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Abstract

Double Chooz is a reactor neutrino experiment designed to search for the last
unknown neutrino mixing angle ϑ13. To achieve a high sensitivity two identical cylindrical
detectors are used. A near detector monitors the electron antineutrino �ux from the
reactor and its spectral shape without oscillation e�ects, and a far detector is used to
measure changes in the �ux and shape due to the in�uence of ϑ13. After three years of
data taking with both detectors it is intended to reach a sensitivity of sin2 (2ϑ13) ≤ 0.03
in case of no positive signal.
The electron antineutrinos from the nuclear reactors are detected using the inverse

beta decay reaction, which causes a delayed coincidence signal in the detector. Due to
this clear signature the background candidates a�ecting the sensitivity are e�ectively
reduced to those, which mimic such a delayed coincidence: fast neutrons and the β-
n-emitters 8He and 9Li, which are produced by muons inside or in the vicinity of the
detectors. A muon track reconstruction provides a tool to reject these backgrounds or
to increase the understanding regarding the production processes.
In the present work two approaches for a muon track reconstruction using the inner

veto of Double Chooz were studied. Both developed algorithms rely on the reconstruc-
tion of an inner veto entry and exit point. The reconstructed muon track is approximated
to be the straight line de�ned by both points.
A �rst approach was the barycenter method, which uses the timing and charge in-

formation of the hit PMTs to reconstruct the entry and exit points using a barycenter
formula. Inspired by problems in the early phase of the studies on the barycenter method
a second approach has been studied: the maximum likelihood method uses histograms,
containing the correlated information between the timing information and the distance
to the true muon track as probability density functions. The entry and exit points
are reconstructed to be the points at the top and the bottom inner veto with the best
agreement between the timing data of the hits and the probability density functions.
To test both tracking algorithms detailed Monte Carlo simulations of vertical and

inclined muons were performed. The barycenter method shows very similar results for
vertical and inclined muons suggesting that this method is very robust regarding the
degree of inclination of the muons. The accuracy in the determination of the inner veto
entry and exit points is in the order of 25 cm. The resulting accuracy for the muon
momentum direction is about 3.5 degrees.
The maximum likelihood method shows very good results for vertical muons with

accuracies, which are roughly a factor of two better than for the barycenter method.
The entry point reconstruction performs even more precisely for inclined muons with an
accuracy of about 11 cm, while the exit point reconstruction su�ers from highly inclined
muons and has an accuracy of about 23 cm. Nevertheless, the muon momentum direction
can be determined with an angular resolution of about 2.3 degrees.
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1 Introduction

1.1 The standard model of particle physics

The standard model of particle physics [Alt05, Hal84, Pov94] describes the fundamental
interactions between quarks and leptons - the elementary components of which all the
visible matter is made of. Leptons and quarks are fermions, i.e. they have spin 1/2. In
sum, there are 6 leptons and 6 quarks and their antiparticles, which have the same mass
and lifetime, but the opposite electrical charge and quantum numbers. Leptons and
quarks can be divided into three generations (also called families) each (see table 1.1).
For the leptons a generation consists of a charged particle and an uncharged neutrino.
A quark generation consists of a quark with charge +2/3|e| and a quark with charge
−1/3|e|, where |e| = 1.6022 · 10−19 C is the elementary charge.

LEPTONS QUARKS

symbol name Q/|e| mass symbol name Q/|e| mass

e− electron −1 0.511MeV u up +2/3 1.7-3.3MeV

νe e-neutrino 0 < 2.5 eV d down −1/3 4.1-5.8MeV

µ− muon −1 105.66MeV c charm +2/3 ∼ 1.27GeV

νµ µ-neutrino 0 < 0.17MeV s strange −1/3 ∼ 100MeV

τ− tauon −1 1777MeV t top +2/3 ∼ 172GeV

ντ τ -neutrino 0 < 18MeV b bottom −1/3 ∼ 4.2GeV

Table 1.1: The fundamental fermions in the standard model of particle physics - the
leptons and the quarks. Q/|e| is the charge of the particles in units of the
elementary charge |e| = 1.6022·10−19 C. The mass values are given in natural
units (c = ~ = 1). The quoted upper limits for the neutrino masses come
from direct mass measurements. The measured oscillation parameters (see
table 1.3) together with cosmological constraints on the sum of the three
masses imply neutrino masses which are much smaller (. 1 eV) [Per09,
PDG10, Pov94].

In physics there are 4 fundamental forces known: the strong, the weak, the electro-
magnetic and the gravitational force. All but the gravitational force are described in
the standard model of particle physics (gravitation is speci�ed by the general theory of
relativity). The interactions between the particles are mediated by gauge bosons: the
strong interaction by so called gluons, the weak interaction by W±- and Z0-bosons and

1



1 Introduction 2

the electromagnetic interaction by photons. The strong force acts on quarks and gluons
only, while the electromagnetic force acts on all charged particles. Thus the uncharged
neutrinos are not a�ected by the electromagnetic force. The weak interaction acts on
all particles, but only on left-handed neutrinos and right-handed antineutrinos. Infor-
mation on the fundamental forces and their gauge bosons is summarized in table 1.2
[Hal84, Per09, Pov94, PDG10].

interaction
relative
strength

range couples to
gauge
bosons

strong 1 < 10−15 m
quarks &
gluons

8 gluons

electro-
magnetic

10−2 ∞ charged
particles

photon

weak 10−7 10−18 m
quarks,

leptons, W±,
Z0, Higgs

W± and
Z0

gravitation 10−39 ∞ massive
particles

graviton

Table 1.2: The fundamental interactions (strong, weak, electromagnetic and gravita-
tional) and their relative strength, range and gauge bosons [Per09, Pov94].

1.2 Neutrinos in the standard model

The neutrino was �rst postulated in 1930 by Wolfgang Pauli to ensure conservation of
energy, momentum and spin for the beta decay [Sch97]. Cowan and Reines were able to
detect neutrinos experimentally for the �rst time [Cow56]. They used a liquid scintillator
to detect electron antineutrinos from a nuclear reactor via the inverse beta decay. The
problem of detecting neutrinos is that neutrinos only interact via the weak interaction
resulting in a small cross-section.

In the standard model neutrinos are treated as massless particles. Furthermore, neu-
trinos are left-handed and antineutrinos are right-handed as the parity is maximally
violated for the weak interaction, i.e. the gauge bosons of the weak interaction couple
to left-handed neutrinos and right-handed antineutrinos only. Therefore, neutrinos can
only be produced with these helicities [Per09, Pov94].

Di�erent neutrino experiments since the 60's found indications for �nite neutrino
masses, as for example the measured �ux of electron neutrinos from the sun was too
low compared to the models [Hax95]. This results in the need for an extension of the
standard model.

Vincenz Zimmer - Muon tracking with the inner veto of Double Chooz



1.3 Neutrinos beyond the standard model 3

1.3 Neutrinos beyond the standard model

1.3.1 Neutrino oscillations

The above mentioned neutrinos νe, νµ, and ντ are produced by processes of the weak
interaction. Hence, they are eigenstates of the weak interaction - also called �avour
eigenstates [Akh06]. A non zero mass of the neutrinos means that, in general, the mass
eigenstates ν1, ν2, and ν3 need not to be equal to the �avour eigenstates. The �avour
eigenstates and the mass eigenstates are related by the Pontecorvo-Maki-Nakagawa-
Sakata matrix U (PMNS matrix) (e.g. see [Akh00, Sch97]):νeνµ

ντ

 = U

ν1

ν2

ν3

 =

Ue1 Ue2 Ue3
Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3


︸ ︷︷ ︸
PMNS matrix

ν1

ν2

ν3

 (1.1)

The PMNS matrix can be parametrized by three mixing angles ϑ12, ϑ23, ϑ13, a CP
violating phase δ, and two Majorana phases α1 and α2

1 as follows [Akh06]:

U =

1 0 0
0 c23 s23

0 −s23 c23

 c13 0 s13e
−iδ

0 1 0
−s13e

iδ 0 c13

 c12 s12 0
−s12 c12 0

0 0 1

1 0 0
0 eiα1 0
0 0 eiα2

 (1.2)

where sij = sinϑij and cij = cosϑij. The time evolution of the mass eigenstates νi is
given by the Schrödinger equation (in the following natural units are used, i.e. c = ~ = 1)
[Bil99]:

|νi (t)〉 = e−iEit|νi (t = 0)〉 (1.3)

with the energy Ei of the mass eigenstates i

Ei =
√
p2 +m2

i

mi�p≈ p+
m2
i

2p

p≈E
≈ E +

m2
i

2E
(1.4)

approximating that p ≈ E and that the masses of the neutrinos mi are �nite but small
compared to the momentum p, i.e. mi � p. With equation (1.1) and equation (1.3) the
time evolution of the �avour eigenstate να can be written as

|να (t)〉 =
3∑
i=1

Uαi|νi (t)〉 =
3∑
i=1

Uαie
−iEit|νi (t = 0)〉 (1.5)

With equations (1.1)-(1.5) the probability to detect a neutrino with �avour νβ, when
this neutrino was created with �avour να, is:

1The Majorana phases only occur in the case that neutrinos are Majorana particles, i.e. particles which
are their own antiparticles. The Majorana phases do not a�ect neutrino oscillations and thus will
be omitted hereafter [Akh00, Akh06]
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Pνα→νβ = |〈νβ|να (t)〉|2 〈νi|νj〉=δij=

∣∣∣∣∣
3∑
i=1

UαiU
∗
βie
−iEit

∣∣∣∣∣
2

(1.6)

where the U∗βi are the matrix elements of the complex conjugated PMNS matrix.
For the Double Chooz experiment, as it uses the inverse beta decay to detect the

electron antineutrino ν̄e from a nuclear reactor (see chapter 2), the transition probability
Pν̄e→ν̄e is of special interest and is [Bil01]

P (ν̄e → ν̄e) = 1 − 4 · sin2 ϑ13 · cos2 ϑ13 · sin2

(
∆m2

31L

4E

)
− cos4 ϑ13 · sin2 (2ϑ12) · sin2

(
∆m2

21L

4E

)
+ 2 sin2 ϑ13 · cos2 ϑ13 · sin2 ϑ12 ·

·
(

cos

(
∆m2

31L

2E
− ∆m2

21L

2E

)
− cos

(
∆m2

31L

2E

))
(1.7)

for a ν̄e with energy E and at a distance L to the neutrino source. The ∆m2
ij = m2

i −m2
j

are the di�erences of the squared masses. At this point one can see that oscillations are
only possible, when the di�erent neutrino masses have di�erent values. In particular,
that means that at least one neutrino mass has to be non-zero. The second term of
equation (1.7) corresponds to oscillations due to ∆m2

atm ≈ ∆m2
31 ≈ ∆m2

32 and the third
term to oscillations due to ∆m2

� ≈ ∆m2
21 (here the sign is known because of the so-

called MSW e�ect 2). The last term in equation (1.7) is an interference term between
the amplitudes corresponding to the �rst three.

1.3.2 Measured oscillation parameters

Some of the parameters characterizing neutrino oscillations could be measured up to now
[PDG10]. For sin2 (2ϑ13) an upper limit can be quoted. In table 1.3 all the currently
known values and limits are shown. The upper limit for sin2 (2ϑ13) was calculated with
the lower bound value of ∆m2

32 measured by MINOS and the data from the Chooz
experiment [PDG10].

1.3.3 Experiments to search for ϑ13

There are two favoured possibilities for current and near future experiments to measure
ϑ13: on the one hand the so-called superbeam experiments and on the other hand reactor
neutrino experiments like Double Chooz.

2The Mikheyev�Smirnov�Wolfenstein (MSW) e�ect is a process where the oscillation probability is
resonantly increased by matter e�ects [Akh00]. The signs of the di�erent ∆m2

ij are of interest as
they de�ne the hierarchy of the mass eigenstates.

Vincenz Zimmer - Muon tracking with the inner veto of Double Chooz
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parameter measured value (90% C.L.) mainly determined by

sin2 2ϑ12 0.87± 0.03 KamLAND & solar ν's

∆m2
21 7.59+0.19

−0.21 · 10−5 eV2 KamLAND & solar ν's

sin2 2ϑ23 > 0.92 Super-Kamiokande

∆m2
32 (2.43± 0.13) · 10−3 eV2 (68% C.L.) MINOS

sin2 2ϑ13 < 0.16 Chooz

Table 1.3: The measured oscillation parameters and limits: the upper limit for
sin2 (2ϑ13) from the �rst Chooz experiment was calculated with the lower
68% C.L. value for ∆m2

32 = 2.3 · 10−3 eV 2. All data were taken from
[PDG10].

Superbeam experiments:

Superbeam experiments use a neutrino beam produced at an accelerator for oscillation
measurements [Hub07, Ard04]. These beams consist of muon neutrinos and antineutri-
nos. A distant detector (distance in the order of ∼ 100 km) in the direction of the beam
can be used to detect appearing electron neutrinos and antineutrinos. The appearance
probability of electron neutrinos Pνµ→νe can be derived considering matter e�ects to be
as follows [Hub07, Ard04]:

P (νµ → νe) ' sin2 (2ϑ13) sin2 ϑ23 sin2 ∆31

± α sin (2ϑ13) sin δ cosϑ13 sin (2ϑ12) sin (2ϑ23) sin3 ∆31

− α sin (2ϑ13) cos δ cosϑ13 sin (2ϑ12) sin (2ϑ23) cos ∆31 sin2 ∆31

+ α2 cos2 ϑ23 sin2 (2ϑ12) sin2 ∆31 (1.8)

where δ is the CP violating phase from equation (1.2), α ≡ ∆m2
21/∆m

2
31 and ∆31 =

∆m2
31L/(4E). The sign of the second term refers to neutrinos (minus) and antineutrinos

(plus). On the one hand one can see in equation (1.8) that with superbeam experiments
it is possible to measure ϑ13, δ and ∆m2

31 (with its sign, i.e. the mass hierarchy). On
the other hand one can also see that superbeam experiments may su�er from parameter
correlations and degeneracies caused by di�erent combinations of parameters.

Reactor neutrino experiments:

Complementary to superbeam experiments are reactor neutrino experiments [Ard04].
These experiments are placed in the vicinity of nuclear reactor plants and measure the

Vincenz Zimmer - Muon tracking with the inner veto of Double Chooz



1 Introduction 6

electron antineutrino rate and spectrum from the reactor via the inverse beta decay
(see equation 2.1 in chapter 2). The relevant oscillation formula (equation (1.7)) was
already presented before in section 1.3. The advantage of reactor neutrino experiments
is that due to the relatively short baseline in the order of ∼ 1 km the terms containing
∆m2

21 � ∆m2
31 (the second and the fourth term in equation (1.7)) can be neglected

[PDG10]. Thus, the transition probability Pν̄e→ν̄e can be approximated as

Pν̄e→ν̄e ≈ 1− sin2 (2ϑ13) sin2

(
∆m2

32L

4E

)
(1.9)

using ∆m2
31 ≈ ∆m2

32 as an additional approximation. One can see that this kind of ex-
periment provides a direct possibility to measure ϑ13 without possible degeneracy e�ects.
The weakness of reactor neutrino experiments up to now is that these experiments su�er
from systematic uncertainties, for example due to the uncertainties in the knowledge of
the precise neutrino spectrum from the �ssion products in the reactor fuel. These sys-
tematics can be reduced by using two or even more detectors, where one of the detectors
is close enough to the neutrino source to measure the neutrino �ux without oscillation
e�ects. A second identical detector is placed at a distance to the neutrino source corre-
sponding to the maximal oscillation probability due to ∆m2

32. This results in a relative
measurement of the electron antineutrino �ux and therefore a reduction of the systematic
uncertainties. Double Chooz is such a reactor neutrino experiment, which is currently
in the �nal steps of the installation of the �rst detector.

Vincenz Zimmer - Muon tracking with the inner veto of Double Chooz



2 The Double Chooz experiment

2.1 Concept

Figure 2.1: The Chooz reactor site and the positions of the near and far detector of the
Double Chooz experiment [Irf10].

Double Chooz is a reactor neutrino experiment designed to measure the neutrino
mixing angle ϑ13 at the Chooz nuclear reactor plant in the French Ardennes [Ard04,
Ard06] - see �gure 2.1. The Chooz reactor plant has two reactor cores with a thermal
power of 4.27GW each.
The new concept of Double Chooz is to use two identical detectors instead of having

only one detector: a near detector with an average distance of about 400m to the reactor
cores and a far one at an average distance of 1.05 km1 [Ard06, Las09]. The near detector
will measure the antineutrino �ux without or just with a negligible e�ect of oscillations

1Here the average distances are quoted as the detectors will have di�erent distances to each reactor
core (see �gure 2.1).
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2 The Double Chooz experiment 8

Figure 2.2: The oscillation probability for electron antineutrinos based on equation
(1.7): the survival probability Pν̄e→ν̄e is plotted versus L/E on a logarithmic
scale (where L is the distance to the source and E the neutrino energy). The
plot relies on the following values of the oscillation parameters in equation
(1.7): ∆m2

21 = 7.59 · 10−5 eV 2, sin2 (2ϑ12) = 0.87, ∆m2
31 = 2.30 · 10−3 eV 2

(lower bound of the MINOS result) and sin2 (2ϑ13) = 0.16 (Chooz limit
with lower bound of the MINOS result). All data were taken from [PDG10].
For the L/E positions of both detectors the average distance to the reactor
cores and the maximum energy of the expected neutrino energy spectrum
(3MeV) was used [Ard06].

due to ϑ13. The mean distance of the far detector to the nuclear reactors is near to the
optimum distance regarding the maximal oscillation amplitude sin2 (2ϑ13) (see equation
(1.7) and �gure 2.2). Measuring with both detectors has the advantage to minimize
the e�ect of systematic uncertainties concerning for example the knowledge of the cross
section of the detection reaction or the uncertainties in the β-spectrum of the �ssion
products in the nuclear fuel. The sensitivity that can be obtained is increased by almost
a factor of two compared to measuring with a far detector only (see �gure 2.3).
The desired sensitivity of Double Chooz in the case that no oscillation signal can

be seen is sin2 (2ϑ13) ≤ 0.06 after 1.5 years of data taking with the far detector only and
sin2 (2ϑ13) ≤ 0.03 for additional 3 years with both detectors taking data (both values for
∆m2

31 ≈ 2.5·10−3 eV2 and a 90% C.L.) [Ard06]. The time dependency of the sensitivity is
shown in �gure 2.3. The desired discovery potential after 3 years running both detectors
is sin2 (2ϑ13) = 0.05 (3σ).

Vincenz Zimmer - Muon tracking with the inner veto of Double Chooz
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Figure 2.3: Reachable sensitivity (90% C.L.) of the Double Chooz experiment (red
line): First 1.5 years with the far detector only, then with both detectors,
when the near detector is built. The blue curve shows the sensitivity for
taking data with the far detector only and the green one for both detectors
starting to take data at the same time [Ard06].

2.2 Signal

As the neutrinos from the nuclear reactor are electron antineutrinos ν̄e the detection
reaction arising is the inverse beta decay:

ν̄e + p −→ e+ + n (2.1)

The energy threshold for this reaction is 1.8MeV. The created positron leads to a prompt
signal as it deposits its kinetic energy in the scintillator and �nally annihilates with an
electron. This causes two gamma rays with a summed energy of 1.022MeV, what leads to
an energy deposition of at least 1MeV when both gammas are completely absorbed in the
scintillator. The neutron from the inverse beta decay thermalizes after its creation and
is then captured with high probability on a gadolinium nucleus (Gd) in the scintillator.
The resulting excited gadolinium nucleus deexcites by emitting ∼ 3 - 4 gammas with a
summed energy of about 8MeV:

Gd+ n −→ Gd∗ −→ Gd+ 8 MeV γ′s (2.2)

The mean time di�erence between the prompt annihilation and the delayed neutron
capture on Gd is about 30µs [Lac05, Apo03]. This delayed coincidence provides a
possibility to reduce the background sources to those mimicking a delayed coincidence.
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The neutrino energy can be determined by measuring the total energy of the positron.
Assuming a negligible kinetic energy of the neutron, which is valid for small neutrino
energies, the visible energy of the positron signal is

Evis ' Eν̄e − (mn −mp −me) ' Eν̄e − 0.8 MeV (2.3)

This leads directly to the initial neutrino energy Eν̄e (mn is the neutron mass, mp is the
proton mass and me is the electron/positron mass).
The neutrino rates without oscillations are expected to be about 69 per day in the far

detector and about 480 per day in the near detector.

2.3 Detector design

As already mentioned in the previous section there will be a far and a near detector.
The far detector will be in an averaged distance of 1.05 km to the reactor cores with an
overburden of about 300m.w.e. [Ard06]. The cave for the near detector will be built
in an average distance to the reactor cores of about 400m and an overburden of about
115m.w.e. [Las09].
Both detectors will be of cylindrical shape with four inner detector parts and the outer

veto (see �gure 2.4):

• Target: The target is the innermost volume with a diameter of 2.3m and a height
of ∼ 2.5m. It is an acrylic vessel �lled with 10.3m3 of gadolinium doped scintilla-
tor with a gadolinium concentration of 0.1%. The gadolinium has a huge neutron
capture cross section and is needed to increase the e�ciency of detecting the neu-
tron from the detection reaction (see equations (2.1) and (2.2)). This will be the
sensitive volume for the detection of the reactor-ν̄e [Ard06].

• Gamma catcher: The gamma catcher is also an acrylic vessel �lled with 22.6m3

of liquid scintillator and has a diameter of ∼ 3.4m and a height of ∼ 3.6m.
This volume surrounds the target almost completely and is needed to increase the
e�ciency to detect the gammas from the positron annihilation and the neutron
capture as the gammas travel a larger distance in the scintillator [Ard06].

• Bu�er: The Bu�er is a steel vessel �lled with 114.2m3 of a non-scintillating liquid
and has a diameter of ∼ 5.5m and a height of ∼ 5.7m. Hence, the thickness of this
volume is about 1m. This part of the detector houses the 390 inner detector PMTs
(photomultiplier tubes). The bu�er volume acts as a passive shielding against the
background due to radioisotopes in the PMTs, the PMT support structure and
also the bu�er vessel [Ard06].

• Inner veto: The inner veto (IV) is a ∼ 50 cm thick volume �lled with liquid
scintillator and acts as a veto against cosmic muons and fast neutrons produced
by those muons (for the near detector the thickness can be higher due to the
higher muon �ux). The fast neutrons are the cause for using a liquid scintillator
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Figure 2.4: Design of the Double Chooz detectors: the inner part of the detectors
will consist of four volumes: the inner veto, the bu�er, the gamma catcher
and the neutrino target. The target, the gamma catcher and the inner veto
will be �lled with liquid scintillator (the target scintillator will be doped with
gadolinium), while the bu�er will be �lled with a non-scintillating liquid.
The outer veto is not depicted in this �gure. It will be arranged on top of
the detector (picture and data taken from [DC10]).

instead of a water Cherenkov detector. Using a scintillator the fast neutrons can
be detected by protons scattered o�. The inner veto also houses 78 PMTs to detect
the scintillation light. In section 2.5 the inner veto is introduced in more detail
[Ard06].

• Outer veto: The outer veto (OV) is another part of the detector with the aim
to reject the background due to cosmic muons and will be installed on top of the
detector. It will consist of 44 plastic scintillator modules in case of the far detector.
The outer veto is designed to have a large e�ciency in the detection of muons and
to track muons, which are propagating in the direction of the target area, with
high accuracy. The OV consists of two layers: the lower layer will have an active
area of 6.4×12.8m2 for the far detector and 11×12.8m2 for the near detector (for
the near lab the pit will be built big enough, while the pit size constrains the size
of the OV for the far lab). A second layer will be installed about 5m above the IV
vessel [Blu10].
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2.4 Background

Dealing with neutrinos is always strongly correlated with background reduction and
understanding. Building the experiment in the underground reduces the background
from cosmic muons and their associated background sources. For Double Chooz
this background is still quite high for both detectors as both have a relatively small
overburden (see section 2.3)2. This is compensated by the large statistics of the neutrino
signal due to the vicinity to the nuclear reactor plant. Other background sources like
singles from radioactive decays in the material the detector is built of can only be reduced
by using radiopure materials and to care for a su�cient cleanliness.
For Double Chooz there are two main background sources mimicking neutrino

events (delayed coincidence, see section 2.2): the accidental background and the cor-
related background. The correlated background can be separated into two groups: the
background due to β-n decaying cosmogenic isotopes and (fast) neutrons - both are
induced by cosmic muons.

2.4.1 Accidental background

Accidental background is mainly caused by gamma rays and electrons from natural ra-
dioactivity (mainly isotopes of the thorium and uranium chains, and 40K) of the detector
materials. Gamma rays or electrons from these radioactive decays induce a prompt sig-
nal (singles) like the positron from the inverse beta decay. A slow neutron (for example
induced by a muon), which is captured close by on gadolinium in a time window of
∼ 100µs after the single, induces a delayed neutron event. This leads to a delayed
coincidence mimicking a neutrino event.
The radioisotopes from the thorium and uranium chains are reduced to only few ones

in the energy range of interest: the visible energy due to alpha particles is limited by the
quenching e�ect to be well below the threshold energy of about 1MeV. Furthermore, the
energies of the decay electrons are below this threshold for many cases [Ard04].
The accidental background is expected to be about 3 % of the neutrino signal for the

far detector. The contribution of this background can be determined by the measurement
of the singles and neutron capture rate or a direct measurement of the accidental rate.
Correlated events due to neutrinos and background can be found by searching for a
neutron capture event in a certain time window after a positron like event. As the rate
of the singles is not correlated with the rate of neutron events the rate of accidentals
can be determined by searching for neutron captures in a time window of the same size,
but starting the window a certain time after the positron like event. By this method
the in�uence of correlated events on the measurement of the accidental rate is minimal.
Knowing the accidental background its contribution to the systematics can be reduced
to less then 0.1 % and thus, this background is not a severe problem [Ard06].

2Solar neutrino experiments, for example, typically have overburdens in the order of some thousand
m.w.e. .
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2.4.2 Muon background

Cosmic muons are created in the earth's atmosphere by reactions of the cosmic rays
with nuclei of the gas atoms. Muons are one of the most signi�cant background sources
for underground experiments. For both Double Chooz detectors the mean muon
energy is one order of magnitude lower than in other neutrino experiments like Super-
Kamiokande or KamLAND. For the far detector the mean muon energy is expected to
be about 60GeV (for the near it will be even lower due to the lower overburden)[Tan06],
while the mean muon energy for KamLAND is about 260GeV [Abe10]. The expected
muon rate for the far detector is about 30Hz for all volumes and about 5Hz through
the target region [Ard06]. Muons induce other background, which may cause correlated
events, like fast neutrons and cosmogenic isotopes (see sections 2.4.3 and 2.4.4).

2.4.3 Neutron background

Neutrons in the detector are mainly caused by cosmic muons. Muons can produce
neutrons by spallation or muon capture (in case of a negatively charged muon) in the
rock or in the detector materials. Some of these neutrons are then captured after the veto
time in the target area and may cause a delayed coincidence by scattering o� a proton
before the capture: the proton scattered o� may cause a prompt signal like a positron
and the neutron - captured on gadolinium - may cause a delayed signal. [Ard04].
In contrary to the accidental background the systematics of the background due to

fast neutrons cannot be reduced signi�cantly, as this background can not be measured
e�ciently. It may be partly reduced by the detection of correlated events due to fast
neutrons (by scattered o� protons) in di�erent active volumes of the detector, e.g. a
threefold coincidence of an energy deposition in the inner veto, the gamma catcher and
the target. For the far detector site a contribution to the neutrino like signal of about
0.3 % (with a rate of ∼ 0.2 d−1) is expected resulting in an e�ect on the systematics of
0.2 %. For the near detector the rate of the fast neutrons will be larger, but the neutrino
signal will also be larger. This results in an e�ect on the systematics of the same order
as for the far detector [Ard06].

2.4.4 Cosmogenic isotopes background

Cosmogenic isotopes decaying via a β-n cascade are also induced by muons via spallation
on 12C directly in the scintillator. The two most relevant isotopes for Double Chooz
are 8He and 9Li. The branching ratios of the decay of these isotopes (normalized to 100%)
are shown in �gure 2.5. As one can see, both isotopes have relatively high branching
ratios to decay by emission of an electron and a neutron - 49.5% for 9Li and 12% for 8He
- with a total energy well above the Double Chooz threshold of 1MeV. If one of these
isotopes is created by a muon in the target region, the electron may cause a prompt signal
like a positron followed by a delayed capture of the neutron on gadolinium, what results
in a neutrino-like event. The half-lives of both isotopes are rather large with 119ms for
8He and 178ms for 9Li, respectively. There is no chance to reduce this background by a
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Figure 2.5: The schemes show the relevant branching ratios for the decays of 8He (left)
and 9Li (right). The branching ratios of the di�erent decay modes and half-
lives are shown. Of special interest for Double Chooz are the branching
ratios of the decays depicted by the blue arrows: these decays cause an
emission of an electron and a neutron. Such a decay in the target may
cause a delayed coincidence mimicking a neutrino event [Ard04].

detector dead time of some half-lives after a muon event, because the expected rate for
muons is about 30Hz for the whole far detector [Ard04]. The result would be a detector
dead time exceeding 100% by far.
Furthermore, the cross sections of the production of 8He and 9Li were only measured

for relatively high energies up to now: in [Hag00] a measurement of the production cross
sections of di�erent cosmogenic isotopes in liquid scintillators is presented. The cross
section for the 8He- and 9Li-production were only measured for a muon energy of 190GeV,
which is one order of magnitude larger than the mean muon energy for Double Chooz.
In addition, only a combined production cross section for 8He- and 9Li could be measured3

to be σ(8He +9 Li) = (2.12± 0.35)µbarn. With this value a prediction for the rate for
the KamLAND experiment could be given to be 0.24 ± 0.05 counts/(d · 100 t). This is
consistent with the measurement by KamLAND of 0.38±0.07 counts/(d ·100 t) [Abe10].
With this rate it is possible to estimate a rate for the Double Chooz far detector using
the following equation 2.4 for the ratio of the rates for KamLAND RKL(8He +9 Li) and
Double Chooz RDC(8He +9 Li) [Hag00]:

RDC(8He +9 Li)

RKL(8He +9 Li)
=

(
〈EDC

µ 〉
〈EKL

µ 〉

)0.75
ΦDC
µ

ΦKL
µ

(2.4)

3This is caused by the half-lives, which are too close to each other to be distinguished by a �t to the
data.
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parameter value taken from

〈EDC
µ 〉 (60.6± 0.4)GeV [Tan06]

〈EKL
µ 〉 (260± 8)GeV [Abe10]

ΦDC
µ (sim) 2.2 · 103 m−2h−1 [Ard06]

ΦDC
µ (Chooz) 1.4 · 103 m−2h−1 [Apo03]

ΦKL
µ (5.37± 0.41)m−2h−1 [Abe10]

RKL(8He +9 Li) (0.38± 0.07) d−1(100 t)−1 [Abe10]

Table 2.1: The parameters used to estimate the rate of 8He and 9Li at the Double
Chooz far detector: 〈EDC

µ 〉 and 〈EKL
µ 〉 are the mean muon energies for

Double Chooz and KamLAND and ΦDC
µ and ΦKL

µ the muon �uxes. For
the Double Chooz muon �uxes the value from a simulation ΦDC

µ (sim) and
the value measured by the �rst Chooz experiment ΦDC

µ (Chooz) were used.
RKL(8He +9 Li) is the rate of 8He and 9Li measured by the KamLAND
experiment.

where 〈EDC
µ 〉 and 〈EKL

µ 〉 are the mean muon energies for Double Chooz and Kam-
LAND, and ΦDC

µ and ΦKL
µ the muon �uxes. The used values are summarized in table

2.1. In addition, the concentration of 12C for KamLAND and Double Chooz was
approximated to be the same. In [Hag00] the energy dependence of the production cross
section is assumed to be a power law: σ(Eµ) ∝ Eα

µ . The exponent 0.75 was chosen as this
value is in good agreement with the exponents α measured for other isotopes produced
by muons in a liquid scintillator.
With the Double Chooz target volume of 10.3m3 the rate of 8He and 9Li in the

target can be estimated to be

Rsim
DC,target(

8He +9 Li) ≈ 4.4 d−1

for the muon �ux at the far detector site determined by the simulation and

RCHOOZ
DC,target(

8He +9 Li) ≈ 2.8 d−1

using the muon �ux measured by the �rst Chooz experiment, which was performed at
the Double Chooz far site.
The rate of the background due to 8He and 9Li at the far detector could also be

estimated by an analysis of the data from the �rst Chooz experiment [Ard06]. For
the Chooz experiment the best �t result for the 9Li rate is 0.7± 0.2 d−1. With this an
estimation for theDouble Chooz far site can be made resulting in a rate of 1.4±0.5 d−1.
As one can see this value is smaller than the rates estimated from the results of the
KamLAND experiment with a mean muon energy, which is one order of magnitude larger
than for the Double Chooz far site. The discrepancy between the two estimations may
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be explained by a deviation of the energy dependence from the power law for smaller
muon energies.
The rate estimated from the Chooz data corresponds to a contribution of about 2 %

to the neutrino-like signal [Ard06]. The e�ect on the systematics is about 1 %, which is
quite high. For the near detector the rate of this kind of background will be signi�cantly
higher, but the contribution to the neutrino-like signal smaller, what results in a smaller
e�ect on the systematics than for the far detector [Ard06].

2.5 The inner veto

As already mentioned before the inner veto is �lled with liquid scintillator and houses 78
PMTs (old PMTs from IMB and Super-Kamiokande - Hamamatsu R1408 [Zbi08]).
The PMTs are arranged in �ve rings distributed in three areas (see �gures 2.6, 2.7 and
2.8):

• Top (PMTs 390-413): At the top of the veto 24 PMTs are arranged in two
rings - an outer and an inner ring with 12 PMTs each. The outer ring PMTs
are alternatingly watching downwards and inwards, while the inner ring PMTs are
alternatingly watching inwards and outwards.

• Side wall (PMTs 414 to 425): At the side wall at half the hight of the detector
12 PMTs are installed watching upwards and downwards.

• Bottom (PMTs 426 to 467): The bottom inner veto houses 42 PMTs also
arranged in two rings. The bottom part of the inner veto also contains the bu�er
feet, what e�ects the arrangement of the PMTs in this part of the inner veto. The
outer ring consists of 24 PMTs alternatingly watching upwards and inwards, while
6 of the 12 inwards watching PMTs face a bu�er foot. The inner ring consists of
18 PMTs arranged in 6 groups of 3 PMTs between each bu�er foot. Each triplet
consists of one inwards watching and two outwards watching PMTs.

The inner veto has a diameter of 6.5m and a height of almost 7m. It has a thickness
of about 50 cm at the side and the bottom and about 60 cm at the top. To increase the
light collection e�ciency in the inner veto the inner surface of the veto tank is painted
with TiO2-based white paint, which is di�usely re�ecting. Furthermore, the bu�er tank
side wall is coated with a re�ective VM2000 foil.
The inner veto has a weakness. As one can see in �gures 2.4 and 2.6 the single detector

parts will be accessible via a chimney. The chimney in the inner veto is made of stainless
steel, so it is absolutely opaque for the scintillation light. Therefore, vertical muons can
reach the target and gamma catcher region without making any signal in the top part
of inner veto. This is particularly problematic when these muons have a low energy and
are stopped in the inner part of the detector, as these even do not make any signal at the
bottom of the inner veto. This problem will be solved when the outer veto is installed
as the upper layer will cover the area above the chimney.
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Figure 2.6: The Double Chooz inner veto design: the position of the PMTs and
their viewing directions in the inner veto are shown. The cylindric contours
indicate the di�erent inner detector volumes as presented in section 2.3. In
the lower part of the picture one can see the six bu�er feet [Ard06].
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(a) The inner veto before the installation of the
bu�er vessel

(b) The view from the top along the inner veto
side wall to the bottom

(c) Installed PMTs at the bottom of the inner veto (d) Installed PMTs at the bottom of the inner veto

Figure 2.7: Photographs of the inner veto before (a) and after (b),(c),(d) the installation
of the bu�er vessel. On picture (b) one can see the VM2000 foil the bu�er
vessel is coated with (upper part) and on pictures (c) and (d) one can see
a bu�er foot in the back with a PMT facing this foot. Pictures taken from
[Irf10].
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Figure 2.8: The coordinates of the PMTs in the inner veto for each of the three areas:
the upper plot shows the positions of the top PMTs (in the X-Y-plane at
Z ≈ 3.2m), the plot in the middle the positions of the side wall PMTs
(polar angle φ and height Z for an radius R ≈ 3m) and the lower plot
the positions of the bottom PMTs (in the X-Y-plane at Z ≈ −3.2m). The
numbers shown are the PMT numbers. The numbering of the inner veto
PMTs starts at 390 as the inner detector PMTs are numbered from 0 to
389 [Gre10].
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3 Motivation for a muon tracking in

Double Chooz

As already mentioned in section 2.4 there are several background sources a�ecting the
sensitivity of the measurement of sin2 (2ϑ13). The background sources with the most
signi�cant e�ect are induced by cosmic muons - the cosmogenic β-n emitters 8He and
9Li, and fast neutrons. Therefore, muons provide information on the processes, rates
and pro�les for those background sources.
The main purpose of a muon track reconstruction is to derive the information where

the muon has crossed the detector from all the single PMT hits. This information then
can be used for di�erent studies concerning backgrounds, detector performance or the
muons themselves, e.g. the angular distribution of the muons. A track reconstruction
may be used to select a sample of muons from all data, which contains only muons with
special characteristics, e.g. vertical muons or muons which have passed not the inner
detector region, but only the bu�er.
As mentioned in section 2.4.4 the problem of the background due to 8He and 9Li are

the relatively long half-lives of these isotopes combined with the large muon rate at both
Double Chooz detector sites. Thus, one cannot apply a veto time window of some
half-lives after each muon to cut those background events. A good track reconstruction
may give a possibility to apply cuts for some half-lives on the volume around a muon
track to partly reject this kind of background. In [Hag00] the lateral production pro�le
of isotopes produced by muons in a liquid scintillator (basically reactions on 12C) was
measured. In �gure 3.1 one can see the production pro�le for 11C, which is assumed to
be similar to that for 8He and 9Li. The measured production pro�le has the following
distribution

Φ(r) =
1

166
e−0.0403r2 +

1

1223
e−0.098r (3.1)

where r is the lateral distance to the muon beam axis (in cm). The distribution Φ(r)
is normalized to

∫∞
0

Φ(r)2πr dr = 1. Therefore, Φ(r) describes the probability that an
isotope is produced at a given distance r perpendicular to the muon track.
The Double Chooz target has a volume of Vtarget ≈ 10m3 with an height ofHtarget ≈

2.5m and a radius of Rtarget ≈ 1.15m. A cylindrical cut around a muon track with radius
rcut = 0.3m (see �gure (3.2)) would lead to a volume Vcut of

Vcut ≈ πr2
cut ·Htarget ≈ 0.7 m3, (3.2)

i.e. a vertical muon track fully contained in the target. A muon �ying diagonally
through the target would lead to a maximum volume cut of Vcut ∼ 1m3. Muons can
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Figure 3.1: The lateral activation pro�le Φ(r) for 11C produced by cosmic muons in
a liquid scintillator (from measurements presented in [Hag00]). Φ(r) de-
scribes the probability that an isotope is produced at a given distance r
perpendicular to the muon track.

also propagate through a small part of the target leading to a smaller volume than given
in equation (3.2). As the muon rate throughout the target is expected to be 5Hz [Ard06]
one can estimate the dead target volume to be 3.5m3 for a veto time of 1 s (for maximal
dead volume: tracks such that volume cuts do not overlap). After 1 s only 0.3% of the
8He (half-life of 119 ns) and 2.0% of the 9Li (half-life of 178ms) remain. The veto time
of 1 s corresponds to an almost permanent veto applied on . 1/3 of the target volume
and therefore reduces the detected neutrinos by the same factor. A volume cut with
rcut = 0.2m would lead to Vcut ∼ 0.3m3 resulting in an almost permanent cut volume of
∼ 1.6m3 (about 15 % of the target volume). The values chosen for rcut are quite realistic
as rcut should be at least as large as the error of the reconstruction.
In table 3.1 estimations for di�erent rcut and a veto time of 1 s are shown. The table

shows also the e�ect on the e�ciency of the cut, i.e. the fraction of cosmogenic isotopes
that can be rejected by a cut with the corresponding value of rcut. The values for the cut
e�ciency were estimated using equation (3.1) (integration from 0 to rcut). Furthermore,
the remaining 8He and 9Li after a veto time of 1 s were taken into account. As expected
the e�ciency decreases with decreasing rcut, but a volume cut with rcut = 0.3m already
causes a rejection of the correlated events due to cosmogenics of about 76%.
Another possibility would be to use a muon track reconstruction to measure the pro�le

of 8He and 9Li produced by the muons. This is in principle the same as above, but the
other way around: searching for a neutrino like event in the vicinity of a muon track.
Obviously one needs a precise muon track reconstruction to do this. Furthermore, a
good spatial resolution for the prompt positron-like events is mandatory to measure the
lateral distance to the muon track from where 8He or 9Li were produced.
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Figure 3.2: Illustration of a volume cut around a muon track: Htarget is the height of
the target, Rtarget is the radius of the target and rcut is the radius of the
cylindrical volume cut.
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rcut [m] Vcut [m
3]

∑
Vcut ≈ 5 ·Vcut [m

3]
∑

Vcut/Vtarget cut e�ciency

0.5 ∼ 2.0 ∼ 10 ∼ 100 % ∼ 96 %

0.4 ∼ 1.3 ∼ 6.5 ∼ 65 % ∼ 93 %

0.3 ∼ 0.7 ∼ 3.5 ∼ 35 % ∼ 87 %

0.2 ∼ 0.3 ∼ 1.5 ∼ 15 % ∼ 76 %

0.1 ∼ 0.08 ∼ 0.4 ∼ 2 % ∼ 57 %

Table 3.1: Estimations of the detector dead volume for di�erent radii rcut of cylindrical
volume cuts around muon tracks in the target. The volume cuts may be used
to reject the correlated background due to 8He and 9Li. All values are just
rough estimates.

∑
Vcut ≈ 5 · Vcut is the almost permanently dead target

volume (for a veto time of 1 s), where the factor 5 corresponds to the muon
rate of 5Hz in the target and the pessimistic approximation that the track
volume cuts do not overlap.

∑
Vcut/Vtarget is the fraction of the dead volume

in the target, where Vtarget ≈ 10m3 was used. The cut e�ciency denotes an
estimation of the fraction of cosmogenic isotopes that can be rejected by the
corresponding volume cut around the muon track according to the production
pro�le Φ(r) (see equation (3.1) and �gure 3.1). For the estimated e�ciency
values the remaining 8He and 9Li after a veto time of 1 s were taken into
account: after 1 s about 99.7% of the 8He and 98.0% of the 9Li have decayed.
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4 Simulation of muons

4.1 The DOGS framework

DOGS (Double Chooz O�ine Group Software) is the C++ based simulation and anal-
ysis framework for Double Chooz. It relies on the data analysis framework ROOT
[Roo10] and the particle simulation toolkit Geant4 [Ago03, Gea10]. The main pack-
ages used to simulate and analyse the data needed for the studies on a muon track
reconstruction with the inner veto are DCGLG4sim, RoSS, RecoPulse and DCAna
template, which shall be explained in more detail in the following.

4.1.1 DCGLG4sim

DCGLG4sim (Double Chooz Generic LAND Geant4 simulation) is the Geant4
based detailed simulation of the Double Chooz detector and is based on the simulation
of the KamLAND experiment [Ard06].

Geant4 is a C++ based toolkit to simulate physical processes for an user-de�ned
detector geometry. The particles and physical processes to be known by the simula-
tion have to be de�ned in the so-called physics list. The physics list of DCGLG4sim
contains in principle all physical processes that may be interesting for the experiment
including scintillation and an optical model for the PMTs (for more details see section
4.2.1). Geant4 needs an user-de�ned primary particle as an input for each event to
be simulated: the user has to specify the kind of particle, its energy, primary vertex
position and momentum direction. Geant4 then propagates the primary particle and
the created secondaries stepwise (all steps of a particle form a track). The length of the
steps depends on the geometry and on the physical processes de�ned in the physics list.
Geant4 tracks all particles until they have either been stopped in detector or have left
all volumes of the simulation.

All the general simulation data generated by DCGLG4sim are stored eventwise in
a ROOT-tree called GlobalThInfoTree 1. Data concerning particle and tracking infor-
mation of the simulated particles are stored in the ParticleThInfoTree and the Track-
ThInfoTree 2. These ROOT-trees provide the possibility to have a look into the true
information on the processes of interest.

1The abbreviation Th in the names of the ROOT-trees stands for truth denoting that this tree contains
simulated data.

2The particle and tracking data is not saved by default by DCGLG4sim. For the simulation of ver-
tical muons (see section 4.3) this data has not been stored, what has an e�ect on the calculations
concerning the true muon track (see section 5.2).
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4.1.2 RoSS

RoSS (Readout System Simulation) is a DOGS package that relies on the data simulated
with DCGLG4sim. It simulates the response of the readout system of the detector to
the simulated physical events, i.e. the PMT response to a photoelectron created at the
photocathode and all following electronics - including all uncertainties like noise from
the electronics or the time jitters of the PMTs (see section 4.2.2 for values implemented
concerning the inner veto PMTs). The simulated data is stored in a ROOT-tree called
PulseThInfoTree.

4.1.3 RecoPulse

RecoPulse is a package that �nds and characterizes pulses from the raw data. The
raw data can either be real data from the detector or simulation data processed through
RoSS. All data concerning the reconstructed PMT pulses, like pulse start/maximum/end
times and reconstructed pulse charges are saved to a ROOT-tree called PulseInfoTree
[Nov09].

4.1.4 DCAna template

The DCAna template is a tool that creates a C++ class with an user-de�ned name.
It provides an infrastructure to access the data in the di�erent InfoTrees (like the ones
mentioned above) and to analyse this data with self-written code. If needed one can
de�ne a new InfoTree to store the analysis results.

4.2 General simulation settings

Several simulation runs have been used to determine the performances of the muon
track reconstruction methods. They were performed within the DOGS framework and
basically with the packages described in section 4.1. The DOGS version used for all
simulations and analysis was the Prod-06-013 (with Geant4 version 4.9.2.p01). The
simulations of the muons were done with DCGLG4sim and processed through RoSS
and RecoPulse to have data, where the in�uence of the electronic readout chain is fully
taken into account. All simulations were performed at the IN2P3 Computing Centre
(CCin2p3) located at Lyon (France) [CC10], especially to handle the huge number of
simulated muons needed for the maximum likelihood reconstruction (see chapter 7).

4.2.1 DCGLG4sim

For all muon simulations DCGLG4sim was used with all available muon physics applied,
i.e. multiple scattering, bremsstrahlung, ionization, pair production, capture at rest (in
case of µ−) and muon decay. Hadronic processes activated together with the Cherenkov

3Prod-06-01 is the internal version code of DOGS.
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process or scintillation caused errors. Therefore, hadronic processes were omitted for all
muon simulations - resulting in a slight speedup of the simulation. As hadronic processes4

were not needed for the studies on a muon track reconstruction (see chapters 6 and 7)
omitting these does not introduce errors. Scintillation and the Cherenkov e�ect were
activated as these processes are necessary to have optical photons causing PMT signals.
Muon simulations are consuming a lot of computing time as muons produce very much

light in the scintillator. The muon tracking algorithms presented in this thesis exclusively
use the inner veto PMT signals. Therefore, the production of light in the target or the
gamma catcher is not needed for testing these reconstructions. DCGLG4sim uses �les
as an input for the data concerning the detector geometry and the properties of the
di�erent detector materials. The properties of the scintillators and the bu�er liquid are
stored in a �le, which contains the composition of the liquids, the concentrations of the
single components, and the scintillation properties, in particular the scintillation light
yield, which is set to 8500 photons per MeV for the inner veto scintillator [Gre10]. To
increase the speed of the simulation some modi�cations were made regarding the target
and gamma catcher liquids:

• The components of these liquids were set to non-scintillating oil only (in both cases
dodecane). This was done to prevent scintillation in the inner detector parts as
DCGLG4sim knows dodecane as non-scintillating. The concentrations (handled as
volume fractions) were also set to one for the corresponding components.

• The scintillation light yields were set to 0 for target and gamma catcher.

These modi�cations increased the speed of the simulation by a factor of about 2 - 3.

4.2.2 RoSS and RecoPulse

RoSS and RecoPulse were used with the default ROOT-macros 'runRoSS.C' and 'run-
RecoPulse.C' and the default settings.
At this point some characteristics concerning PMTs, especially the timing of a PMT,

are of interest. The timing is basically a�ected by the so-called transit time spread
(TTS). The transit time spread (also called jitter) is the transit time �uctuation observed,
when identical light pulses strike the same part of the photocathode of a PMT, i.e. the
�uctuation in the time between the generation of the electron in the photocathode and
the onset of the anode pulse. This is in principle the timing resolution of a PMT and
therefore has a signi�cant in�uence on the precision of a reconstruction using the timing
information of the PMTs [Pho02].
Also prepulses have an in�uence on the timing of PMTs. Prepulses are, as the name

implies, pulses preceding the normal pulse and are caused by photons passing the pho-
tocathode without interactions and producing a photoelectron on the surface of either
the �rst dynode or the focusing electrodes. Therefore, these pulses should precede the

4For example spallation by muons is regarded as a hadronic process in Geant4. Therefore, the
simulated data cannot be used for studies concerning the production of fast neutrons or cosmogenic
isotopes (see section 2.4).
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normal pulses by roughly the travel time of the photoelectron from the photocathode to
the �rst dynode [Lub00]. This may a�ect a reconstruction as the prepulses cause earlier
start times of the PMTs.
The dark noise rate of a PMT, i.e. the rate of pulses due to electrons from the photo-

cathode, which are not produced by an incident photon (for example by thermal emis-
sion), also has an e�ect on the timing information [Pho02]. The dark pulses mimic a
PMT hit and thus may a�ect the reconstruction of a muon track.
The corresponding values implemented in RoSS to simulate the pulses of the inner

veto PMTs are as follows:

• transit time spread (TTS): 2 ns (1σ)

• prepulses:
� probability: 3%

� tpp: −20 ns

� ∆tpp: 1 ns

• dark noise rate: 2 kHz

were tpp is the mean time of the prepulses and ∆tpp the �uctuation of tpp. These imple-
mented values are quite realistic as indicated by measurements regarding the real inner
veto PMTs (Hamamatsu R1408) [Jil96, Zbi08].
With these values for the prepulses and the dark pulse rate it is possible to estimate

their in�uence on a possible track reconstruction. The mean number of PMTs per muon
event in the inner veto experiencing a prepulse can be approximated to be npp ≈ 0.03 ·
78 = 2.34 in case that all 78 IV PMTs are hit during a muon event (0.03 is the probability
for a prepulse per PMT). As the side wall PMTs are not used in the current versions of
both reconstruction methods the maximal number of used PMTs is 66 corresponding to
a mean number of PMTs seeing a prepulse of about npp ≈ 2.
The in�uence of dark noise (2 kHz per PMT) can be approximated with a characteristic

time of a muon event of about 50 ns considering the propagation time of the photons
in the scintillator after their generation by the muon (see more details in section 5.1).
This leads to an estimation of the probability for a dark pulse in a muon event of
2 kHz ·50 ns ·66 = 0.66% in case that all 66 top and bottom inner veto PMTs contribute
to a reconstruction. So this probability is very small an thus can be neglected. The dark
noise pulses can also be rejected by applying a threshold on the PMT charges of more
than one photoelectron (pe) as the dark noise pulses mimic single photoelectron pulses.

4.3 Vertical muons

Vertical muons are de�ned by a momentum direction p̂ = (0, 0,−1) and were simulated
for the reason of understanding muon events and the behaviour of the reconstruction
without additional e�ects appearing for inclined muons.
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The vertical muons (µ+ and µ−) are injected with a randomly chosen primary vertex
on a circle area at z = 4000mm (which is above the whole detector; the center of the
target is at (0, 0, 0)mm) and with radius of r = 3250mm (the radius of the inner veto).

Figure 4.1: Simulation of vertical muons: a primary vertex is generated randomly on
a circle area at z = 4000 mm and with radius r = 3250 mm (green circle).
The momentum direction of the muons (red) is p̂ = (0, 0,−1).

A total of 300 000 vertical muons were simulated with an energy of 100GeV. 280 000
muons are intended to be used for the calibration of the maximum likelihood track
reconstruction (see chapter 7). The remaining 20 000 muons are used to study the
performance of the reconstruction methods. The energy of 100GeV was chosen so that
the muons have su�cient energy to pass the whole detector and are not signi�cantly
de�ected due to scattering (see section 5.2 and �gure 5.6).

4.4 Inclined muons

Inclined muons, i.e. muons with an inclination with respect to the z-axis, were simulated
in the following way (see �gure 4.2): a pair of random points is generated, where one
point ~x1 is on a circle area at z1 = 3500mm (above the detector) and the other point
~x2 on a circle area at z2 = −3500mm (below the detector). Both circles have a radius
of r = 3250mm. ~x1 is used for the primary vertex and the momentum direction p̂ is
calculated from both points as follows:

p̂ =
~x2 − ~x1

|~x2 − ~x1|
(4.1)

The cause of simulating inclined muons of this kind is that all muons enter the detector
through the top lid and leave it through the bottom (when the energy is large enough
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Figure 4.2: Simulation of inclined muons: two random points on circle areas at z =
3500mm (green) and z = −3500mm (red) are chosen. The momentum
direction of the muons (violet) is calculated from both points (see equation
(4.1)) and the point on the upper circle area is used as primary vertex.
Such inclined muons were simulated for an energy of 100GeV and for a
momentum range from 100MeV/c to 5GeV/c.

that the muons are not stopped or decay inside the detector). It was intended that no
muon enters or leaves the detector through the side wall, because the reconstruction of
those muons is more di�cult due to the geometric PMT arrangement in the inner veto.
For this reason the algorithms explained later in this thesis (see chapters 6 and 7) are not
able to reconstruct those muons properly - especially the maximum likelihood method.
Inclined muons were simulated with di�erent energies: for 100GeV and for a pri-

mary momentum range from 100MeV/c to 5GeV/c5. In sum, 550 000 monoenergetic
100GeV muons were simulated: 500 000 used for the calibration of the maximum likeli-
hood method and 50 000 to be reconstructed by the di�erent algorithms. Again, as for
the vertical muons the energy of 100GeV was chosen to simulate muons that pass the
whole detector and are not signi�cantly de�ected by scattering.
For the momentum range (100MeV/c to 5GeV/c) in sum 650 000 inclined muons were

simulated: again 500 000 are used for the calibration of the maximum likelihood method
and 150 000 are used to test the reconstruction performance. The momentum range
from 100MeV/c to 5GeV/c was chosen to study the behaviour of the reconstruction
algorithms for smaller muon energies.

5This momentum range corresponds to muon energies from about 145MeV to 5GeV.
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5.1 Principle characterization of a muon event in the

inner veto

As mentioned before in chapter 4 all simulated data was processed through RoSS and
RecoPulse to have muon data looking similar to the real data, i.e. data from the detector.
All further analysis will always rely on the timing and charge information of the PMTs
(reconstructed by RecoPulse from the raw data from the detector). The timing is the
time information of the single PMT pulses: the pulse start time, the pulse maximum
time and the pulse end time (in the order of ns). The charge of a PMT pulse is the area
under the pulse and is given either in units of pe (photoelectrons) or DUQ (digital units
of charge). Figure 5.1 shows a PMT pulse (schematic) with the di�erent pulse times and
the charge. The data actually used are:

• the pulse start time in ns ('fTstart ' in 'PulseInfoTree')

• the total PMT charge in pe ('fQPE ' in 'PulseInfoTree')

The pulse start times are available with a 2 ns accuracy only as this is the ADC
sampling rate [Aki08, Nov09]. RecoPulse provides di�erent algorithms to reconstruct
the pulse start time. For all data used in this thesis the algorithm relying on a current
threshold was used: the pulse start time is de�ned to be the time when the pulse exceeds
a certain threshold above the pedestal [Nov09]. The threshold value actually used was
the default value, which is set to be �ve standard deviations above the pedestal (where
standard deviation means the width of the pedestal).
The PMT charge may not always contain the proper information about the muon

track as especially the PMTs close to the track see very much light causing saturation of
the PMT pulse1. This e�ect is included in RoSS. Therefore, the charge of such a pulse
may not be reconstructed properly by RecoPulse.

5.1.1 A vertical muon in the inner veto

In �gure 5.2 the pulse start times (�gure 5.2a) and charges in pe (�gure 5.2b) of the
hit inner veto PMTs are depicted for a typical event, where the vertical lines separate
the di�erent PMT rings (see �gures 2.6 and 2.8). The muon used for these plots has a

1Muons produce very much light in a scintillator. The energy loss of muons with energies between
100MeV and 1TeV in matter due to ionization can be approximated to be ∼ 2 · ρMeV/cm, where ρ
is the density of the material [Leo94, PDG10].
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Figure 5.1: A schematic PMT pulse: the pedestal is depicted with the grey dashed line
and the red curve denotes the PMT pulse. The charge Q is depicted as the
yellow area under the pulse. The pulse start (Tstart), maximum (Tmax) and
end time (Tend) are illustrated by vertical lines. Tstart is de�ned by the time
the pulse exceeds a current threshold of 5σ above the pedestal and Tend is
de�ned by the time the pulse amplitude falls below 20% of the maximum
value.

kinetic energy of 100GeV and passes the inner veto vertically along the side wall with
x = −3000mm and y = −10mm. Hence, it crosses the inner veto only. This event was
chosen as it nicely demonstrates the evolution of PMT hits in the inner veto.
The muon enters the detector through the top. Therefore, the PMTs at the top inner

veto are hit �rst. The top outer ring PMTs are hit slightly earlier than the PMTs from
the inner ring, as the muons passes closer to the outer ring. One also can see the time
evolution in each ring, what results in a shape looking like a �V� in the case of this muon
(caused by the geometric positions of the PMTs). The PMTs of the side wall ring are
hit next and then �nally the bottom PMTs are hit. For the bottom the outer ring again
is hit slightly earlier than the inner ring.
Comparing �gure 5.2a and �gure 5.2b one can see that the earlier a PMT is hit the

larger the charge is. This is caused by the fact that the scintillation light is emitted
isotropically what leads to a decreasing intensity of the photons with increasing distance
to the muon track.

5.1.2 An inclined muon in the inner veto

Figure 5.3 shows the start time (�gure 5.3a) and charge (�gure 5.3b) evolution for an
inclined 100GeV muon crossing the whole detector diagonally entering the inner veto at
x = −2705mm and y = 235mm and leaving it at x = 2659mm and y = 915mm.
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(a)

(b)

Figure 5.2: The pulse start times (a) and charges in pe (b) of the IV PMTs for the
same vertical 100GeV muon. The horizontal lines separate the di�erent
PMT rings (see �gure 2.8). This muon was chosen as it crosses the inner
veto vertically along the side wall at (x, y) = (−3000,−10)mm. Hence, it
demonstrates the time evolution of the event in the inner veto. The closer
to the muon track a PMT is the earlier is its start time. One can see that
early hit PMTs have large charges, while the PMTs, which are hit later,
have relatively small charges.
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(a)

(b)

Figure 5.3: The pulse start times (a) and charges in pe (b) of the IV PMTs for the same
inclined 100GeV muon. The horizontal lines separate the di�erent PMT
rings (see �gure 2.8). The muon crossed the inner veto almost diagonally -
it enters the inner veto at x = −2705mm and y = 235mm and leaves it at
x = 2659mm and y = 915mm. The closer to the muon track a PMT is the
earlier is its start time. One can see that early hit PMTs have large charges,
while the PMTs, which were hit later, have relatively small charges. This
does not apply to the side wall PMT hits as these hits are caused by light
produced at the top part of the inner veto.
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Regarding �gure 5.3a the time evolution for this muon can be seen. Again the top
PMTs are hit �rst as the muon enters the inner veto at the top. The side wall PMTs are
hit before the bottom PMTs. As the muon crosses the whole detector diagonally these
hits cannot be due to light produced in the vicinity of these PMTs. The photons causing
the side wall PMT hits are created by scintillation at the top inner veto. The structure
of the hits at the bottom shows that the muon leaves the inner veto on the opposite side
as it has entered the veto at the top.
In �gure 5.3b one can see again that the early hits have larger charges. For the side

wall PMTs this can not be observed. As mentioned above this can be explained by the
fact that the light seen by the side wall PMTs is light from the top part of the veto and
hence, the distance to the creation point is large.

5.1.3 Characteristic times

To characterize a muon event in the inner veto it is of interest to estimate characteristic
times in the inner veto, like the time scintillation light needs to travel from the top of
the inner veto to the bottom or from one edge to the other. These times then have to
be compared with characteristic times of a muon in the inner veto.
The characteristic times of the light in the scintillator depend on the refractive index

n of the scintillator. The simulation uses values between 1.59 (for 200 nm) and 1.43 (for
800 nm) for the inner veto scintillator (these are preliminary values as the true values
still have to be measured) [Gre10]. To estimate the characteristic times in the following
an average value of nIV = 1.5 will be used for the refractive index. With this value the
resulting value for the speed of light in the scintillator is cIV = cvac/nIV = 2/3 · cvac ≈
2 · 108 ms−1.
In contrary to photons the velocity of the muons in the scintillator can be approx-

imated to be vµ ≈ cvac for muons with energies large compared to their rest mass
mµ ≈ 106MeV/c2 [PDG10]. With a mean muon energy of ∼ 60GeV at the Double
Chooz far detector site this is a good approximation for the majority of the muons.
In �gure 5.4 the dimensions of the inner veto are depicted. The interesting parameters

are the height HIV = 6.87m, the radius RIV = 3.25m and the diagonal DIV = 9.64m.
With these parameters and the speed of the photons and muons it is possible to

estimate the characteristic times. The time the light needs to travel a distance of HIV ,
i.e. from the top to the bottom and vice versa, can be estimated to be

tγ(HIV ) ≈ 34 ns (5.1)

The time the muon needs to travel this distance can be estimated to be

tµ(HIV ) ≈ 23 ns (5.2)

and the time the muons needs for the diagonal distance DIV is

tµ(DIV ) ≈ 32 ns (5.3)
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Figure 5.4: The dimensions of the inner veto: RIV is the inner radius of the IV tank,
HIV is the height of the IV and DIV its diagonal. The dimensions are used
to estimate characteristic times in the inner veto.

As the light can not take the shorter way through the inner detector the corresponding
time for the light can be estimated to be the time the light needs to travel the complete
height HIV in addition to the distance 2RIV from one edge of the detector to the other.
The time corresponding to 2RIV regarding the photons can be estimated to be

tγ(2RIV ) ≈ 32 ns (5.4)

Hence, the time corresponding to tµ(DIV ) is

tγ(2RIV ) + tγ(HIV ) ≈ 66 ns (5.5)

Comparing these estimated times one can see, that it is a good approximation to take
the �rst PMT hits as hits due to direct light from the muon, i.e. light, which is not
re�ected. The value of tγ(2RIV ) ≈ 32 ns is of interest as this time limits the hits that
can be used in one area (top or bottom) to those in a time window of maximal 32 ns
after the �rst hit. All hits, which appear later are most likely due to re�ected light.

5.2 The true muon track

Speaking about the true muon track means the track of the muon in the simulation. The
true muon track is useful to check the performance of the reconstruction algorithms. Both
reconstruction methods described in this theses rely on the reconstruction of an inner
veto entry and exit point. There are two approaches to calculate the true entry and exit
points from the simulation data depending on the data which is available: one approach
considers multiple scattering of the muons and the other one uses the approximation
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that the de�ection by multiple scattering can be neglected. A comparison between both
will be given in section 5.2.2.

5.2.1 Calculations without tracking information

If there is no tracking data (i.e. no TrackInfoTree; see section 4.1) available, the true
entry and exit points are calculated using the approximation that the muon is hardly
de�ected by multiple scattering. That means that the muon track can be approximated
to be a straight line de�ned by the primary vertex position and the primary momentum
direction. The true entry points are determined by the intersection of this straight line
with the x-y-plane at z̄top = 3178.75mm and the true exit points by the intersection
with the x-y-plane at z̄bottom = −3170mm, where z̄top and z̄bottom are the mean PMT
z-positions for the top and the bottom inner veto.
These planes are used as the z-coordinates of the entry and exit points reconstructed

by the barycenter method are very close to these mean PMT z-positions (the barycenter
is a weighted average of the PMT positions; see section 6). The maximum likelihood
method actually reconstructs the x-y-coordinates of the entry and exit points only. In
this case the z-coordinates are �xed to be the mean PMT z-positions.

5.2.2 Calculations with tracking information

If the track information is available the true inner veto entry and exit point are deter-
mined in the following way: as already mentioned in section 4.1 a track in Geant4
consists of di�erent steps at which the particle interactions take place. This true entry
and exit point calculation relies on the two steps which are the closest to the x-y-planes
at z̄top and z̄bottom, where one of the steps is above (~x1) and the other beneath (~x2) the
corresponding plane (see �gure 5.5).
The true entry points are determined by the intersection of the line de�ned by the

two steps belonging to the x-y-plane at z̄top = 3178.75mm and the true exit points
analogously using the two steps corresponding to the x-y-plane at z̄bottom = −3170mm.
In case that the muon track ends before the top or the bottom x-y-plane the algorithm
cannot determine the corresponding ~x2. If the muon is stopped before the top x-y-plane,
but has entered the inner veto, the true entry point is determined as described in section
5.2.1 and if the muon reaches the bottom inner veto, but not the bottom x-y-plane, the
true exit point is calculated to be the intersection of the line de�ned by the last two
steps of the muon track with the plane at z̄bottom.

5.2.3 Comparison between both calculations

As the true entry and exit points are determined using the approximation of negligible
de�ection, if the tracking information is not available (see section 5.2.1), the question
arising is whether this is a good approximation. Figure 5.6 shows the distance between
the determined exit points from both calculations in the x-y-plane, i.e. the calculations
with the approximation of negligible de�ection and the calculations using the tracking
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Figure 5.5: To calculate the true entry and exit point using the tracking data from the
simulation the two steps ~x1 and ~x2 closest to the corresponding x-y-plane
at z0 are determined (z0 = z̄top for the entry point and z0 = z̄bottom for the
exit point).

information. The plot was produced with 50 000 inclined muons with an energy of
100GeV as described in section 4.4. As one can see the deviation from the true track
is smaller than 10mm for almost all cases with a mean value of about 3mm. Both
reconstructions presented later in this thesis show a precision, which is at least one order
of magnitude larger than this mean value. Therefore, the approximation of a negligible
de�ection of the muons is good enough to be used for the simulated vertical 100GeV
muons, for which the tracking information is not available. Vertical muons have to cover
a smaller distance between the entry and the exit point. Therefore, the distribution for
vertical muons is expected to be even more narrow.
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Figure 5.6: The distance between the true entry point calculated with the approximation
of negligible de�ection of the muons (see section 5.2.1) and the true entry
point calculated using the tracking information (see section 5.2.2). The plot
was produced with the data of 50 000 inclined 100GeV muons simulated as
described in section 4.4. The mean deviation from the true muon track
of about 3mm is small compared to the precision of the reconstruction al-
gorithms presented in this theses (see chapters 6 and 7), what makes the
approximation of negligible de�ection of the muons good enough to be used
for the simulated 100GeV vertical muons (here the tracking information is
not available).
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6 Barycenter method

The barycenter approach for a muon track reconstruction with the inner veto was inspired
by the muon tracking with the muon veto of Borexino [Wur09]. The reconstruction
is based on the DCAna template (see section 4.1) and uses the pulse start times and
charges in pe of the hit PMTs.

6.1 The basic equations

This method relies on the calculation of a barycenter of the hit PMTs using a weight
factor for each hit, which depends on the charge and the timing. The reconstruction is
based on the determination of an inner veto entry point ~xentry and an inner veto exit
point ~xexit. The entry point is determined from the top PMTs (PMTs 390 to 413) and
the exit point from the bottom PMTs (PMTs 426 to 467). From these two points the
reconstructed momentum direction p̂rec can be derived as follows:

p̂rec =
~xexit − ~xentry
|~xexit − ~xentry|

(6.1)

The entry and the exit point are reconstructed using the pulse information from all hit
PMTs, where only the earliest pulse for each PMT is taken into account - in case there
are several pulses per PMT. This is realized by a barycenter formula:

~Rbc =

∑
iwi · ~rPMT,i∑

iwi
(6.2)

where the sum includes all contributing hits i (see section 6.2 for the criteria of the hit

selection). ~Rbc is the coordinate of the reconstructed point, ~rPMT,i are the positions
of the hit PMTs i, and wi the weight factors. The formula for the wi is based on the
weightings used for the Borexino muon tracking [Wur09]:

wi = (qpe,i)
m · exp

[
−
(
ts,i − ts,min
twindow

)n]
(6.3)

where qpe,i is the charge in pe of the hit PMT i, ts,i the pulse start time of hit i and ts,min
the start time minimum of the hits for the top (entry point) or the bottom (exit point).
twindow is a time window after the �rst hit in which all contributing hits have to be. The
two exponents m and n can be varied to �nd the weighting with the best reconstruction
performance.
For the PMT coordinates ~rPMT,i in the barycenter formula (6.2) the centers of mass

of the PMTs photocathodes are used as these can be seen as the e�ective photocathode
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positions. These coordinates are also used for the maximum likelihood reconstruction
later (see chapter 7).

As �gures 5.2 and 5.3 imply the weights should be chosen in a way that hits with early
start times and huge charges are emphasized. The weightings quoted in equation (6.3)
satisfy this condition: the charge factor (qpe,i)

m emphasizes larger charges and earlier
start times are emphasized by the exponential function as this function decreases with
increasing ts,i. Figure 6.1 shows the behaviour of the timing term in equation (6.3) for
n between 1 and 3.

Figure 6.1: Behaviour of the timing term in equation (6.3) and n between 1 and 3 (for
ts,min = 50 ns and twindow = 30 ns).

As one can see a increasing exponent n causes that the early hits are more and more
weighted equally, while the emphasis on later hits decreases stronger. The diagram shows
that the size of the time window has an in�uence on how strong the earliest contributing
hits are emphasized with respect to the later ones: a smaller time window causes the
�rst hits to be weighted stronger.

6.2 PMT hit selection

The selection of the hits used to reconstruct both the entry and the exit point is based
on thresholds in charge and time and the time window after the �rst hits at the top and
the bottom.

As one can see in �gures 5.2 and 5.3 the PMT hits are always at times later than
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∼ 55 ns1. All pulses that appear earlier are most likely dark pulses or prepulses and
thus, have to be rejected. In the reconstruction this is realized by a threshold in the
start time of 50 ns for the top PMTs and of 70 ns for the bottom PMTs, where only hits
with start times later than these thresholds contribute. The threshold for the bottom
PMTs was chosen because of the time of �ight of vertical muons in the inner veto of
tµ(HIV ) ≈ 23 ns (see equation (5.2)). These time thresholds are not meant to be varied.
The PMT hits, which contribute to the reconstruction, are chosen by a time window

twindow, which is opened after the �rst hit at the top and the bottom inner veto. Only
those hits with a start time di�erence to the �rst hit smaller or equal to this time window
are used for the reconstruction. This time window should be chosen to be smaller or
equal to 30 ns, what is based on the characteristic time of a photon travelling from one
edge of the detector to the opposite edge in one area (top or bottom): tγ(2RIV ) ≈ 32 ns.
The slightly smaller value was chosen as the maximal PMT distance (∼ 6m) is smaller
than the diameter of the inner veto. All hits, which appear later than this time are very
likely due to re�ected light.
Furthermore, all contributing hits must have charges larger than a chosen threshold

qthresh, which should be at least 1 pe. By applying this charge threshold the e�ects due
to prepulses and dark pulses are reduced. Both the value for the time window and
the charge threshold may be varied to restrict the number of hits contributing to the
reconstruction.
In �gure 6.2 the selection of the PMTs contributing to the reconstruction of the entry

and exit point is depicted with the conditions which have to be satis�ed by each PMT
hit to contribute to the reconstruction. The reconstruction using the barycenter formula
(see equation (6.2)) only makes sense if there are at least two contributing PMT hits
for each the entry and the exit point. Therefore, only muon events with more than one
PMT hit satisfying the selection criteria are reconstructed.

6.3 Tools to determine the performance

To test the performance of the reconstruction algorithms presented in this thesis the
di�erences between the reconstructed entry and exit point coordinates and the true
entry and exit point coordinates were calculated - for the x- and y-coordinate (X and
Y ), the radius (R) and the polar angle (φ):

∆X = Xrec −Xtrue

∆Y = Yrec − Ytrue
∆R = Rrec −Rtrue

∆φ = φrec − φtrue (6.4)

were the index rec stands for the reconstructed entry or exit point and the index true
for the true entry or exit point (for the determination of the true points see section 5.2).

1In fact, all hits should be later than 50 ns as RoSS simulates all normal pulses (i.e. pulses that are
not prepulses, late pulses or dark pulses) with an internal o�set of 50 ns.
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Figure 6.2: The selection of the PMT hits contributing to the reconstruction with the
conditions for a contribution on the right-hand side. The contributing PMT
hits are depicted in green, and the rejected hits in red.

In theory, the distributions of these di�erences for a number of muons should be narrow
and symmetric with a shape similar to a Gaussian and centered around 0mm. Thus,
the width and the mean value of these distributions should be good measures for the
performance of the reconstruction. In particular, the used values are the mean and the
standard deviation of the histogram or the mean and the width of a Gaussian �t (if
applicable).
The di�erences for the radius R and the polar angle φ are calculated, because they

contain complementary information as the distributions for ∆X and ∆Y can su�er from
symmetry e�ects. Both the radius and the polar angle are calculated from the x- and
y-coordinate (reconstructed and true). Such symmetry e�ects may cause that systematic
e�ects may not be seen in the distributions of ∆X and ∆Y : for example a systematic
radius shift to smaller radii.
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6.4 Performance for vertical muons

Vertical muons (see section 4.3) were simulated without tracking info only. Hence, the
true entry and exit point calculations were performed with the assumption of negligible
de�ection of the muons due to multiple scattering.
The best performance of the reconstruction was found for the following parameters in

equation (6.3) 2: the exponent of the charge termm = 2, the exponent of the timing term
n = 1, a time window of twindow = 10 ns, and a charge threshold of qthresh = 1 pe. 20 000
vertical muons with an energy of 100GeV have been reconstructed with this parameter
set for the plots shown in the following (�gures 6.3 to 6.9).

6.4.1 Entry point reconstruction

In �gure 6.3 the true and reconstructed entry points are depicted in the x-y-plane at the
top PMT mean z-position. Figure 6.3a only contains the true entry points for muons
that could have been reconstructed. One can see a void at small x and y caused by the
chimney, which has a diameter of 600mm. Vertical muons �ying through the chimney
can not be detected in the top inner veto. Both the entry and the exit points are only
reconstructed, when at least two PMTs satisfy the selection criteria. The reconstructed
entry points are depicted in �gure 6.3b. As one can see the distribution of the points is
not homogeneous:

• Clustering: One can see that the points cluster near PMT positions (see �gure
2.8) and on the connecting lines between the PMTs, what results in the star-
like sixfold symmetry. This can be explained by the nature of the barycenter
calculation: the reconstructed points are always located in the area between the
contributing PMTs. An additional explanation for the clustering can be given by
the time window of twindow = 10 ns. As it was indicated by the blue labels in
�gure 6.1 a shorter time window causes stronger weights for the �rst hit PMTs.
Therefore, the reconstructed barycenters are shifted more towards the �rst hit
PMTs. Nevertheless, this short time window was chosen as it resulted in a better
performance than longer time windows (see section 6.5).

• Void at the center: The void at the center of �gure 6.3b can be partly explained
by the muons, which are fully contained in the chimney. These muons can not be
seen in the inner veto and therefore, a void of the size as for the true entry points
can be expected. An explanation for the larger void can be given by an interplay
of the chimney, the nature of the barycenter method and the time window. The
chimney is opaque and has a re�ective surface. Therefore, light produced by the
muons has to be re�ected several times to get to the opposite side of the chimney.
The short 10 ns time window rejects most of the PMT hits due to this light. Hence,
the contributing PMTs are restricted to those on that side of the chimney, where the

2This con�guration was selected from di�erent tested sets of the values for these parameters. The
behaviour of the reconstruction for the di�erent sets is shown in section 6.5 in more detail.
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(a) True entry points

(b) Reconstructed entry points

Figure 6.3: The true (a) and reconstructed (b) entry points in the x-y-plane at the top
PMT mean z-position for 20 000 vertical muons (the missing muons either
were contained in the chimney or were not reconstructed because of the
time window). The void at the center of both plots can be explained by
the presence of the chimney. The star like shape of the distribution of the
reconstructed entry points - clustering of the points near PMT positions and
on the connecting lines between the PMTs - can be explained by the nature
of a barycenter calculation and the time window twindow (see text).
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(a) (b)

Figure 6.4: Di�erence distributions for the x- and y-coordinate of the entry point for
vertical 100GeV muons. The distributions were �tted with a Gaussian to
visualize the degree of symmetry.

muon has passed. As the barycenters lie within the area between the contributing
PMTs, the reconstructed entry points are shifted outwards.

• Maximum radius of the reconstructed points: The maximum radius of the
reconstructed entry points is limited by the area within the positions of the outer
ring PMTs. The radius coordinate of the outer ring PMTs is about 2.9m for the
inwards watching PMTs and about 3.1m for the downwards facing PMTs. This
limits the maximum reconstructed radius to these values.

To estimate the quality of the reconstruction the distributions of ∆X and ∆Y (see
equation 6.4) are depicted in �gure 6.4. As one can see the distributions are centered
at a value close to zero. The root mean square (RMS) of the histograms are about
270mm and the σ of the Gaussians, which were �tted to the distributions, with about
250mm. The slightly smaller values for the σ of the �t is caused by the actually non
Gaussian shape of the distributions. This is also indicated by the values of the reduced
χ2, which should be close to one for a good �t. The deviation from the Gaussian shape
can be explained by the inhomogeneous distribution of the reconstructed points (see
�gure 6.3b).
Figure 6.5 shows the distributions of ∆R and ∆φ for the reconstructed vertical muons.

As one can see the mean of the distribution for ∆R (histogram and �t) is shifted to
negative values by almost 70mm. This can be explained by the reduced maximum
radius of the reconstructed points, what also causes the increased number of entries for
∆R < −700mm. In addition, a shadowing appears when the muons pass behind the
inwards watching outer ring PMTs. Hence, those PMTs can see the light from this muon
by re�ection only. This causes a smaller charge and a later pulse start time than for
the direct light. Therefore, the reconstructed entry point is shifted towards the PMTs,
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(a) (b)

Figure 6.5: Di�erence distributions for the R- and φ-coordinate of the entry point for
vertical 100GeV muons. The distributions were �tted with a Gaussian to
visualize the degree of symmetry.

which can see this light directly.
In the corresponding distribution for ∆φ the distortion from the Gaussian shape is

a bit stronger as for the x- and y-coordinate. An explanation for this can be given by
the fact that the accuracy in the determination of the polar angle worsens for smaller
radii. Here a large deviation in the polar angle causes only a small deviation in the
corresponding x- and y-coordinates. For the reconstructed entry point this e�ect is
relatively small compared to the exit point reconstruction shown in the next section.
This can be explained by the void at the center, which e�ectively limits the reconstructed
radius to values larger than 600mm.

6.4.2 Exit point reconstruction

In �gure 6.6 the true and reconstructed exit points are depicted. The plot for the true
exit points shows no voids and all 20 000 muons could have been reconstructed. The
reconstructed exit points again show a inhomogeneous distribution with the following
characteristics:

• Clustering: As seen for the entry points, the exit points show a clustering of the
PMTs near PMT positions and on their connecting lines. This can be explained
in the same way as for the entry points: the nature of the barycenter calculation
and the short time window.

• Six voids: One also can see six voids in �gure 6.6b. These voids are caused by
the six bu�er feet (a mechanical structure of the detector, see �gure 2.7). The
bu�er feet are not completely closed as the chimney, but nevertheless can have an
e�ect on the reconstruction by shadowing e�ects. As mentioned before shadowing
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(a) True exit points

(b) Reconstructed exit points

Figure 6.6: The true (a) and reconstructed (b) exit points in the x-y-plane at the bottom
PMT mean z-position for vertical muons. The six voids can be explained
by the six bu�er feet. The clustering of the points can be explained by the
nature of the barycenter calculation and the time window.
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causes the PMTs to see the re�ected light produced by the muons. The information
concerning the muon track is strongly distorted as the resulting charge is smaller
and the hit time later than for direct light produced at the same distance. This
causes the reconstructed points to be shifted to that side of the bu�er feet, where
the PMTs can see the direct light, hence, on that side of the bu�er feet, where the
muon passes the bottom inner veto. Muons passing inside a bu�er foot may only
be seen directly by the PMT facing this bu�er foot. This causes a shift towards
this PMT, i.e. a shift to larger radii. A similar e�ect appears for muons passing
close to a bu�er foot, but not inside the foot. Here the direct light is most likely
seen by the inwards watching outer ring PMTs, while the inner ring PMTs see
re�ected light (see �gure 6.6b). Hence, the reconstructed entry points are shifted
to larger radii.

• Maximum reconstructable radius: Again one can see that the maximum re-
constructed radii of the exit points are limited, what is due to the barycenter cal-
culation, causing all points to be within the area between the contributing PMTs.
The outer ring PMT radius coordinates are ∼ 2.9m for the inwards watching and
∼ 3.1m for the upwards watching PMTs.

The distributions for the exit point ∆X and ∆Y (see �gure 6.7) are both symmetric
and centered close to zero. The RMS of the histograms are about 245mm and the σ of
the �tted Gaussians slightly larger than about 230mm. Compared to the entry point
reconstruction the exit points seem to be reconstructed a bit better by about 20mm. As
one can see the Gaussians �t even worse than the ones for the entry points, indicated
by the larger maxima and the increased number of entries at the tails, especially for the
distribution of ∆X. The larger contribution of entries at large |∆X| than at large |∆Y |
is caused by the di�erent symmetries in the arrangement of the PMTs.

The ∆R-distribution (�gure 6.8a) shows a stronger asymmetry than the one for the
entry points (�gure 6.5a). Furthermore, the mean of the distribution is shifted to about
−20mm, what is smaller than the shift for the entry points to about −70mm. Here two
contrary e�ects play a role: one e�ect is the shift of the mean to negative values caused
by the maximum radius of the PMT positions together with muons passing behind the
inwards watching outer ring PMTs. The second e�ect is a shift to larger radii due to the
bu�er feet causing the shoulder at ∆R > 500mm.

As it was already explained for the ∆φ distribution of the entry points, the accuracy
in the determination of the polar angle worsens with decreasing radius. This can also be
seen in the distribution for the exit points depicted in �gure 6.8b. Here this e�ect is much
stronger than for the entry points and results in a stronger discrepancy to the Gaussian
�t. Furthermore, the bu�er feet play also a role in this distribution as they cause the
reconstructed entry points to be shifted on that side of the bu�er feet where the muon
has passed. The number of muons shifted to one side of a bu�er foot is approximately
equal to the number of muons reconstructed to the opposite side. Therefore, these muons
contribute to the ∆φ-distribution symmetrically.
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(a) (b)

Figure 6.7: Di�erence distributions for the x- and y-coordinate of the exit point for
vertical 100GeV muons. The distributions were �tted with a Gaussian to
visualize the degree of symmetry.

(a) (b)

Figure 6.8: Di�erence distributions for the R- and φ-coordinate of the exit point for
vertical 100GeV muons. The distributions were �tted with a Gaussian to
visualize the degree of symmetry.

Vincenz Zimmer - Muon tracking with the inner veto of Double Chooz



6 Barycenter method 52

6.4.3 Reconstructed momentum direction

From the reconstructed entry and exit point the reconstructed muon momentum direc-
tion p̂rec can be calculated by equation 6.1. To check the performance the angle between
the true momentum direction3 p̂true and the reconstructed momentum direction p̂rec was
calculated for each muon event. Figure 6.9 shows a histogram of these values for the
20 000 vertical muons. Furthermore, the distribution is relatively narrow, i.e. the muon
momentum direction is reconstructed with a relatively good precision: the maximum is
at about 2.5 degrees. The good precision can be achieved because of the relatively large
distance between the reconstructed entry and exit points, which is about 6.3m.

Figure 6.9: The distribution of the angle between the true primary momentum direc-
tion p̂true and the reconstructed momentum direction p̂rec of vertical muons
(angle in degree (deg)).

6.5 Finding the best performance con�guration

The performance was analysed for di�erent sets of the reconstruction parameters. First
di�erent con�gurations of the exponents in the weightings (equation (6.3)) were tested
with values for the charge term exponent m between 0 and 4 and values for the timing
term exponent n between 0 and 3, where twindow = 30 ns and qthresh = 1 pe were �xed.
The di�erent exponents n for the timing term were tested with a �xed exponentm = 2 for
the charge term. As shown in �gure 6.10a the reconstruction performance - as indicated
by the widths of the ∆X-distributions - does not change very much for the di�erent
exponents. The best results for both the entry and the exit point reconstruction can be
obtained for n = 1. Furthermore, one can see that the worst result is achieved, when
the timing information is not used, what means n = 0.

3Here the primary momentum direction of the muons is used.
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The di�erent exponents m for the charge term were varied for a �xed n = 1. This
parameter seems to have a larger e�ect on the performance of the barycenter reconstruc-
tion. As one can see in �gure 6.10b an increasing n causes a signi�cant reduction of the
shift of the mean of the ∆R-distribution to negative values for both the entry and the
exit point. The widths of the ∆X distributions indicated by the RMS of the histograms
show a minimum for m = 2 (exit point) and m = 3 (entry point). This is depicted in
�gure 6.10c. As for the timing information the reconstruction shows the worst result,
when the charge information is not used (i.e. m = 0). Finally, the causes for choosing
m = 2 are the following:

• The performance of the momentum direction reconstruction is the best. Figure
6.10d shows the mean values of the distributions of the angle between the true
momentum direction p̂true and the reconstructed momentum direction p̂reco for
di�erent exponents m.

• The distributions of ∆X and ∆Y have a minimal width (see �gure 6.10c for ∆X).

• The reconstructed points do not cluster as much in the vicinity of the PMT posi-
tions as for larger exponents m of the charge term.

• The reconstruction of the polar angle φ shows the best results.

After the exponents were �xed to m = 2 and n = 1, the charge threshold qthresh
was varied between 1 pe and 100 pe for a �xed time window twindow = 30 ns. With
increasing qthresh the number of reconstructable muon events decreases for both the
entry and the exit points, what could be expected. As one can see in �gure 6.11a for
the widths of the ∆X-distributions, the performance of the entry point reconstruction
slightly increases by about 10mm for an increasing qthresh. The exit point reconstruction
performance shows a contrary characteristic as it decreases by about 7mm. As a result
of this contrary behaviour the mean values of the angle between the true p̂true and the
reconstructed muon momentum direction p̂rec are almost constant for all values of qthresh
(see �gure 6.11b). The relatively small e�ect of qthresh on the reconstruction performance
is caused by the weightings (see equation 6.3), which emphasize hits with large charges
stronger. Hence, the in�uence of hits with small charges is reduced. To achieve the
maximum e�ciency in the reconstruction of the muons the charge threshold was set to
qthresh = 1 pe.
The impact of the size of the time window was found to be larger than that of the

charge threshold. The performance was tested for three di�erent values for the time
window (with �xed exponents m = 2 and n = 1 and qthresh = 1 pe): 10 ns, 20 ns and
30 ns. The reconstruction improves signi�cantly for smaller time windows: the di�erence
distributions are more narrow (see �gure 6.12a for ∆X) and the ∆R-distributions show
smaller shifts of the mean to negative values (see �gure 6.12b). The reconstruction of
the momentum direction also improves (see �gure 6.12c) as the entry and exit points are
reconstructed more precisely. A negative e�ect is that the reconstructed entry and exit
points show a stronger clustering near the PMT positions. Furthermore, a decreasing

Vincenz Zimmer - Muon tracking with the inner veto of Double Chooz



6 Barycenter method 54

(a) ∆X-distribution width as indicated by the his-
tograms RMS for di�erent timing expo-

nents n (�xed m = 2, twindow = 30ns and
qthresh = 1 pe).

(b) ∆R-distribution mean as indicated by the his-
tograms mean value for di�erent charge ex-

ponents m (�xed n = 1, twindow = 30ns and
qthresh = 1 pe).

(c) ∆X-distribution width as indicated by the his-
tograms RMS for di�erent charge expo-

nents m (�xed n = 1, twindow = 30ns and
qthresh = 1 pe).

(d) Mean values of the distributions of the angle
between p̂true and p̂reco for di�erent charge
exponents m (�xed n = 1, twindow = 30ns
and qthresh = 1 pe).

Figure 6.10: The behaviour of the barycenter reconstruction for charge exponents m
between 0 and 4 and timing exponents n between 0 and 3. The best per-
formance of the reconstruction can be reached for m = 2 and n = 1.
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(a) ∆X-distribution width as indicated by the his-
tograms RMS for di�erent charge thresh-

olds qthresh (�xed m = 2, n = 1 and twindow =
30ns).

(b) Mean values of the distributions of the angle
between p̂true and p̂reco for di�erent charge
thresholds qthresh (�xed m = 2, n = 1 and
twindow = 30ns).

Figure 6.11: The behaviour of the barycenter reconstruction for charge thresholds qthresh
between 1 and 100 pe. A threshold of qthresh = 1 pe was chosen for the re-
construction plots shown in this chapter as the in�uence of this parameter
is rather small. Furthermore, the e�ciency of the reconstruction is max-
imal for qthresh = 1 pe.

time window causes a decreasing number of contributing PMT hits as less hits satisfy the
selection criteria. This leads to a reduction of the reconstructable entry or exit points as
it may happen that only one PMT hit passes the selection.
The improvement of the performance for smaller time windows is caused by a decreas-

ing in�uence of hits due to re�ected light. The PMTs, the chimney at the top inner veto
and the bu�er feet at the bottom inner veto cause shadowing e�ects. Shadowed PMTs
only see re�ected light from the muon, what results in hits, which appear later and with
smaller charges than hits due to direct light produced by a muon at the same distance.
In the weightings (equation (6.3)) these hits are wrongly taken into account. With a
time window twindow = 10 ns the in�uence of hits due to re�ected light can be reduced
as the contributing PMTs are limited to those in a maximum distance of roughly 2m to
the true muon track.
As an outcome of these systematic studies the �nal combination of the reconstruction

parameters used for the barycenter method is the following: the exponent of the charge
term in the weightings is m = 2, the exponent of the timing term is n = 1, the time
window is twindow = 10 ns and the charge threshold is qthresh = 1 pe.
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(a) ∆X-distribution width as indicated by the his-
tograms RMS for di�erent time windows

twindow (�xed m = 2, n = 1 and qthresh =
1 pe).

(b) ∆R-distribution mean as indicated by the his-
tograms mean value for di�erent time win-

dows twindow (�xed m = 2, n = 1 and
qthresh = 1 pe).

(c) Mean values of the distributions of the angle
between p̂true and p̂reco for di�erent time

windows twindow (�xed m = 2, n = 1 and
qthresh = 1 pe).

Figure 6.12: The behaviour of the barycenter reconstruction for time windows twindow
between 10 and 30 ns. The best results are obtained for a time window of
twindow = 10 ns.
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6.6 Performance for inclined muons

The barycenter reconstruction was also tested for inclined muons of the kind described
in section 4.4. For all simulated inclined muons the tracking information of the primary
muons are available. Thus, the true entry and exit points were determined precisely
as described in section 5.2.2. The plots, which will be shown in this section (�gures
6.13 to 6.19), rely on a reconstruction of 50 000 inclined 100GeV muons with the set of
parameters, which was determined in the previous section to have optimal performance.

6.6.1 Entry point reconstruction

Figure 6.13 shows the true and reconstructed entry points. As one can see the density
of the true entry points (�gure 6.13a) gets smaller for large radii (R & 3000mm). This
is caused by the way of simulating the inclined muons as described in section 4.4. The
areas on which the two random points are generated are above and beneath the whole
detector. The probability to get a pair of points leading to an almost vertical muon at
large radii is relatively low. Hence, entry (and also exit) points at large radii appear less
often. Figure 6.13a only contains the true points, in case that an entry point could have
been reconstructed. Therefore, the void at small x and y is due to muons, which were
fully contained within the chimney. In addition, some of the muons could not have been
reconstructed due to the short time window twindow = 10 ns.
The reconstructed entry points (�gure 6.13b) show a behaviour which is similar to the

behaviour for vertical muons, but the inhomogeneous structure is more emphasized as
the plot contains more points. The following characteristics can be seen:

• Clustering: As for the vertical muons (see 6.4.1), the reconstructed entry points
cluster near PMT positions and on the connecting lines, resulting in the star-like
sixfold symmetry. The same argumentation for this behaviour as for the vertical
muons holds. A di�erence to the vertical muons appears in the density of recon-
structed points on the connecting lines between the outer ring PMTs. This is
caused by the lower density of true entry points at radii R & 3000mm.

• Void at the center: Also the tracks of the inclined muons can be fully contained
in the chimney and thus, do not produce light in the top inner veto. This partly
explains the void at the center of �gure 6.13a. The size of the void is caused by
the interplay of the nature of a barycenter calculation and the small time window.

• Maximum reconstructable radius: Again it can be seen that the maximal
reconstructed radius is limited by the positions of the PMTs, caused by the nature
of the barycenter calculation.

Figure 6.14 shows the distributions of ∆X and ∆Y of the entry points for the 50 000
inclined muons. As for the vertical muons these distribution are centered close to zero
and quite symmetric. The widths indicated by the RMS of the histograms and the σ of
the Gaussian �t are about 265mm and 245mm and hence very similar to the widths for
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(a) True entry points

(b) Reconstructed entry points

Figure 6.13: The true (a) and reconstructed (b) entry points in the x-y-plane at the top
PMT mean z-position for 50 000 inclined 100GeV muons (the missing
muons either were contained in the chimney or were not reconstructed
because of the time window). As for the vertical muons, the clustering can
be explained by the nature of the barycenter method and the time window.
The void in the center is due to the presence of the chimney combined
with the short time window.
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(a) (b)

Figure 6.14: Di�erence distributions for the x- and y-coordinate of the entry point for
inclined 100GeV muons. The distributions were �tted with a Gaussian to
visualize the degree of symmetry.

vertical muons. From this one can conclude that the barycenter approach depends only
weakly on the inclination of the muons, what indicates that the barycenter reconstruction
is a very robust method.
The di�erence distributions for the radius and the polar angle for the entry points are

shown in �gure 6.15. The distribution for ∆R shows a slight asymmetry and a shift of the
mean (histogram and �t) to a negative value of about −55mm. This is about 15mm less
than for vertical muons, what can be explained by the lower density of true entry points
at large radii R & 3000mm: muons with such entry points, which are reconstructed
to smaller radii, are seldom and thus, have a smaller contribution. This also explains
the smaller fraction of reconstructed entry points with ∆R < −700mm compared to
vertical muons (see �gure 6.5a). At the same time the contribution of muons passing
the top inner veto in the vicinity of the chimney is slightly increased, what increases the
contribution of reconstructed entry points with ∆R > 0.
Figure 6.15b shows the di�erence distribution for the polar angle of the entry points.

Again, one can see the deviations from the Gaussian shape indicated by the larger
maximum and the increased contribution of reconstructed entry points with large |∆φ|.
Furthermore, the distribution has a width, which is by about 0.2 degrees larger than that
for the vertical muons (indicated by the RMS of the distributions). This small deviation
is caused by the lower density of muons with true entry points at R & 3000mm as the
contribution of muons with smaller true radii is increased.
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(a) (b)

Figure 6.15: Di�erence distributions for the radius and the polar angle of the entry
point for inclined 100GeV muons. The distributions were �tted with a
Gaussian to visualize the degree of symmetry.

6.6.2 Exit point reconstruction

Figure 6.16 shows the true and reconstructed exit points for the 50 000 inclined muons.
Regarding the distribution of the true exit points (�gure 6.16a) one can see the lower
density of points at large radii again. The missing four muons were not reconstructed
because of the time window of 10 ns. Figure 6.16b shows the distribution of the recon-
structed exit points. As for the reconstructed entry points the reconstructed exit points
show an inhomogeneous distribution similar to the distribution for vertical muons (see
�gure 6.6b). One can see the following characteristics:

• Clustering: Also the reconstructed exit points show clustering and the density of
the points on the connecting lines between the outer ring PMTs is lower than for
the vertical muons caused by the lower density of true points at large radii.

• Six voids: As for the vertical muons one can see the six voids in the vicinity of
the bu�er feet caused by shadowing e�ects.

• Maximum reconstructable radius: Again the maximum reconstructed radii
are limited by the nature of the barycenter method.

Figure 6.17 shows the distributions of ∆X and ∆Y for the exit points for inclined
muons. Again, the distributions look symmetric and are centered close to zero. The
widths indicated by the RMS of the histogram and the σ of the �t are about 240mm
and about 230mm, respectively. These values again are very similar to the widths for
the corresponding distributions for vertical muons (see �gure 6.7). Hence, the exit point
reconstruction also seems to have a weak dependency concerning the inclination of the
muons.
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(a) True exit points

(b) Reconstructed exit points

Figure 6.16: The true (a) and reconstructed (b) exit points in the x-y-plane at the
bottom PMT mean z-position for 50 000 inclined 100GeV muons (some
muons were not reconstructed because of the time window). The six voids
can be explained by the six bu�er feet. The clustering of the points can be
explained by the nature of the barycenter calculation and the time window.
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(a) (b)

Figure 6.17: Di�erence distributions for the x- and y-coordinate of the exit point for
inclined 100GeV muons. The distributions were �tted with a Gaussian to
visualize the degree of symmetry.

The distributions of ∆R and ∆φ for the exit points are depicted in �gure 6.18. The
distribution of ∆R shows a shift of the mean to a negative value, which is smaller by
about 7mm compared to the shift for vertical muons. This is caused by a smaller
contribution of entries at ∆R < −500mm due to the lower density of true exit points at
large radii, while the shoulder at ∆R > 400mm has a similar size.
As for the entry points, the width of the ∆φ-distribution for the exit points is slightly

broader for the inclined muons than for the vertical muons by about 0.1 degrees.

6.6.3 Reconstructed momentum direction

In �gure 6.19 one can see the distribution of the angle between the true and the recon-
structed muon momentum direction - p̂true and p̂rec - for the inclined muons. As one
can see the maximum of this distribution is at about 3 degree and therefore is about
0.5 degrees larger than the value for the plot corresponding to vertical muons (�gure
6.9). Furthermore, the value for RMS is also increased by about 0.2 degrees compared
to that for vertical muons. In spite of these slightly increased values the obtained results
show that the barycenter reconstructions performs very robust regarding the inclination
of the muons.
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(a) (b)

Figure 6.18: Di�erence distributions for the radius and the polar angle of the exit point
for inclined 100GeV muons. The distributions were �tted with a Gaussian
to visualize the degree of symmetry.

Figure 6.19: The distribution of the angle between the true primary momentum di-
rection p̂true and the reconstructed momentum direction p̂rec of inclined
100GeV muons (angle in degree (deg)).
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6.7 Summary

The barycenter method relies on the reconstruction of an inner veto entry point and
an inner veto exit point and uses the charge and timing information of the hit PMTs.
The hits used to reconstruct these points are selected by a charge threshold and a time
window, which is opened after the �rst hit at the top and bottom inner veto, respectively.
As the barycenter method is based on a rather simple formula - and not on a time
consuming �t to the data - the speed of reconstructing the points is very high.
In the present work the algorithm was tested for vertical 100GeV muons with di�erent

sets of the reconstruction parameters. The results for the set showing the best perfor-
mance of the reconstruction were discussed in more detail. This parameter set was also
used to test the method with inclined 100GeV muons and the results were found to be
very similar to those for vertical muons, what suggests that the barycenter reconstruc-
tion hardly depends on the inclination of the muons. Compared to earlier studies on
muon track reconstructions for Double Chooz the accuracy of the determination of
the muon momentum direction with about 3.5 degrees is the best that could be achieved
up to now.
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The idea for a maximum likelihood approach for a muon tracking with the inner veto
arose by problems concerning the barycenter method. In the early phase of the studies on
the barycenter reconstruction a time window of 30 ns was used as a default value. This
time window causes a huge shift of the mean value of the ∆R-distribution to negative
values, what is caused by more hits due to re�ected light than for a shorter time window.
The distribution for the entry point is shown in �gure 7.1. As one can see the shift of
the mean to negative values exceeds 200mm and the width is also large with more than
300mm.

Figure 7.1: Di�erence distribution for the radius coordinate for vertical muon recon-
structed with the barycenter method. In contrast to the optimum parameter
set as described in section 6.5 a time window of 30 ns was used here. This
was the default con�guration used in the early phase of the studies on a
muon tracking with the inner veto. As one can see the shift of the mean to
a negative value exceeds 200mm.

As described in the previous chapter the barycenter method mainly su�ers from shad-
owing e�ects, which cause hits due to re�ected light. Therefore, e�orts were made to
�nd a new method, which considers these hits in a more suitable manner. The approach
was to �nd a correlation between the timing of the PMT hits and the distance to the
true muon track and use this correlation for the reconstruction of the inner veto entry
and exit points1.

1The charge information is not directly used in the maximum likelihood reconstruction as the charge
information can be distorted by saturation of the PMT pulses (see section 5.1). The charge is used
for the PMT hit selection only.
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In �gure 7.2 two examples for plots, which were produced to improve the understanding
regarding such a correlation, are depicted: �gure 7.2a shows the PMT pulse start times
plotted against the distance of the hits to the muon track for the top inner ring PMTs,
which are watching radially outwards (TIo-PMTs). Figure 7.2b shows the same for the
bottom outer ring PMTs, which are watching inwards and are not facing a bu�er foot
(BOiNF-PMTs). The distance was calculated to be the distance of the hit PMTs to the
true entry and exit points in the corresponding x-y-plane at the top and the bottom
mean PMT z-positions (z̄top = 3178.75mm and z̄bottom = −3170mm).
On both plots one can see that for an increasing distance to the muon track the earliest

start times appear later. The sharp cut at distances slightly above 5000mm for the TIo-
PMT plot is caused by the fact, that the maximal distance in the x-y-plane is limited by
the inner veto geometry. For the TIo-PMTs this results in a maximal distance of about
5050mm and for the BOiNF-PMTs in a maximal distance of about 6100mm.
The o�set of the start times in the plots is due to an internal o�set of 50 ns used by

RoSS and the time the muon needs to propagate from the top to the bottom inner veto.
The sharp cut at times above 250 ns is caused by the 256 ns time window of the channel
read out [Nov09]. Furthermore, both plots show a stripy distribution of the points, which
is caused by the 2 ns sampling rate of the ADCs (simulated by RoSS) [Nov09]. The points
for start times above about 150 ns are due to re�ected light. The few points below about
52 ns in �gure 7.2a and below about 75 ns in �gure 7.2b are caused by prepulses and
accidental dark pulses, where the prepulses should dominate (see section 5.1).
The empty regions above the band of early hits at small distances (distances lower

than ∼ 1300mm for the BOiNF-PMT plot and lower than ∼ 500mm for the TIo-PMTs)
are partly caused by the smaller number of PMT hits in these regions, what also causes
the lower density of prepulses. An additional explanation can be given by the small
distance to the muon track: the PMT hits are mainly caused by direct light in this
region, i.e. light, which has not been re�ected. This also explains the smaller distance
range with no points above the early hit band for the TIo-PMT plot: here this range
ends above about 500mm caused by the fact that the inner ring PMTs also see light
from a muon passing behind the PMT. This light from behind is only seen by the PMT
after being re�ected repeatedly. This actually applies also for the distances smaller than
500mm. As one can see this region is narrower for the BOiNF-PMT plot: these PMTs
also see re�ected light from muons passing behind them, but the number of these muons
is much smaller as these PMTs are placed close to the inner veto wall. The broadening
for distances of about 1300mm is caused by shadowing of the inner veto PMTs and the
bu�er feet.
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(a)

(b)

Figure 7.2: The PMT pulse start times plotted against the distance of the hit PMT
to the true muon track, i.e. the true entry or exit point, respectively (see
section 5.2): (a) shows the plot for the top inner ring PMTs watching
outwards (TIo) and (b) shows the plot for the bottom outer PMTs watching
inwards, which are not facing a bu�er foot (BOiNF). Both plots rely on the
data of 280 000 simulated vertical 100GeV muons. The o�set of the start
times in both plots is caused by the internal o�set of 50 ns in RoSS. The
stripy structure regarding the timing is due to the 2 ns sampling rate of the
ADCs. The points below the main bands are mainly prepulses.
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(a) (b)

Figure 7.3: Examples for PDHs: (a) for a start time of 64 ns for the TIo-PMTs and
(b) for the BOiNF-PMTs for 86 ns. Both histograms rely on the data of
280 000 simulated vertical 100GeV muons.

7.1 The algorithm

7.1.1 Probability density histograms

The plots like the ones shown in �gure 7.2 already contain the correlated information
between the timing and the distance to the muon track. Therefore, the main idea of
the maximum likelihood method is to use the distribution of points in these plots for a
reconstruction of the inner veto entry and exit points. This was realized by �lling the
2 ns stripes caused by the ADC sampling into histograms and use these as probability
density functions in the reconstruction: the probability density histograms (PDHs).
In �gure 7.3 two examples for PDHs are depicted. These histograms rely on the same

muon data as the plots in �gure 7.2. Figure 7.3a shows the distribution of the distances
of the real muon track to the hit TIo-PMTs with a start time of 64 ns. The distribution
has a main peak with a maximum at a distance of about 1400mm. This peak is basically
caused by direct light from muons passing the top inner veto in front of the TIo-PMTs.
The shoulder at smaller distances is caused by light produced behind those PMTs, which
has to be re�ected several times to cause a hit in the corresponding PMT. As one can
see, the histogram has no entries above about 2m. This can be explained by the start
time of 64 ns, which is related to a time di�erence to the �rst hit PMT at the top inner
veto of about 6 ns to 10 ns2. In general, it can be assumed that the entries at largest
distances in the PDHs are most likely due to hits caused by direct light. The entries
at small distances can be interpreted as hits due re�ected light, where this light was
produced in regions, which are not directly in the line of sight of the PMT.
Figure 7.3b shows the distribution of the distances to the true muon track regarding

the BOiNF-PMT hits with a start time of 86 ns. One can see a main peak with a

2Here again the RoSS internal start time o�set of 50 ns and the muon propagation have to be considered.
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maximum at about 1500mm and a shoulder to larger distances, so the other way round
as for the PDH for the TIo-PMTs: here the shoulder is due to direct light and the main
peak due to re�ected light. This is caused by the bottom inner ring PMTs and the bu�er
feet. Both the inner ring PMTs and the bu�er feet are at a distance of roughly 1200mm
to the BOiNF-PMTs. Hence, light produced by muons passing behind the bu�er feet or
the inner ring PMTs (behind from the BOiNF-PMTs point of view) has to be re�ected
to be seen by the BOiNF-PMTs. Furthermore, one can see that the maximum distance
to the muon track is about 2.5m, what is caused by the start time of 86 ns, which is
related to a time di�erence to the �rst hit bottom PMT of about 8 ns to 12 ns.

Here an advantage of using PDHs for a reconstruction appears: in contrary to the
barycenter method the approach using PDHs for a reconstruction su�ers less from re-
�ected light. The information on the muon track is strongly distorted for re�ected light
as the resulting start times are larger and the charges are smaller. Hence, PMT hits due
to re�ected light look like hits caused by light produced at a larger distance than the
actual one. In the barycenter method these hits are considered in an inaccurate manner
(see section 6.1): here the contribution of hits due to re�ected light could be reduced by
applying a time window of 10 ns (see section 6.5), but this is connected with a loss of
information as hits due to direct light appearing later than 10 ns after the �rst hit are
not taken into account. In the PDHs re�ected light is considered in a more suitable way
as the related pulse start times appear at the corresponding true distance. This is nicely
demonstrated by the PDH in �gure 7.3b, where the contribution of hits from re�ected
light dominates.

7.1.2 PDH production and PMT subgroups

To obtain the additional information about the distance of the hits to the muon track
the PDHs have to rely on data from simulations. Therefore, the PDHs, which will be
used in the �nal version of the reconstruction, have to rely on a simulation, which is as
close as possible to reality.

As mentioned before, the PDHs are produced for di�erent hit start times in steps of
2 ns. Due to the symmetric arrangement of the top and bottom inner veto PMTs it is
not necessary to produce the PDHs for each single PMT. The PDHs can be produced
for certain subgroups, which contain PMTs of the same ring and with the same viewing
direction (see �gures 2.6 to 2.8). Therefore, the number of simulated muons needed can
be reduced signi�cantly without reducing the statistics.

In sum there are four subgroups for the top inner veto PMTs and �ve subgroups for
the bottom PMTs3. The bottom outer ring PMTs watching inwards were classi�ed into
two additional subgroups: the PMTs facing a bu�er foot and the ones, which do not face
a bu�er foot. As described in sections 6.4 and 6.6 the bu�er feet had some e�ects on the
barycenter calculation. All subgroups for the top and the bottom inner veto PMTs are
summarized in table 7.1.

3The PMTs at the side wall are not used in the maximum likelihood method. Therefore, no PDHs are
needed for these.
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``````````````̀viewing direction

PMT ring top bottom

inner ring outer ring inner ring outer ring

inwards 6 TIi 6 TOi 6 BIi −
outwards 6 TIo − 12 BIo −
downwards − 6 TOd − −
upwards − − − 12 BOu

inwards facing no foot − − − 6 BOiNF

inwards facing foot − − − 6 BOiF

Table 7.1: The top and bottom inner veto PMT subgroups with the number of PMTs
per group and their abbreviations.

7.1.3 Using PDHs for the reconstruction

As the barycenter reconstruction the maximum likelihood method reconstructs an inner
veto entry point from the top PMT hits (PMTs 390 to 413) and an inner veto exit point
from the bottom PMT hits (PMTs 426 to 467). These points are reconstructed in the
x-y-planes at the top and bottom mean PMT z-positions as the PDHs rely on distances
calculated in those planes. Again the reconstructed muon momentum direction p̂rec is
calculated from these two reconstructed points using equation 6.1.
The PDHs can be written as distributions Ni(d), where d is the distance in the x-y-

plane to the hit PMT i and Ni(d) the number of entries in the bin related to d. Therefore,
the probability pi(d) that a muon passed the inner veto in a distance d to the hit PMT i
can be calculated as follows:

pi(d) =
Ni(d)

NPDH,i

(7.1)

where NPDH,i is the total number of entries in the PDH for the hit PMT i.
The inner veto entry and exit point are reconstructed by a scan of the x-y-planes at

the top and bottom mean PMT z-positions. For each step (x, y) of the scan the distance
di(x, y) to each contributing hit PMT i is calculated (for details on the hit selection see
section 7.1.5), where the photocathode's center of mass is used for the PMT-coordinates.
This results in probabilities pi(di(x, y)) for all contributing hits:

pi(di(x, y)) = pi(x, y) =
Ni(di(x, y))

NPDH,i

(7.2)

The total probability P (x, y) for a muon, which passed the inner veto at the current
step (x, y), is calculated to be the product of all probabilities pi(x, y):

P (x, y) =
∏
i

pi(x, y) (7.3)

The (x, y) pair with the largest total probability P (x, y) is then taken as the recon-
structed entry or exit point, respectively. For the reconstructed z-coordinate the top and
bottom mean PMT z-positions are used.
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7.1.4 The way of scanning in x and y

As mentioned before the maximization of the total probability P (x, y) is performed by
scanning the x-y-planes at the top and bottom mean PMT z-positions with a certain step
size in x and y. This scan can be performed in di�erent ways. The conservative approach
is to scan the whole x-y-plane within the inner veto tank, i.e. the radius R =

√
x2 + y2

is always smaller or equal 3250mm. In the algorithm this is realized with a step size
of 10mm as the bin size of the PDHs is also set to 10mm. The advantage is that
this conservative scan determines the maximal probability with the highest possible
reliability, but the problem is that it is very slow.

A �rst approach to increase the speed of the reconstruction was to scan only a certain
area around the �rst hit PMT - again for the top and the bottom separately. The
acceleration of the reconstruction is obvious as the number of (x, y) pairs is reduced.
The ranges for the top and the bottom scan were optimized regarding the speed and
the performance of the reconstruction. For the top the optimum range was found to be
∆x = ∆y = 1600mm, where it is scanned in xPMT ±∆x and yPMT ±∆y. The optimum
range for the exit point reconstruction could be determined to be ∆x = ∆y = 1800mm.
Again, all (x, y) pairs have to lie within the inner veto and the step size was chosen to
be 10mm.

A further acceleration of the reconstruction could be achieved by a scan in two steps:
�rst a coarse scan with a step size of 100mm is performed (either conservatively or in
a range around the �rst hit PMT). Then a �ne scan in a range around the (x, y) pair
with the maximum total probability P (x, y) in the rough scan is done with a step size of
10mm. This range was also optimized for the top and the bottom scan regarding speed
and performance. The optimal �ne scan ranges were found to be 500mm for the top
and 700mm for the bottom.

All plots in this theses regarding the performance of the maximum likelihood recon-
struction rely on the double scan method.

7.1.5 The PMT hit selection

As for the barycenter method the PMT hits contributing to the reconstruction are se-
lected by a time window and a charge threshold (see section 6.2 and 6.2). In addition
to this selection, start time limits for the �rst PMT hits at the top and the bottom are
de�ned. This is necessary as there are only PDHs available in certain time ranges for the
top and the bottom. For all reconstruction results presented in this thesis a time limit of
110 ns for the hits at the top and a time limit of 130 ns for the hits at the bottom inner
veto have been used.

The PMT hits contributing to the PDHs are also selected using a charge threshold.
This charge threshold is always chosen to be the same as the one used for the recon-
struction to eliminate the in�uence of the hits with smaller charges than the threshold
used for the reconstruction.
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(a) (b)

Figure 7.4: Maps of the total probability P (x, y) for the top and bottom x-y-planes (for
a vertical muon) with a zoomed image of the interesting region. The dif-
ferent colours correspond to di�erent probabilities. The black stars indicate
the true inner veto entry and exit points, while the red stars show the recon-
structed entry and exit points, i.e. the (x, y) with maximum P (x, y). The
error bars correspond to the maximum and minimum x- and y-coordinates
on the 1σ-contour. The red circle shows the position of the inner veto side
wall.

7.1.6 Probability maps and error estimation

In �gure 7.4 maps of the total probability P (x, y) for the x-y-scans at the top (�gure
7.4a) and bottom inner veto (�gure 7.4b) are depicted for a typical event generated by a
vertical muon. As one can see the regions with a probability P (x, y) > 0 are concentrated
in a relatively small area for both the top and the bottom probability map: this region
has a diameter of about 500mm for the top and about 700mm for the bottom x-y-plane.
In both probability maps error bars for the reconstructed points are shown. The

errors for the entry and exit points reconstructed by the maximum likelihood method
are estimated as described in the following: the total probability Psσ on the contour,
which de�nes the extreme limits for the s standard deviation errors for x and y, is given
by [PDG10]

lnPsσ = lnPmax −
s2

2
(7.4)

where Pmax = max{P (x, y)}. Therefore, the total probability corresponding to one
standard deviation (1σ) is

Pσ = Pmax · e−
1
2 (7.5)
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The errors for the x- and y-coordinates of the reconstructed entry and exit point are
determined by the smallest rectangle, which includes all points (x, y) with a probability
P (x, y) ≥ Pσ.
As one can see, the bottom probability map shows a void in the region with non-zero

P (x, y) area with a diameter of about 200mm. This is caused by a hit PMT, which is
located at the center of this void. This PMT hit has a start time, which corresponds
to a PDH with no entries for the distance range from 0 to about 200mm. Therefore,
all scanned (x,y) pairs with a distance of 200mm to this PMT result in P (x, y) = 0.
This probability map shows that the errors determined as described above ensure that
all (x,y) pairs with a total probability larger than Pσ lie within the range of the errors.
This is even then the case, when two separated areas with �nite P (x, y) appear.

7.2 Performance for vertical muons

The maximum likelihood reconstruction was �rst tested with simulated vertical muons
with an energy of 100GeV as described in section 4.3. 280 000 of the simulated vertical
muons were used to produce the PDHs. All plots, which will be shown in this section,
rely on reconstructions of the same 20 000 muons.

7.2.1 Reconstruction parameter con�guration

As described in section 7.1.5 the PMT hits used to reconstruct the inner veto entry and
exit points are selected in the same way as for the barycenter reconstruction using a
charge threshold qthresh and a time window twindow (and two time thresholds, which are
not meant to be varied). Therefore, the reconstruction was tested for di�erent values for
qthresh and twindow.
Again the di�erence distributions as described in section 6.3 were used to characterize

the goodness of the reconstruction. The parameters of interest are the width of the
distributions for ∆X and ∆Y , the shift of the mean of the ∆R-distribution to negative
values and the mean value of the distribution for the angle between the reconstructed
and the true muon momentum direction. Furthermore, the shift of mean for the radius
di�erence distribution should be small, as well as the mean of the distribution for the
angle between the true and reconstructed muon momentum direction, which is always
larger than zero.
First the in�uence of the time window on the reconstruction was tested for twindow =

10, 20 and 30 ns, where qthresh = 1 pe was �xed. Figure 7.5 shows the plots regarding the
above mentioned criteria for the goodness of the reconstruction. The best performance
of the reconstruction concerning the width of the ∆X-distribution and the mean angle
between p̂true and p̂rec could be reached for a time window twindow = 30 ns. Therefore,
this time window is used as the best performance twindow in the following.
One can see that the width of the ∆X-distribution for the entry point, indicated by

the RMS of the histogram (see �gure 7.5a), increases for an decreasing time window
by more than 40mm. This is not observed for the exit point reconstruction, where the
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(a) ∆X-distribution width as indicated by the his-
tograms RMS for di�erent time windows

twindow (�xed qthresh = 1 pe).

(b) ∆R-distribution mean as indicated by the his-
tograms mean value for di�erent time win-

dows twindow (�xed qthresh = 1 pe).

(c) Mean values of the distributions of the angle be-
tween p̂true and p̂rec for di�erent time win-

dows twindow (�xed qthresh = 1 pe).

Figure 7.5: The behaviour of the maximum likelihood reconstruction for di�erent time
windows twindow of 10, 20 and 30 ns. The best results are obtained for a
time window of twindow = 30 ns.
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width is relatively constant. An explanation for this contrary behaviour may be given by
the larger number of PMTs at the bottom inner veto. A smaller time window basically
reduces the contributing PMT hits to those in a restricted range around the incident
muon. Therefore, reducing twindow has a smaller e�ect on the bottom inner veto than on
the top inner veto, where for example only half as much outer ring PMTs are as at the
bottom.

Regarding the shift of the ∆R-distributions mean to negative values (�gure 7.5b) both
the entry and the exit point reconstruction perform in a similar way: the shift is reduced
for a time windows of 10 ns, where the shift is almost constant for time windows of 20
and 30 ns. The smaller shift for twindow = 10 ns may be explained by the reduced region
around the muon track in which PMT hits contribute to the reconstruction. This already
caused some features regarding the barycenter reconstruction, for example the large void
for the reconstructed entry points at small x and y. For the maximum likelihood method
there may be a similar e�ect due to the restricted range around the true muon track,
which is still not understood, but causes a shift to larger radii.

The behaviour for the reconstruction of the momentum direction can be seen in �gure
7.5c. Here the histogram mean value for the distribution of the angle between the true
p̂true and the reconstructed momentum direction p̂rec is plotted against the time window
size. One can see that the mean value of the distribution decreases from almost 2.3 degree
to less than 1.95 degree for an increasing size of the time window. Furthermore, the
behaviour looks similar to that for the width of the ∆X-distribution for the entry point
reconstruction. This behaviour can be expected as the precision of the reconstructed
muon momentum obviously depends on the precision of reconstructing the entry and
the exit point.

The maximum likelihood reconstruction was also tested with di�erent charge thresh-
olds of 1, 10, 20 and 50 pe. As mentioned before in section 7.1.5 the PDHs used for
the reconstruction are always produced by selecting the contributing PMT hits with
the same charge threshold as the one used for the reconstruction. Figure 7.6 shows the
behaviour of the reconstruction regarding the width of the di�erence distribution of the
x-coordinate for the entry and exit points (�gure 7.6a), the shift of the mean of the
distribution of ∆R for the entry and exit points (�gure 7.6b) and the mean value of the
distribution of the angle between the true and the reconstructed momentum direction
(�gure 7.6c).

As one can see the width for the ∆X-distribution of the entry and exit points is rather
constant for qthresh = 1 pe and qthresh = 10 pe. Then the width rises for an increasing
qthresh for the entry and the exit points. This rise can be explained by the PDHs, which
were produced with the same threshold. Therefore, the PDHs have less entries for larger
qthresh as the threshold reduces the PMT hits contributing to the PDHs.

In �gure 7.6b one can see that the shift of the mean ∆R to negative values decreases for
an increasing threshold. The reducing radius shift is not understood, yet, but the e�ect
might have the same source as the e�ect for the time window as the charge threshold
also basically reduces the number of the PMT hits contributing to the reconstruction.

The mean of the distribution for the angle between the true and the reconstructed
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(a) ∆X-distribution width as indicated by the his-
tograms RMS for di�erent charge thresh-

olds qthresh (�xed twindow = 30ns).

(b) ∆R-distribution mean as indicated by the his-
tograms mean value for di�erent charge

thresholds qthresh (�xed twindow = 30ns).

(c) Mean values of the distributions of the angle
between p̂true and p̂rec for di�erent charge

thresholds qthresh (�xed twindow = 30ns).

Figure 7.6: The behaviour of the maximum likelihood reconstruction for di�erent charge
thresholds qthresh of 1, 10, 20 and 50 pe. The best results are obtained for a
charge threshold of qthresh = 1 pe.
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momentum direction (�gure 7.6c) increases for larger charge thresholds and is minimal
for qthresh = 1 pe. From the almost constant widths of the ∆X-distributions for small
thresholds one might expect a similar behaviour for the reconstructed momentum di-
rection. This is not the case, even if the di�erence between the mean angles between
p̂rec and p̂true for qthresh = 1 pe and qthresh = 10 pe is only about 0.1 degree. This small
di�erence must be caused by the di�erent radius shifts for both thresholds.

As the reconstruction of the momentum direction performs best for a charge threshold
qthresh = 1 pe the �nal set of parameters used is qthresh = 1 pe and twindow = 30 ns.
Therefore, the PDHs used for the reconstruction contain only data from hits with a
charge above 1 pe. All plots in the following regarding the performance of the method
for vertical muons rely on a reconstruction with this parameter set (�gures 7.7 to 7.14).

7.2.2 Entry point reconstruction

In �gure 7.7 the true and reconstructed entry points are depicted in the x-y-plane. One
can see the following main characteristics in the plot for the reconstructed points:

• Homogeneous distribution of the points: Compared to the barycenter method
the entry points reconstructed by the maximum likelihood method are distributed
much more homogeneously. Therefore, an improvement could be achieved as the
distribution of the reconstructed points is more similar to the distribution of the
true entry points.

• Void at the center: As for the barycenter method the distribution of the re-
constructed entry points shows a void at small x and y caused by the chimney.
Compared to the barycenter method this void is much smaller. Few reconstructed
points appear within the void as the current version of the reconstruction does not
forbid reconstructed entry points within the chimney .

• Voids at PMT positions: In �gure 7.7b one can see six voids at large radii
and twelve voids at medium radii, where the latter cannot be seen that precisely
in some cases. These voids were not vilsible for the barycenter method and are
caused by the PDHs. As it could be seen for the two examples for PDHs in �gure
7.3 the histograms can have zero entries for small distances. Only the PDHs for
the earliest start times show entries at the smallest distances. PMT hits close to
the muon track may appear slightly later due to the 2 ns sampling and the 2 ns
jitter (see section 4.2.2). Therefore, the corresponding PDHs have no entries for
small distances up to about 200mm causing P (x, y) = 0 in a range around the hit
PMT.

An explanation for the appearance of only six voids at large radii, while there are
twelve PMTs at the top outer ring, can be given by the viewing direction. The voids
occur for the outer ring PMTs watching inwards. The PDHs for the downwards
watching PMTs show no or just a small region with no entries at small distances.
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(a) True entry points

(b) Reconstructed entry points

Figure 7.7: The true (a) and reconstructed (b) entry points in the x-y-plane at the
top PMT mean z-position for 20 000 vertical 100GeV muons (the missing
muons were either contained in the chimney or were not reconstructed as
no P (x, y) > 0 could be found). The void at the center of both the true
and the reconstructed points plot is caused by the chimney. Compared to
the barycenter method the distribution of the reconstructed points is much
more homogeneous. The voids at the PMT positions for the reconstructed
points is caused by the PDHs.
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(a) (b)

Figure 7.8: Di�erence distributions for the x- and y-coordinate of the entry point for
vertical 100GeV muons. The distributions were �tted with a Gaussian to
visualize the degree of symmetry.

Figure 7.8 shows the distributions of the di�erence between the reconstructed and the
true x- and y-coordinates for the inner veto entry points. As one can see the widths of
both distributions are much smaller compared to that for the corresponding distribu-
tions for the barycenter reconstruction. The widths indicated by the histograms RMS
are about 125mm and the widths indicated by the σ of the Gaussian �t about 112mm
and hence, more than a factor of two better than the ones for the barycenter reconstruc-
tion. Both distributions are symmetric and centered very closely to zero. The small
deviations from the Gaussian shape may be caused by the voids around the PMT po-
sitions mentioned in the list above. Furthermore, one can see a slightly lower density
of reconstructed entry points at radii larger than about 3000mm compared to the plot
for the true entry points (see �gure 7.7). This indicates a shift to smaller reconstructed
radii for muons passing at large radii.
Figure 7.9 shows the distributions for ∆R and ∆φ for the entry points. Regarding

the distribution for the radius (�gure 7.9a) one can see that there is a small shift of the
mean by less than 30mm to a negative value. This shift is by more than a factor of two
smaller than the shift of the corresponding plot regarding the barycenter method. The
distribution also shows a small asymmetry indicated by the entries at ∆R < −300mm.
Both characteristics should be caused by the slightly lower density of the reconstructed
entry points at large radii.
Like for x and y the distribution for the polar angle φ (�gure 7.9b) is symmetric and

centered closely to zero, but here the Gaussian �t is worse. The cause is that the de-
termination of the polar angle gets less precise for small radii, what was already the
cause for the shape of the corresponding distributions regarding the barycenter recon-
struction. The width of the distribution as indicated by the RMS of the histogram is
about 3.9 degree, what is about a factor of two better than for the barycenter method
(see �gure 6.5b).
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(a) (b)

Figure 7.9: Di�erence distributions for the R- and φ-coordinate of the entry point for
vertical 100GeV muons. The distributions were �tted with a Gaussian to
visualize the degree of symmetry.

7.2.3 Exit point reconstruction

Figure 7.10 shows the true and the reconstructed exit points for the 20 000 vertical
muons. The plot for the true exit points shows no voids and all 20 000 muons could
have been reconstructed. The distribution of the reconstructed exit points shows the
following features:

• Voids at PMT positions: As for for the reconstructed entry points one can see
voids at the positions of the bottom inner veto PMTs. These voids are not as
de�ned as the voids for the entry points, but especially for medium radii one can
see that there are six regions where the density of the points is reduced signi�cantly.
There are twelve voids corresponding to the outer ring PMTs watching inwards.
These are relatively small and arranged like the hours on a clock. The voids have
the same explanation as the ones for the entry points. The explanation for the
smaller voids is that the ranges with no entries at small distances are smaller than
the ones in the PDHs for the top PMTs.

• Low density of points for R > 3000mm: Comparing the plot for the true exit
points and the plot for the reconstructed exit points one can see that the density of
points at radii larger than about 3000mm are reduced signi�cantly. Furthermore,
one can recognize regions between the 12 voids at the BOi-PMT positions where
the density of points is slightly increased. These are due to voids caused by the
12 outer ring PMTs watching upwards. The reason for the lower density at large
radii is not fully understood, yet, but can partly be explained by the voids at the
outer ring PMT positions.

• No hint for the bu�er feet: In contrary to the barycenter reconstruction this
plot does not show voids caused by the bu�er feet (see �gure 6.6b). Here, one can
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(a) True exit points

(b) Reconstructed exit points

Figure 7.10: The true (a) and reconstructed (b) exit points in the x-y-plane at the bot-
tom PMT mean z-position for 20 000 vertical 100GeV muons. The voids
at the PMT positions for the reconstructed points is caused by the PDHs.
The same e�ect partly explains the low density of reconstructed points at
R > 3000mm. Combared to the barycenter method here no voids due to
the bu�er feet appear as the use of PDHs considers hits due to re�ected
light in a more suitable way.
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(a) (b)

Figure 7.11: Di�erence distributions for the x- and y-coordinate of the exit point for
vertical 100GeV muons. The distributions were �tted with a Gaussian to
visualize the degree of symmetry.

see the voids at the PMT positions and a homogeneous distribution of points in
the vicinity of the bu�er feet. This can be explained by using the PDHs for the
reconstruction. This has the advantage that the information about the muon track
is not lost, when the light is re�ected. Therefore, the muons passing the inner veto
near or inside a bu�er foot can be reconstructed with relatively good precision.

The distributions of ∆X and ∆Y (�gure 7.11) have signi�cantly smaller widths than
the corresponding ones for the barycenter reconstruction. The RMS of the histograms
indicate widths of about 150mm and the σ of the Gaussian �t a width of about 125mm.
Both are by about 100mm smaller than the ones for the barycenter method.
The distribution of ∆R (�gure 7.12a) shows a shift of the mean value to negative

values by almost 90mm and is rather asymmetric. A shift of the mean value could be
expected by the low density of reconstructed exits at large radii. This is also thought
to be the source for the asymmetry: the muons with true exit points at large radii are
reconstructed with a lower radius. Therefore, these muons appear in the ∆R-distribution
at negative ∆R.
Figure 7.13 shows a scatter plot for ∆R versus the true radius of the exit point of

the muon track Rtrue. One can see that the muons are reconstructed to a smaller radius
than the true radius with ∆R < −30mm basically in two regions: a region at medium
Rtrue between about 1200mm and 1700mm and a region for Rtrue > 2800mm. In
the �rst region at medium Rtrue the inner ring PMTs are located. Hence, this shift
has to be caused by the voids at the positions of these PMTs. The second region at
Rtrue > 2800mm re�ects the lower density of points at large radii in �gure 7.10b. In this
region the outer ring PMTs are located - the radius of the positions of the BOi-PMTs is
about 2900mm. For Rtrue > 2800mm the whole ∆R distribution drifts increasingly to
negative values. This again is an argument for the explanation that the voids cause the
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(a) (b)

Figure 7.12: Di�erence distributions for the R- and φ-coordinate of the exit point for
vertical 100GeV muons. The distributions were �tted with a Gaussian to
visualize the degree of symmetry.

shift to smaller radii. The e�ect causing the voids does not allow reconstructed points
in the vicinity of the outer ring PMTs. As there are 24 outer ring PMTs at the bottom
inner veto it may happen for certain muon events with Rtrue > 2800mm that P (x, y) = 0
for all points with R > 2800mm. As a result the algorithm reconstructs the exit points
of these muons shifted inwards.
Figure 7.12b shows the distribution of ∆φ for the exit points of vertical muons. Com-

pared to the corresponding plot for the barycenter reconstruction (see �gure 6.8b) the
width of this distribution is about a factor of two smaller.

7.2.4 Reconstructed momentum direction

As for the barycenter method the reconstructed momentum direction of the muons is
calculated from the reconstructed entry and exit point (see equation (6.1)). In �gure 7.14
the distribution of the angle between the true p̂true and the reconstructed momentum
direction p̂rec is depicted. The maximum of this distribution is at 1.5 degree, what is
considerably smaller than the value for the barycenter reconstruction (see �gure 6.9) of
2.5 degree. The better performance in the reconstruction of the momentum direction
could be expected as both the entry and the exit points are reconstructed more precisely
by the maximum likelihood method.
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Figure 7.13: Scatter plot for ∆R = Rrec −Rtrue versus the true exit point radius Rtrue

for 20 000 vertical 100GeV muons. The density of points increases for
increasing ∆R as the muons are started uniformly distributed on a circle
area. Therefore, the number of muons at a radius R is proportional to R2.

Figure 7.14: The distribution of the angle between the true primary momentum di-
rection p̂true and the reconstructed momentum direction p̂rec for vertical
100GeV muons (angle in degree (deg)).
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7.3 Performance for inclined muons

The maximum likelihood reconstruction was also tested with the simulated inclined
100GeV muons (see section 4.4). In sum, 550 000 muons were simulated, where 500 000
are used for the production of the PDHs. The remaining data from 50 000 muons is
meant to test the reconstruction and is the same muon data, which was used to test the
barycenter method. The set of parameters used for the plots in the following is (�gures
7.15 to 7.29 except �gures 7.19 and 7.24): twindow = 30 ns and qthresh = 1 pe.

7.3.1 Entry point reconstruction

Figure 7.15 shows the true and the reconstructed entry points. The plot for the true
entry points (�gure 7.15a) again shows a void at the center, which is caused by the
chimney. The reduced density of points at radii R > 3000mm is caused by the way of
simulating the inclined muons as described in section 4.4.

In �gure 7.15b one can see that the reconstructed entry points are again distributed
quite homogeneously and show similar characteristics as for the vertical muons:

• Void at the center: Again one can see the void at the center, which is caused
by the chimney.

• Voids at PMT positions: One can again recognize voids at the positions of the
PMTs due to empty bins at small distances in the PDHs. Compared to the plot
regarding the vertical muons (see �gure 7.7b) the voids can be seen even better
as more points contribute to the plot (six voids for TOi-PMTs and twelve voids
at the positions of the inner ring PMTs). For the TOd-PMTs no voids appear as
these have PDHs with a smaller region with no entries at small distances.

The distributions of ∆X and ∆Y for the entry point are shown in �gure 7.16. Com-
pared to the corresponding plots of the barycenter method (see �gure 6.14) these dis-
tributions have smaller widths by a factor of about 2.3. The widths indicated by the
RMS of the histograms are about 113mm and about 105mm according to the σ of the
Gaussian �t. Both are even smaller than the ones for the vertical muons (�gure 7.8) and
therefore, the best values obtained in the present work up to now. This can be partly
explained by the lower contribution of muons with a true entry point at R > 3000mm,
what results in a smaller fraction of muons reconstructed with a smaller radius than the
true one.

The ∆R-distribution (�gure 7.21a) shows a small shift of the mean to negative values
of slightly more than 20mm, which is smaller than the shift for vertical muons of about
27mm. This can again be explained by the lower contribution of muons at large true
radii. The distribution of ∆φ (�gure 7.9b) is very similar to the one for the vertical
muons and has a slightly smaller width.
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(a) True entry points

(b) Reconstructed entry points

Figure 7.15: The true (a) and reconstructed (b) entry points in the x-y-plane at the top
PMT mean z-position for 50 000 inclined 100GeV muons (the missing
muons were either contained in the chimney or were not reconstructed
as no P (x, y) > 0 could be found). The decreasing density of true entry
points at large radii is caused by the way of simulating the inclined muons.
The voids at PMT positions for the reconstructed points are caused by
PDHs with no entries at small distances and the void at the center by the
chimney.
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(a) (b)

Figure 7.16: Di�erence distributions for the x- and y-coordinate of the entry point for
inclined 100GeV muons. The distributions were �tted with a Gaussian to
visualize the degree of symmetry.

(a) (b)

Figure 7.17: Di�erence distributions for the R- and φ-coordinate of the entry point for
inclined 100GeV muons. The distributions were �tted with a Gaussian to
visualize the degree of symmetry.
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7.3.2 Exit point reconstruction

In �gure 7.18 the distributions of the true and the reconstructed exit points are depicted.
As for the true entry points the lower density of true exit points at radii R > 3000mm
is caused by the way of simulating the inclined muons. The reconstructed exit points
show the following features:

• Voids at the inner ring PMT positions: As for the vertical muons one can
see voids at the positions of the inner ring PMTs caused by the PDHs.

• Few reconstructed points at R > 2800mm: At radii R > 2800mm only few
points can be seen. Here an explanation by the lower density of true exit points at
R > 3000mm is obviously not su�cient. As for the vertical muons, voids at the
positions of the BOi-PMTs, which are arranged like the hours on a clock, can be
seen. In addition, there are large empty areas around the BOu-PMTs, which are
located between the BOi-PMTs. This cannot be explained by the e�ect causing
the voids as the PDHs for the BOu-PMTs do not have that large regions with no
entries at small distances.

An explanation for this almost empty region may be given by an e�ect similar to
the geometry in the Cherenkov e�ect, causing the �rst light produced by the muons
in the scintillator to be on a cone. In the simulation the inner veto scintillator has
a refractive index of about n = 1.5 [Gre10]. For 100GeV muons, which travel in
good approximation with the speed of light in vacuum, the Cherenkov angle can be
estimated to be θ ≈ 48 degree (see �gure 7.19). For muons with an inclination with
respect to the z-axis of more than α ≈ 40 degree this can create a severe problem
as the �rst light may be seen by two PMTs at the same time or with only a small
time di�erence. Such a case is depicted in �gure 7.19. In case that an inner ring
and an outer ring PMT are hit with a small time di�erence, one can imagine that
the reconstruction may give strange results.

The maximum inclination to the z-axis of the simulated inclined muons, which
are used here, is de�ned by the diameter and the distance between the two circle
areas (see section 4.4 for more details). The resulting maximum angle then is
αmax ≈ 43 degree. Therefore, inclined muons as used here only have inclinations
to the z-axis in the range that matters for the problem above, when they have true
entry and(!) exit points at large radii. Hence, problems due to the e�ect described
above should appear in this region.

Furthermore, the following e�ect may account for a part of the muons, which are
reconstructed with a smaller radius than the true one: muons with a true entry
point at a large radius produce light, which can travel along the side wall directly
(without re�ection) to the bottom inner veto. As estimated in section 5.1.3 this
light needs about tγ(HIV ) ≈ 23 ns to reach the bottom. A muon, which crosses
the whole detector diagonally, needs tµ(DIV ) ≈ 32 ns to reach the bottom inner
veto. This causes �rst or early hits appearing on the side of the inner veto, where
the light from the top is detected. On the opposite side the muon causes hits at
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(a) True exit points

(b) Reconstructed exit points

Figure 7.18: The true (a) and reconstructed (b) exit points in the x-y-plane at the bot-
tom PMT mean z-position for 50 000 inclined 100GeV muons (the missing
muons were not reconstructed as no P (x, y) > 0 could be found). Besides
the voids at the inner ring PMT positions an almost empty region for
large radii R > 2800mm can be seen in the plot for the reconstructed exit
points. This almost empty region cannot be completely explained by the
e�ect causing the voids at the PMT positions. Here highly inclined muons
cause problems (see text).
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Figure 7.19: A sketch of the Cherenkov e�ect and the resulting cone on which the �rst
light (scintillation and Cherenkov light) from the muon can be seen. α
denotes the inclination of the muon with respect to the z-axis and θ the
Cherenkov angle, which is about 48 degrees in the inner veto liquid scin-
tillator. An event as depicted here can cause hits in the inner and outer
bottom PMT rings at the same time, while the muon passes close to the
outer ring.

almost the same time. Obviously these events at the bottom inner veto are not
reconstructed properly, if at all a point with P (x, y) > 0 can be found. A possible
extension of the algorithm to address this problem will be given later (see section
7.4).

Figure 7.20 shows the distributions of ∆X and ∆Y for inclined muons reconstructed
with the maximum likelihood method. As expected from the empty region at large radii
in the reconstructed entry point plot both distributions are broadened compared to the
ones for vertical muons. The widths indicated by the RMS of the histograms are about
225mm and therefore, almost 80mm larger than for the vertical muons. This is basically
due to the �at tails of the distributions, which are caused by the muons with exit points
at large radii reconstructed systematically to lower radii. Nevertheless, the widths of the
distributions are again more narrow than for the barycenter method.

In �gure 7.21 the distributions of ∆R and ∆φ are shown. As one can see, the dis-
tribution for the polar angle is clearly broader than the one for the vertical muons (see
�gure 7.17b), what could be expected as both the ∆X- and the ∆Y -distribution are
broadened. The plot for ∆R also shows a shape, which could be expected due to the
empty region at large radii in �gure 7.18b.

In �gure 7.22 ∆R = Rrec−Rtrue is plotted versus the true radius of the exit point Rtrue.
Most of the points are concentrated in a main band. In a region between Rtrue ≈ 800mm
to Rtrue ≈ 1500mm the center of this band is shifted to negative ∆R. This is due to
the inner ring PMTs which are located in the region between R ≈ 1300mm and R ≈
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(a) (b)

Figure 7.20: Di�erence distributions for the x- and y-coordinate of the exit point for
inclined 100GeV muons. The distributions were �tted with a Gaussian to
visualize the degree of symmetry.

(a) (b)

Figure 7.21: Di�erence distributions for the R- and φ-coordinate of the exit point for
inclined 100GeV muons. The distributions were �tted with a Gaussian to
visualize the degree of symmetry.
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Figure 7.22: Scatter plot for ∆R = Rrec −Rtrue versus the true exit point radius Rtrue

for 50 000 reconstructed inclined 100GeV muons.

1800mm. Due to the voids the reconstructed points seem to be shifted systematically to
smaller radii in the region of the inner ring PMTs. Furthermore, the center of the main
band decreases rather linearly from about Rtrue ≈ 1900mm to about Rtrue ≈ 2800mm,
where it starts to decrease stronger. In the range from Rtrue ≈ 2800mm to larger radii
the outer ring PMTs are located. Here the voids cause a shift to smaller reconstructed
radii. The decreasing behaviour of the band center for the region between the inner and
the outer ring PMTs is not understood precisely up to now. It partly may be due to
muons with a relatively large inclination to the z-axis causing PMT hits in the inner and
the outer ring with the same time or with a small time di�erence (see list above).
Furthermore, one can see many points below the main band. In the range of the inner

ring PMTs these may partly be due to the voids around the PMTs. In addition, these
points may be explained by the e�ects described in the list above regarding the almost
empty region for R > 2800mm in the reconstructed exit point plot. The points in the
upper right region of the plot are exit points reconstructed to Rrec ≈ 3250mm.

7.3.3 Reconstructed momentum direction

Figure 7.23 shows the distribution of the angle between the true and the reconstructed
muon momentum direction. As for the vertical muons (�gure 7.14) the maximum lies
at 1.5 degree, but the mean and the RMS of the histogram are increased. This could be
expected as the widths of the ∆X- and ∆Y - distributions are larger for the exit point.
Nevertheless, this distribution shows that even with the problems described above the
maximum likelihood method works better than the barycenter method (see section 6.6
and �gure 6.6.3).
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Figure 7.23: The distribution of the angle between the true primary momentum di-
rection p̂true and the reconstructed momentum direction p̂rec for inclined
muons (angle in degree (deg)).

7.4 Restricted exit point reconstruction

As described in the previous section light from the top can cause problems, when the
muon passes the whole detector diagonally. In such cases hits appear on two opposite
sides of the bottom inner veto, where the hits due to the light produced at the top inner
veto can have charges exceeding 50 pe. Therefore, it is not possible to handle all these
events by a charge threshold.

7.4.1 Changes in the reconstruction

To reduce the problems due to these events the following changes to the algorithm have
been introduced: the main idea is to use only the PMT hits on the side of the bottom
inner veto, where the muon had passed. All hits in the vicinity of the muon see much light
causing large charges, while the light from the top basically causes hits with medium
charges in the bottom outer ring. Therefore, the sum of the charges seen by PMTs
in certain regions can be used to gather the information where the muon has passed
and use the PMTs of the region with the largest summed charge. This is realized by a
classi�cation of the bottom PMTs into di�erent sectors as depicted in �gure 7.24. The
algorithm distinguishes between three di�erent kinds of events at the bottom inner veto:

• First hit PMT is BIo, BOu or BOiNF: In this case the sums of the charges seen
by the PMTs of the sectors depicted in green (see �gure 7.24) are calculated after
all contributing PMTs have been selected by the standard selection as described in
section 7.1.5. Then, the sector with the largest summed charge is determined. This
maximum charge sector, the both neighbouring sectors and the two BOiF-PMTs
between these sectors are then used for the reconstruction. An example: the green
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Figure 7.24: Classi�cation of the bottom inner veto PMTs into sectors. Depending on
the �rst hit PMT the sectors depicted in green or the sectors depicted in
red are used to reconstruct the exit point. The green sectors consist of
the PMTs between the bu�er feet: green sector 1, for example, consists
of the PMTs 429, 430, 431, 452, 453 and 454. The sectors depicted in
red contain the PMTs of two neighbouring green sectors and the BOiF
between these sectors: for example the red sector 0 consists of the green
sectors 0 and 1 and the BOiF-PMT 428.

sector with the largest charge sum is sector 3. Then, the PMTs from sector 2, sector
3, sector 4, and the BOiF-PMTs 436 and 440 are used for the reconstruction.

• First hit PMT is BOiF: In case that the �rst PMT is a BOi-PMT facing a
bu�er foot the sectors depicted in red in �gure 7.24 are used. After the standard
selection the summed charges of the red sectors are determined. The red sector
with the maximum summed charge is then used to reconstruct the exit point.

• First hit PMT is BIi: The events at the bottom inner veto, where the �rst
PMT is a inner ring PMT watching inwards, are handled in the standard way, i.e.
all PMTs, which satisfy the standard selection criteria (time window and charge
threshold), are used for the reconstruction. For muons passing the bottom inner
veto inside the inner PMT ring the hit information of all BIi-PMTs is important.

In the current version of the maximum likelihood method it is only possible to recon-
struct all muons using the restricted exit reconstruction described above or to reconstruct
them in the standard way with the selection using only the time window and the charge
threshold.

Vincenz Zimmer - Muon tracking with the inner veto of Double Chooz



7.4 Restricted exit point reconstruction 95

Figure 7.25: The reconstructed exit points in the x-y-plane at the bottom PMT mean z-
position for 50 000 inclined 100GeV muons using the maximum likelihood
method with the restricted exit point reconstruction as described in section
7.4.1 (the missing muons were not reconstructed as no P (x, y) > 0 could
be found). The main di�erence to the plot for the reconstruction without
using only hits from certain sectors (see �gure 7.18b) is that many points
appear at R ≈ 3250mm.

7.4.2 Results

Again, the 50 000 inclined muons were reconstructed with the changes described above.
Figure 7.25 shows the reconstructed exit points. Again, one can see the voids at the
inner ring PMT positions. The main di�erence to the corresponding plot without the
restricted exit reconstruction (see �gure 7.18b) are the points appearing close to the edge
of the inner veto. Furthermore, one can see slightly more points in the vicinity of the
BOiNF-PMTs. Hence, the restricted bottom reconstruction seems to have solved the
problem with the wrongly reconstructed muons at large true radii at least partly. In
addition, one can see that for more muons the exit point could have been reconstructed.

In �gure 7.26 the corresponding distributions of ∆X and ∆Y are shown. Compared
to the reconstruction without the restriction (see �gure 7.16) these distributions are
marginally broadened by few millimetres according to the RMS of the histograms. The
values for the σ of the Gaussian �t are increased stronger by about 10mm as the central
part of the distribution is broadened and therefore, the Gaussian �ts less badly than for
the reconstruction without restriction.

Figure 7.27 shows the di�erence distributions for the radius and the polar angle. The
distribution for ∆φ appears to be slightly more narrow by about 0.1 degrees compared
to the corresponding plot without the restricted exit reconstruction (see �gure 7.21b).
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(a) (b)

Figure 7.26: Di�erence distributions for the x- and y-coordinate of the exit point using
the maximum likelihood method with the restricted exit point reconstruc-
tion as described in section 7.4.1. The distributions were �tted with a
Gaussian to visualize the degree of symmetry.

This can be explained by the reconstructed exit points at R ≈ 3250mm. The di�erence
distribution for the radius coordinate (�gure 7.27a) shows a width, which is larger by
more than 30mm compared to the plot for the reconstruction without the restriction
(see �gure 7.21a). Furthermore, the shift of the mean to negative values is smaller by
about 45mm according to the mean of the histograms. Both features are caused by
the larger contribution of muons reconstructed with ∆R > 0. These muons are at least
partly those, which appear at R ≈ 3250mm in the plot for the reconstructed exit points
(�gure 7.25).

In �gure 7.28 ∆R is plotted versus the true exit point radius Rtrue. As for the cor-
responding plot for the reconstruction without the restrictions for the exit point recon-
struction (see �gure 7.22) one can see a main band, but here this band jumps to ∆R > 0
at Rtrue ≈ 1650mm. This can be explained by using the PMTs of certain sectors only.
The muons passing the bottom inner veto in the region of the inner ring PMTs are re-
constructed with larger radii as the outer ring PMTs can see the light produced in this
region directly. Furthermore, one can see more points in the upper right part of the plot.
These form a narrow band with decreasing ∆R for increasing Rtrue. This band is caused
by the points at R ≈ 3250mm in the reconstructed exit point plot (see �gure 7.25). The
points at negative ∆R below the main band could not have been reduced signi�cantly
by the restricted exit point reconstruction. These points may be due to inclined muons
causing hits with the same start time at the inner and the outer PMT ring, while the
muon passes at large radii close to the outer ring PMTs (see �gure 7.19). Such events
cannot be reconstructed better by using only PMTs from certain sectors.

In �gure 7.29 the distribution of the angle between the true and the reconstructed
momentum angle is depicted. Although the distributions for ∆X and ∆Y showed in-
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(a) (b)

Figure 7.27: Di�erence distributions for the R- and φ-coordinate of the exit point using
the maximum likelihood method with the restricted exit point reconstruc-
tion as described in section 7.4.1. The distributions were �tted with a
Gaussian to visualize the degree of symmetry.

Figure 7.28: Scatter plot for ∆R = Rrec −Rtrue versus the true exit point radius Rtrue

for 50 000 inclined 100GeV muons using the maximum likelihood method
with the restricted exit point reconstruction as described in section 7.4.1.
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Figure 7.29: The distribution of the angle between the true primary momentum di-
rection p̂true and the reconstructed momentum direction p̂rec for inclined
muons reconstructed using the maximum likelihood method with the re-
stricted exit point reconstruction as described in section 7.4.1 (with
twindow = 30 ns and qthresh = 1 pe).

creased widths compared to the not restricted exit point reconstruction the distribution
depicted in �gure 7.29 has a smaller mean and a smaller RMS value. This is due to less
entries at angles exceeding 10 degree.

All in all the restricted exit point reconstruction did not signi�cantly change the
accuracy in the determination of the exit points and the momentum direction, but the
shift of the mean and the asymmetry of the ∆R-distribution could be reduced. The main
improvement is that for more muons an exit point can be reconstructed as the events
with hits due to light from the top are handled in a more suitable way.

7.5 Performance for small muon energies

Muons with small energies may be stopped within the top or bottom inner veto, what
results in less produced light. Furthermore, these muons are de�ected stronger than
muons with large energies. Both e�ects may cause problems regarding the reconstruction
of the entry and exit points. Therefore, inclined muons have also been simulated in a
momentum range from p0 = 100MeV/c to p0 = 5GeV/c to test the maximum likelihood
method in this range. The momenta were chosen randomly with a uniform distribution.
In sum, 650 000 muons were simulated: 500 000 are used to produce the PDHs and
150 000 of these muons are used to test the reconstruction. All plots in the following
rely on reconstructions using a time window twindow = 30 ns and a charge threshold of
qthresh = 1 pe.
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Figure 7.30: 2D-histogram for the entry point reconstruction: ∆X is plotted versus the
initial muon momentum p0 for inclined muons in a momentum range of
100MeV/c≤ p0 ≤ 5GeV/c (with twindow = 30 ns and qthresh = 1 pe). The
colours indicate the number of entries in the bins.

7.5.1 Entry point reconstruction

Figure 7.30 shows a 2D-histogram for ∆X regarding the entry point versus the initial
muon momentum p0, where the colours indicate the number of entries in the corre-
sponding bins. The reconstruction shows a very constant performance down to p0 ≈
200MeV/c. For smaller initial muon momenta the distribution gets broader.
As it can be derived from the Bethe-Bloch formula muons with momenta larger than

100MeV/c are minimum-ionizing with an energy loss of about (2 · ρ)MeV/cm, where
ρ is the density of the material the muon is propagating through [Leo94, PDG10]. For
momenta below 100MeV/c the energy loss increases with decreasing muon energy. The
scintillators for the Double Chooz detector have a density of about ρ ∼ 0.8 g/cm2,
which leads to an energy loss of the muons of approximately 1.6MeV/cm. As the muons
were injected at z = 3500mm, what is about 50mm above the top inner veto, all muons
cause a signal in the top inner veto as long as they are not fully hidden within the
chimney. Nevertheless, the muons with the smallest initial momenta may be stopped
within the top inner veto, causing a reduced precision of the reconstructed entry point.

7.5.2 Exit point reconstruction

In �gure 7.31 a 2D-histogram for the exit points ∆X versus the initial muon momentum
p0 is depicted. The exit points have been reconstructed with the restricted exit point
reconstruction as described in section 7.4. As one can see muons down to momenta of
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Figure 7.31: 2D-histogram for the exit points with restricted exit point reconstruction:
∆X is plotted versus the initial muon momentum p0 for inclined muons in
a momentum range of 100MeV/c≤ p0 ≤ 5GeV/c (with twindow = 30 ns
and qthresh = 1 pe). The colours indicate the number of entries in the bins.

about 1.6GeV/c can be reconstructed with relatively constant precision indicated by the
width of the central region regarding ∆X (colour red to turquoise). For smaller p0 the
width of the central region decreases. Also the number of reconstructed exit points gets
smaller. Finally, for no muon with a momentum smaller than about 1100MeV/c an exit
point could be reconstructed.
This behaviour can be explained by the energy loss described above. A vertical muon

starting at z = 3500mm (the inclined muons are started here) has to cover a distance of
about 6.4m to reach the bottom inner veto. The minimum energy loss in the Double
Chooz scintillators corresponding to this distance is about 1GeV. A moun with a large
inclination to the z-axis has to cover a distance of up to 9m to reach the bottom inner
veto, what corresponds to an energy loss of up to about 1.5GeV. Therefore, the number
of muons with a reconstructed exit point is expected to decrease to zero for momenta of
about 1.5GeV/c to momenta of about 1GeV/c, what can be seen nicely in �gure 7.31.
The results demonstrate that the maximum likelihood method performs very robust

down to small energies at the top and bottom inner veto. The performance at the
smallest muon energies is limited by the physical processes only.
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7.6 Summary

In this chapter the maximum likelihood method was described and motivated. It uses so-
called probability density histograms (PDHs), which contain the correlated information
about the pulse start times of the hits and the distance to the true muon track gathered
from detailed muon simulations. As the barycenter approach the maximum likelihood
method relies on the reconstruction of an inner veto entry and an inner veto exit point.
These two points are reconstructed by scans of the x-y-planes at the top and bottom
inner veto PMT positions, which search for the coordinates with the best agreement
between the PDHs and the timing data of the contributing PMTs. The reconstructed
track is approximated as the straight line de�ned by the two determined points.
The method was tested with vertical 100GeV muons �rst using di�erent sets of the

reconstruction parameters. The results obtained for the set showing the best performance
were discussed in more detail: the maximum likelihood method reaches an accuracy,
which is by a factor of about two better than the accuracy of the barycenter method
regarding the determination of the inner veto points. The same parameter set was used
to test the method with inclined 100GeV muons. The obtained results show that the
accuracy in the determination of the entry point is even better than for the vertical
muons, while the exit points are reconstructed less precise. This is thought to be mainly
caused by di�erent e�ects regarding highly inclined muons.
To reduce certain e�ects due to the highest inclined muons the algorithm for the exit

point reconstruction was changed to use only PMTs from selected sectors at the bottom
inner veto. The obtained results regarding the accuracy do not di�er much from the
results without the changes, but the e�ciency of the reconstruction could be increased.
Furthermore, the maximum likelihood method was tested for inclined muons with

smaller energies and both the entry and the exit point reconstruction perform rather
independent from the energy except for the smallest energies at the top and the bottom
inner veto.
All in all the maximum likelihood method is a very promising approach for a muon

track reconstruction with the inner veto. The accuracies in the determination of the
entry and exit points and the resulting precision in the reconstruction of the momentum
direction are the best, which could be reached in all studies on muon track reconstructions
within the Double Chooz collaboration up to now.
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Double Chooz is a reactor neutrino experiment in the French Ardennes, which is
designed to search for the last unknown neutrino mixing angle ϑ13. Up to now only
an upper limit for this parameter of sin2 (2ϑ13) < 0.16 could be determined. Double
Chooz uses two identical cylindrical detectors: a near detector is placed in a distance
of about 400m to the reactors to monitor the �ux of the electron antineutrinos and its
spectral shape without an e�ect due to oscillations. A far detector is placed at a distance
of 1.05 km to the reactors, which is close to the optimum position for a measurement of
the neutrino �ux and its shape with the maximum oscillation amplitude sin2 (2ϑ13). The
desired sensitivity in case that no oscillation e�ect can be observed is sin2 (2ϑ13) ≤ 0.03
after three years of data taking with both detectors.
The Double Chooz detectors have an overburden of only 115m.w.e. for the near and

300m.w.e. for the far site, what implies a huge background induced by cosmic muons.
To detect the electron antineutrinos from the reactors Double Chooz uses the inverse
beta decay, which causes events with a delayed coincidence of a prompt energy deposition
by the positron followed by a neutron capture on gadolinium after about 30µs. This
reduces the critical backgrounds to those mimicking this delayed coincidence: besides
the accidental background, these are the fast neutrons and the cosmogenic isotopes 8He
and 9Li, which are produced by muons inside or in the vicinity of the detectors. Fast
neutrons can cause neutrino-like events by scattering o� a proton before being captured
on gadolinium. 8He and 9Li have large branching ratios to decay by a β-n-cascade causing
a delayed coincidence signal. These backgrounds have a contribution to the neutrino-like
signal in both detectors in the order of few percent and therefore, limit the reachable
sensitivity in the determination of sin2 (2ϑ13).
A muon track reconstruction provides possibilities to gather information on these

backgrounds on the one hand and to reject these backgrounds on the other hand. In
the present work two approaches for a muon tracking using the inner veto, which is
the outermost cylindrical volume of both Double Chooz detectors, have been studied.
In both methods the reconstructed muon track is approximated to be the straight line
de�ned by two reconstructed points: an inner veto entry point using the hit PMTs at
the top inner veto and an inner veto exit point with the hits at the bottom inner veto.
To test both reconstruction algorithms vertical and inclined muons with an energy

of 100GeV have been simulated using the detailed Geant4-based Double Chooz
detector simulation DCGLG4sim. The inclined muons were simulated in such a way
that no muon enters and leaves the detector through the inner veto side wall, as such
muons are more complicated to reconstruct and the current versions of the reconstruction
algorithms cannot handle the corresponding events properly. All simulation data was
processed through the Double Chooz readout system simulation (RoSS) and the pulse
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characterisation tool RecoPulse. Hence, in the used data all uncertainties due to the
electronic readout chain and the pulse reconstruction are fully taken into account.
The �rst approach was the barycenter method, which relies on the determination of

barycenters of the PMT hits, where the charge and the timing information of the hit
PMTs is taken into account. The hits used for the reconstruction are selected by a
charge threshold and a time window, which is opened after the �rst hit at the top and
the bottom inner veto, respectively.
In the present work the method was tested for vertical muons using di�erent sets

of the reconstruction parameters. The parameter set with the best results for vertical
muons (see table 8.1) was also used to test the reconstruction with inclined muons. The
accuracy in the determination of the inner veto points was found to be rather independent
regarding the degree of inclination of the muons and is about 27 cm for the entry points
and 25 cm for the exit points. Due to the large distance between both reconstructed
points of at least 6.3m the momentum direction of the muons can be reconstructed with
an accuracy of about 3.5 degrees for inclined muons and slightly better with an accuracy
of 3.2 degrees for vertical muons.

parameter m n twindow qthresh

barycenter
method

2 1 10 ns 1 pe

maximum
likelihood
method

− − 30 ns 1 pe

Table 8.1: Reconstruction parameter sets showing the best results for the barycenter and
maximum likelihood method. m and n are exponents used in the weightings
of the barycenter formula. twindow and qthresh are a time window and a charge
threshold used to select the PMT hits, which contribute to the reconstruction
of the inner veto entry and exit points.

The barycenter reconstruction basically su�ers from intrinsic problems of a barycen-
ter calculation and from shadowing e�ects, which cause hits due to re�ected light. The
contribution of such hits could be reduced by applying a short time window of 10 ns in
which the PMT hits have to appear. The method also shows clustering of the recon-
structed points near PMT positions and on the connecting lines between the PMTs. This
e�ect may be reduced by di�erent time windows for the weightings and for the PMT
hit selection. A longer time window in the weightings would emphasize the earliest hits
less strong with respect to the later ones and therefore, the calculated barycenters would
be shifted less towards the �rst hit PMTs. Furthermore, di�erent charge thresholds and
time windows for the PMT selection for the entry and the exit point reconstruction may
result in a further improvement of the accuracy of the barycenter method. This should
be addressed in further studies.
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vertical muons inclined muons

entry exit p̂ entry exit p̂

barycenter
method

∼ 27 cm ∼ 25 cm ∼ 3.2 deg ∼ 27 cm ∼ 24 cm ∼ 3.5 deg

maximum
likelihood
method

∼ 13 cm ∼ 15 cm ∼ 1.9 deg ∼ 11 cm ∼ 23 cm ∼ 2.3 deg

Table 8.2: Accuracies of the reconstruction methods regarding the entry and exit points
and the muon momentum direction p̂. The accuracies of the maximum like-
lihood method regarding inclined muons are quoted for an applied restricted
exit point reconstruction.

Problems in the early phase of the studies on the barycenter method inspired the
second approach presented in the present work: the maximum likelihood method uses
histograms, which contain the timing information of the PMT hits correlated with the
distance to the muon track gathered from detailed muon simulations - the probability
density histograms (PDHs). The inner veto entry and exit points are reconstructed to
be the points in the x-y-planes at the top and bottom PMT z-positions with the best
agreement between the data and the PDHs. As for the barycenter method the hits used
for the reconstruction are selected using a charge threshold and a time window.

The maximum likelihood reconstruction was tested for vertical muons with di�erent
sets of the reconstruction parameters, too. Regarding the best performance parame-
ter set for vertical muons (see table 8.1) the maximum likelihood method shows very
promising results: the accuracy of the reconstruction is about 13 cm for the entry points
and 15 cm for the exit points, which is roughly by a factor of two better than for the
barycenter method. The resulting resolution of the determined momentum direction of
the muons is about 1.9 degrees and hence, more than 1.3 degrees better than the corre-
sponding accuracy for the barycenter approach. As for the barycenter method the best
performance parameter set for the vertical muons was used to test the reconstruction
with inclined muons. For these the entry points are reconstructed even better with an
accuracy of about 11 cm, but the accuracy in the determination of the inner veto exit
points decreases to about 23 cm. The reduced precision of the exit point reconstruction
is thought to be mainly caused by muons passing the detector with high inclination with
true inner veto entry and exit points at large radii. Nevertheless, the precision of the
momentum direction reconstruction for the inclined muons is about 2.3 degrees.

Highly inclined muons can cause events at the bottom inner veto, where hits due to
light produced at the top inner veto appear at roughly the same time as hits caused by
the muon at the opposite side of the bottom inner veto. The maximum likelihood method
is not able to handle these events correctly. Therefore, the algorithm was changed to use
only hits in certain PMT sectors to reconstruct the inner veto exit points (restricted exit
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point reconstruction). The obtained results are very similar to the results without the
changes, but the e�ciency of the reconstruction could be improved as the critical events
are reconstructed in a more suitable manner. In the current version of the algorithm
this restricted exit point reconstruction can only be used for either all events or no
event. An improvement of the maximum likelihood method may be achieved if the
restricted exit point reconstruction is used only for those events, where it is needed.
To realize this an e�cient method of tagging such events is mandatory. An additional
improvement of the maximum likelihood reconstruction may be obtained, when di�erent
charge thresholds and time windows for the selection of the PMT hits for the entry and
exit point reconstruction are used.
Furthermore, the maximum likelihood method was tested for simulated inclined muons

with initial momenta between 100MeV/c and 5GeV/c. The entry point reconstruction
shows a robust behaviour down to initial muon momenta of about 200MeV/c. The
performance of the exit point reconstruction is very constant for initial momenta down
to about 1.6GeV/c. The energy loss of muons reaching the bottom inner veto is 1GeV
to 1.5GeV, what results in the larger threshold for the exit point reconstruction.
Both reconstruction methods still have to be tested with simulated muons with the

actual angular and energy distribution at the far and near detector site. The tests
regarding the muons at the far site are the most urgent as this detector is in the �nal
steps of the construction. To prepare the reconstruction algorithms for these muons an
e�cient way of tagging muons entering or leaving the inner veto through the side wall
has to be developed. Furthermore, muons which are stopped in the detector have to be
tagged e�ciently as these can nonetheless cause reconstructed exit points due to light
produced at the top or at the side wall of the inner veto.
The experiences gathered during the development of both reconstruction algorithms

can be used for future studies on possible or already existing approaches for reconstruc-
tion methods using other parts of the Double Chooz detectors as the outer veto or
the target and the gamma catcher. Furthermore, an improved track reconstruction may
be obtained, when di�erent methods are combined by �tting a track to all determined
points in the inner detector and the outer veto, for example.
Finally, both methods wait for the completion of the far detector to be tested with

the real data from the detector. Performance tests regarding the goodness of both
reconstruction algorithms with the actual detector data will be possible, when the outer
veto is ready to be used. The outer veto is designed to detect and track the muons with
high e�ciency and consists of plastic scintillator modules arranged in two layers above
the inner detector. Therefore, the outer veto provides the possibility to determine the
e�ciency of the inner veto with real data, but its construction cannot start before the
inner detector is completed.
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Glossary

ADC . . . . . . . . . . . . analogue-to-digital converter

BC . . . . . . . . . . . . . . barycenter method

BIi . . . . . . . . . . . . . . IV bottom inner ring PMTs, watching inwards

BIo . . . . . . . . . . . . . . IV bottom inner ring PMTs, watching outwards

BOiF . . . . . . . . . . . . BOi-PMTs facing a bu�er foot

BOiNF . . . . . . . . . . BOi-PMTs not facing a bu�er foot

BOi . . . . . . . . . . . . . IV bottom outer ring PMTs, watching inwards

BOu . . . . . . . . . . . . . IV bottom outer ring PMTs, watching upwards

C.L. . . . . . . . . . . . . . cin�dence level

CCin2p3 . . . . . . . . IN2P3 computing centre in Lyon (France)

CP . . . . . . . . . . . . . . charge and parity conjugation

DCAna . . . . . . . . . analysis framework template within DOGS

DCGLG4sim . . . Double Chooz generic land Geant4 simulation

DOGS . . . . . . . . . . Double Chooz o�ine group software

DUQ . . . . . . . . . . . . digital units of charge

IV . . . . . . . . . . . . . . . inner veto

m.w.e. . . . . . . . . . . metres of water equivalent: 1 m.w.e. =̂ 100 g/cm2

ML . . . . . . . . . . . . . . maximum likelihood method

MSW . . . . . . . . . . . Mikheyev-Smirnov-Wolfenstein

OV . . . . . . . . . . . . . . outer veto

PDH . . . . . . . . . . . . probability density histogram

pe . . . . . . . . . . . . . . . photoelectron

PMNS . . . . . . . . . . Pontecorvo-Maki-Nakagawa-Sakata

PMT . . . . . . . . . . . . photomultiplier tube

RecoPulse . . . . . . pulse reconstruction tool of DOGS

RMS . . . . . . . . . . . . root mean square

RoSS . . . . . . . . . . . . readout system simulation

TIi . . . . . . . . . . . . . . IV top inner ring PMTs, watching inwards

TIo . . . . . . . . . . . . . . IV top inner ring PMTs, watching outwards

TOd . . . . . . . . . . . . . IV top outer ring PMTs, watching downwards

TOi . . . . . . . . . . . . . IV top outer ring PMTs, watching inwards

TTS . . . . . . . . . . . . . transit time spread
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