quarks which can interact with other particles via all three forces
and leptons which do not. Each of the two groups of particles have six species,
plus their antiparticle partners. [t is convenient to further separate the leptons and
quarks into generations which are indicative of their mass hierarchies. Within the
lepton sector, the first generation doublet is therefore composed of the negatively
charged electron (e ) and an electron peutrino (#.). The second generation consists
of the muon (u) and the muon neutrino(z,) and the third generation comprises the
tau (7} and the tau neutrino (7). Muons and taus are unstable particles that decay
into lighter charged leptons, but always accompanied by their counterpart neutrino.
Neutrinos are only able to interact with other particles via the Weak Force, whilst

charged leptons can also interact via Electromagnetism,

15 1
Leplons : 4 !
e I T
Charge Mass o
Gen. | Flavour Lifetime
Q@ | (MeV)
e ~1 (.51 >4.2 x 104 yr
1 \
Ly 0 <3x107% | >21x10%
1 -1 105.7 2.2 x 107 %
2
By 0 <0.19 >2.9s
T -1 1777 291 x 107 1%
3
P 0 <18.2 -

Table 2.1: Some properties of the known leptons [21].

All guarks carry an electromagnetic charge that is some fraction of the absolute
charge on the electron: the up (u), charm (¢) and top (t) quarks possessing +2/3, and
down (d), strange (s) and bottom (b) quarks carrying -1/3. They can be arranged

into generations as follows:
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© t
d g b

Cuarks :

Quarks also carry the colour “charge’ associated with the strong force. Quarks can
be red, green or blue with anti-quarks being anti-red, anti-green or anti-blue. A
property of the strong force is that guarks canpot exist individually. Tn nature they
form hadrons which are colour-neutral collections of two or three guarks that carry
integer or zero electromaguetic charge. Hadrouns formed by three gquarks, each with
a different colour, are known as baryvons., Common examples of barvous are the
proton (uud} and the neutron (udd). Two-quark hadrons, one being a gquark and
the other being an anti-guark, are known as mesons, an example being the the 7=

(@d).

2.2.2 Bosons

Bosons have integer or zero values of spin. Bosons act as force carriers that permit
interactions between particles, each force having one or more bosons associated with
it. The properties of the boson itself are an important part of the manifestation of
the force; for example the range of the force is inversely proportional to the mass of
the boson.

The Electromagnetic foree is the simplest in many ways, with a single, massless,
chargeless boson as the force carrier: the photon. The range of this force is infinite
and it is only felt by particles that carry an electric charge.

The Strong force is mediated by eight massless, chargeless but coloured bosons
known as gluons. Unlike photons, gluons can couple to each other and the force
between them increases with their separation. When they become too far apart, the
potential energy in the bond between them creates quark-anti-quark pairs from the
vacuum. This prevents guarks existing in isolation and also effectively reduces the
strang force’s range despite the gluons being massless.

The Weak force is of most interest to peutrino physics since it is the only force
by which the neutrino can interact. It is carried by three massive bosons, the W,

W and the ZU. The W bosons are electromagnetically charged and have masses
D o oD
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of 80.45 GeV. The ZU has a mass of 91.2 GeV and no charge. The high masses of
the weak bosons cause the force to be very short ranged.

Weak interactions have a strange property in that they violate parity. It was indi-
rectly observed that neutrinos produced from f-transitions of magnetically polarized

cobalt muclei [7] in the reaction:

Bt N ol (2.1)

preferentially travelled in the opposite direction to that of the nuclear spin of the
cobalt. This mplied that only left-handed chiral fermions and right-handed chiral
antifermions participated in weak interactions. In the case of massless neutrines, the
left-handed chiral states are identical to the observable left-handed helicity states.

For Dirac particles, the mass term:

—mptp = —m(g + ¢L) (hr + ¥ = —m(gpvr + ) (2.2)

always connects the opposite chiral components of the same field. Thus the absence
of either ¢y or ¥ automatically leads to m=(0. With no right-handed peutrinos
observed, they were assumed not to exist and this lead to neuntrine masses heing
defined as zero within the standard model, although extremely small neutrine masses

(~ few eV} are still consistent with the observed parity violation.

2.3 Mass in the Standard Model

The standard model is & SU(3) @ SU(2) @ U(1) gauge theory [22]. In guantum
field theory, fermions are described in terms of Lagrangians and field equations.
When a local gauge symmetry is imposed on a fermion field, a conserved guantity
can be defined. In this case, the conserved guantity is the charge associated with

the force involved. If we take for example the Lagrangian [23] of a free fermion:

L =4 (in#d, — m)y (2.3)

and local U(1) symmetry of the forme
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qgi; sl qgi;‘ — (31.(}(“4")@19{; (2.4)

is imposed, the Lagrangian for quantum electodynamics (QED) is obtained:

5 = i
L = 9l = ) — ey QU A" ~ _Fy (2.5)

where A" is the field required to preserve the invariance and Fj, = gAY — g A",
For local gauge invariance the interaction term —edy” Q4 between the fermion field,
i, and the photon field A% is necessary. Q is the charge operator whose eigenvalaes
are conserved guantities; in this case, electromagunetic charge.

The electromagnetic and weak forees are unified in electroweak theory by the
imposition of SU(2)"® U(1) symmetry. If one requires this gange invariance, four
fields are introduced adding the following interaction terms to the Lagrangian:

_ 7. Y
~gXr 1T e Wy, = gy, 5o B* (2.6)
where W# and B¥ are the vector fields introduced to preserve the gauge invari-
ance. T and Y are the operators. the eigenvalues of which are conserved guantities
soverning the strength of the coupling.
We know the W* bosons only couple with left-handed fermions, therefore the

fermion fields must be separated into left and right chiral projections:

v, 7
- & q _
Xy = B b
e d
2 i (2.7)
P = ey PR = up,dg

There 18 no right-handed neutrino state in the standard model.

Although we have four fields represented by four gauge bosons, unfortunately
they are not the observed W, Z% and «. Due to the requirements of gauge invariance
and theory renormalization, the four bosons must be massless. A separate process
is required to obtain the familiar bosons and to generate mass for the W+ and 7

bosons. This process is known as the Higgs Mechanism [24].
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Underlying the Higgs mechanism is the concept of spontaneous symmetry break-
ing. If we consider the four scalar particles, ¢;, with a SU(2)2U(1) gauge invariant
Lagrangian given by:

v 2

L= (i(‘},u —~gTe W,u - 9;5795}8;5}4) (2.8)
It is necessary now to make the assumption that the vacuum is not a singlet of
the gauge symmetry but rather that there are an infinite number of states with the
same ground-state energy. The process of choosing one of these states is known
as Spontaneous Symmetry Breaking as after this choice U(1} transformations can
result in a different lowest energy state. Through this process fields obtain non-zero
vacuum expectation values. The Higes potential is an example of this and can be

expressed mathematically as:

V(p) = g + (2.9)

with pu? = 0 and A > 0.

If this term is added to the Lagrangian, gauge invariance is preserved but the
scalar fields acquire a pon-zero vacuum expectation value, It also introduces an
extra degree of freedom for each field resulting from the degeneracy of the vacuum

state, often expressed as a Goldstone boson [25].

The Higgs Potential: V(¢) = %y,zq)z + i},qﬁ

Figure 2.1: Showing the Higes Potential in 3 Dimensions.

The Higgs scalar fields can be defined as an SU(2) doublet:
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Pt 1 oy 4 ido
3z e (2.10)
¢° V2 b3 + s

The symmetry is broken by choosing one true vacuum state:

1 0

=5\ (2.11)

with v = /—p2/\
Once this choice is made the gauge symmetry is spontaneously broken and the
vector fields W and B become massive. The extra degrees of freedom due to the
four degenerate vacua of the ¢ fields become the longitudinal polarizations for the
W and B fields.

The W}L and W;‘i fields now correspond to the massive Wj and W gauge fields.
The physical Z,, and A, fields are obtained from a mixing of the \’Vi and B,

Z¥ = cos t’:’wW!f ~ sinéy, B, (2.12)

AP = 5in 0, W) + cos 0,8, (2.13)

where cosfl,, is known as the Weinberg or weak mixing angle and can be expressed

as the ratio of the Z° and W# masses [26]:

My
S 0.87679 2,14

#1

cosfy, =

Although the W and B fields are massive, A, is chosen such that the operator
associated with it is Q = T% 4+ Y/2 and Qs = 0. Therefore, spontaneous symmetry
breaking generates mass for the W* and Z bosons but the photon remains massless.

The Higgs scalar fields were introduced to generate mass for the W¥ and the 7
bosons but we can also consider its interaction with the fermion fields. It is possible
to write down the Lagrangian for the Higes-fermion couplings, which connect the
left-handed doublet to the right-handed singlet fermion fields. For the first genera-

tion of leptons and quarks:

L= f"’){%(ﬁge;g + %3 doun + fag)?i(f)l}dfz + h.e (2.15)
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where ¢ = ity and [ are the Yukawa coupling constants for the z-Higes inter-
actions.

With equation 2.11, symmetry breaking gives:

3]

11 21 —
erep+ f—— didg + h.c 2.16
/2 Lep § /3 2 g (2.16)

Therefore, all of the fermions have acquired a mass of %

L= f¢ upug + f4

i

V2

except the neutrino.

2.4 Massive Neutrinos

The standard model reguires an extension to incorporate massive neutrinos, but
it is only a minor modification. The mass terms described previously have been
Dirac mass terms, which couple left- and right-handed fields together. Dirac mass
terms are the only kind available to charged particles. However neutrinos, being
neutral, also have Majorana mass terms available to them. These couple particles
to their anti-particles.

Defining the following conventions for the charge-conjugation operator, C, and

the chiral fields, ¢; and ¢y

fyf}c = C"}«'D'z!{;* e 7}'}:22!{;* (21?)
7, E i i 1 i
P = 5(1 — V), g = 5(1 + Y5 )4 (2.18)
3 & E i g 3 g
Uf = ()¢ = S+ m = @)k (2.19)

Since fermion mass terms connect left- and right-handed fields, all of the available

Dirac and Majorana mass terms are:

Divac mass: Lp = mp(rin + Vrir) = mppy (2.20)
Majorana mass: £, = ma (¢S + Drdt ) = maXx (2.21)
Majorana mass: £ = my($Gen + Pris) = myw (2.22)

with the Lelds defined as:

Y=y + 1y (2.23)
x=vr+9E, x“=x (2.24)

w=1op+95 w'=w (2.25)
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Note how the Majorana fields are self-conjugating. This is only possible as the
particle is uncharged.

The most general mass term occurs when all three of the above fields are present:

Loy = mpdrin +megSiy, + mypSor + he (2.26)
1
= 3™mp (Xw + @Wx) + meXx + Ww (2.27)
1
e vy Fx
= (y @) 2 (2.28)
ST Mg w

If we redefine my, as the mass of the left-handed nentrino and my as the mass of the

right-handed neutrino, the diagonalized equation gives eigenvalues of:

(my, +mpg) 5o \/(m-L —mp)? +mi

5 5 (2.29)

o =

Seesaw Mechanism

A special case for this method of including neutrino mass is known as the seesaw
mechanism [27]. [t potentially provides an explanation as to why the neutrino mass
is so small compared to other fermions, so is theroretically favoured over approaches
with only Dirac mass terms.

Defining my, = ¢ and mp > mp the mass eigenstates are:

m¥
my o~ 2 B
t ’ (2.30)

Mo ~ TR

The result is one very light neutrino state with mass m; and a heavy state, my. It
is the heaviness of w (made predominantly from rg). which makes y (made predom-
inantly from 77} so Hght. Two interesting consequences of massive neutrinos are

neutrino oscillations and the possibility of seutrinoless double beta decay.

2.5 Neutrinoless Double Beta Decay

Discovery of neutrinoless double beta decay would confirm the Majorana nature

of neutrinos. In the process of neutrinoless double beta decay, two neutrinos are
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exchanged rather than being emitted, something that can only occur if the neutrine
is its own anti-particle. Further consequences of this beyond the simple Standard
Model are the violation of (total) lepton number conservation and the possibility of
right-handed currents.

Double beta decay is a rare. spontaneous transition that occurs between certain
nuclei with the same mass number, A, in which the charge, Z, changes by exactly two
units. In this case, the more usual single beta decay is energetically less favourable,
or impossible.

Double beta decay with the emission of two neutrinos (2087} was first suggested

by Maria Goeppert-Mayer in 1935 [4):
(A, Z) > (A, Z +2) 4oey ey + By i, (2.31)

This mede, shown in Figure 2.2a is allowed within the standard model without any
extensions. There are five bodies in the final state and the quantity E..=E., + E,
is continuous.

Neutrinoless Double Beta decay (012535} was first suggested by W. H. Furry in

1939 [5] after the development of the Majorana theory.

(A Zy=5{ A, T4 D)k g] F ey (2.3
It is not an allowed process within the standard model since it violates lepton number
conservation and reguires an 7, to exchange with a .. This process itself requires a
helicity flip of the neutrino which can be achieved as a result of the massiveness of
the neutrino and/or by the existence of right-handed charged lepton currents. Both
of these processes are illustrated in Fig. 2.2b and 2.2c. There are three bodies in
the final state resulting in a sharp peak in the E.. spectrum at the Q-value of the
relevant transition of the given double beta decay isotope. The width of this peak
is given by the detector resolution and any energy losses of the electrons.

The final mode discussed here is double beta decay with emission of a Majoron.

(4, ) =5 (4, & 42 e, ey 4+ x (2.33)
A Majoron is a hypothetical scalar particle that could conserve the lepton number

of the process if it was itself assigned a lepton mamber of -2. The y is a particle
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(a) )
d u d
g i
(o) )
d d
T VA " d:

Figure 2.2: The varions modes of double beta decay and neutrincless double bety
decay. 3} Standard double beta decay with emission of two neutrincs. b} Stan-
dard neutrimoless double beta decay mcinding a helicity Hip resulting from massive
neutrines. ¢} Neutrinoless double beta decay involving a right-handed current. )

Neutrinoless double beta decay with emission of 3 Majoron.

that is normally associated with the spontanecus breaking of baryon mims lepton
number {B-1.) conservation.
The characteristic signatures fom the B, spectra for the varions modes are

shown diagramatically in Figure 2.3,

2.6 Neutrino Oscillations

Newtrino oscillations can provide a shaple explanation for the apparent flavony

changing of veutrinos that has been experbmentally observed. In s shople anal
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Figure 2.3: The expected observed summed-electron energy signature of fwo neu-
frino double beta decay, neutrinoless double beta decay and double beta decay with

emission of a majoron.

oy with the gquark secfor, massive neutrinos could have different weak and mass

eigenstates related by a dxd unitary matrix, as shown in Bguation 2.34.

e U Ve Ua i
Yy A Uﬂ_ i Uﬂ;g U! I e {.2 : ‘54}
Uy Uey Usa Up vy

It is convenient to parameterize the matrix U in the following way [28]):

5 " Lot
1201y f3201y 8ia¢

% —$12C2m — C128m812¢" 1202 — 812823813 SF el {2«50)
812823 — CizCra8iae Ciz8ug — SizCaasind Ty

where ¢=0088;;, 8, =sinf,,;, 8,; are the neufrines” weak mixing angles and 4§ i3
3 71 Big 75 Vag £ ang
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the CP-violating phase. The elements of this matrix can only be determined by

experiment, the best values from the present data are [21]:

0.8 AT O
U=1045 05 07 (2.36)
0.34 0.6 068
This shows that although all three neutrinoe species mix together, there may be
deminant oscillation medes for each flavour. Simplifying to two flavour mixing can

lead to a useful result [8]. By considering just v, and ©,, the relation:

v, cosé  sind 1)
v ) )
{2} —sinf cosf ] \jwu)
The initial state of & v, is given by:
Wia—n)) = [Vp) = —sin@y} + cosBvy) (2.38)
After some distance, L, the wavefunction is:
=iy} = — sin 8P |1y + cosBe™|uy) (2.39)

From this, the probability that the 2, will have evolved into a v can be derived:

PV{L%VG B [(y{@’mﬁ) y(a,x:l})}iz (2.40)
= |~ sinf cos 8P + cos B sin fe'P2 L2 (2.41)

: o (py — 1)L
= sin 26 sin” (p2=p)b (2.42)

where p; are the momenta of the species in guestion. Then, defining m; as the

2

7, in the Hmit my<<E,

masses and E as the energy, it follows that since pf=EZm

2 B ¢ Gl .
pi=E-54 is arrived at and by defining Am3;=mZ-m?, the relation:

2
g Ami, L

243

By v = sin® 28 sin
is found. By manipulating the units to express energy in GeV, length in kilometers

and mass in eV, the final transition probability is:
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ok 2 2
P,y = sin” 205in

o 1.2TAm3, L

(2.44)

For the baseline of the MINOS detector (735km}, the oscillation probability as a

function of energy for values of AmZ, suggested by atmospheric nentrino experiments

is shown in Figure 2.4 [29].

Oscillation Probability for

Am? =0.001eV 2

0.5

Oscillation Probability for

Am? =0.002eV 2

9 10
E (GeV)

0.5

Oscillation Probability for

Am? = 0.005eV 2

9 10
E (GeV)

0.5

9 10
E (GeV)

Figure 2.4: Vacuum Oscillations probability
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2.6.1 MSW effect

Oscillations can be enhanced when neutrinos are travelling through matter. This
phenomenon is know as the Mikheyev-Smirnov- Wolfenstein (MSW) effect [30], [31].
Neutrinos have very small interaction cross-sections (~ 1072107 m? at 1 GeV)
but when travelling through large guantities of matter, there can be observable
effects. They can undergo elastic forward scattering such that their momentum
does pot change. All neutrinos can interact via a neutral current channel shown in
Figure 2.5. These interactions can be thought of as producing an effective refractive

index, given by:

Ve, V. Vs Ve,V , Vs
t >
ZO
P P
q,¢ q,¢

Figure 2.5: Elastic Neutral Current Forward Scattering experienced by Neutrinos.

Al species of nentrine can undergo this process.

2]
n=1+3" %fm (2.45)
(€3

where fo., o @ {e,n,p}, is the forward scattering amplitude for the neutrino inter-
acting with particle type « and N, is the number density of that particle. Neutral
current interactions have no effect on oscillations since all varieties of neutrine cou-
ple equally to the Z%. Electron (anti)neutrinos can also interact via two charged

current channels shown in Figure 2.6 which contributes:
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(a) (b)

Ve e
S S
W+
3 %
e Ve

Figure 2.6: Elastic Charged Current Forward Scattering that only ves can undergo.

Grp
£ 2

where Gz is the Fermi Constant and the plus and minus signs are for neutrinos

fpem:i:

(2.46)

and anti-neutrinos respectively. The refractive index introduces a phase factor of

et 1r% jeading to an additional phase of:

+v2Gp Nea: (2.47)

This modifies the oscillation parameters # (mixing angle) to #,, and 1, (oscillation

length) to L, as follows:

2
L, 4in=28
1720y, = AL -
S 2l = g — 2(1, flo)eos26 + (1212 (2.48)
Ly
. (2.49)

1 =200, /lp)cos28 + (12/12)
where 1, =47E/dm3, is the vacuum oscillation length, p is the density of the medium
being traversed and lp==4wa/p.

The guantity, a, is defined as:

1

a= ——
2v2G p N,
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This leads to two interesting scenarios. Firstly is the case where a beam of mo-
noenergetic neutrinos passes through a medium of varying density. A significant

enhancement of oscillations occurs in the layer of density:

Am?, cos 28

= (2.51)

fres = Ta

This is thought to account for the majority of neutrino escillations that occur in
the sun. When a beam of geutrinos of continuous energy passes through a medium
of constant density, there 1s an oscillation resonance in the portion of the spectrum

where:

Ami, cos 26
14

This is the principle of long baseline neutrino oscillation experiments since a reso-

B = T (2.52)

nance can occur for even very small values of the vacuum mixing angle. In addition,
the mass hierarchy of neutrinos can be probed in this way since resonant enhance-
ment of peutrinos is only possible if my > my and of antinentrinos if my < my.

Figure 2.7 shows the enhancement of the mixing angle for different values of the mat-
ter density. The effective Am3, is shown for the same densities in Figure 2.8, The
effect on these on the oscillation probability is shown in Figure 2.9. The effects of
$in“20marter and AmZ, ., work against each other, resulting in oscillation probabil-
ities in the earth being similar to those in a vacuum. In each figure, three different

values of the vacuum mixing angle are shown.
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Figure 2.7: The peutrino mixing angle is modified for neutrinos travelling through

matter. This plot shows the matter mixing angle for various neutrino energies at

various matter densities.
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Figure 2.8: Am? is also modified for neutrinos travelling through matter. This plot
shows the ratio of the modified Am? to Am?_. . for various neutrino energies at

various matter densities.
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Figure 2.9: The effects of sin?20p0mer and Am? .. work against each other, re-

sulfing in oscillation probabilities in the earth being similar to those in a vacuum.



Chapter 3

The History of Neutrino

Experiments

3.1 Introduction

The concept of the neutrino was suggested by Pauli in 1930 to explain the appar-
ent non-conservation of energy seen in beta decay experiments in the late 1920s and
early 1930s [1]. Unlike those seen in alpha and gamma ray experiments, the spectra
from beta decay were continuous and more like that expected from a two-body final
state. Tn 1931 Fermi formally developed his theory of beta decay within the frame-
work of Quantum Electrodynamics [1, 3] and named the elusive particle that was
a component of the theory, the neutrine meaning little neutral one. Fermi’s theory
was very successful but direct detection of a neutrino seemed impossible owing to its
incredibly weak interaction strength, But in June 1956 at the Savannah River reac-
tor, Reines and Cowen observed 3.040.2 events per hour above all backerounds in
their water and scintillator (CdCly) detector [6]. This was attributed to the inverse
beta decay interaction: # 4 p -+ n + ¢,

Three neutrino species are now known to exist: the electron neutrino z,, the
muon neutrine v, first seen directly by Schwartz and collaborators in Brookhaven
in 1961 and the tau neutrino, v, observed in the DONUT experiment in 2000. This
completed our picture of leptons in nature: three charged (e, i~ and 77} with three

neutral partners (v, 7, and )} and six corresponding antileptons. Measurement of

40
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the width of the ZY resonance at CERN [13, 14, 15, 16] showed that it couples to
three light, active neutrinos only.

But the story was far from complete. The experiments of Wu et al. [7] and
Goldhaber et al. [32] showed that the weak interaction has a strange property in
that it maximally violates parity, resulting in the fact that all neutrinos are created
in a left-handed state. The apparent non-existence of right-handed neutrinos implied
that they travelled at the speed of light and were massless. As a result, right handed
neutrinos were not included in the Standard Model of particle physics.

The first indication that neutrinos exhibited behaviour not predicted by the Stan-
dard Model came from observations of solar neutrinos in 1968 by Ray Davis at the
Homestake Mine [10]. Fewer v, were observed than expected but later experiments
confirmed that the total number of neutrinos arriving at the earth was correct. Since
then, mounting evidence suggests that the neutrino’s weak eigenstates are mixtures
of their mass eigenstates and that they can ‘oscillate’ from one flavour to another as
they travel. This is only possible if neutrinos have mass, although it still may be very
small. Since then & pumber of experiments have been developed to try and measure
the mass of the neutrino and to determine its exact nature and the mechanism by

which it is able to change Havour.

3.2 Measurements of Neutrino Masses

There are two classes of experiment that address the question of neutrino mass:
Direct and Indirect. Direct technigues make few a priori assumptions about the neg-
trine’s properties since the measurements tend to be based on kinematic observables.
Indirect measurements can have reguirements such as lepton number violation and
may not probe the absolute mass of the neutrino. Direct measurements probe the

quantity:

k

e Z {Um{z 0. (8:1)

e

M,

which is the weighted average mass of a particular neutrino species. Here, o = (e, u,

7}, Uqs are the amplitudes in the lepton mixing matrix and the sum over k includes
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all mass eigenstates that are kinematically allowed for a particular measurement.

3.3 Direct Techniques

Studies of the end-point of the electron energy spectrum from tritium decay have

been used to search for non-zero electron neutrino masses via the process:

S 33 He 4~ 47, (3.2)

If the electron neutrino does have a mass, potentially measurable distortions will
oceur to the end-point of the resultant electron energy spectrum (See Figure 3.1).
The measurement is complicated by the fact that very few decays occur in the region
of interest and corrections must be made for maclear screening effects and final state
interactions of the tritium itself. The best result currently comes from the University
of Mainz which sets an upper limit on M, of 2.2 eV at 95% (.L. In the future
an international project to build a next generation S-spectrometer, KATRIN!, is
expected to bring the upper limit down to ~0.3 eV [33]. An alternative method
uses a cyrogenic calorimeter to detect decays of ™ Re. This has the advantage of
a very low transition energy and therefore better statistics in the region of interest
[34].

An upper limit on the 1, mass can be obtained by studying the decay:

7T (at rest) = pt + v, (3.3)

This process is a two-body decay, so the masses of the muon and pion and the muons

momentum are all that is required to set a limit on the peutrinos mass:

Mpf = s 4, — 2/ P2 + (3.4)

The latest results from the Paul Scherrer Institute in Switzerland [35] give a value
of 170 keV/c? at 90% C.L.

Limits on the mass of the v, are obtained by studying the decays:

'K Arlsrube TRItium Newirino experiment
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to 10%. However, neutrinos are the second most abundant particle in the universe
(1, = 1/3 Dphotons) and so even if they have a very small mass, they could still
contribute towards a significant fraction of the dark matter. In order to prevent the
upiverse being closed (ie.  >1, not observed} the sum of all neutrino masses must

satisfy the relation:

> my < 9LEQRT eV (3.6)

e T

where h is the Hubble Constant. This implies:

> my < .70 eV [37] (3.7)

3.4 Indirect Techniques

Although many indirect technigues for measuring the mass of the neutrino can
be very precise, they are constrained to measuring a quantity that is some function
of the neutrino mass and not the mass itself. Two major branches of experimental
physics today focus on two particular measurements: the effective Majorana mass

and the mass difference squared between the species of neutrino.

3.4.1 The Effective Majorana Mass of the Neutrino

The effective Majorana mass of the neutrino is defined as:

<mu>e =3 Ukmg (3.8)
i

where the sum over i covers the mass eigenstates and « are the weak eigenstates, e,
i and 7. Determination of the effective Majorana mass is reliant on the fact that the
neutrino is a Majorana particle and not a Dirac one. The most promising test of the
neutrine’s Majorana verses Dirac nature is neutrinoless double beta decay (0vf58,
see Figure 3.2a). This type of interaction can be thought of as a double weak decay
with an exchange of virtual neutrinos,

Before considering Op35 as a window on the neutrino mass, it must first be

established that the simpler mechanism, double beta decay with emission of two
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neutrinos (284, Figure 3.2bj, does exist in nature. It was first shown that it
indeed does by T. Kirsten and his co-workers in the late 1960°s [38]. A geochemical
method was used, based on the search for daughter products that have accumulated
in ancient migerals over billions of years. A 17g sample of natural fellurium ore
(97¢) was studied by mass spectroscopy and chemical analysis to seach for an
excess of P Xe. The half-life for this decay was found to be Tﬁi(mTe) = 219
x 10%! years [39]. Soon afterwards, experiments studying '“*Te [40, 41] and ¥Se
143, 42] were performed. A similar procedure, known as a radiochemical method,
can be used to study “*U, ***Th and *Pu. In these cases, the energy of alpha

particles emitted by the daughter nuclei are measured.

(b)

Figure 3.2: Feynman diagrams illustrating two forms of double beta decay. On the
left is a diagram showing conventional double beta decay where two neutrinos are
produced. On the right is neutrineless double beta decay which can be thought of

as & virtual exchange of neutrinos in the final state.

The exact mode of the 36 decay cannot be probed by any of these experiments
since all the information about the electron energies is lost. In order to distinguish
between decay modes, extremely efficient backeround suppression is required, or
additional information such as that from particle tracking. These direct technigues
for double beta decay measurement tend to fall into two categories: Calorimetric

and Tracking.
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Calorimetric

Germanium based detector experiments have a very good detection efficiency and
excellent energy resolution making them very suitable for 0vf5 decay searches.

The Heidelberg-Moscow experiment [44, 45, 46] employs "®Ge as both the dou-
ble beta emitter and the active detector component. Five high purity germanium
detectors (HPGe} were installed in the Gran Sasso underground laboratory, and
comprised 10.96kg of germanium, enriched such that 86% of the mass is the isotope
"®(Ge. The Heidelberg-Moscow experiment claims to have detected evidence of neu-
trinoless double beta decay. After a recent re-evaluation of their data, they have

published at the 4.20 level (99.9973%¢.1} the value of

<my> =0.1-0.9 eV [47] (3.9)

taking a 50% error in the nuclear matrix element into account. The best fit value
is (1.4 eV.

Another experiment currently running, IGEX? [48, 49], has 8kg of similarly en-
riched "*Ge detectors at the Baksan and Canfranc underground laboratories. In
the future, the GENIUS?* and Majorana experiments hope to use similar technigues
with mmch larger guantities of germanium,

Cryogenic (bolometer} detectors can measure beta decay based on the fact that
the heat capacity at low temperatures of a diamagnetic and dielectric crystal (such
as TeOs) is proportional to the cube of the ratio between the operating and Debye
temperatures. Therefore, in a low temperature environment, a tiny energy releage
by a particle can be detected by the increase in temperature of the absorber. Two
experiments using this technique to investigate 0rf5f5 decay in natural TeQq are
MI-DBD® and CUORICINO [50] in Gran Sasso. In around a year's data taking,
CUORICINO currently sets & lower limit of T??Qfﬁz 1.0 x 10% years at 90% C.L.

which corresponds to:

<> < 0.26 — 1.4 eV [61] (3.10)

aternational Germaninm EXperiment
*GErmanium in hguid Nltrogen Underground Setup
*MIcro Double Beta Decay
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After 3 years, CUORICINO intents to upgrade the experiment from an active mass

of 42ke of TeQ, to T75ke, a proposal known as CUORE®,

Particle Track Recounstruction

A comipletely different class of 0r85 decay experiments utilise passive sources,
inside a detector which is capable of measuring the energy of emitted particles and
providing track reconstruction. This method has the advantages of providing very
good background reduction and allows a large variety of isotopes to be studied. Early
attempts used cloud chambers or time projection chambers (TPC) with sources in
the form of thin foils (to limit energy loss in the material) or as the TPC gas itself
(in the case of "Xe). The proposed experiment, EXO, 7 builds on this design, using
a TPC with background suppression based on laser tagging ' Ba™ ions produced
by 85 decay. A sensitivity to 0.01 eV is expected.

The design of the NEMO detectors is a wire chamber which provides three di-
mensional tracking and is combined with a calorimeter to measure the epergy of
electrons, positrons and photons. The first generation of the experiment focussed
exclusively on the 85 decay of '""Mo whereas NEMO-2 also measured 2054 decays
in #8e, 1160, and ®Zr, The most recent version, NEMO-3, contains larger quanti-
ties of the isotopes '"%Mo, ¥2Se, 11%Cd, 130Te, 180Nd, %Zr, and *¥Ca. The NEMO-3
experiment is fully operational, taking data now and is described in Chapter 6. No
evidence for Ouvf@Shas so far been seen with ~7kg of {""Mo and ~1kg of *8e. The
corresponding limits are T 5 (0vBA) > 4.6 x 10% years for "% Mo and T, [;2((}1/,135)
> 1.0 x 10% years for ¥Mo (90% C.L.). With uncertainties in the nuclear matrix
element calculations included. the limits on the effective Majorana neufrine mass

are:

0510 < 0.7~ 2.8 eV (3.11)
¥28¢ < 1.7~ 4.9 eV (3.12)

The Japanese experiment ELEGANTS V7, situated in the Oto Cosmo Observa-

SCrvogenic Undergronnd Observatory for Rare Events
"Enriched Xenon 84 decay Observatory
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-

tory utilises a 3 — « spectrometer which consists of three drift chambers for particle
tracking, and a calorimeter. Two high purity '"®Mo sources are used, with a total
mass of 171g.

Two recently proposed projects are MOON® and Super NEMO. MOON aims to
study both 80 decay and solar neutrinos using 40 tons of natural molybdenum foils
(egmivalent to 3.3 tons !""Ma) interleaved with plastic scintillator modules. The
expected sensitivity is ~0.03 eV, Super NEMO hopes to employ 100kg of 32Se foils
sandwiched between scintillator walls. This relatively low budget experiment can

reach sensitivity of 0.05 - 0.11 eV,

3.4.2 The Mass Difference Squared and mixing between neutrino

species

The discovery of a solar v, and atmospheric v, deficit has created a huge branch
of experimental neutrino physics: neutrino oscillations; the seemingly most likely
solution to these two problems. Neutrino oscillation measurements offer the most
sensitive method of probing neutrino mass but they can only probe the mass differ-
ence squared (AmZ; = m? - mi } between the neutrino species. Although this gives
information on the newtrino mass scale it does not advance our knowledge of the
absolute masses my, my and ms.

Experiments intended to measure the Am%s and the closely related quantities
#12, 3 and &3 (the neutrino mixing angles) fall into the several categories depending

on the source of the neutrinos: Solar, Atmospheric, Reactor and Accelerator,

Solar Neutrinos

Neutrinos are generated in the core of the Sun in nuclear fusion reactions. Two
cycles of processes occur: the proton-proton (pp} chain and the Carbon-Nitrogen-
Oxygen cycle. These produce neutrinos with a spectrum of energies, some discrete
and some continous, averaging to around 1 MeV. Neutrinos from the Sun were first

detected via the reaction:

*MOlyvbdenum Observatory Of Neutrinos
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SAGE? [52, 53], GALLEX'" [54, 55] and GNO" [56] have confirmed the result by

utilising gallium in the reaction:
v+ Gose” +" Ge (3.14)

This reaction oceurs at a lower energy threshold (233 keV) and is sensitive to a
region of the solar neutrino spectrum where the expected flux is much larger.
Kamiokande [11] and Super-Kamiokande (Super-K) [67, 68] were able to verify
the result independently by using a different detection technigue. Located 1000m
underground in the Kamioka mine in Japan, these detectors relied on the fact that
neutrinos will elastically scatter off electrons in water, producing rings of Cerenkov
light. Kamiokande contained 3kT of water and Super-K contains 50kT and they both
utilised large arrays of photomultiplier tubes to measure the energy of the recoil
electrons and also determine the original neuntrines direction. These experiments
were able to show that the measured neutrinos were indeed coming from the sun.
The SNO™ experiment is also a water Cerenkov detector, but it uses heavy water
(D0} which allows it to distinguish between v, charged current (CC} events and
all neutrino neutral current events (NC}.
In regular water they are indistinguishable {See Figure. 3.4} but in D20 the following

interactions are available:

(s B2 =S Gt (3.15)

NC: v+*H = p+n+v (above 2.2 MeV) (3.16)

since the proton and peutron that constitute the deuteron are only loosely bound and
the cross-section for their interaction with a neutrino becomes much larger than that
of an electron. Therefore, provided the energy transferred is above the deuteron’s
binding energy of 2.2 MeV, a peutron can be liberated which can be detected by
characteristic photons when it is subsequently captured. This is distinct from the

Cerenkov signal that is produced by the electron in the case of a CC interaction.

YRusgian-American Gallinm Solar Neutring Experiment,
U ALLivm Enropean eXperiment

Uetallivm Newtring Observatory

8 ndbary Nentrino Observatory
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(2) (b) (c) (d

Figure 3.4: On the left. (a) shows a normal charged current interaction that occurs
between an electron peutrine and an electron in normal water. Tt is indistinguishable
from the neutral current interactions that occur between all species of neutrinos and
electrons in normal water (b). In heavy water, neutrinos preferentially interact with
nuelel. The electron neutring’s interaction now produces an electron in the final
state (¢} which is not seen in the neutral current interactions of all neutrino species

with heavy water (d}.

The SNO experiment has 3 phases. The first phase consisted of running with
pure DO, For the second phase, NaCl was added to ncrease the mixture’s neutron
capture efficiency from ~25% to ~85%. The final phase, running now, is again pure
D30, but with *He proportional counters installed to measure the neutrons directly
with an efficiency of ~45%. This phase has completely different systematics to the
other phases and can be used as a cross check.

SNO’s results for the first two phases show that the total B neutrino fux, as
calculated by NC interactions, agrees very well with the existing solar models. How-
ever, there are fewer v, CC interactions than expected (See Figure 3.5}, If this is
taken to be an indication of matter-enhanced oscillations occuring in the sun, the

data favours a large mixing angle solution with oscillation parameters:
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Ay =713 x 107%eV? and 81y = 32.5°7] 1,
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Figure 3.5: Comparison of predicted Huxes, from the solar model, to experimental

measurements. The significance of the SNO result is that a deficit is observed when

only electron neutrinos are considered, but good agreement between theory and

experiment is seen when all neutrino Havours are taken into account.

Atmospheric Neutrinos

Avmospheric neutrinos are produced in decays of showers of muons, pions and

other mesons that occur in the Earth’s upper atmosphere as a result of cosmic ray

interactions. A typical interaction sequence:

T‘i —HJ':;: + 1y (V_;A}

,u,i vy gL Vel Gl V()

is illustrated in Figure 3.6.

(3.18)

(3.19)

At the Earth’s surface we therefore expect the ratio of v+, to ve+ve to be 2:1,

to frst order.
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Figure 3.6: Cosmic rays incident on the upper atmospere interact with nucleons
there, producing showers of secondary particles, primarily pions. These then de-
cay to muons and mmon neutrinos. The nmons decay to muon neutrinos, electron

neutrinos and electrons.
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Atmospheric neutrine detectors can measure the v, /v, flux ratio by observing the
final state leptons produced via CC interactions of neutrinos on nuclei. The favour
of the resultant lepton is used to identify the Havour of the neutrine that produced it.
Experiments studying atmospheric neutrinos usually report their findings in terms

of the ratio of ratios:

RDA'I‘A — (f\iﬂf fVe} BATA
Rue (Nu/Ne) i

A vy, deficit was first observed in 1983 in the IMB experiment [69] and supported

R

(3.20)

by Kamiokande [67] using large underground water Cerenkov detectors. Two ex-
periments using iron sampling calorimeters, NUSEX' [58] and the Fréjus experi-
ment [659] did not observe this deficit, but later Soudan-I1 [60] and MACRO!" [61]

confirmed it with higher statistics. The experiments converged on a value of R ~ 0.6,

Super-Kamiokande

Super-K is able to measure the direction and energy of charged particles in the
detector by the Cerenkov rings produced in its 50kT of HeO. By measuring the
zenith angle and hence the distance the incident neutrino has travelled, oscillation
hypotheses can be tested. The distances range from 10km to greater than 10,000km
as can be seen in Figure 3.7. Super-K showed that their data exhibited a zenith
angle dependent v, deficit whilst the ve spectrum was the same at all distances.
Further data excluded v, — vgerge at the 99% confidence level. implying that
the peutrinos that had travelled further through the earth had been more likely to
undergo v, — v, oscillations. In & two flavour scheme, the oscillation parameters

are determined to be:

Am3y = 25708 x 107%eV? and sin®20y > 0.9 (90%C.L.) (3.21)

oy ~ 457, maximal mixing
3 1 =]

YiNUcleon Stability EXperiment
“Monopole, Astrophysics And Cosmic Ray Observatory
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o
o

6000km

Figure 3.7: The distance an atmospheric neutrino has travelled varies with the zenith

angle of its incidence. Super-K uses this dependence to test oscillation hypotheses.

Reactor Neutrinos

Nuclear reactors produce huge mambers of 7, during the fission of heavy nuclei
such as “PU and 29 Pu and they can be detected via the inverse beta decay interac-
tion: 7, +p — 1+ et. Before 2002, the most sensitive reactor neutrine experiment
was CHOOZ [64] which was located ~1km away from the reactor core of the CHOOZ
power station in the Ardennes, Northern France. The experiment finished data tak-
ing in 1998 and found no evidence of spectral distortion after a full analysis. thereby
excluding a large region of oscillation parameter space and strengthening evidence

that 1, -+ 1. was not causing the atmospheric neutrino problem.

KamLAND

KamLAND is the first experiment to report evidence for reactor 7 disappear-
I I

ance [65]. Located in the site of the old Kamiokande experiment, KamLAND differs

P Kamioka Liguid scintiliaotr Anti-Neutrino Detector
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from previous reactor based experiments in its extended baseline which arises from
26 reactors at distances of between 138 and 214 km. This leads to 79% of the
detectable peutrino fHux travelling an average distance of 180km. The detector em-
ploys 1kT of Hguid scintillator contained in a 13m diameter spherical balloon which
is read-out by PMTs. The gap between the sphere and the rock is flooded with
water to create a Cerenkov detector which uses the old Kamiokande PMTs for read-
out and principally functions to tag cosmic muons. KamDAND’s baseline enables
it to probe smaller values of Am%, than previous reactor experiments. KamLAND
expected to see 365.2 events with no oscillations and observed 258, yvielding the

ascillation parameters:

Amiy = T9708 x 107°eV? and tantiy = 040150 (3.22)

(612 ~ 32.3°)
The KamLAND and CHOOZ data combined also give the best limits on the third

neutrine mixing angle, # 3

Sinfy < 0.031 [66] (3.23)

Accelerator Neutrinos - Short Baseline

Neutrino beams can be produced by firing high epergy proton beams at targets,
focussing the products and allowing them to decay. The advantage of this type of
experiment over ones using natural nentrino sources is a greatly increased koowl-
edge and control over the energy and flavour content of the neutrinos. Typical short
baseline experiments have a detector up to 1 ki away from the source with neu-
trino energies ranging from 107 to 10'%eV. This results in oscillation sensitivities
down to Am? = 0.1eVZ. The CERN based experiments CHORUS!'® [70] and NO-
MAD! [71] found no evidence for v, ~+ v, oscillations and thus excluded Am? > 1
eVZ, LSND'® [73] was a v, appearance experiment at Los Alamos which used a pro-

ton beam to produce a secondary beam of mostly #7. Neutrinos are then produced

WCERN Hybeid Oscillation Research apparatU$

¥Lignid Scintillator Neutrino Detector
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via two processes:

Pion decay in flight =t + o, (3.24)

Muon decey at rest uh—et v+ o, (3.25)

The v, are detected via v, + Nucleon — ¢ + X. An excess of 7, is reported
(detected via 7 + p -+ ¢T 4 n where a 2.2 MeV photon arises from neutron cap-
ture} for both neutrino production processes, corresponding to v, -+ 77 oscillations
with Am? ~1eV? and and sin“20 ~1072, Qther experiments have searched for 1,
appearance, such as KARMEN' which was based at the Rutherford Laboratory in
the UK. KARMEN was also a lquid scintillator detector, with a baseline of 17.5m.
Countrary to LSND. no evidence of neutrino oscillations was found, excluding a large
region of the LSND favoured parameter space.

The BooNE? project, in which MiniBooNE is the first stage, was primarily
designed to confirm or refute the LSND result. The MiniBooNE results are due in

2005 and should be able to exclude all of the LSND parameter space at 90% C.L.

Long Baseline Accelerator Neutrino Experiments

Long baseline neutrino experiments typically have distances from source to de-
tector of several hundred kilometers. K2K?! [75] is an experiment based in Japan
where a beam of 98% v, is sent from the KEK accelerator facility to the Kamioka
mine, 260km away. There is a near detector at KEK to sample the unoscillated
beamn and the final beam measurements are made in the Super Kamiokande detec-
tor. The experiment aimed to observe v, disappearance between the two detectors,
the average energy of the neutrinos being 1.3 GeV which is not sufficient to allow
an appreciable amount of . appearance to occur. In 2002, K2K claimed to have
made an observation of neutrino oscillations [76] when a deficit of 2, was observed
at the far detector together with a distortion of the energy spectrum that is more

consistent with oscillations than without. The probability that the results could be

YThe KArlsruhe Rutherford Medinmmn Energy Neutrino Experiment

“Hooster Neutring Experiment

S KEK fo Kamioka
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explained by statistical fuctuations alone is less than 0.01%. The best fit values for

the v, -+ 1, oscillation parameters are

Amdy = 2.870% x 107%eV? and sin"fyy = 1 (3.26)

which are consistent with the Super-K atmospheric neutrine measurements,

MINOS is another long baseline neutrino oscillation experiment which began
taking oscillation data in January 2005, It is described in detail in Chapter 4.

CNGS? [62] is an experiment under construction which intends to send a 1,
beam 732km from CERN in Switzerland to the Gran Sasso underground laboratory
in Italy. The average neutrino energy will be 17 GeV, allowing 7, appearance to
be investigated. At Gran Sasso, there will be two large detectors, the OPERA
lead /emulsion based detector and the [CARUS# liquid argon TPC.

Further into the future. accurate measurements of sin’f; are required. Two
experiments that could address this are T2K® and NOrA2®, Both experiments will
use large detectors placed at some angle from the central axis of their respective
accelerator v, beam. Although this leads to a lower event rate, the spread of neutrino

energies seen is reduced. These experiments will look for v, appearance.

ZOERN Neutrinos to Gran Sasso

BOscillation Project with Emulsion-tRacking Apparatus
“Tmaging Cosmic And Rare Underground Signals
Tokai to Kamioka

2NuMI Off-axis ve Appearance experiment
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3.5 Summary

A summary of the results for direct neutrine measurements are given in the table

below:

v type Mass limit Experiment Type Year | Ref.
M,, < 2.2 eV (95% C.L.) Mainz ‘He decay | 2000 | [33]
M, < 170 keV (90% C.L.}) P51 pion decay | 1996 | [35]
M, < 182 MeV (95% C.L.) ALEPH tau decay | 1998 | [17]
M,, < 11 eV Kamiokande/IMB | supernova | 1987 | [36]

> Hlee < 0.7 eV WMAP /2dF sky survey | 2003 | [37]

Table 3.1: Direct neutrine mass measurements
Current limits from a selection of OrG8 experiments follow:
Experiment Isotope Half-Life (years) | Eff. Maj. Mass | Year | Ref.

Heidelbere-

Moscow B Ge 1.9 - 18.3 x 10%° 0.24 - 0.58 eV | 2004 | [47]

IGEX Ge >1.57 x 109 < 0.3-11eV | 2000 | [49]
Cluoricino natural Te(Os > 7.5 x 1028 < .26 - 1.4 eV 2004 [61]
NEMO-3 100Mo >4.6 x 105 < 0.7-28eV | 2004 | [63]
NEMO-3 ¥2Ge >1.0 x 10% < 1.7-4.9eV | 2004 | [63]

Table 3.2: Mass measurements from O0v35

The data can also be summarized visually in oscillation parameter space. Fig-

ure 3.8 shows the dominant v, < v, oscillations and Figure 3.9 shows a zoom in

to the region favoured by a combined fit of the K2K and Super-Kamiokande ex-

periments. Figure 3.10 shows the v, ¢ 1. parameter space excluded and allowed

by various experiments. The so called *Small Mixing Angle’ (SMA), "Large Mix-

ing Angle’ (LMA), 'Low Am? (LOW) and *Quasi-Vacuum’ (VAC) solutions are
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Parameter Main Sources Best Fit 20
AmZ, (107%V?) | KamLAND, SNO 7.9 7.3-8.5
Am, (107%eV?) Super-K, K2K 2.2 1.7-2.9

Sin%g 2 KamLAND, SNO 0.30 0.25-0.34
Sin%fuy Super-K, K2K 0.50 0.38-0.64
Sin%f3 KamLAND, CHOOZ 0.0 <(.031

Table 3.3: Neutrino oscillation parameters from various experiments.

shown. Figure 3.11 shows that a combined analysis of solar experiments and KAM-
Land strongly disfavours all solutions except LMA, in which three islands become
pronounced. The LMA-1 solution is the best fit to all data available.

Three different Am? and 4 peutrinos are required to accomodate all the data
since Am,, € Amipy € Amd gy p. However data from LEP shows that there
are only 3 light neutrinos meaning that a fourth would be sterile, a hypothesis that
is strongly disfavoured by oscillation experiment data. The results of miniBooNE

should clarify the situation.
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Chapter 4

The NuMi-MINOS Experiment

4.1 Introduction

MINOS stands for Main Injector Newutrine Oscillation Search. 1t is a long baseline

experanent where neutrines fravel 730k between two detectors.

MINOS

Long-baseline experiment at Fermilah

Near Detector at NuMI Far Detector
FERMILAB Illinvis SOUDAN MINE Minnesota
Wiscomsin
Lakg Superior
: '"“'. M —
T e o ==
harn Neutrina beam diverzes MINGS detectar
beam-pipe | g -
debector T30 um

Figure 4.1 The path the NubMl besin takes from Fermilab to the Par Detector
the Soudan Mime m Mibomesota. The beasn reaches 3 maxivomn depth m the Barth

of aroumnd 10k and passes completely mderneath Lake Superior.

The principle of the experiment 1 fo genergte a beam of mostly muon neutri-
nos at the Mam Injector at Permilab. send the beam through the Near Detector’
at Permilab where the newtrine spectrin i saopled and then sllow the besn to
measured again. The detectors are designed fo be as shnilar a8 possible to reduce

systematic effects, but certain issues mean that it 1 not cost effective for thew to

65
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Lake
Soudan A Supeis
o
Duluth
Lake
Michigan
Madison
i.
Figure 4.2: The beam is generated at Fermilab m llinois, crosses mderneath Wis-

comnsin and is detected at the Far Detector by the Soudan Mine, Mboesota.

be identical.

4.2 NuMl

The Newmtrinos at the Mam Dyjector beam is created at Permilab. A particle

shower of mostly pions and kaons is produced when a 120 GeV beam of protons is

imcident upon 3 carbon target. The beain has been ondine shce Decernber 2004 and

at peak performance. the main mjector is expected to deliver 2.5 x 10" protons on

target per 8.7 psecond spill

The charged particles are then focussed by two parabolic magnetic horns down

a 675 evacuated decay pipe in which the hadrons decay to mmons and muon new-

trines. Having passed through the pipe. any remaining hadrong are stopped by a

water-cooled hadron absorber and 240 of Dolomite rock removes the muons from

the neutrine beam. Hhn past this lies the Near Detector. Figure 4.3 illustrates the
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heamn preduction process. The bearm is pointed 3.37 dewnwards to take into account
the curvature of the earth that has osconrred by the time the beam reaches the Far

Detector.

Protons Target Horns Decay Pipe Absorber Detector
Rock
_—
__+
7T 3
%‘ \H s
>
g
- F @
L s
= - >
= 50m = &75m
< e
% >

Near Detector: 1.04 km
Far Datector 735 km

Figure 4.3: The lavout of the structures that are wed to create a nentrine bheam from
a proton sowree. The pratons are incident on a target and the resulting plon shower
is focnssed by two raagnetic horn apparatuses. The plons decay to mnons and muon
neutrinos in the decay pipe section and any remaining hadrong are absorbed In the

water cooled absorber and rock.

The relative posittons of the target and horns can be adjusted, which hag the effect
of changing the energy spectra of the neutrinos produced. It has been proposed that
at any given time, the beam be set to one of three distinet configurations, know as
the High. Medium and Low energy modes. Figure 4.4 shows the resuitant specira
at the Far Detector of these modes.

Recent resuls, mainly from Super-Kamiokande, indicate that Am” issmall which
makes the low energy option the best for MINOS. Running will largely be in this
mode although the event rate will sufler as a result.

One of the major sources of uncertainty in the MINOS experiment 15 cansed by
the extrapoiation of the neuirine spectrum from the Near to the Far Detectors. Thig
is becanse the initial hadron content and decay kinematics are not Mully understood.
Te address this, a separate experiment has been set up at Fermilah eanlled MIPP
{Main Injector Particle Production]. This experiment will study the particles pro-
duced from a proton beam incident on the MINGS aubon target. The results can

be used to refine Monte Carle simulations.
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Figure 4.4: The three possible configurations of the NuMI beam. On the left is the
target and horn arrangement for the low, medium and high energy beams. On the
right is the anticipated 1, CC Far Detector energy spectra, in the case where there
are no oscillations, for each of the beam options. MINOS will take data primarily

in the low energy configuration.

4.3 General Design of the MINOS detectors

All of the MINOS detectors are based around a mmuon spectrometer design, using
alternating planes of steel (2.54cm thick) sandwiched to as many as 192 scintillator
strips (4.2 x Tem thick) to measure the energy loss of particles as they travel through
the detectors. There is also a Gom air gap between planes. [ndividual scintillator
strips traverse the entire width of the plane, so alternating planes have their strips
oritented at 90° to each other in order that a full 3D reconstruction of particle tracks
is possible. This translates to a detector resolution of ~ 23% /+/E for electromagnetic
showers and ~ 55% /+/E for hadronic showers.

The scintillator itself is made of polystyrene doped with fluor (PPQ, 1%) and
POPOP, (0.030%) a wavelength shifting compound. Each strip has a groove into
which a 1.2mm Kuraray wavelength shifting (WLS) fibre is inserted. This allows the
light produced in the scintillator to be transported to Hamamatsu photomultiplier

tubes (PMTs} in order to be read-out.
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Both detectors are magnetised in order to separate positively and negatively
charged particles and to allow particles’ energies to be determined from their curva-
ture. This method is most effective at high energy; at 10 GeV a muon’s momentum
can be measured to ~ 14%. At lower energies a resolution of ~ 6% can be achieved
by measuring the range of the muon in the detector. [90]

The detector channels are calibrated using charge injection on the front-end
boards and light injection into the strips via pulser boxes. These send UV light
pulses to all of the strips via a manifold and can be used to monitor the gain of the
PMTs over time. Strip-to-strip calibration is achieved by tracking cosmic ray muons
as they traverse the detector. The PMTs are powered by LeCroy 1440 high voltage

supplies.

4.4 The Near Detector

The purpose of the Near Detector is to act as a zero reference point for the Far
Detector. The total mass of the detector is 980 tonnes, most of which comes from
282 planes of steel. Each plane is 3.8m high and 4.8m wide. The detector is divided
into 4 sections or regions (See Figure 4.5) which are intended to fulfil specific roles
whilst minimising the overall size and cost of the detector.

The first section, the veto region exists to exclude neutrons and end effects from
events that will be considered for analysis. The next section is the target region.
Interactions occuring here will be the ones used for comparison with the Far De-
tector. The shower region is desigued to be large enough to fully contain hadronic
showers produced by neutrino interactions in the target section. The final section is
the muen spectrometer which is designed to be large enough to allow muens fo run
out of energy and stop or for sufficient curvature to occur in order that the nmon’s

momentum can be determined.

The Near Detector has been designed such that particles travelling through it
experience a similar field to that which they would at the Far Detector. However
the beam spot clearly cannot be in the same place as the field coil hole as a large

proportion of events would be lost,
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i}
—
L

Lrigger hadron
L.5m 1.5m

veld target
Muon Spectrometer
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Figure 4.5: The instrumented regions of the Near Detector. The distances given are
in terms of thickness of steel, and not actual length of detector. See Table 4.1 for
details of the composition of the various detecior regions. Steel is shown in red and

scintillator in Blue.

Name Length(m) | No. Planes | Intrumentation Type
Veto 0.5 20 1
Target 1 40 i
Hadron Shower 1.5 60 1
Muon Spectrometer 4 160 2

Table4.1: A description of the four parts of the Near Detector, in order starting with
the first part to see the beam. Intrumentation Type 1 indicates that one in every five
planes is fully instrummented with the other four planes being partially instrumented.
Type 2 indicates that one plane in every five planes is fully instrumented with the

other four planes being uninstrumented.

In order o satisfy both these conditions, all sections are consiructed in the same
shape; octagonal with a widih greater than its beight. The beam spot is at d0am
to the left of the centre of each octagon and the coil hole is S0cm to the right of
the centre. The beam spot has a radius of about 25cm so few events should be

lost and magnetic field is 1.5T, as at the Far Detector. The small beamspot and
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the fact that the transverse spread of hadronic showers is ondy H0cm means that a
comsiderable saving in cost for a small reduction in reschition can be achieved by
partially mstrmmenting the detector. In the fivst three detector regions. ondy one i
avery five planes is fully mstrieented. The other planes are "partially’” hstrmoented.
that s they have one ‘guadrant’ of schgillator. which is 3 region a little over a
quarter of one plane (See Figure 4.6). In the final section of the detector. the mwuon
spectrometer, every fifth plane i fully itrumented with every other plane being
completely mninstrmoented. Here a muon’s curvature determines s momentum

the measurement canmot be noproved with higher detector granularity.

Figure 4.6: On the left is 2 fully mstroented Near Detector plane. 1t is composed
of 4 scuashed octagon of steel with five scintiliator modules attached. On the right
is 3 partislly mstrumented plane composed of steel and three scintiflator modules.

The position on the beam spot s ako shown,

The detector is readont at one end of the strip. The other end has 3 wylar surface
which reflects Hght back to the readrout. 64 pixel PMTs (M64s} are used to detect
the scintiliation light produced in the strips. The event rates are expected to be
large in the Near Detector. so high speed QLE electronics are used for the read-ont.
This form of read-out is deadtine-less. uses 3 multi-range ADC system and divides

the signal seen into 19ns tihwe "buckets” which are digitised separately.
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Figure 4.7: The Near Detector fully installed nnderground at Fermilab.

4.5 The Far Detector

The Far Detector is situated in the Sondan Mine, Minnesota at 4 depth of 710m
{2100 meters water equivalent). T weighs 5.4%7T, most of which comes from the 486
iron and scintillator planes that each have 2 diameter of 8m. The detector is divided
into two 243 plane supermodules’ which each have a 13kA-turn coil running thronugh
their centres to provide a 13T magnetic field. The two phase construction allowed
cosmic ray data taking to commence with half of the detector whilsd the other half
was being constructed. Routine data taking with the fally operational detector has
now been taking place since August 2003

Each of the scintillator planes is composed of 192 strips. They are read-out st
both ends by 16 pixel M16 PMTe. Ag a result of the low event rate at the Far
Detector, a procedure known as multiplexing has been used 1o reduce the amount of
readont electronics required. Each pixel on the PMT is connected to the WLS fibre
from 8 separate strips, selected such that the distance between them is maximiged
[See Figure 4.9) Software then “de-muxes’ the read-ont by utilising the fact thas

the two ends have different multiplexing schemes which lead to 2 unique solution.
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R

Figure 4.8: The fully installed Far Detector underground at the Soudan Mine, Min-
nesota. The last plane {furthest from Fermilab), the magnetic coil {centre) and the

veto shield (fop) are clearly visible.

Thig 8-to-1 mmltinlexing generates a considerable cost saving in PM Ty and read-out
£ =

electronics.

Figure 4.9: Diagram showing the layout of spot positions, overlaid on one pixel
of an MI16. There is no equivalent for M64s s the Near Detector does not use

multiplexing.

The PMTs are vead-oud by a modified Viking chip known as a VA chip. VME

crates pass the data fo the data acquisition system {DAQ). This system does have
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deadtime but event rates are low in the Far Detector.

A relatively recent modification to the design of the Far Detector has been the
inclusion of the veto shield. This is two additional layers of scintillator placed above
and around the upper portion of the detector. This greatly reduces the number
of “false’ neutrino events seen that are caused by muons entering the detector at a
very steep angle and travelling a considerable distance in the air gap between planes
before interacting with scintillator. Events of this type now produce tell tale hits in
the veto shield. In addition, timing information from the veto shield can be used
to determine whether and incoming muon was a down-going costnic ray nuon or an

up-going rock’ muon.
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4.6 The Calibration Detector

The third MINOS detector is the calibration detector, or CalDet,

The CalDet is a greatly scaled down version of the other MINOS detectors. [t
is composed of 60 1m x lm steelscintillator planes and weighs approximately 12
tonnes. Each steel plane is 2.50cm thick and the scintillator is split up into 24 x
4.1cm wide strips. The strips of the planes are oriented alternately horizontally and
vertically with respect to the ground in order to achieve 3 dimensional reconstruc-
tion. This differs from the near and far detectors’ strips which are also oriented at
907 to each other in suceessive planes but at 457 to the ground. CalDet’s size lent it
a great deal of flexibility, which allowed various configurations of cable length and
read-out to be implemented (See Table 4.2}, CalDet was not magnetised, unlike the
other detectors.

There were a number of goals behind the running of the CalDet. Firstly, it was
the first opportunity to ensure that the separate parts of the detector wounld work
together as an integrated system. The Light Injection (LI and cosmic ray calibration
procedures could be validated and optimised. The elecironic and hadronic responses
of the detectors could be determined in a particle beam of known energy. This is
a crucial part of the energy scale determination for the entire MINOS experiment.
Lastly, the near and far electronics systems could be compared to one another.

CalDet was used for 3 years in a series of test beams at CERN. For the first two
vears, far detector electronics were used ahnost exclusively and in the final vear a
combination of near/far and near only electronics were used. fim clear optical fibre
was used at one end to simulate the read-out cables at the far detector and various
lengths of green fibre were used at the other end to simulate different light path
lengths. During near only running, specialised reflector connectors were used to
return the light to one end as is the case with the near detector. This meant there

was no read-out on the other end.

Originally, the CalDet electronics were intended to run in dynode trigger mode,
as with the Far Detector. In this mode, the front-end electronics begin digitization

when the dypode signal from a PMT goes over a certain threshold, typically one
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Fibre Length

Year | Beamline Configuration Clear Green Angle
2001 Til Far, No Ext. Trig. | 6m 4dm 0°
2002 T7 Far, No Ext. Trig. | 6m dim 0°
2002 T11 Far/Near(7planes} | 6m dm 0°
2002 T11 Far 6111 41 0°
2002 T11 Far 611 4m 30°
2002 TT Far fim T 0°
2003 TT Far /Near fim 3m 0°
2003 T7 Near 6m | 3m-reflector 0°
2003 T7 Near 6 | Tm+reflector 0°
2003 il Near 6m | Tm+reflector 0°
2003 Ti1 Near 6m | Tm+reflector | 456°
2003 Tl Near 6 | Im-treflector | 30°
2003 1L Near 6m | Tm+reflector | 156°

Table 4.2: The various configurations of CalDet that were used for data taking over
the course of the test-beam runs at CalDet. T7 and T11 were respectively the higher
and lower energy beamiines. Far refers to VA type read-out electronics and Near
indicates that QIE electronics were used. No Ext. Trig. means that the signal from
the PS was not used to enable the detector. "Reflector’ refers to the configuration
where the read-out is QIE and at one end only; a reflective connector at the other
end returns the signal to the read-out end. The angle indicates the angle of the

bheam with respect to the axis of the detector,

requirement of hits in these could be added as part of the external trigger. The
external trigger maximises the mamber of true beam events that are recorded and
also ensures accurate particle identification information for those events,

Once the hardware has been enabled and the VA chips have digitized a signal,
they are read-out by the VA Read-out Controller or VARC. The VARC timestamps
all channels of a particular chip with the time of the dynode trigger and also per-

forms pedestal subtraction, commeon mode neise correction and zero suppression
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(sparsification} which significantly reduces the amount of data produced. The in-
formation is then passed to the DAQ which can perform some triggering and event
reconstruction. Blocks of data are then written to disk which typically contain just

one event and are known as "Snarls’.

4.7 CERN Test Beams

CalDet was used in the East Hall test beam complex at CERN. The beams there
are produced by directing protons from the PS (proton-synchrotron) accelerator
ontoe one of many available targets. Electromagnets are then used to select all the
particles in the resulting shower, of a definable momentum. CalDet was used in the
T7 beam which had an available epergy range of 0.5-10 GeV and T11 which had a
range of (.5-3.5 GeV. Whilst not in the beam. CalDet sat in a wooden enclosure in
the hall taking cosmic ray data. Apart from cosmic rays. CalDet was also exposed
to an artificial, high energy source of muons which have been dubbed PS5 muons.
PS muons could be seen anywhere in the East Hall and seem to emanate from the
PS ring (when in operation}). In fact they provided an alternative strip-to-strip
calibration method to cosmic rays.

A typical high momentum beam consists of protons, positrons, kaons and pions,
some of which decay to muons. The polarity of the electromagnets can be switched
to select out positively or negatively charged particles. The relative fraction of these
particles in the beam depends on the charge and momentum selected.

Two systems were available to ald particle identification: the TOF and the
Cerenkov detectors. The TOF is principally used to separate pions and protons
since & proton of a given momentum will take longer to travel between two TOF
paddles than a less massive pion. The cerenkov counters are aluminium tubes be-
tween 2.5 and 4.4m long with a diameter of 15cm, that could be filled with CO, to
variable pressures. At low pressures, only very fast moving particles will trigger the
ferenkov detector, allowing particles with certain velocities to be selected by tuning
the pressure. Given that all of the particles in any beam had the same momentum,
the counters could be set to fire on electrons only, electrons and muons or electrons,

mnens and pions,
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Figure 4.12: The East Hall at CERN. CalDet took data in the T11 and T7 test-

bheams.
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Figure 4.18: A photo of 2 Cerenkov detector at CalDet. Particles travel down the
fength of the €Oy filled ahnuinimn pipe (right to left) creating Cerenkov radistion.

This is reflected by a wirror to 3 PMT {bottom left) where it is detected.

Figure 4.14: A photo of CalDet in the T7 besmline in 2008, The end of a Cerenkov
detector can be seen protruding from » large electromagnet (unused} on the left.
Omne of the TOF paddies is shown in the red box. vight in front of CalDet. Reqguiring
a coincidence i all the TOL paddies ensures a small beam-spot of particles that

have come directly down the begm pipe.
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4.8 MINOS Physics

The principle goal of the MINOS experiment is to conclusively establish the
cause of v, disappearance and in the case that it is neutrino oscillations, to measure
the oscillation parameters to 10%. The main way this is achieved is by measuring
and comparing the NC (neutral carrent) and CC (charged current} spectra at the
Near and Far detectors. A reduction in the expected number of CC 1, events in the
Far detector is an indication of oscillations and the relative spectra yield information
about sin?20 and Am? .

Events in the MINOS detectors can be simplified into two types: "Long’ and
"Short’. Long events arise mainly from CC v, interactions which produce a hadronic
shower and a distinctive mmon track in the detector. A fraction of CC 1, interactions
will also appear the same if the tau happens to decay to & muon. Short events will
oceur from any neutrino species as a result of NC scattering. A small number of
background v, and most . CC events will also be similar.

The T-test ‘ratio of ratios’ can then be constructed as a function of energy:

(N(short) /N (long)) vear
(N (short} /N (long) ) per

This statistic is not affected by the relative Huxes at the two detectors and is sensitive

(4.1)

to both depletion of v, events at the far detector and a corresponding increase of
2. and vy events in the case of neutrine oscillations. If no increase is seen, this could
be an indication of 1, = vgerie. Theory predicts that the number of long events will
exceed the number of short events at both detectors but the NC cross-section rises
at lower epergies: this means that the more accurate the calibration is, the lower
the minimum energy threshold can be set and the better the statistics that can be
achieved. Figure 4.16 shows that for 2 years running, MINOS could be sensitive to
values of Am? as low as 10%eV? for v, — v, oscillations with maximal mixing.
An alternative technigue allows an even greater reach on Am? . By extrapolating
the Near spectrum to the Far Detector using Monte Carlo, an expected, unoscillated
spectrum can be produced. The ratio of this guantity to that observed in the
data would give a 'dip’ at a specific energy if oscillations are taking place (See

Figure 4.17), The depth of this dip gives information on sin”20 and the exact
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Figure 4.16: The 90% confidence Hmits on vy, — 1 oscillation parameters by
application of the T-Test method. Limits are shown for the three separate bheam
comfigurations, assuming that after two years of rumming no evidence for oscillation

is seen. The Kamiokande and Super-K preferred regions are also shown.
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Figure 4.17: Ou the top are the oscillated and unoscillated energy spectra for charged

current v, events, for three values of Am? . On the bottom is the ratio of these two

spectra. The depth of the dip in the ratio is determined by sin?28 |, the position of

the dip by Am? .
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Figure 4.18: Limit plots showing the 90% confidence limits, from two years of run-

ning, assuming no oscillation signal is seen in the charged current v, energy spec-

trum. Beam systematics are included in this plot.
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Chapter 5

Calibration and Crosstalk

In order to make sense of MINOS data, it is important to have established an
accurate chain of calibration. Without calibration, signals cannot be compared like-
to-like between different parts of a detector, or detector to detector. This requires
that the response of each part of the detectors from the scintillator to the output of
the digital electronics be understood thoroughly. There are many other higher level
detector, electronics and environmental effects that alse influence the interpretation
of the data. Oune such example, seen in all the MINOS detectors, 1s PMT Crosstalk,
which arises from the close proximity of the PMT pixels to one another, causing
false signals.

This chapter discusses the objectives and methodelogy of the calibration and
describes the causes and effects of PMT crosstalk. An algorithm to remove PMT

crosstalk from CalDet data is presented and tested.

5.1 The Calibration Chain

When a particle is seen in the MINOS detectors, a large number of steps need
to be taken before a reliable measurement of the type and energy of that particle
can be reported. It is the job of the calibration to account for effects in the detector

elements such as:

¢ Scintillator: Particle type/energy, Fluor quantity, Path length

a7
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s Fibres: Light transmnission to fibres, Wavelength shifting fibre con-

version efficiency, attenuation, losses at optical couplings

o PMTs: PMT glass transmission, quantum and collection efficiencies,

pixel to pixel gain differences, non-linearity

s Electronics: channel to channel digitization differences, QIE/VA

The MINOS electronics are calibrated by a process known as charge injection.
Known guantities of charge are digitized and the response of the electronics can be
established. Far detector-like VA electronics have a single range ADC for which the
linearity can be checked with a few measurements. The Near detector-like multi-
ranging ADCs require many maore measurements. The electronics also continually
digitizes channels that are not being hit in order to construct a noeise pedestal. The
pedestal is subtracted from the data online to ensure only real hits are written,

It is important to ensure that we can calibrate the optical read-out with known
quantities of light. For this, the light injection system (LI} has been developed. The
LT uses 'Pulser Boxes’ which house ultra-voilet LEDs and are set up to deliver light
along optical fibres to every PMT pixel and to several PIN diodes. The PIN diode
has been shown to be very linear [72] and is read out along the same electronic
chain, allowing a measurement of the PMT response to be made. This can be done
for many light intensities to generate a linearity curve, which is expected to Hatten
out at higher intensities due to space-charge effects in the PMT. The process of
measuring the PMTs response over a large range is slow so it is only undertaken
roughly once a month. On much shorter time scales, a single "drift’ point is measured
and the curve shifted up or down slightly to fit to it.

Within the detectors, we expect the specifications of invidual scintiliator strips
to vary slightly from one to another. To normalise them, they all need to be exposed
to some common source. MINOS employs cosmic ray mueons that pass all the way
through the detectors to do this (See Figure 5.2), since they are minimum ionising
particles and deposit approximately the same amount of energy in every strip they
traverse. The spectrum that each detector sees is different however so the samples are

not directly comparable but sufficient exposure for adequate strip-to-strip calibration
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MINOS

Pulser
- Box /

: (20LEDs/Box)

PIN M16 PMT
Monitor

Figure 5.1: A schematic diagram of the MINOS light injection systern. UV LEDs
in the pulser boxes illuminate many optical fibres. one of which goes to a PIN diode
as a reference. The other fibres go to "ashtrays’ where the light is delivered to the
WLS fibres in the MINOS detectors and hence to a PMT per end. This diagram
illustrates the LI system in the Far Detector. CalDet has the same system but on a

smaller scale and the Near Detector has single-ended read-out and M64 PMTs.

(to 2.4% in the Far Detector and (.3% in the Near Detector} can be achieved within
a month. At CalDet, PS muons can alse be used for calibration purposes (see
Section 5.1.1).

In order to compare data in the detectors meaningfully, an equivalent set of
particles must be found in all detectors. Stopping muons are used since their energy
can be determined by their range in the detectors, or by their curvature if a magunetic
field is present. For the Near and Far Detectors, the stopping muons are cosmic
in origin, at CalDet test beam muons are used since the detector is too small to
collect a sizeable sample of cosmic ray muons that have unambiguously stopped.
Figure 5.3 shows an example of a stopping beam muon at CalDet. Measurements of
the characteristics of the energy lost by these particles as they cross the detectors

(dE/dX} can be used to ensure that particles are being compared like-to-like. An
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example of a type of particle that can be misidentified are so called ‘punch- or sail-
through’ pions that occasionally behave similarly to muons in the detectors. With
accurate relative calibration of the detectors, event energies can be described in terms
of Muon Energy Units (MEUs) which are a common unit to all three detectors. An
MEU is defined as the response of a particular detector to a 1 GeV muen travelling
perpendicularly through 1 plane of scintillator'. An MEU scale which is consistent
to 2% across the detectors is ope of the goals of MINOS.

The final stage of calibration is to be able to convert from MEUs to visible energy.
This was one of the main functions of CalDet since it could be exposed to several
particle species of known momenta. This allowed event topologies and hadronic and
electromagnetic energy deposition to be compared. A target of 5% precision on the
absolute energy resolution of the detectors has been set. Together with simulations,
a high degree of accuracy on the energy of incident neutrinos from their interactions

in the detectors, is achievable.

5.1.1 PS muons

At CalDet, as well as cosmic and beam nmons, & third class of these particles are
also observed. Dubbed "PS muons’, they are believed to be muons artificially created
in the PS ring at CERN that subsequently escape. In the T11 test beam, PS muons
tend to enter the detector at roughly the same height as beam muons, and stay at
that height for their entire passage through. However, rather than coming down
the beam-pipe and arriving at the detector in the centre-front of CalDet, PS muons
enter at some point off the beam spot, or even through the side of the detector
(Figure 5.4). It could be argued that these muons are cosmic ray muons whose
source is the horizon. However the observed flux is far too great to be explained in
this way. PS muons always appear to be through-going, implying that their energy
is at least 2.3 GeV and more likely, much higher. In T7, a similar phenemenon is
observed. These PS nmons do enter the detector down the beam-pipe as expected

of normal beam muons but they are through-going, regardless of the setting of the

"The term "MIP’ is sometimes alse used, but fell out of favour on account of it being deemed

wisleading
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beam momentum selecting magnets. By extrapoelating back the source directions
of the PS muons in T7 and T11 it was possible to determine that the likely poing
of production of these particles was the septum magnet where the primary beam is
extracted from the PS accelerator.

In T11, it is possible to perform a strip-to-strip calibration of the detector using
PS muens, although the coverage is not homogeneous, making the traditional cosmic

ray calibration preferable. It is not possible to calibrate with PS muons in T7.

5.2 Crosstalk

5.2.1 Introduction

Crosstalk is a well known PMT phenomenon - it has been studied in detail by
various institutions in test-stand setups [79] [80] [81] [82] [83] [86] [87] [88.
It arises in both the M16 and M64 PMTs that are used in the MINOS detectors.
In the case of M16s, the PMT face has a 4x4 array of photomultiplier pixels on
it. Crosstall occurs when a part of the digitized charge from one pixel is read-out
on another. This can happen when photons are scattered from their desired course
at the optical interface or the glass of the PMT. or photoelectrons skip across to
a neighbouring dynode chain; this is known as optical crosstalk and is the most
dangerous form. Charge can also leak from pixel to pixel if electrons spill into
an adjacent dynode chain; this is known as electrical crosstalk. Test stands see a
large amount of crosstalk of this form but it is generally less serious than optical
crosstalk as only the high energy tail of the distribution exceeds the nominal read-out
threshold of 0.3 photoelectrons.

The effect of crosstalk on the data is to produce the appearance of false "hits’ on
scintillator strips in the detector. The pattern of PMT pixels to strips was designed
to minimise the effect of this by having no adjacent strips connected to adjacent
pixels. As such, crosstalk hits are often seen ’in the wings’ of the beam data: for
example, & typical muon would traverse the detector hitting, say, strip 11 in each
plane passed and any associated crosstalk hits would be seen in the regions mapped

to strips 3-6 and 15-19. In this case, it is obvieus where the real muen track is and
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Figure 5.2: An example of a through-going cosmic ray muon at CalDet. The muon
entered in the top-left of the detector, exited from the bottome-right and was con-
tained roughly within the third guarter of the detector from the front. Common
characteristics of cosmic rays muons are entering from the top of the detector and
having a short, highly angled path. Very few cosmic ray muons can be shown to
have stopped unambiguously within the detector. Coloured squares indicate where
scintillator strips have been "hit’. Yellow bordered squares indicate hits deemed to
be part of a track. Purple bordered hits are prospective hits caused by crosstalk.
The colour of the square relates to the scale at the bottom of the plot and shows

the energy deposition in a particular strip, measured in number of photoelectrons.
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Figure 5.3: An example of a 1.8 GeV beam muon, as produced in the CERN test
beams. The nmon has entered the front of the detector (top of the page) in the
centre (in the middle of each view) and has remained roughly in the centre the
entire way through. It appears as though the muon has run out of energy and
stopped in the last gquarter of the detector; it is possible although unlikely that the
muon travelled all the way through the detector with the final hits not being seen
for some reason, such as a read-out hole or chips suffering from dead-time. Coloured
squares indicate where scintillator strips have been “hit’. Yellow bordered squares
indicate hits deemed to be part of a track. Purple bordered hits are prospective hits
caused by crosstalk. The colour of the square relates to the scale at the bottom of
the plot and shows the energy deposition in a particular strip, measured in number

of photoelectrons,
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Figure 5.4: An example of a PS muon, thought to arise from losses in the PS ring at
CERN. Events of this type tend to travel through the detector at a constant height
(like beam muons) but from one side to the other (like cosmic mmons). Coloured
squares indicate where scintillator strips have been *hit’. Yellow bordered squares
indicate hits deemed to be part of a track. Purple bordered hits are prospective hits
caused by crosstalk. The colour of the square relates to the scale at the bottom of
the plot and shows the energy deposition in a particular strip, measured in number

of photoelectrons,

what is crosstalk.

The situation becomes more complicated if the track curves. At CalDet, a ‘swiin-
mer’ type muon tracking code is used for calibration and partly for particle identi-
fication [84]. If the code comes across a crosstalk hit, it can cause a miscalculation
of the energy deposited in a given plane and, in a worst case scenario, cause the
swimnmer (o lose the real track entirely, see Figure 5.8,

A further problem is that of inter-plane crosstalk. At CalDet, all of the strips

of one end (side) of each pair of planes are connected to three PMTs in a nmx box.
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llgh dynode 2
anode

ecmdary
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Figure 5.5: A diagram Hustrating how PMTs operate. Light is mcident on 3 photo-
cathode, creating photoslectrons. These are accelerated by an electyic field towards
the st dynode where secondary electrons are produced. There are 12 dynodes.
by which thme the mmmber of electrons has been multiplied by around $x10° (the
gain}. The signal is then picked up on the anode. This diagram represents one PMT

pixel’. Mi6s have a dxd array of pixels and M64s have 2 838 array.

Figure 5.6: An M16 PMT. The 4x4 array of pixels and "venetian blind’ structure of

the photocathodes are visible.

{24%2 strips = 3x16 pixels) This necessitates that 8 strips from each of the two
separate planes ave optically linked to the same PMT face. Should crosstaik ocour.
the false hits can appesr in the other plane to that widch it was generated m. This
problem is accentuated by the fact that the pixelsirip pattern of the PMT plexing

tends to place these crosstalk hifs in fne with the beam. It has been shown that
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there can be cases where crosstalk hits fall into genuine “gaps’ in beam tracks: it is
impossible to unambiguously identify these hits as being or not being crosstalk, but
fortunately this only occurs rarely.

Cosmic muon data (which is used for the strip-to-strip calibration of CalDet [84]}
is not even subject to the luxury of having its associated crosstalk 'in the wings’ and
away from the particle track since these particles tend to enter the sides and top of
the detector, hitting fewer planes and more strips per plane than beam muons (See
Figure 5.2}.

A final consideration is the pixel-spot structure of the CalDet fibre-PMT inter-
face. At the Far Detector, each M16 PMT pixel receives light from not one buat eight
scintillator strips in order to save on electronics (see Section 4.5, Figure 4.9). The
eight strips, whilst on the same plane, are separated such that a track should never
preduce a signal in more than one of the eight fibres at a time. A different plex-
ing regime on the other end ensures that the correct scintillator hit can always be
uniquely identified. This procedure is known as “de-multiplexing’ and is performed
by the offline reconstruction code. At CalDet, there is ne need for more than one
scintillator strip to go to a given PMT pixel, but the interface remains the same,
with the redundant seven fibre openings being filled. The position of the active fibre
on the pixel face is konown as the spot. For every PMT at CalDet, a given pixel

number always receives its light from a singular spot position as shown in Table 5.1.

This enables the effect of the spot pesition to be studied, the assumption being
that less optical crosstalk would be produced from the more centrally lying spots 4
and 5.

It should be noted however that crosstalk is a random process and by simply
requiring that a hit be seen by both ends of the read-out of a given plane. a large

fraction of the crosstalk and other spurions hits such can be removed.,

5.2.2 Characteristics of Crosstalk in Data

Figure 5.9 shows a plot of the crosstalk from pixel 1 seen in other pixels. The

spectrum of the resultant crosstalk in pixel 6 has been enlarged to make the 1 p.e.
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Pixel | Spot || Pixel | Spot
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Table 5.1: Pixel to spot configuraton at Callet.

1 2|3 | 4 f/;‘\ .
5 6 7 8 S
(4) 8
9 (10| 1| 12 || A=
L6 ) |l Z 8
13 14 15 16

Figure 5.7 Left: Pixel muanbering on PMT faces. Note: This is the convention used
in this docmnent. Pixel manbering in the MINOS Software Plex goes from O 1o 15,

Right: Spot pesitions. Fach pixel has a spot configuration of this form.

peak more visible; it can easily be identified as the second pesk at about 80 ADC

comts. Por siroplification, crosstalk in and greater than the 1 pe. peak i defined

{especially in the region around 50 ADCs} but for most purposes it is not necessary
1o be able to say what variety of crosstalk o given hit is

For the most part. crosstalk only spreads from a given pixel fo its negrest eight
neighbours. This is not always true; i Figure 5.9 crosstalking to a pivel two away
from the source hit is seen at the (.019% level and certaimly # has been obgerved in
test-stand data. The crosstalk algorithmn that has been developed does not attenapt

to wentify crosstalk hits of this kind due to the marked mcresse in processimg that
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Figure 5.8: Yellow bordered hits are those that have been selected as being part of
a track. The top plot is before crosstalk handimg. The tracker has become confused

by crosstalk hits. Afterwards, the bottom plot shows the frack is dentifiad correctly.
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Figure 5.9: Histograms of crosstalk hit size with the ADC value on the x-axis.
Crosstalk from pixel 1 (top left, red, source specrum) to other pixels, is shown. The
relative percentage of crosstalk hits to each pixel is shown. The plot of crosstalk to
pixel 6 has been blown up to make the 1 p.e. peak clearer. No crosstalk is seen in

the other 11 pixels of the PMT face.

would be required; for M16s this seems reasonable but may not be adequate for M64
crosstalk removal code [86].

The top plot of Figure 5.10 shows a cosmic ray nmon track that a number of
crosstalk hits have been identified with. Ouly crosstalk hits that go from the source
pixel to the 8 nearest neighbouring pixels are considered. By eye, it’s clear that the
vast majority of crosstalk has been succesfully identified. The only apparent case
that a potential crosstalk hit has not been found is in plane 25 in the plot labelled
‘Right - Horiz Clear’. The mux box readout for the pair of planes associated with
this hit is shown in the bottom plot of Figure 5.10 and the grey pixels indicate the
middle PMT where inter-plane crosstalk can occur. On the left PMT can be seen
a clear case where a large hit (>500 ADCs) has generated a crosstalk hit into the
pixel below it (<100 ADCs). On the right, it is far less clear how the hit should be

handled. The relative difference in size of the two hits (which is normally a good
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Figure 5.10: This event dispiay shows a fyvpical cosimic muon signature in the detec
tor. Hits identified as being part of a track are bordered in vellow and prospective
crosstalk hits are bordered purple. The 3 PMTs of the mux box corresponding to
Plane 25/27 on one side is shown. The grey pixels denote the middie PMT where

mter-plane crosstalk can oceur.

indication of crosstalk) is Jess than for the other case (100 - 200 ADCs) and they
are separaied by a large distance. The environment of CalDet is quite noisy with
contaminants such as nentrons causing spurions hits as well ag crosstalk. Since this
hit cannot be unambiguously identified as any one of these, it is left unflagged. In
this cage the hit hag not been tracked anyway, so the effect of leaving # s not grest.

T Figure 511 i can be seen from the number of enfries in $he varions histograms

that the majority of crosstalk goes to the pixels directly above and below and fo the
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Figure 5.11: The face of a single PMT. The quantity of crosstalk seen on other pixels
from pixel position 7 (red, source spectrum ), with light injected at spot 8. The ADC

value is plotted on the x-axis in each case.

side of the source hit. Diagonal crosstalk is less frequent. The relative distribution
is heavily dependent on the spot position; in the case shown, the pixel is receiving
light along the optical fibre from spot 8 which is in the bottom right hand corner.

It is also thought that the distribution of optical crosstalk is modified in a west
to east direction by the "Venetian Blind’ structure of the dynode chains [88]. This
small effect is difficult to observe in the data, particularly since the fixed spot-to-pixel
configuration does not easily lend itself to a pixel cross-comparison.

Figures 5.12 and 5.13 show crosstalk hit ADC against the ADC value of the
source hit. Figure 5.12 gives all the crosstalk hits seen from pixel 6. The thick band
of hits along the bottom of each pixel plot appears to suggest that the electrical
crosstalk hit ADC is not strongly correlated with the source hit’s ADC. The plot in
pixel 8 is the y-projection of the crogstalk in pixel 7, again highlighting the 1 p.e.
peak. The top plot of Figure 5.13 shows only the crosstalk produced in pixel 3 (spot

position 4) that appears in pixel 4. The colour represents the number weighting.
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Figure 5.12: Hit ADC vs Crosstalk ADC resulting from hits in pixel 6. The plot in

pixel 8 is the y-projection of the crosstalk in pixel 7. highlighting the 1 p.e. peak.

Underneath are the x and y projections which represent the input(source) and out-
put{crosstalk) spectra respectively, There only appears to be a small indication of
correlation between the size of a hit and its resulting optical crosstalk hit. This may
be at least partly due to the fact that the input spectrum is highly peaked at the
low ADC range where the majority of muon energy deposits lie.”

Sone indication of the quantity of crosstalk seen is shown in Figure 5.14. The
plot shows the number of crosstalk hits divided by the total number of hits on an
event by event basis in each pixel of a PMT. It represents the average number of
crosstalk hits per real hit, The discrete spikes at 0.5, 0.333, 0.25 indicate a very high
crosstalk to hit ratio; these are indicative of large, low multiplicity hits at the front
of the detector caused by splattering particles. A good estimate of the amount of
crosstalk seen can be found by fitting to the peak around (.14 in which case around
1 hit in 7 is crosstalk. Looking across the wider spectrum of events as in Figure 8,
this increases to 1 in 6.

In Figure 5.15, crosstalk ADC divided by source ADC is shown. The distri-

“The crosstalk algorithm was primarily designed to assist with muon event reconstruction
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Figure 5.13: Top: Number weighted crosstalk ADC (y-axis) vs source hit ADC (x-
axis}. Bottom left: Input source spectrum (x-projection of above plot). Bottom

right: Output crosstalk spectrum (y-projection of above plot, zoomed in}

butions fall off exponentially as is probably to be expected indicating that most
crosstallk is at 8 very low level. What is maybe somewhat more surprising is that
~2% of events shown here are larger than 1 mdicating that the crosstalk hit is larger
than the original source hit. This seemingly unlikely occurence is paossible at low
light levels due to the fact that the electron multiplication at each dynode has &
gaussian form. [f a similar pumber of photoelectrons end up in the crosstalk dyn-
ode chain as in the correct dynode chain, they can be multiplied at differing rates

producing optical crosstalk signals comparable with the original hit.



5.2, CROSSTALK 104

. § #4335 4dd
g g g2

{;:;I

P
E
H

g EHEHES E
fF
e
] |
!]

=}
=}

i :
mmmlj

cEE3EESEdEEE

=}
=

Eﬁ%i?iﬁ%iﬁ
¥
i

sEEEEEEEEE
E—LH

Figure 5.14: Number of crosstalk hits divided by the total number of hits per event.

The pixel spot illuminated in this case is §; it can clearly be seen that the number
of crosstalk hits in the pixels closest to the source is larger than the number far from

it, as expected.

5.2.3 Crosstalk Removal Algorithm

The crosstalk removal algorithin (Crosstalker) runs as a module before the
CalDet muon tracking code [85]. It is designed to "clean up’ the crosstalk hits before
they are passed to the main body of the tracking code. The crosstalker performs

the following steps when executed:
s Moves through all the hits in a (mmx box connected) plane-pair in turn
¢ Looks at the 8 pixel window around each “test hit’ for other hits
» Finds the largest hif in the window and also sums the 8 pixel charge

e The test hit is flageed as crosstalk if its charge, Qresr < aXEQyindow Where
v is & user definable variable which can be adjusted according to the particle

type under investigation: it should be set around 1 for low energy deposition
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Figure 5.15: Crosstalk ADC/Source ADC from pixel 6 with light coming in at spot

8.

and low density of hits on the PMT face (i.e. muons) and much lower for high

hit density and high energy deposition (i.e. electrons)

¢ A test hit is then unflageged if there is a hit in the same strip of the next or
previous plane in the case of beam particle tracking, or in any of the 3 strips
ahead of or behind in plages in the case of cosmic muon tracking. The hit
is also disregarded if it is found in a strip directly adjacent to an existing
hit. These 'veto window’ cut conditions are a little severe, but remove the
undesired possibility of a genuine hit being assigned as crosstalk and hence

not being passed to the tracking code.

¢ The alrorithm then moves to the next plane-pair and repeats until all planes

in the detector have been analysed.

This is to prevent *corner-clipping’ hits from being mistakenly identified as crosstalk, See [84]

for more on corner-clippers.
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5.2.4 Algorithm Performance

In order to assess the effectiveness of the code, it was tested on Mounte Carlo
with crosstalk fully simulated. Figure 5.16 shows the results. The top left plot
shows the distribution of crosstalk in the detector according to the Monte Carlo
truth. The top right plot shows the hits identified by the Crosstalker which were
subsequently sent to the Tracker for processing and output. For the mest part there
is good agreement, with 82% of the crosstalk hits being successfully marked as being
consistent with crosstalk. The crosstalker always errs on the side of caution and
leaves hits that cannot be identified within reason, so the majority of the remaining
18% were complicated situations (such as multiply scattered muons that produced
crosstalk in adjacent pixels to the track or other occasions where genuine crosstalk
fell into the ’veto window’ around a hit},

Figure 5.17 demonstrates the importance of crosstalk removal. The plots show
the reconstructed ranges (stopping distance) of muons at CalDet. The beam energy
was set to 2.0 GeV for the runs analysed and muon selection cuts were applied. The
top plot shows the ranges without crosstalk handling and the middie plot shows the
ranges for the same data but with crosstalk removed. The total number of entries
in these plots show that an additional 4.6% of muons are successfully reconstructed.
More importantly, the muon peak is shifted backwards by around 0.5 of a plane.
Muons travelling though CalDet are described by the Bethe-Bloch formula. and
exhibit increased energy deposition as they are about to stop. These larger hits are
more likely to produce crosstalk than smaller hits earlier in the track and se more
crosstalk is expected towards the end of the track than the beginning. Muon range
is a crucial aspect of the MINOS calibration, so it is essential to remove the crosstalk
which is artifically extending the tracks via the inter-plane crosstalk effect described
earlier. Crosstalk removal is applied to all subsequent analyses in this work. Muon

dE/dX in CalDet is fully discussed in Chapter 5.3.
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Figure 5.16: The distribution of crosstalk hits seen throughout the detector are
plotted. The left plots are the truth and after crosstalking and tracking is shown on
the right. The middle two plots represent the x and y projection of the top plots.

The bottem plot shows the subtraction of the right plots from the left ones.
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Figure 5.17: Top: The muon range for raw data, with mmon selection cuts applied.

Middle: Muon ranges for the same dataset but with crosstalk removal. Bottom: The

top and middle plots overlaid. The crosstalk removal algorithm improves tracking

efficiency slightly and identifies forward going inter-plape crosstalk hits that fre-

quently appear at the end of muon tracks. Crosstalk hits are more common at the

ends of muon tracks because energy deposition is typically higher there. The muon

sample was produced with a beam energy setting of 2.0 GeV.
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5.3 Summary

Calibration of the MINOS detectors is a complex but essential procedure. The
electronics are calibrated using known guantities of charge that are injected and
read out. The response of each pixel on every PMT is homogenised using the
light injection system than supplies a known quantity of light to each element.
Production and guality differences in the MINOS scintiliator strips are accounted
for using cosmic ray muons that deposit a constant amount of energy in each strip
they pass through. Events in the different MINOS detectors can be compared like
to like by calibrating with stopping cosmic nmons (or beam mmons in the case of
CalDet} which travel the same distance through all the detectors, for a given muon
enerey. Finally, stoppine muon ranges can be translated to absolute energy as a
result of the studies of beam muons at CalDet. The energies of beam muons are
known a priori, this is not the case for muons seen in the Near and Far detectors.

PMT crosstalk is another important calibration issue for the MINOS experiment.
Crosstalk can cause errors in the particle tracking codes and artificially increase the
ranges of these particles. The characteristics of crosstalk in the data have been stud-
ied. The relative importance of electrical and optical crosstalk has been considered,
and it has been determined that the spot and pixel positions have an effect on the
amount of crosstalk observed in any given pixel It has been found that around 1 hit
in every 7 is crosstalk. A crosstalk removal algorithm has been developed which is
snccessful at removing 82% of crosstalk hits. This results in an 4.6% improvement in

tracking efficiency and pulls the muon stopping range back by 0.5 a plane at CalDet.
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chapterMuon dE/dX in the Calibration Detectar

This chapter is focussed on the identification of muons, and the measurement of
muon dE/dX in the Calibration Detector, The main characteristic of v, events in
the MINOS detectors, and the main tool for measuring the oscillation parameters,
is the identification and measurement of the mmoen which is produced in a charged
carrent interaction of a 1,. The energy of the NuMI beam is rather low (about 2
GeV} and the main background to v, events is from neutral current events where a
pion is produced which simulates a muon by travelling a significant distance before
interacting. Understanding how these events differ from real muons in the detector
is & very important issue and another is the estimation of the irreducible background
from them. Probably the main tool used to measure muon momentum in the MI-
NOS detectors will be range (although there is a magnetic field}, and a thorough
understanding, and measurement of the muon dE/dX will be paramount in view of
the fact that the whole MINOS calibration hinges on comparing muons of similar
energy in all three detectors. At this epergy, the muon dE/dX is not very well
known, and large differences between data and Monte Carlo have been identified.

A clean sample of muons at CalDet is first identified using shape and energy cuts
or éerenkov detectors. The detectors have an implicit efficiency, which is dependent
on the muon energy and needs te be calenlated, in order that it can be corrected
for. Other detector effects also have to be taken into account: differences in pressure
between the erenkovs and piouns decaying to muons between them both skew the
observed efficiency. Once the true efficiency is found, the observed muon spectrum

is corrected to obtain the true muon energy spectrum of the test-heam.

5.4 Pion/Muon Separation

High energy charged current v, events in the Near Detector and Far Detector
can easily be detected by their characteristic 'long-event’ nature; a muon created at
the interaction peint which produces a long track of hits that traverse some or all
of the distance to a detector edge.

Neutral current events can produce pions. These tend to tateract hadronically,

producing short, shower like events similar to those produced by electrons. Occa-
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sionally however the pion will not interact hadronically but instead travel through
a medium, slowly depositing enerey throuegh ionisation as it goes. In these cases,
pions can look very similar to muons.

Two methods are used to separate muons and pions. The first involves éerenkov
detectors that are available in the test-beam environment of CalDet. The second

method uses shape and energy cuts that are tuned by Monte Carlo simulation.

5.5 Muon selection using the Cerenkov Detectors

At CalDet, unlike the other detectors. there is a method by which pions and
muens can be distinguished with a high degree of certainty. Just upstream of CalDet
were located between one and three Cerenkov detectors (depending on the beam line
and the year}. Put simply, a terenkov detector is a sealed aluminium tube filled with
a variable gquantity of gas. Energetic particles travelling through them can possess
a velocity greater than the local speed of light and produce photons of éerenkov
radiation which are detected by a photomultiplier tube at the end of the counter.
By pumping the ferenkov detectors to certain pressures using COsq. it was possible
to set them such that a pion fravelling through them would not produce enough
cerenkov light to trigger them, whilst a muon that travels slightly faster for a given
momentun, would. Figure 5.18 shows the pressure-momentum thresholds for pions.
muons and kaons. Electrons always fire the detectors unless the momentum and
pressure are very low.

In the T7 beam line in 2003, a series of runs were taken in which there were two
operational Cerenkov detectors. The more upstream counter was 4.4m long and is
referred to as the "upstream ferenkov’ or *Cerenkov 3’. The counter closer to CalDet
was 3.5m long and is referred to as the *downstream éerenkov’ or ‘Cerenkov 1. A
second detector originally lay between them but was removed because it was not
functioning properly. Both erenkovs were pumped up to 4.4 atmospheres which,
at 2 GeV, ought to distinguish pions from muons. This was the maximum pressure
that could be applied to the detectors and so 1.8 GeV muons and plons also had to
be studied at this pressure. Whilst this was closer to the muon pressure threshold,

1.8 GeV muons are also easier to distinguish from through-going PS muons than



5.5. MUON SELECTION USING THE CERENKOV DETECTORS 112

Cerenkov_Pressure_ThreshoIds

Pressure (atm)
(7]
TTTT | TTTT | TTTT | TTTT | TTTT | TTTT

oL Lo e e b Lo o Ty T

1 2 3 4 5 6 7 8 9 10
Momentum (GeV)

Figure 518 Diagram showing the Cerenkov pressure thresholds for particles of
varions momenta using COy. The areas above each line are the regions of space
where the particle is above the trigeering threshold of the éerenkov detectors. When
the beam is set to select particles of say 3 GeV, it can be seen that at 2 atm, muons

will fire the detector and plons will not.

those at 2 GeV. Figure 5.19 shows this. The data has been broken down into four
categories: events that fired both Cerenkovs, events that fired neither and events
that fired only one or the other. It is expected that events that fired both erenkovs
st be mueons or electrons and those that fired neither be plons. For each of these
categories, the maximum depth the particle travels into the detector is shown. This
guantity, defined as the range of the muon is measured in units of planes, but an
event with a range of 50 has not necessarily reached the 50th plane of the detector
because it may have undergone multiple scattering, The top left plot (both éerenkovs
fired} shows peaks at ranges of around 51 and 60, corresponding to 1.8 GeV beam
muons and PS5 nmons respectively. Electrons cause short, shower like events in the
detector that do not penetrate very far: the width of these events would be expect
to be much larger than that of muons, but that quantity is not shown here. The
1.8 GeV beam muons lose energy as they travel through the detector and finally
stop after about 51 planes. There is some natural spread in the momentum of these

nmons and they sometimes multiply-scatter as they traverse the detector, resulting
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Figure 5.19: Plots of particle range for events selected by the ferenkov counters.
The top four plots are for 1.8 GeV and the bottom four for 2.0 GeV. In each of these
groups the top left plot shows events that fired both ¢erenkovs; these are nmons,
but a significant amonnt of contamination from PS muons is seen, especially at 2.0
GeV. This is observed as the peak at range 60, indicating particles that have travelled
straight through the detector. The top right shows events that fired neither éerenkov
counter. In the bottom left are events that fired the upstream counter but not the
downstream one and the bottom right depicts events that fired the downstream

counter but not the upstream.

in the relatively large spread of final ranges. PS nmons tend to be highly energetic
and travel right the way through the detector in & relatively straight line. The most
important feature of Figure 5.19 is that the peak range of 2.0 GeV muons is much
cloger to the S muon peak than for 1.8 GeV muons, and since the PS muons are

effectively a background to a pure op-momentum muon sample, the 1.8 GeV events



5.5. MUON SELECTION USING THE CERENKOV DETECTORS 114

are ‘cleaner’ to begin with.

The top right plots show the ranges of the particles that fired neither Zerenkov
and so are expected to be pions. There is a significant peak around 15 planes where
the pions are interacting quickly and hadronically, but some fraction of them behave
like minimum ionising particles and continue much further on, in the same way as
the beam muons.

Another way to look at the muon and electron sample is a plot of range verses
the ferenkov signal, see Figure 5.20. If can be seen that low ranged, high velocity
electrons produce a larger signal in the detectors than the slower beam nmons. A
high density of events can be seen at a range of 60 and are mostly PS muons. Being
of higher energy, they do generate a signal in the ferenkovs that is on average larger
than normal beam muons, but the samples are not sufficiently separated for this to
provide a reliable cut parameter. At this energy, electrons never travel more than
30 planes, which provides a convenient way of removing them. Along the bottom
of each graph can be seen a high density band of events that registered zero ADC
counts in the cerenkov detectars that did trigger the TOF and hence the read-out.
These are the pions.

In order to remove PS5 muons from the beam muon sample, fiducial cuats are
imposed on the data. Any muon that multiply scatters and leaves the detector
prematurely (i.e. out of the side} is excluded as its momentum cannot be determined
from its range. Beam muons however cannot travel further than their momentum
allows, hence a 2.0 GeV beam muon cannot leave the side of the detector any later
than plape 55. Thus any muons that leave the edge of the detector past plane 55 or
leave via the last plane are deemed to be PS muens. Figure 5.21 shows the effect of

the fiducial cut.

5.5.1 Cerenkov efficiency

The fact that some particles fire one éerenkov and not the other shows that the
detectors are not 100% efficient. However, the presence of two Cerenkov counters

allows the efficiency of the first detector to be calculated as follows:
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Figure 5.20: Range verses ¢erenkov adc for events that fired the first counter (left)
and the third counter (right}. Low range, high deposition events are electrons, long
ranged events are mmons. The high concentration of events with a range of 60 are
caused by P3 muons. Note the significant number of events where the adc is zero,
these are pions, and muons lost to éerenkov inefficiency. The sum of the x-projections

of these plots is equivalent to the top right plot of Figure 5.19.

31+ 13
— (5.1)
13431 +13+13
And the efficiency of the third detector can be found with the eguation:
13413
¥ (5.2)

1B +3T4+18+13
where the equation elements refer to the number of events seen, the 1 or 3 refers
to counters 1 or 3 and an overbar indicates a ‘not’. Therefore 31" would mean 'the
number of events seen in counter 3 that were not seen in counter 1. The guantity
13 is unknown but can be calculated iteratively. The results are shown in Table
5.2. As might be expected, the shorter of the two detectors (the downstream one} is
less efficient since particles have less gas to go through and therefore produce fewer

photons.
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Figure 5.21: The effect of the fiducial cut is to produce a cleaner beam muon se-
lection. IPS mmons are shown in red and beam muons in blue. A fit is made to the

cleaned 2.0 GeV sample.

Muon Energy

Cerenkov 1 Efficiency

Cerenkov 3 Efficiency

1.8 GeV
2.0 GeV

74%
88%

89%
90%

Table 5.2: The calculated efficiencies of the Cerenkov detectors used in the T7 beam
line at CERN. Cerenkov 1is the shorter, more downstream counter and Cerenkov 3

is the longer, more upstream counter.

The stronger signals in the ferenkov counters from PS muouns compared to beam
muons shows that the higher the momentum of the particle, and hence the faster it
is travelling, the more likely a particle is to set off the ferenkov detectors. Across the
intrinsic momentum spread of the particles in the beam. the lower energy muons
are therefore less likely to fire the ferenkovs. Since muons are minimum ionising
particles and deposit energy at roughly a constant rate, the more energetic, faster
muons will penetrate deeper into the detector than the slower ones. Thus the range

of the muon can be used as a measure of its momentum, and it follows that the
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efficiency of the éerenkov counters is not constant but depends on the velocity and
hence range of the muons. 5 proves to be a useful guantity to plot, being related to

a particle’s velocity by the equation:

B (5-3)

and can be seen plotted against the particle’s range in Figure 5.22. At 1.8 GeV, the
nominal § of pions is 0.9971 whilst for muons it is (L9983, A pion’s expected range
is independent of its momentum since it can interact hadronically at any time, but a
muon, being a minimum ionising particle is expected to travel further if it has more
epergy and hence a higher momentum and velocity, The pions are shown here with
a 3% energy spread to reflect the acceptance of the momentum selecting magnets
upstream. The plot shows that a muon with only enough enerey to take it to plane
39 or less would be indistinguishable from a pion. At 4.4 atm for example, these
muens would be highly unlikely to fire the Zerenkov detectors at all. or in other words
the counters are very inefficient at detecting mmons at this energy. It is therefore
possible to construct a plot of muon detection efficiency verses range which is shown,

for 1.8 GeV muons, in Figure 5.23.
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Figure 5.22: Range verses 5 for mmuons and pions. The distance that a muon travels
through the detector is proportional to its energy. This is not the case for pions
which can interact hadromically. The pions are shown with a 3% spread around
their nominal energy. Around plane 40, muons and pions have the same beta and

so below this they cannot be distinguished by the Cerenkovs.
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Figure 5.23: The efficiency of the Zerenkov detectors on a plane-by-plane basis.

Below plane 50 the efficiency is poor.

Cerenkov 1 appears to exhibit some odd behaviour. As the range decreases,
the efficiency begins to rise again after the expected dip. To understand this, it is
important to note that energy deposition is given by the formula:

&

— %~ = 5.4
Iz -3 (5.4)

dF - K» ZZ 1 Em 27!#«302162’}"22;?1051'
CdX Ap? ’

where z is the charge of the incident particle (in units of e}, Sc is its velocity, v its
the relativistic gamma factor, Thep is the maximum kinetic energy transferable to a
free electron in a single collision, Z/A is the ratio of the charge number to the mass
number of the medium involved, [ is its mean excitation energy, § is a density effect
correction. K is a constant given by 4wN 11" mg(, where N 4 is Avogadro’s number,

ro is the classical radius of an electron and mec? is the rest energy of an electron.

Taking the logarithm of (I-efficiency) gives the number of photoelectrons (n.p.e.}
produced as the particle travels through the counter.

Since dE/dX is proportional to 1/8%, by plotting these gquantities against each,
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Figure 5.24: 1/1-37% verses the number of photoelectrons. The x-intercept of a
straight line fit should give a minimum below which muons are not travelling fast
enough to trigeer the ferenkov counters reliably. The left plot is ferenkov 1 (down-

stream) and the right plot is ¢erenkov 3 (upstream}.

other such as in Figure 5.24, it is possible to determine a point where the velocity
is so low as to to produce zera p.e.

In order to do this, a straizht line must be fit, and an appropriate number of
points to fit over chosen, This can be done by calculating the x*/number of degrees
of freedom for each possible combination of data points and selecting the solution
closest to one. The top plots of Figure 5.25 show this, the results being used to
produce the straight line fits shown below. The value of § when the n.p.e. becomes
zero is shown, and hence the corresponding minimum momenta of pions and muons
required to fire the Cerenkov detectors. The most significant point to note is that
the values are not the same for the two counters.

Figure 5.26 shows that for a 1.8 GeV muon sample, with a nominal spread, a
terenkov firing only on the muons above 1.77 GeV detects a significant fraction less
than the counter that is sensitive to muons down to 1.65 GeV. For this set of runs,

the ferenkovs were set to their maximum pressure; it is thought that counter one
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Figure 5.25: The top plots show the x*/mpnber of degrees of freedom for straight
ime fits to the plots shown i Piguwre 524, Oncee the best mmober of pohds t0 be
used was found. the bottom plots show the it to these points. By calculating the
K-intercept of this Hne. the value of 1/1-87 that corresponds to zero photoelectrons
bemg produced can be found. Finally, using the masses of pions and muons. the
effective threshold moments to fre the Cerenkovs can be caleulated. For the upper
and Jower plots. the two on the left are for Cerenkov 3 (upstresin) and the two on

the right are for Cerenkov 1 (downstream)}.

may have been pmuped slightly higher than Cerenkov three. causing this effect

The efficiencies can be corrected for this effect. the new result being shown
Figure 5.27. Wiilst being improved, they still exhubit sowe strange effects at low
ranges. A smadl additional correction can be made for the pions that decay to
muons between the two ferendiov comnters. that may compensate for this. The
following section demonstrates that this correction is siall however. and is m fact
overestimated by shoulations.

Betmmmg to the plots of range detected i one. both or neither Gerenkovs, (Iig-

ure 5.28}. the correction for efficiency is show in red. and the smumation of the data
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and correction is shown in black (Figure 5.29}. Before. the counters were preferen-
tially firing on the higher energy muons. Whilst this is still the case, the efficiency
correction has had the effect smoothing out the muon distribution. The fit to the
peak of the muons that fired both Zerenkovs has moved back significantly compared
to Figure 5.21. illustrating that fairer representation of the true muon spectrum

present has been established.
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Figure 5.28: Fits to range plots. Top Left: Events that fired both ¢erenkov detectors.
Top Right: Events that fired neither ¢erenkovs. Bottom Left: Events that fired only

the first ferenkov. Bottom Right: Events that fired only the third éerenkov.

5.6 Muon selection using shape and energy cuts

5.6.1 Muon Spectrum

The muons in the CERN test beams are unlike the other particle species in that
their spectrum is never mono-epergetic, Whilst particles of the desired momenta
are selected out using appropriate magnetic fields, the muons arise from decays of
momentum selected pions. In the rest frame of the pion. the decay occurs isotrop-

ically but is then boosted to the lab frame, resulting in two momentum peaks: one
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Figure 5.2%: Corrected range plots. The original data is shown in biue, the correction
in red and the final result in black. The description of the various plots is given in

Figure 5.28

where the muon travels in the same direction as the decayed pion and the other in
the opposite direction. The energy and momentum of the resultant muon are given

by:

2 2
g by

= - 5.5

£ 21 (5:5)
2 2

T, ;

P 5.6

! 214 (5.6)

Thus the maximum energy the muon can have is the same as that of the pion and
the minimum. if it decays in the opposite direction to the pions motion is 0.57E,.
The distribution of muon momenta between these two peaks is further suppressed
by the fact that muons with significant transverse momenta are more likely to miss

the TOF paddles and hence not initiate a recorded event in the detector.
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5.6.2 Beamline Simulation

The simulation of particles in the T7 and T11 beamlines has three phases. The
target is modelled using the FLUKAO3 code which then inputs to the Decay TUR-
TLE program. This sinmlates the particles as they travel through the beam optics
regions before entering the test beam hall and the detector. In the T7 and T11
beamlines this distance is 32 and 40m respectively, after which they reach the first
terenkov detector. TURTLE is able to model pions decaying to muons in this re-
gion, which will be referred to as the "upstream’ region. The simulated beam is then
passed to a GEANTS based program which simulates energy loss and decays in the
region just before the detector and the response of the detector itself to the heam.
This region will be referred to as the "downstream’ area. A number of simulations
of muons were generated at various momenta (See Figures 5.30, 5.31 and 5.31). The
characteristic ‘two-horned” shape is best observed around 1.8 GeV. Muons that pass
all the way through the detector tend to collect at plane 60 in these plots. Some
umons will inevitably multiply scatter, causing them to leave the detector early and
hence have a greatly reduced range.

The difference between the ‘old” GEANT3-only muon model and the new *full

beamline’ simulation can be seen in Figure 5.33.

5.6.3 Particle Definitions

The T7 and T11 testheams are a noisy environment. In order to ensure good
data gquality, some global cuts must be applied to all events to remove overlapping,
out of time and incomplete events. This is achieved by impoesing a fiducial cut:
events must be fully contained within the detector. Any events which have hits in
the outer 3 strips (excluding crosstalk) or in planes 58 or 59 are deemed to have
failed the fiducial cut. The exception to this is PS muons which are actually selected
by having failed the fiducial cut in the last 6 planes of the detector.

Events that are out of time may well be written to disk or subsequently recon-
structed incompletely. The same applies to events that are seen in the detector
but have not passed through the TOF paddles and set off the triggering sequence

correctly. To remove this class of events from the data, there must be no scintillator
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Figure 5.30: Showing the range of muons of various momenta in CalDet, according
to the T11 Monte Carlo. The momenta simulated are 0.4, 0.6, (.8, 1.0, 1.2, 1.4, 1.6,
1.8, 2.0, 2.2, 2.4, 2.6, 2.8, 3.0 and 3.2 GeV from top left to bottom right. As might
be expected, the mean range increases with momenta with peaks at 60 indicating

nons that passed entirely through the detector.
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Figure 5.31: Showing the range of muons of various momenta in CalDet, according

to the T7 Monte Carlo. The momenta simulated are 0.8, 1.0, 1.8, 2.0, 2.4 and 2.8

GeV,

The pesk at 60 indicated muons that passed entirely through the detector.

hits with a time that is less than 30us before or greater than 296ns after the TOF

trigeer time. Events that do not have hits in strips 9-12 in the first 4 planes are also

rejected. Finally, events that have not been fully reconstructed in both views are

removed.

Onee a clean data set has been established, particles must be separated by species.

In the T7 and T11 beamlines, the TOF system, the éerenkov detectors and CalDet

itself are used to achieve this,

TOF:Particles are selected upstream by bending magunets to have the same
momentui.  Since the baseline between the two TOF paddles is a constant
fixed distance, intrinsically heavier particles will have a lower velocity than
lighter ones. This corresponds to a difference in time between the signals in

the TOF paddles for heavy (i.e. protons) and light (Le. electrons) particles
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Figure 5.32: Showing the range of muons of various momenta in CalDet, according

to the T7 Monte Carlo. The momenta simulated are 2.0, 2.8, 3.0, 4.0, 5.0, 6.0, 8.0

and 10.0 GeV from top left to bottom right. Note the log scale used. the first two

plots are alse shown on a linear scale for comparison in Fig. 5.31.

given by:

l - v
Mt = ¢ (145 =14 38) (5.1

where 1 is the separation of the TOF paddles, ¢ is the speed of light and p
is the beam momentum. m, and my are the masses of two chosen particle
species. Unfortunately, electrons, pions and nmons have too similar masses to

allow them to be accurately separated by their TOF time differences.

Cerenkov:The Cerenkov counters also work on the principle of separating
particle types by the speed at which they travel through them. In any medium,

the local speed of light is lower than that in a vacuum. Particles travelling
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Fizure 5.33: The plotied poinis show the momenium disiribudion for 1.8 GeV muong

with a 3% energy spread. The events were generated with GEANT3S and a ganssian

fitted. The hisfogram shows a more realighic simulation where the muong thai have

arigen from decays of 1.8 GeV pions and have bravelled down the T7 beamiine.

through a medinm {such ag carbon dioxide in the cage of a Usrenkov counier}
with suihicient vedocity canse photons o be emitied in a cone deseribed by the

formuiaz

] i
Oosrennon = 008 (s (5.8)

where P ig the pressure in the Cerenkov counter and k is 4.1 1074 for 00,
Electrong will fypically always fire the conmiers, bul by raiging the pressure,

mcreasingly heavy particles can be seb to five i

CalDyet:UalDet’s power in particle identification comes from the reconstmcied
shower shape of the event. Electrons inferact electromagnetically after little
penetration indo CalDed producing shori, wide showers congisting of many as-

sociated hits. Muong are minimam jonising particles and produce long, straight
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tracks, typically consisting of one hit per plane in each view. Protons and pi-
ong interact hadronically in the detector, producing event shapes similar to
electrons. Some piong drift through the detector without interaction however

and have similar event shapes to muons.

Once the shower data has been reconstructed, two event quantities that can be
calculated and have been found to have particular strength in separating muons
and plons are known as ‘mmltiplicity’ and "E3’. The maultiplicity is calculated by
summing the total pumber of hits in an event and dividing by the number of hit
planes. For muons this is expecied to be around 2 since the read-out is double ended
in each plane. Pions which tend to shower will have a higher value. E3 is found
by moving through all the planes that contain the event and summing the energy
deposited in those planes. The highest three-plane-enersy sum in the event is then
recorded and divided by the total energy deposited in the entire event. Muons will
tend to deposit most energy in the last three planes (see Section 5.7} but it will
only be a modest fraction of the total event energy. Pions on the other hand can
shower at any time and deposit a large fraction of their total energy in a three plane
window. The distributions of these two cuts can be seen in Figure 5.35. It can be
seen that these cuts are pot strongly correlated with each other and so when used
in parallel, provide excellent discriminating power between pions and muons. The
results, when applied to Monte Carlo, are shown in Figure 5.36. The precise cut
values are shown below. The cuts successfully identify 94% of the muons in the
mmon Monte Carlo dataset with just under 3% incorrectly identified as pions. 97%
of the pions are correctly identified in the pion Monte Carlo dataset, with 3% being
assigned as muons,

Using these cuts together with the TOF and erenkov counters, all of the major
particle types in the test-beams can be separated. Positively and negatively charged
particles cannot easily be distingunished by these means. The following cuts describe

the criteria used to identify various particles.

s Proton: Fires neither Cerenkov and is seen in the second TOF paddle between

460 and 560 ns after the trigger.
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¢ Deuteron: Fires peither ferenkov and is seen in the second TOF paddle

between 700 and 800 ns after the trigeer.
» PS muon: Leaves the back of the detector or the side past plane 54.

¢ Beam muon (below 2.4 GeV): Does not leave the detector, the event has

a multiplicity value between 1.84 and 2.56 and an E3 value less than 0.3.

s Pion:The event has a multiplicity value less than 1.84 or greater than 2.55

and an E3 value greater than 0.3,

Beam muons above 2.4 GeV leave the detector and cannot easily be distinguished
from PS muons on an event-by-event basis.

Having established a muon sanmple using the B3 and multiplicity cuts, it is inter-
esting to compare the result to the sample selected by the Zerenkovs. Figure 5.38
shows the expected contributions of muons from the upstream region. The plot
shows predicted plon decay vertices, that is the point along the beamline that a pion
decays to & muon. Events in bin O are muons that have been passed to GEANT by
the TURTLE simulation, and the remainder are decays that oceur further down-
stream. [t can be seen that only around 14% of muons are thought to have been
generated upstream, this is because many are off momentum or have some transverse
component of their momentum that causes them to miss the TOF counters and fail
to trigger an event. This is not in agreement with the observations from Figure 5.39
that show the fraction of muons observed in both Cerenkovs compared to all muons
seen, is much higher. Any mmon that fired the upstream ferenkov must have been
produced upstream. We see that around 32% of mmons have done so, considerably
more than the expected value of 14%,

It is thought that the additional mmons are created by a process referred to as
‘scraping’. Collimators are used in the beamline to set the momentum spread of
the particles in the beam and to vary the intensity. However, as the aperture of
the collimators is decreased, the numbers of particles hitting them increases. It it
thought that, contrary to the TURTLE decay simmlation, these particles interacted
with the collimators producing secondary showers upstream, of which muons are &

significant component. This, then is the source of the additional muons seen. To
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Figure 5.34: Showing the Time-of-Flight time differences between the two paddles
in front of the detectors in the T7 beamline. Heavier particles travel more slowly
for a given momentum producing a correspondingly larger TOF time difference,
For this particular €erenkov pressure setting, particles with long tracks that fire the
terenkavs are muons, short tracked particles that fire the ferenkovs are electrons and
short tracked particles that do not fire the erenkovs are pions (320-460ns window},

protons (460-540ns window) and deuterons (700-7560ns window).

test this hypeothesis, the beamline simulation was modified. First, the modelling
prodecedure was broken down into three stages, and each considered separately.
These stages were: the mmons created in the upstream region of the beamline, the
muons created in the downstream region of the beamline and pions that passed
the muon cuts. These would be subtracted later. The relative ranges of these
components are illustrated in Figure 5.40. Root’s TFractionFitter routine was then
applied to these three simulation components to find the best fit to data, for various

collimator settings. The results are shown in Tables 5.3 and 5.4. In the tables,
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Figure 5.35: Figure showing the multiplicity and E3 cut distributions. Top left and
top right show the total distributions with muons in blue and pions in red. Bottom
left shows E3 against multiplicity for muons whilst the bottom right shows multi-
plicity against E3 for pions. Whilst there is some overlap of the pion distribution
into the muon distribution, it can be seen that majority of the pion parameter space

can be excluded owing to their wider, shower like nature.

MCHO1 and MCVO1 are the more upstream collimators, primarily concerned with
the intensity control of the beam. MCHO2 is in a region of higher dispersion in the

beamline and is used to tune the momentum spread of the particles.
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Figure 5.36: Showing the selection efficiencies for muons and pions. A sample of
1.8 GeV Monte Carlo was generated for pions and muons (10,000 of each). The top
left plot shows that the mmon selection efficiency is 9% with 3% being incorrectly
identified as pions (top right}. The bottom left plot shows that the pion selection

efficiency is 97% with 3% being incorrectly identified as muons (bottom right).

Table 5.5 shows the x%’s of various attempts at muon Monte Carlo simulation.
The simplest form, monoenergetic muons with some energy spread does not describe
the low energy tail of the muon distribution at all. The old beamline simmulation was
a great improvement but did not take scraping into account. When the facility to
vary the fraction of muons coming from the upstream and downstream regions was
added, the simulation began to accurately describe the observed data. The final
subtraction of pions that passed the muon cuts gives the best fit.

Although in principle it would seem that a simple solution to the added complex-
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Figure 5.37: The top plot shows the ranges of all the particles seen in the detector.
By using the cuts described, it is possible to decompose this inte individual particle

species (bottom).
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Figure 5.38: Figures showing the decay vertices of pions to muons in the GEANT3
simulation. The top left plot shows the distribution of resultant muoen momenta and
at what point along the beamline they decayed. The top right plot is a
all these events, regardless of the final muon momenta. The nmons that have been
passed to this simulation from TURTLE are shown in the first bin, This is shown
meore clearly in the zoomed plots below, which focus en the start of the beamline.
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seen in CalDet are thought to have arisen from decays upstream.

histogram of

total sample size of 761 show that around 14% of muons
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Figure 5.3%: Showing (in dark blue} all muons selected using the shape/energy cuts

previously described. In red are the muons that have fired both ¢erenkovs and have

therefore necessarily been produced in the upstream region of the beamline. This

fraction is 32%, compared to 14% expected from simulation,

Run Number | MCHOT | MOV01 | MCHO2 | Up Fraction | Down Fraction
TO799 3.5 3.5 2.6 0.61£0.01 0.39+£0.01
70830 3.8 4.1 2.6 0.60:4:0.01 (0.40-40.01
715621 5.8 H.5 2.4 0.33£0.02 0.67£0.02
TO796 5.5 5.9 2.5 0.35+0.01 0.65+0.02
T(924* 6.0 .2 23 0.2940.01 0.714£0.02
71266 6.7 6.7 23 0.33£0.01 0.67£0.02
7870 6.9 Tl 2.5 0.4040.02 0.60::0.02
70802 7.3 7.3 2.6 0.3440.01 0.66:0.02

Table 5.3: Muon Energy is +1.8 GeV. All runs are from T7 2003, target number is 2.

Order of elements is: Target, MCHO1, MCV01, MCOHO02, CalDet. *runlog comment:

BHZ01 off.



Run Number | Energy | Target | MCHOL | MCV01 | MCH0O2 | Up Fraction | Down Fraction
70712 -1.8 2 2.5 7.0 2.5 0.42=0.01 (.58=0.01
70703 -1.8 2 4.0 7.0 2.5 0(.42=0.02 0.58=0.02
70707 -1.8 2 4.0 7.0 2.5 0.42:£0.01 0.58::0.02
70466 -1.8 2 6.8 4.0 2.5 0.41:£0.01 0.59:0.02
70574 -1.8 2 6.9 7.1 2.5 0.40:£0.02 0.60::0.02
70402 +2.0 3 2.9 2.6 3.0 (.62::0.01 (.38:0.01
TO730 +2.0 P 4.0 3.8 2.5 (1.46+0.01 (1.5440.01
71267 +2.0 2 6.7 6.7 23 0.33=0.01 0.67=0.02
70525 +2.0 3 6.9 7.1 2.5 0.40=0.02 0.60=0.02
70405 -2.0 3 14 2.6 3.0 0.62=0.02 (.38=0.02
70516 -2.0 3 12.6 12.8 2.5 0.30=0.02 0.70=0.02
70518 -2.0 3 12.6 12.8 2.5 0.30:£0.02 0.70x0.02
70521 -2.0 3 6.9 T 2.5 0.40:£0.01 0.60:£0.02
TO809 -2.0 2 4.3 4.3 2.6 0.51=0.02 (.49+0.02
71362 -2.0 2 6.4 6.6 2.4 (.34=0.01 0.36=0.02

Table 5.4: Showing the Fraction fitting results for various collimator settings at 1.8 and 2.0 GeV. All runs are from T7 2003, target

number is 2. Order of elements is: Target, MCHO1, MCV01, MCHO2, CalDet.

SLOD ADHHENT ANV ddVHS DNISH NOLLOHTIS NOOKW 9%

LET
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Figure 5.40: To obtain the most accurate Moute Carlo representation of the muons
seen in the test beams at CERN, three components must be considered. These are
the muons created in the upstream region of the beamline (top). the downstream
region (middle) and the pions that pass the muon cuts (bottom}, which must be

removed. The particles are characterised here by their ranges (x-axis).

Monte Carlo x2 N.D.F. | x?/N.D.F.
Mono-energetic (5% spread) 4064.51 30 135.484
Old beamline simulation 20032.30 30 67.74
Variable fraction simulation (no 7’s} 693.27 29 23.91
Variable fraction simulation (7’s subtracted} | 64.429 28 2.30

Table 5.5: Showing how well each version of the muon Monte Carlo fit the data.
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i data Fraction fit to hist: data
1000— | Entries 7740 | Entries 31
| Mean 43.48 | Mean  43.58
. | RMS 9.981| RMS 9.993
800|—
600
400—
200/—
_ 1 1 1 1 | 1 1 1 1 1
0o 10 60
range

Figure §.41: Showing the results of the fraction fitting procedure of beamline simu-
lation elements to the data. At the largest collimator setting there is little upstream
scraping and the profile of the muons is close to that predicted by the original

simmmlation.

ity caused by the collimators would be simply to open them as wide as possible, in
practice this is unfeasible. The collimators control the intensity of the beam: if set
to high. the number of overlapping events seen in the detector increases. In general,
all overlapping events have to be discarded since their energy measurement becomes
uncertain,

The final problem to address is the guestion of how accurately the beam mo-
mentum was measured. Using the mmon Monte Carlo with corrected upstream and
downstream fractional components, various shifts in energy were then applied. This
corresponds to small variations in the distribution to the left and right. The data
was then fit to these modified distributions. Figure 5.43 shows the results. The
resolution on this measurement is somewhat lmited by the available binning of the
modified distributions but it can clearly be seen that 1 (corresponding to the un-

modified distribution) is not the best fit. Taking the root of the parabolic fit, a
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data Fraction fit to hist: data
Entries 9270 |Entries 31 _\ﬁf
Mean 45.57 | Mean 45.63

RMS 9.39 | RMS 9.446
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Figure 5.42: Showiing the results of the fraction fitting procedure of beamline sim-
ulation elements to the data. At the smallest collimator setting there is a large

amount of S(;ra,ping upstreati, causing the ratio of on-momentuim muonps to increase,

value of around 1.028 is arrived at which corresponds to a muon epergy of 1.85 GeV.
From this simple procedure we find that the resolution on the measurement of the

momentum of beam muons is around 3%

5.7 Measurement of Muon dE/dX

Muons travelling through the detector deposit energy in a manuer described by
the Bethe-Bloch formula. Figure 5.44 shows the theoretical characteristic Bethe-
Bloch form for muons travelling through copper’. The energy loss occurs as a
result of ionisation of the medium being traversed; in physical terms. this is the
electromagnetic scattering of the incident particle with the atomic electrons. The

Bethe-Bloch curve has three regions of special interest:

e Low energy region: Here the rate of energy loss increases rapidly as 82,

“When minimum ionising, the difference in energy loss befween sieel and copper is around 3%.
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Figure 5.43: Showing the y?/n.d.f for various fractional energy shifts, indicative of
the resolution on the beam momentum. The best it does not appear to be at the

expected value of 1 but at 1.028 which corresponds to a muen energy of 1.85 GeV.

o [igh energy region: The rate of energy loss increases but more slowly, as

In(3~). This is known as the relativistic rise.

¢ Minimum lonising region: When 7 is around 0.96, the travelling muon deposits

the least energy.

Tonisation is the chief form of energy loss for muons with modest energies; Ta-
ble 5.6 shows the guantity of energy lost by other mechanisms, in iron. Table 5.7
shows the corresponding losses in scintillator. The planes of the MINOS detectors
are made from sheets of steel, sandwiched together with strips of scintiflator. The
scintillator is covered by a thin layer of aluminium for protection and Hght-sealing.
Awn air gap separates each plane. Table 5.8 shows the relative energy loss expected
to ocour in each of the detector components,

Individual muons seen in the MINOS detector, deposit a wide range of energies
on a strip-to-strip basis. This is because the loss itself in the scintillator follows a

Landau distribution which is then convolved with a Gaussian distribution resulting
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Figrure 544 Showing the expoectod Dethe-IEloch energy dopesition charagterisation

Tor muons travelling through sopper, al varicus energies,

from the eleetron multipliention in the PATT dynodes. A lwrge number of nouons
therefore have 1o be eonsidered. The Tirst step 1s 1o obtain the energy speetruns of
hits that & given strip produees. This s then truneated st $5% 1o remove the high
ooty Lall which skews the mern, An exnanple of the total distribation of hits for
e byplenl L GeVongon saraple and s trunested spoectran: is shown In Tigure 545,
The spile &l sere Indlendes gaps in nen Tracks, This ceeurs when the passing nuuon
dees not produse encugh light in the seintillator or the PATT,

Tor the parposes of these plots, MIPS are r sonvenlent unit of messyrenent. 1o
use. The culpul of the PATT electronics are raw ADXCs whish ean be converted
T the number of pholoelectrons present, iF the galn of & particulsr PAMT pivel is
known, Through-golng nisens are vsed 16 eorreet for any strip-to-strip dilferences
in the detectors, producing o guantity reforred 1o as Blglin, Gains and any change
In PAIT response over time Is applied as a further eorreetion, produeing HigCorr,
Lastly, the mean epnergy of loeal gosmie ray mugn speetrum has 10 be aoescunted
fior, sinee it 1 the benchnmark of the relibration in oneh detestor., Cadllet sees nueh
lower energy roaons than the Far Detector, for exseniple, which s shislded by & huge

overburden of rock. TFor eaeh detector, s mininmm non® s delined to allow muons
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in all detectors to be compared on a relative basis. This guantity is defined as a
MIP, and is equivalent to SigCorr multiplied by some constant for each detector.
Finally to achieve a full, inter-detector absolute energy calibration, the CalDet is
used to compare beam muons of known energy with these MIPs. (See Section 5.1

for more details on the energy calibration.}

The means and values of the root-mean-square are extracted from the spectra to
provide the average epergy deposited in that strip across the entire muon sample,

and it’s associated error, given by:

RMS
vV Numberof Entries

(5.9)

These points can be plotted for the entire muon track producing a characteristic
shape where the energy deposition rises markedly as the muon comes to a stop.
These plots are typically portrayed using the number of planes from the end of the
track; a given mmen may have a range that is an even or odd number of planes in
length so they must be arraneged such that they all stop in the same place. In this
case, the point that the muons stop is on the left hand side of the plot and the point
of enfry into the detector is on the right. The next stage is to apply a Bethe-Bloch

fit to the resultss.

p lonisation | Bremstrahlung | Pair Production | Photonuclear
GeV/e | MeVem?/g | MeVem?/g MeVem? /g MeVem?/g

1 1.681 0.001 0.000

4 1.806 0.004 0.003 0.002

i0 1.942 (0.014 0.014 (.004

20 2.032 0.033 0.038 0.008

Table 5.6: Showing the various contributions to the total energy loss that a mmon
experiences travelling through iron, at various epergies. The data is taken from

Groom |77}



8.7. MEASUREMENT OF MUON DE/DX 144

Entries 5515618

| mips(y) vs range(x) for passing muons| Weano  Soiii
W 6 - Mean y 1.24
o 14.81
=
Range
Entries 60
300 Mean 0734
O RMS  0.4424
250 E—
200
1501
100
501
0'7.-' 1 e \\ rln L ||| e ] .:| | | Pl r.:':u T
0 04 06 08 1 1.2 1.4 16 1.8

MIPS

Figure H.45: Top: Showing the distribution of hits and the energy deposited by
1.8 GeV nmons travelling through the detector. This is the complete, untruncated
distribution. Bottom: Showing a one-plane slice (plane 31) of the plot above. The
hit distributions from each plane are truncated at 90% and the mean and RMS are

extracted.
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p lonisation | Bremstrahlung | Pair Production | Photonuclear
GeV/ie | MeVem?/g | MeVem?/g MeVem? /g MeVem?/g
1 2.048 0.000 0.000
4 2.275 0.001 0.001 0.002
10 2.414 0.004 0.005 0.005
20 2.509 0.009 0.010 0.009

Table 5.7: Showing the various contributions to the total energy loss that a muon
experiences travelling through polystyrene, at various energies. The data is taken

from Groom [77].

5.7.1 Bethe-Bloch Fitting

The Bethe-Bloch formula is quite complex and an appropriate fitting function is
also necessarily complicated. An initial set of parameters are entered, in particular
the densities and thicknesses of the various detector components that the particles
travel through. The method then advances through the detector in small steps,
calculating the energy loss over each small distance. This is necessary since the
energy lost at each step is dependent on the total remaining energy (ie. a step
determines the starting point of the calculation for the next step). There is 1 step
for the aluminium, then 10 steps of scintillator followed by another step of aluminium
and finally 100 steps of steel. The particle’s energy and momentum are tracked at
each step and the summation of these energy loss steps is the total dE/dX.

The initial parameters can be fixed or allowed to Hloat, allowing for a best fit
to the observed data. A fit to the nominal parameters at 1.8 GeV is shown in
Figure 5.46. An improvement of the fit can be seen by allowing the parameters
to float & little way from their nominal values. In some cases this allows a higher
degree of accuracy on the measurement to be obtained, depending on the resolution
and by what means they were previously measured. The steel thickness for example
was measured in a few places on a spare plane. There was some variation between
measurements, suggesting that the nominal value may not be the most accurate.
The best fit to the data was achieved using 1.8 GeV muons, since they stopped well

away from the detector edge. The best fit parameters were extracted from this dats
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point and propagated fo the subsequent, higher energy fits. Figure 5.47 shows this

1.8 GeV fit and a comparison is made in Table 5.9. Seme examples of Bethe-Bloch

fits to higher energies are shown in Figure 5.48.

é - Entries 60
23] Mean 28.35
5F] RMS 16.48
= 221 ndf 431/53
4.5 :—_l MIPs/GeV 1119+ 2.5
na Prast 0.01659 + 0.00827
350
3F
E + P . :|'_+
25— TOUITUNE ST S S o e e T4
2
1- 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
0 10 20 30 40 50

number of planes from muon track end

Figure 5.46: Showing the initial dE/dX curve, with the parameters fixed at their
nominal settings. In this case, the nominal settings are the design specifications of

the CalDet components.

Plane Component | Thickness(cm) | Energy Loss(MeV)} | Percentage Loss
Steel 2.50 28.9 92.3%
Polystyrene 1.00 1.90 6.2%
Aluminium 0.02 (.44 1.5%
Air 2.30 .01 0.0%

Table 5H.8:

Showing the energy losses of a minimum fonizing particle as it travel

through a plane of CalDet. The values shown are nominal: the Bethe-Bloch fitting
procedure allows the values to fluctuate a little to account for siall variations from

the design specifications. These variations do not change on a plane-by-plane basis.
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Figure 5.47: Showing the modified values of the fitting parameters, after the minimi-

sation procedure of the fitting itself had been completed. These values have a higher

accuracy and are considered to be a better representation of the actual component

parameters at CalDet.

Table 5.

Fit Value

Parameter Nominal Value
Steel thickness 2.50 cm
Polystyrene thickness 1.00 cm
Alumininm thickness (1L02 em

Light Level

1200 MIPS/GeV

2.484440.004 cm
(0.98+£0.03 cin
0.0150.007 cm
1212:42.6

9:

Showing the nominal fitting parameters for the Bloch-Fit and those

extracted from the minimisation of the fitting procedure itself.
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Figure 5.48: Showing the Bethe-Bloch fits to data at 1.8, 3 and 10 GeV. Above 2.2
GeV. muons do not stop in the detector and the characteristic increase in energy
deposition for stopping muons is not seen. The fit is therefore expected to be less
acurate and requires optimised fit parameters that have been extracted from a better

fit (ie. 1.8 GeV).
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The results of the Bethe-Bloch fitting can be cross-checked against published
results. Having made the modified fit to various energies, it can be tracked back to
the first plane, or the point of entry of the nmon inte the detector. The data from
this plane alone is unsatisfactory because ‘splashing’ was sometimes observed, that
is a large number of low energy particles were observed to hit the front plane of the
detector, but travelled no further. At the point of entry of the muon, it is closest to
the nominal beam energy, before it begins to slow down in the detector. The energy
deposition at the point of entry is then extracted from the it and compared to the
published Groom tables, This is shown in Figure 5.49.

The fit values of MIPS/GeV are also reguired to convert the energy seen in the
detector (in MIPS) to visible energy (GeV}. MIPS/GeV is a quantity often refered
to as the ‘light level’. Translating from the mmon standard candle to visible energy,
it can vary when the detector is moved or re-wired, for example. Temperature is also
thought to have an effect (~-0.3%} since it can alter the properties of the scintillator,
although there is a time lag associated with this. These effects could be responsible
for the consistent observation of more energy deposition in CalDet than expected
from the Greom tables. Contamination from PS muens could also be partly to

biame.

5.8 Summary

The range of mmons in the MINOS detectors is the lnchpin of the relative and
absolute energy scale calibration. A good understanding of how they behave in the
detectors is therefore crucial. In addition, some pions produced n neutral current
interactions can simulate muons by travelling a significant distances in the detector
before interacting.

At the near and far detectors, the only way to identify muons is via topologi-
cal and energy cut parameters. At CalDet, there was also the possibility of using
terenkov detectors, although their efficiency was found to be dependent on the en-
ergy of the muons travelling through them. In general. the ferenkov detectors were
found to be around 85% efficient at identifying on momentum muons. It was also

possible to determine the fraction of muons being produced in various areas of the
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Figure 5.4%: Showing the dE/dX for data muouns at the point of their eatry into the

detector, against the data presented in the Groom et al tables [77].

beamline by using the éerenkov counters.

Muons arise from the decays of pions in the CERN test beams and as such are
not mone-energetic. Shape and energy cuts must be applied to the data to sepa-
rate pions and mmons and Monte Carlo must be used to determine the appropriate
cut parameters. With the addition of timing and fiducial cuts the various particle
components of the test beams could be separated.

Since the beginning of the running of CalDet at CERN, it has been known that
the conventional Monte Carle simulations do not simulate the observed nmon spec-
trum well. [t has been shown that this is because the upstream region of the beam-
line is not simulated well, with there being many more on-momentum muens than
previously thought. Adjustment of the collimators has showed that this is more
than likely due to 'scraping”: additional muons being produced by plon interactions
with the collimators, that were absent from the simulation. The discrepancy in the
number of muons produced in the upstream region was as much as 100% at times,

depending on the collimator settines.
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Muens travelling though the MINOS detectars deposit energy in a manner de-
scribed by the Bethe-Bloch formula. It has been shown that a Bethe-Bloch fitting
function describes the data well and it in good agreement with the tables published

by Groom et al.



Chapter 6

The NEMO-3 Experiment

6.1 Introduction

NEMO-3 is a neutrinoless double beta decay (Ovf5} experiment. If this inter-
action is observed, it means that the neutrino is a Majorana particle, it is its own
antiparticle and lepton number is not a strictly conserved guantity. This would be
a very important result for nentrino physics.

The mechanism of 0¢F73 could occur in a number of ways. A majorana mass
term for the neutrino would allow it to oceur through the V-A interaction, with a
helicity flip of the neutrino. It could alse occur through a V4A interaction to &
27 excited state which requires as yet unseen right handed currents. Another class
of mechanisms that could contribute are those that include the emission of one or
more Majorons, a bosen that would be responsible for the spontanecus symmetry

breaking of lepton number.

6.2 Detector Description

NEMO-3 is a calorimeter that also has particle tracking capabilities. [t is cylin-
drical, around 3m high with a diameter of 5m and is composed of 20 wedge shaped
sectors’. Each sector houses & 88 emitting isotope in the form of a *foil’. NEMO-3
contains various guantities of 7 specially chosen isotopes; these are shown in Fig-

ure 6.1,
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located 1780m (4850 m.w.e.} underground in the Modane Underground Laboratory
(LSM). Situated in the Fréjus tunnel between France and Italy, the detector has been

routinely taking data since June 2002 in this low cosmic background environment,

6.2,.1 Source Foils

Mass | Number Q Activity (mBqg/kg} | Processes
Isotope | Type | (g} | of Sectors | (keV) Ti Bi Studied
100\ o Foil | 2479 5 3034 | <0.104 | <0.300 | 0vp38. 2v088
WMo | Comp. | 4435 4 3034 | <0.140 | <0.090 | 0vj38, 2vf86
823, Comp. | 932 2.3 2095 | 0.4£0.1 | 1.24£0.5 | 0v38, 2048
W80 Foil 405 1 2805 | <0.5 <1.5 | 0uvpB, 2v88
BTeQy | Comp. | 454 1.8 2829 | «<0.51 <0.68 | Ov85, 2v88
PONd; O3 | Comp. | 36.6 (.14 3367 | 1042 <3.3 | 0vBB. 2v88
WB7r0» | Comp. | 94 (.03 3350 <10 <17 23
BCaF, S.P. 7.0 0.03 4272 <2 <4 w88
7 ey | Comp. | 207 LT 2829 | «0.333 | «<0.167 | background
Rk Foil 621 1 % <0.033 | <0.117 | background

Table 6.1: Various mmformation about the source foils used in the NEMO-3 detector.
‘Comp.” refers to composite foils; typically metal powder glued to mylar sheets.

'S.P. refers to disks of powder that are sealed between two mylar sheets.

The NEMO experiment originally set out to investigate 053 in Molybdenum.
Since then purification techniques have improved significantly, and now several iso-
topes that exhibit 2035 are being investigated. In addition, the purpose of the
MITe(y and ™ Cu is to measure the external background. Table 6.1 lays out some
information about the isotopes used. The activites of these materials are very low,
and have to be, to minimise any contamination that could pollute the 055 signal
This is also why isotopes with high @ values are favoured. The purity of the sam-
ples can be attributed to the incredibly stringent physical and chemical purification

processes that the sources go through.
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o

6.2.2 Tracking Wire Chamber

The NEMO-3 detector has 6180 open octagon drift cells operating in geiger mode
which provide three dimensional tracking of charged particles. Each cells is com-
posed of 1 anode wire (at ~1800V) and 9 or 10 cathode wires (at ground, 0V), one
or two of which are shared with the adjoining cells. The wires are 270cm long, made
from 50um diameter stainless steel and run from the top wall to the bottom of the
detector. Each half sector has 9 rows of cells, split info groups of 4,2 and 3 moving
away from the central foil. In between groups are scintillator blocks. See Figure 6.2,
The wire chamber has been desisned to maximise its transparency to the charged
particles travelling through it.

Charged particles ionise the gas in the wire chamber as they traverse it. The
electrons produced drift towards the anode wire at about lem/us and by the time
they are around 100um away from it, they have enough kinetic energy to ionise the
gas themselves. An avalanche of electrons known as a Geiger plasma is produced in
the vicinity of the anode wire and, when it arrives there, propagates along it in both
directions at about Gom/us. The time difference between the plasma arriving at the
top and bottom of the wire gives the longitudinal position of the particles [91].

To reduce multiple scattering of particles, the detector is filled with a specialized
mixture of gases: 95% helinm, 4% ethanol and 1% argon. Ethanol and argon act
as guenchers, to achieve a perfect balance between width and amplitude of signal.

The pressure mnside the detector 15 7 mbar above local atmospherie.
6.2.3 Calorimeter

The NEMO-3 calorimeter walls have three main functions:

¢ To measure the energy of electrons/positrons in the energy range 150keV -

12MeV
¢ To measure the energy of photons in the energy range 80 keV - 12 MeV
» To measure time-of-flight and act as a trigger

There are 1940 blocks of scintiliator in total with 34 on the internal wall, 39 on the

external wall and 12 on the top and bottom walls, per sector. Blocks are 20x20x10cm



156

6.2, DETECTOR DERCRIPTION
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Pigure 6.2 The strueture of the NEMO-2 Geiger wire chambwer is shown,

of the souree foll s loended at the erogs-hair, Going in both dircelions, the foil is

surrounded by four rows of Gelger wires, then a ow of seintillidors, two more rows

of wires then ansther row of sointillators and foally & row of three wires.
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on external walls and 15x16x10cm on internal walls. They are mostly made from
98.49% polystyrene, doped with 1.5% scintillating agent p-Terphenyl and 0.01%
wavelength shifter, POPOP. They are wrapped in mylar for protection and light
tightness and a teflon band at the interface of scintillator blocks reflects lost light
back towards the respective PM they are attached to. NEMO-3 uses 3-inch and
a-inch Hamamatsu PMs with special low activity glass. They are housed inside
black plastic boxes to minimise contamination from ambient light and are protected
from the magnetic field by cylindrical shaped shields made from high nickel steel

(p-metal}. Figure 6.3 shows the layout of the NEMO-3 calorimter.

6.2.4 Electronics

The drift cells and the calorimeter use separate electronics meaning that the DAQ
and triggering can be dependent on either or both. 160 distribution boards supply
HV from CAEN power supplies to the drift cells and receive signals back from the
anode and cathode wires. These signals are passed to 160 VME acquistion boards
which digitize them. A signal on the anode wire starts the counting of an anode
TDC and two cathode TDCs, one corresponding to the top of a given wire and
oge from the bottom. The TDUs are stopped when a signal is received from its
respective focation, up to a maximum of 6.14 us later. The anode TDC is stopped
by the acquisition trigger. Up to 710 us after this, other anodes can still fire, setting
off a slow TDC which is designed to record alpha particles.

The CAEN supplies also power the PMs. Three PMs are supplied by one HY
channel through distribution boards, so resistors on these boards ensure that each
PM receives the correct voltage. The PM signal goes directly to acquisition boards
(1 per half sector) which begin charge integration and TDCs once a low threshold
has been reached. The digitization does not begin uatil 8 high threshold is passed
at which point the trigger is sigunalled that a PM has fired.

The trigger has three levels. The first is based on PM hit multiplicity, the second
is based on track recognition in the tracking wire chamber and the third trigeer is

based on associating hit scintillators with tracks.
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calibration tube

scintillator blocks
source foil support

Figure 6.3 Fach sector is composed in the same way with the source foll in the
centre and seintillntor blocks and PAs on the nner, outer, top and bottom salls,

The geiger wires are ot shown in this disgram for elarity.
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6.2.5 Magnetic Field and Shielding

It has been shown that high energy photons impinging on the source foils (from
outside the detector or from neutron capture) can produce electron-positron pairs.
This is dangerous since it can mimic the Orfg signal. However, a 20-30 Gauss
vertical magnetic field is used in NEMO-3 which causes electrons and positrons to
curve in different directions. Particle tracking can then be used to reject positrons
at the 95% level. The field is created by interconnected copper rods outside the
external wall which form a solenoid.

Outside the solenoid is a 20cm thick low activity iron shield to reduce neutron
and ~vy-ray fux into the detector. Ouside of this is water and wood shielding to

thermalise neutrons before they arrive at the steel.

6.3 Calibration

Absolute energy and time calibration of the detector is a time consuming process
that requires specialised runs to be taken. As a result, it is only performed 2 or three
times a vear. On a nmch shorter time scale conditions such as PM gains can vary,
so & simple daily calibration is conducted that can then be used to correct to the
absolute reference calibrations. A special laser based system is used to calibrate the
calorimeter. A small bulb of scintillator is used to convert a laser pulse into a signal
that simulates a 1 electron event. The signal is sent via optical fibres to all the PMs
in the detector and 6 reference PMs that are continuously exposed to 2V Bi sources,
monitoring the 976keV conversion electrons. Energy calibration to an accuracy of
1% can be achieved by comparing the laser peak position in the reference PMs to
the signal from the Bi sources and a mean value of the peak position as seen by the
PMs of the detector.

For the longer absolute calibration, the calibration tubes are used. These are
copper tubes, one present in each sector, that can be used to deliver sources inside
the detector. Three energy points can be measured to ensure the linearity of the
detector in the most important region; 482 and 976 keV conversion electrons from

20V Bi and 2283 keV from the end point spectrum of MY, Timing calibration is
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performed using an intense *Co source which emits 1332keV and 1173keV photons

i1 coincidence.

6.4 NEMO Physics

NEMO-3 is searching for 0v838 in '%0Mo, 328e, 110Cd, ¥0Te, POIN, *Zr and
B(la. The experiment can search for the effective Majorana electron neutrino mass
< my, > down to the level of 0.1 eV. If no signal is detected, a limit can be set based
on the halflife, from the relation:

3

. @ 2
o !2 < Ty, > (6.1)
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where (7 is a calculable phase-space factor proportional to the traunsition energy

S [$ T . . . “
(Q3y and M " is the nuclear matrix element of the isotope in question. Nuclear
matrix element calculations have large uncertainties meaning that a mass limit of 0.1

10030, Hence isotopes

eV would correspond to a Ov37 half-life of order 107 years for
with higher (}94 produce a higher " as well as being further from background
contamination signals.

After around 389 days data taking (analysed and results published), the NEMO-3
experiment has not observed evidence for 0v34 has so far with its ~7ke of 1%%Mo and
~1kg of ¥8e. The corresponding limits are Ty /2 (0p838) = 4.6 x 1073 years for 1Mo
and Ty (0088) 2 1.0 x 10% years for *Se (90% C.L.}. With uncertainties in the
nuclear matrix element calculations included, the Hmits on the effective Majorana

neutrino mass are:

WALe < 0.7~ 2.8 eV (6.2)
BGe « 1.7 —4.9 eV (6.3)

which is beginning to exclude the region suggested by the Heidelberg-Moscow "°Ge
experiment [44]. Radon has been the most significant background to date; the

inclusion of a radon-tight tent has decreased this by a factor of ~10.
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Flgare 6.4 An event display of a typical event. On the left are noarmal views
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Chapter 7

Background studies in the

NEMO-3 experiment

In NEMO-3, as with any other experiment, it is important to identify and study
backeround signals. Wherever possible, the sources of these 'fake signals’ should be
reduced as much as possible, after which accurate estimates of their contamination of
the real signals should be established. This chapter describes the study of two such
sources, *1Bi and *®TI and their impact on the data when present in tiny amounts
in the NEMOQO source foils, A measurement of the guantities of these isotopes is
made using the detector itself, and an estimate is made of the number of signal-like

events that result.

7.1 Backgrounds of the NEMO-3 experiment

The signal for 0G4 in Molybdenum is two electrons, whose summed energy is
3.034 MeV. Any processes in or around the detector that produce a similar signal,
or signals that could be interpreted as being the same, need to be reduced as much

as possible. There are three main sources of such signals:
o The tail of the 2047 distribution
s Interactions of external neutrons and photons with the detector

o Natural radioactivity of materials used for the construction of the detector,

162
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within the LSM laboratory and the source foils themselves

7.1.1 'The tail of the 2i-57 distribution

The summed energy spectrum of the two electrons emitted in 208373 is expected
to extend as far as the 3.034MeV 0r37 signal region. Some pumber of events in
the extreme of the high energy tail of the 2037 distribution therefore represent
a background that cannot be avoided. However, by studying the 2035 half-life
of the isotopes involved, an estimate can be made of the number of events that
would contaminate the OvG4 signal. The relevant half-lives for '™ Mo and *?Se were

measured by the NEMO-2 experiment:

T77 (M o) = 0.95 £ 0.04(stat.) +0.09(syst.) x 107

2055 8 . :
iyt (%28} = 0.83 & 0.10(stat.} + 0.07(syst.) x 10%y

Within a 2.8 - 3.2 MeV window, this equates to 1.1 events in Tkg of %Mo per

vear and 0.1 events in lkg of *2Se per year [74].

7.1.2 Neuntrons and Photons

Neutrons can be produced in matter (rock, detector components} by spontaneous
fission of radioactive isotopes within the uranium and thorium decay chains, see
Figure 7.1. These neutrons can be subseqguently captured by nuclei in the detector
frame and photons emitted of the order of 3 MeV and above. NEMO-3 employs
various layers of neutron shielding to minimise their effect.

The ~-ray fiux in the LSM arises from natural radioactivity in the rocks. radiative
neutron capture and bremstrahlung from cosmic ray mmons. Photons that then

interact with the source foils can produce Ovf3-like signals in & number of ways:

» The photon produces an electron-positron pair, the positron is subsequently

mis-identified as an electron

» The photon produces an electron by the Compton effect which in turn produces

another free electron by Moller scattering
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» Two electrons are produced by the Compton effect occuring twice

¢ An electron is produced inside the foil by the photoelectric effect which sub-

sequently produces another free electron by Moller scattering

s An electron is produced by the Compton effect, and another by the scattered

photon interacting via the photoelectric effect

7.1.3 Radon

Radon is a rare radioactive gas that is created by the decay of uranium and
thorium (see Figure 7.1) that is present everywhere. [t can seep out the rocks into
the air and then can enter any regions of the detector that are not airtight, or
become deposited on the detector via dust particles. A radon removal factory was
employed to reduce levels of radon around the detector to less than 10-20Bg/m?*.
The main dangers of radon are through its daughter isotopes of “'*Bi and %71 that

are produced when it decays.

7.1.4 2YBi and 27T

There are traces of natural radioactivity in all parts of the detector. These
arise from the daughter products of ¥ Uranium and ?*Thorinm which exist in
tiny quantities everywhere since they have half-lives of millions of years. The most
dangerous of these are 2Y“Bi and “®T1 which produce f-rays in the Ovf3f energy
window as they decay. There are three processes can then produce a second electron,

such that their summed energy is 2.8 - 3.2 MeV:

o Conversion electron: The nucleus of the f-emitter becomes excited as the

decay occurs, The nuclens de-excites by ejecting an electron.

¢ Maller scattering: The emitted S-particle scatters in the material, ejecting a

second electron.

o Compton effect: A f-particle is emitted with a de-excitation photon. This

photon undergoes compton scattering, producing a second electron.
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paseess I order to snsurs they are as pure e poesible, see Appendix & for detalls.
The sctivities of the fdls are so low that only the detector itself can b used to

Joetertiing focurate mensuTetnte,
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Detector Element | Weight (kg) | ?"'Bi (Bq) | *T1 (Bq)

PMTs 600 300 18

Scintillators 000 <7 <0.3
Copper Frame 25000 <25 <10
Steel Frame 10000 <6 <8

pr-metal 2000 <2 <2.7

Wires 1.7 <1073 <fix10~*
[ron Shield 180000 <300 <300

Table 7.1: The activities of the principle detector elements of NEMO-3 as determined

by an HPGe detector.

7.1.5 Simulation and Data

All of the Monte Carlo simulation used in this work was produced using ‘nemos’,
purpose written, Geant 3.21 based code [78]. The full NEMO-3 geometry is passed
to the code, allowing for simulations of all processes of all the isoptopes present and
internal and external backgrounds from any poiut in or around the detector. The
output is reconstructed using the ‘nemor’ package, which is also used for reconstruc-
tion of actual data events. For the purposes of this analysis, 150,000 Monte Carlo
2B TY and 150,000 24 Bi events were generated, their source being the Molybdenum
foils of the detector. This was then compared to 47 days and 23 hours of real data,
taken between 01/05/2003 and 30/06/2003. This corresponded to 150 normal data

taking runs.

7.1.6 Particle Definitions

An electron emitted from a source foil is defined as a reconstructed track that has
fired Geiger cells near the source foils, passes through the wire chamber, has negative
curvature and finally hits a scintillator on one of the detector outer walls. Several
internal/external hypothesis tests are applied to events to ensure that they have
arisen in the foils and travelled outwards and have not started outside of the detector
and travelled inwards. Positrons have positive curvature within the detector.

Photons are seen as energy deposits in the scintillators, with no associated track.
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Apart from the case of single electron only events. the observation of a photon
will typically start the data acquisition trigger. Photons are sometimes refiected
from a PM, firing another one and simulating a two photon event. A time of flight
hypothesis can be applied to remove photons caused by reflection.

a-particles are also produced in the detector. for example from the decay of
“ZRn. They are characterised by 'delayed’ Geiger hits, coming some time after
those produced by electrons. Hits of this type are recorded by the "Slow TDC’
counters. a-particles are displayed as blue, square boxes in the reconstruction, to

distinguish them from electrons (red circles).

7.1.7 Selection Cuts

A number of simple event parameters can be used to distinguish typical 28T1
and 2" Bi decay events from 0r338 or 2088 events. In both cases, a single electron
track is expected with 0,1.2 or 3 photons in addition. The energies of these photons
must fall into specific windows to be considered valid background events. In the case
of Z¥Bi, an alpha-particle is also expected. The specific definitions for *®*7T1 will be
described in Section 7.2 and for 2*Bi in Section 7.3.

Once a clear set of events has been established that abide by the basic expecta-
tions of that event class, care must be taken to ensure that the components of the
event are associated with each other and are not part of some other. external event.

This can be tested by considering the following hypotheses:

Internal origin of electron

External origin of photon

[nternal origin of multiple photons

Reflection of photon

The y? value is calculated for each of these hypotheses per event and then con-

verted to probabilities (see 7.1.8).
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Internal origin of electron - Xg(ma)

Defining the length of the electron track as L., the triggering time of an initial
photon as t., the time the electron impinged upon a scintillator block as te and
the energy deposited in that scintillator as Eg, the electron’s time of flight can be

determined by:

L
o= L |
o= (7.1)
where ¢ is the speed of Hght in a vacuum and g, is given by:
B (B + 2m.c?
B, = \/ (B + 2m.ec?) (7.2)

Ee + mec?
where m, is the mass of the electron. The emission time of all the particles should

then be:

Le .
temission = te — ;@ = tga:mma (T'J)

and the xf@.m} variable can be expressed as:

Xeting) = orf t ' (7.4)
¢

where ¢, is the total of all the errors related to the time measurement of the event

and to the calculation of tg:

2 _ 22, -
Tiot = T4, + T4y + T4 (7.5)

TR 2 1a o e .
where o ) 18 given by:

2
(ﬁ,‘q‘ - xl}) (J“é; + O'::éﬁ) +
2 2
¥ = . : ;
o= (&) | (w-w) (o +oh)+ 2:5)

2
2 2
(Zg - ZD) (UZi + O’zg)

the (i) here denotes the particle type in guestion in the event. The probability

distribution is shown in Figure 7.2,
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External origin of photon(s) - x7,

We cannot completely exclude hackeround events trigeered by a photon coming
from a source external to the detector and subsequently producing an electron by
the Compton effect. In a similar way to that previously shown, a Xg’(m’t) variable

can be constructed as follows:

2

‘ (‘f 4 2
Xfeat) = - (;: ) (7.7)

The probability distribution is plotted in Figure 7.3.

Internal origin of 2 or more photons - X%«(m;}

In the case that there are multiple photons in the event, the following variable
can be found, to ensure that all the event components are consistent with each other

in time:

I 4 I 4
(= (-22)) | (= (=)

2
Xoyvlint) = U"tzczft + 2 (?8)

Figure 7.4 shows the resulting distribution.

. 2
Reflection of photon - X7

The final possibility to consider is that & 2 photon event in fact was caused by
just one photon and a reflection from a scintillator face. Tn this case, the timing
of one photon is more copsistent with having come from a scintillator than the foil

The Xiv(re n variable has the form:

i a / 2
(t“f" - (te e )) (t“f‘z - (te - #))
a2 + "
tet ot

oty = (7.9)

where L., I8 the distance between the scintillators that were hit by the photons.

This probability distribution is shown in Figure 7.5,
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Figure 7.2: Showing the probability distribution for the hypothesis that the electron

in the event has the same conmmon source as any photons.
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Figure 7.3: Showing the probability distribution for the hypothesis that a pho-
ton does not have the same common source as the electron. All events with -

log{Proby(ext)>16.5 are shown together.
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Figure 7.4: Showing the probability distribution for the hypothesis that two separate

photons in the event have the same commeon source as the electron.
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Figure 7.5: Showing the probability distribution for the hypothesis that a photon

has been refiected rather then there being two separate photons in the event.
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7.1.8 Calculation of Probability from y”

The probability density function for the x? distribution with r degrees of freedom

is given by:

J,}.Tf’Zf.lef:f;f‘Z

Prla) = ———— 7.10
For x & (0,00), ['(x} is a gamma function given by:
- _
B = / et (7.11)
Jo
and the cumulative distribution function and the probability, Q is given by:
‘ X /21— t/2 g4
&l = / T 7.8
‘JT(X } Jo F(%'{‘)QT/Z ( )

7.1.9 Calculation of Number of Events

The number of observed events can be derived from the radicactive decay law:

N2t — .
fvevt(t} = NiN¥atoms (E - " 71/2) (7'1J)

where ¢ is the detection efficiency of the channel in guestion, Noipn,: 18 the number
of atoms in the sample, t is the net data acquisition time and Ty is the half-life of

the decay maode being studied. For rare events, this simplifies to:

M t
N () =N, —In2—— 7.14
ewt( ) = niNgy — L T.l,f:z ( )

where N, is Avagadre’s number, M is the mass of the considered sample and mg,
is the atomic mass of that sample.
In the case of a radioactive source of known activity, A (Bg/ke), the number of

events is given by:

Newt (f} = ”?Aﬁjt (715)
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7.2 Measurement of the **T1 Background in the Foils

7.2.1 Method

By making a measurement of the quantity of Tl contamination of the foils,
an estimate can be made of the number of events that are expected to mimic O0rf53
decays. The first step is to identify events that are characteristic of “®*Tlanly. Using
a chart of major decay transitions such as that shown in Figure 7.6, it is possible to
isolate specific event quantities that can pinpoint 3T decays. Three event types
are studied: those with a single electron detected and one, tweo or three photons in
accompaniment. Since the total energy of the transition is 4.99 MeV, this leads to

the event profiles shown in Table 7.2

e Enae | Eyvt Ey Ey3 Probability
2.375 2.615 (.03%
1.792 2.615 | 0.583 (0.51x0.87) = 44'%
1.615 2.615H | 0.860 (0.217x0.12) = 0.026%

1.015 2,615 | 0.083 | 0.277 (0.217x0.064x0.87) = 0.01%
1.281 2.615 | 0.583 | 0.511 (0.228x0.22x0.87) = 0.04%
1.029 2.615 | 0.6583 | 0.763 | (0.031x0.016x0.87) = 0.000426%

Table 7.2: The maximum electron energies and the decay photon energies for various

2B T] event types. The energies shown are in MeV.

Description of Cuts

An event is classed as being a *%T1 decay if it satisfies the following criteria;

¢ 1 charged particle track only: In %71 decays, in the channel being studied
only one electron per event should be produced. Events with maore than 1
track are disgarded. Noise hits or overlapping events can potentially generate
additional tracks in a genuine decay. This scenario cannot be separated from

more complicated events, however,
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Pigure 7.6: Showing the principal deeny photons of 2970 The 2615 MeV transition

alwinys oecurs,

¢ Charged pariicle hit scintillator: A moessurcment o the onerey of the
cleetron is casentinl, so ovents where the cleetron s not asscelnted with a

seirillador must he renmwved.

e Good §if 1o track: As part of resonstruction, nemor ealeulates fwo gquantitics
fior {rack analysis purposes. These are a probability that the trael has good
euryibure and a probability that oo stradght line is the bost Bt 4o the it gelger
eelle, Eloetrons should curve in the magnetie ficld of the detestor,. so a fragk

is then gonsidered 1o have a good 13t iF the probability of a sueeesshul curved
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fit > 0.1 and if the probability of a hne fit is <0.9.

Curvature of track suggest electron: Events that are more consistent

with being positrons, or have no charge assigned at all are removed.

At least one hit in row closest to Mo foil: Only the contamination of
the Molybdenum foils is being considered, so only events in the appropriate
sectors are passed. Also, to reduce the chance of an electron entering the
detector from outside or some other unrelated internal source, there must be

at least one hit in the row of Geiger cells closest to the foil.

0.5 < Electron energy < 1.3: Events with electron energies outside this

region (in MeV) are not consistent with having resulted from a 23T1 decay.

Xﬁ(mt) < 2: The internal hypothesis for the electron must be strongly sup-

ported for the event to pass.

XE,( ot 3: Only events where it is unlikely that a photon originated other

than from the event itself, are considered.

Xz"f(int) < 2: In the case of there being more than one photon, there should be

a strong likelihood that they originated from the same source and consistent

with that source being the same as the electron.
2
Xy

re-detected should be low.

] = 3: The probability that a photon scattered and was subsequently
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Figure 7.7: Showing the principle events quantities associated with “9%T1 Monte

Carlo decays.

A large amount of Monte Carlo simulations of Tl decays in foils are then
produced. Analysis code is written to select out events that correspond to the above
criteria. This results in an efficiency factor which is used later. This factor represents
how well T1 events can be found based on the analysis cuts and is expected to be
fairly low since only a portion of all types of T decays are considered and more
importantly, enly perfect ones are; many events may contain noise, contamination

or mis-identification and are discarded.
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Cut No. Events | Percentage
1 charged particle track only 99151 66.10%
charged particle hit scintillator 53206 35.47%
good fit to track 45135 30.09%
curvature of track suggests electron 40155 26.77%
At least one fast hit in row closest to Mo foil 17250 11.50%
0.5 < electron energy < 1.3 11175 7.45%
Xeting) < 2 3405 2.27%
X eaty > 3 765 0.512%
vy-energy > 2.3 191 0.127%
e W A W 495 0.335%

2.3 < ryp-energy < 2.9
and (L3 < yo-energy < 1.1 264 1.176%

Kotoat) > B Kooty < B Xontrepy > 3 1095 0.731%

2.3 < yp-energy < 2.9

and (.25 < ~yp-energy < 1.0

and 0.25 < y3-energy < 0.8 386 0.257%

Table 7.3: Showing the selection cuts applied to the %71 Monte Carlo dataset. The

efficiencies for selection in the 1, 2 and 3 photon channels are shown.

7.2.2 Resuly

Ouce all the described cuts have been applied to the 2°*T1 Monte Carlo sample,
there were 191, 264 and 386 events remaining in the 1.2 and 3 photon channels
respectively. The sample size was originally 150,000 events, which therefore corre-
sponds to detection efficiencies of 0.127%, (.176% and 0.2567% respectively,

Exactly the same procedure is then applied to the 1151 hour dataset. The upper

limit, b, at 90% C.L. can then be solved for usine the formula:
k 4 o
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Figure 7.8: Showing the electron energies (left) with the most probable 1.2 and 3

photons transitions accompanying (right). 2Tl events can be selected if the photons

fall into the correct energy windows.

Tobserved f}n(’fb

BO0%C.L) = 0.1 =

nl
Bl
The results are shown in Table 7.4

Channel | No. Events | Activity
1~ 0 <105.50uBy
2y 1 <129. 1148y
3 2 <121.08uBy

Combined 3 <69.72uBy

(7.16)

Table 7.4: Showing the calculated activites in the the 1.2 and 3 v “®*T1 Channel.
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7.3 Measurement of the 2*Bi Background in the Foils

7.3.1 Method

A measurement can be made of the amount of 2MBi i the source foils in 3
similar way to the study of “*TL There are many more possible decay transitions
for Bismuth {See Figure 7,11} but a crucial difference is that these decays are abways
followed by the emission of an o-particle in the secondary decay:

AR 428 Py L - VRLOPE & o (104 s R

a-particies can be detected by the ‘slow-tde’ comters up to 710 psecs after the
indtial geiger coll kit. When hits of this type are reconstructed by the Nemeo software,
they show up in event displays as blue squares rather than the usual red civcles.

Figure 7.9 shows an example of 3 reconstructed Monte Carlo 214Bi decay.

E SUM S48, ke

\ \
\\ \
| \'\.\ \/é\ Qé‘ginter

Figure 7.9: Showing a typical bissmuth decay event dispiay. The red frack is the
reconstructed electron path, the red box is the kit scintillator with the energy de-
posited by the electron shown and the bine sguares show the delayved geiger hits

caused by the alpha particle.

The maxiamn electron energies and the decay photon energies for various 214 Bi

decays are shown in Thble 7.5, However. since the probabiiity of single slection



MBEASUREMENT OF THE MBI BACKGROUND IN THE FOILS 180

R LI Y]

ﬁMH#%

FILE nemaoszinter

Figure 7.10: Side view of a ?'*Bi decay event.

events is high, only events with one electron and no associated photons are consid-

ered.

1 charged particle track only: Sece 7.2.1

1 scintillator hit only: Only 1 scintillator was hit in the entire event. This

ought to have been caused by the electron.
Charged particle hit scintillator: See 7.2.1
Good fit to track: See 7.2.1

Curvature of track suggests electron: See 7.2.1

At least one delayed hit in event: A delayed hit is indicative of a 2'1Bi

decay. At least one such hit is required £o pass the event.

At least one delayed hit in row closest to Mo foil: To ensure that the
delayed hit has arisen from a " Bi decay in the Molyhdenum foils and not
some external source, there is a requirement that one of the delayed hits is in

the first row.
At least one fast hit in row closest to Mo foil: See 7.2.1

Delayed hit and fast hit in the same sector: The o-particle {delayed}

and electron {fast} should have originated from the same source.
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e Epge | Ey E. Probability

3.270 18%

2.661 (.609 (0.01 x(1.46) = 0.46%
1.892 1.378 (0.076x0.034) = 0.26%
1.540 1.730 (0.18x01.029) = 0.52%
1.506 1.764 (0.18x(.158) = 2.8%
1423 | 1.847 (0.083x0.021) = 0.17%
1066 | 2.204 (0.055%0.05) = 0.275%
0.823 2.447 (0.028x0.015) = 0.042%

1.893 (0.609 | 0.768 | (0.076x0.049x0.46) = 0.17%
1.727 0.609 | 0.934 | (0.033x0.032x0.46) = 0.05%
1.541 0.609 | 1.120 (0.18x0.15x0.46} = 1.2%

1.423 0.609 | 1.238 | (0.083x0.069x0.46) = 0.23%
1.253 (.609 | 1.408 | (0.025x0.025x0.46) = 0.03%
1.152 0.609 | 1.509 | (0.043x0.022x0.46) = 0.04%

Table 7.5: The maximum electron energies and the decay photon energies for vari-

ous 2"Bi decays. The energies shown are in MeV,

s Delayved hit and fast hit in the same direction: o-particles typically
travel only a short distance and frequently do not even penetrate the surface
of a foil. The chance that an electron or an alpha-particle, associated with the

same event, will penetrate all the way through the foil, is very low.

2 s, o
* Xepingy < 28 See 7.2.1

7.3.2 Result

Having arrived at a 2" Bi decay detection efficiency from the analysis cuts on the
Monte Carle, application of these cuts to the data should yield the activity within
the detector. The formula in this case is largely based on the identification of a o
particles; it lends some confidence to the analysis that the hali-life of the Polonium

decay that produces the a-particle can be reconstructed. Figure 7.14 shows the time
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Cut No. Events | Percentage
1 charged particle track only 66898 44.60%
1 scintillator hit only 25030 16.68%
charged particle hit scintillator 181561 12.10%
good fit to track 15014 10.09%
curvature of track suggests electron 8568 5.70%
At least one delayed hit 6210 4.14%
At least one delayed hit in row closest to Mo foil 5610 3.74%
At least one fast hit in row closest to Mo foil 1974 L%
Delayed hit and fast hit in same sector 1053 0.70%
Delayed hit and fast hit in same direction 476 0.31%
Xotingy < 2 256 0.17%

Table 7.6: The selection cuts applied to the *'"Bi Monte Carlo. The analysis began

with 160,000 events.

after the initial hit that the o-particle was detected. Here the exponential fit gives:
G 1
pl = T = average lifetime = Tz /In 2.
Finally, the analysis is run over the 1151 hour dataset and the upper limit on the

activity calculated as before.

Channel | No. Events | Activity (90% C.L.)

2B 4 <274.500Bq/ke

Table 7.7: Showing the calculated activity for 214Bi.

7.4 Summary

Neutrinoless double beta decay is a rare decay. All backgrounds to this decay
must be studied and removed in order to ensure & good measurement can be made.
Such backgrounds include the tail of the 2055 distribution, the interactions of ex-
ternal neutrons and photons with the detector and natural radioactivity of materials

used for the construction of the detector, within the LSM and the source foils.
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Figure 7.11: Showing the prineipal deens photons of 2T and ity delaved o particle

CHISSIOn,

The study of two sueh radioactive isotopes has been undertalen: *TTand 21451,
The former is chiefly identified by energy requirements in 1,2 and 3~ channels andd
the Intter enn be ddentified by o deloed a-particle. Meonte Curlo sinmulations of
these deonrs were produced and sn analysis devised to unbguely selegt ovents of
these types. This produeced detection officiencies which could then be applied to 47
durs of real datn

Tinally, the aetivities of these controminrnts in the Molvbhdemum foils could be

Found. They were determined to he

AP < 69.72 pligikg i
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Figure 7.12: Showing the principle events guantities associated with "1 B¢ Monte

Carlo decays.
A BI) < 274.50 pBq/ky (7.18)

7.4.1 Further Notes

This analysis has produced results in good agreement with previous work. How-
ever it is important to note that the quoted values are upper limits only. There are
a number of known second order effects that are outside the scope of this analysis.
For example, the 7T contamination’ of the ' Bi sample and vice versa could be

studied. In addition, the study is incomplete without considering the activities of
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Figure 7.13: Showing the electron spectrum with one and two accompanying pho-

tons, for 2*Bi. The probabilities of these transitions are shown on the right,
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Figure 7.14: It is possible to reconstruct the half-life of the decay by plotting the
times after the initial hit that the o-particle was detected. The result is in good

agreement with the expected valae.
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various detector components such as the wires and PMs. It is thought that ambient
radon attaches itself to the wires, increasing their activity, for example.

The activities of these isotopes are crucial numbers to understand. Their ap-
plication is in the calculation of the number of events that they are expected to
simulate in analysis channels (such as 0135). In this case, the analysis cuts must
be applied to these background Monte Carlos to see how many unwanted events
are selected. This is then multiplied by the acquisition time of the dataset and the

measured activity.



Chapter 8

Conclusions

MINOS is a long baseline neutrino oscillation experiment. It has three detector
components, the Near Detector where the unoscillated spectrumn is sampled. the Far
Detector where the oscillated spectrum would be seen and CalDet which provided a
test-bed for the electronics and methodology used. as well as providing the handle on
the absolute epergy scale of the experiment. Within 5 years, the MINOS experiment
intends to establish whether neutrino oscillations are the cause of v, disappearance
and if so, measure the oscillation parameters to 10%.

Accurate calibration of CalDet is the first step to achieving a Near-to-Far absolute
energy scale calibration. A number of calibration issues have been addressed in this
work. It has been found that around T in 7 hits in the data can be designated as
false. crosstalk hite and the effect of correctly handling these hits is to reduce the
average muon range by almost 1%. At CalDet, Cerenkov counters can be used to
remove pion contamination from the muon sample. These detectors were found to
be around 85% efficient at finding on-momentum muons. Shape and energy cuts
are used to separate pions and muons at the larger detectors. It has been shown
that 94% of mmons can be correctly identified and 97% of pions, in this way, In
conjunction with the ferenkov counters, this led to the conclusion that the beamline
simulation was underpredicting the npumber of muons present in the upstream region
by up to 100%. Bethe-Bloch fits to mmon energy loss in CalDet was successful and
agreed to a good degree with the published results from Groom et al.

NEMO-3 is a peutrinoless double beta decay experiment. Situated in the Fréjus

187
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tunnel between France and Italy, it houses over 8kg of double beta decay isotopes.
The experiment hopes to demonstrate that the neutrino is a massive, Majorana par-
ticle and can search for the effective Majorana electron neutrine mass < m,, > down
to the level of (L1 eV. Large uncertainties in nuclear matrix element calculations
introduce a large error on the final answer however.

NEMO-3 is a tracking calorimeter and it tags neutrinoless double beta events by
searching for decays producing two electrons with the correct summed energy. Back-
grounds to these events come from a variety of internal and external sources, most
notably from radioactive contaminants of the double beta decay sources themselves.
28TE and “Bi are known contaminants and events produced by these isotopes
can be simulated. Applving detection efficiencies to the data, it has been found
that the “®TI contamination is <69uBq/ke in the 1, 2 and 3 photon channels and

<274pBq/kg in the 2 Bi alpha particle channel.



Appendix A

Molybdenum Purification

Processes

A.1 19Mo Metallic Foils

Developed at ITEP, Moscow, this purification techuigue is based upon melting the
maolybdenum and removing the impurities. The material is melted using an electron
beam and a crystal of pure material is removed with a long, narrow cylinder, leaving
the impurities behind. The cylinders of metal are cropped and rolled into foils, then
trimmed again. This process has yielded 2.479kg of Molybdenum for the NEMO-3
experiment, which is deemed to be 95.1 - 98.9 % pure '™ Mo. This process guarantees

the activities from " T1 and “"Bi contamination to be less than 0.3mByg/ke.

A.2 Mo Composite Foils

The production of these foils involved a chemical procedure developed and pro-
cessed at INEEL in Idaho, USA. This method specifically targets the daugter isotpes
of the 22U and #Th decay chains. Molybdenum metal powder is first dissolved in 4
molar HNOjy that also contains Ba(NO3)e. Radon present in the Molybdenum pref-
erentially reacts with this compound. The soulution is heated to produce a slarry
of MoOy which is filtered and rinsed with ultra-pure water. It is finally reduced to

a powder by heating it to 200°C in an inert He atmosphere. The powder is finally

189
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fixed to mylar strips with rhodovial, a binding paste. At the end of this process, the

activities from 2T and “"Bi contamination are less than 0.14mBq/ke,
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