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Abstract

Double Chooz is a reactor neutrino experiment which has shown evidence of electron
anti-neutrino disappearance at 1 km distance. It has been able to exclude the no-oscillation
hypothesis at 99.8% CL (2.90) with only one detector. From a rate plus spectral shape
analysis, the value of sin?26;3 was found to be 0.109 4 0.030(stat) £ 0.025(syst). Correlated
events mimicking an anti-neutrino event are one of the most important backgrounds for a
reactor neutrino experiment like Double Chooz which measured the neutrino mixing angle
013. Cosmic muons passing through the rock surrounding the detector produce fast neutrons
which give rise to correlated events through proton recoil followed by a neutron capture.
Muons stopping around the chimney region subsequently decay into Michel electrons also
contributing to the correlated background. Measurement of the shape and rate of this
background is very important for the precise measurement of 6;3. Experimental techniques
to estimate of the shape and rate of this background in the Double Chooz far detector are

presented in this thesis.
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Chapter 1

Neutrino in the Standard Model

This chapter will attempt to take the reader through the introduction of neutrinos in the
Standard Model (SM) of particles, explain neutrino oscillations and establish the impor-
tance of measuring the neutrino mixing angle #;3. The experimentally observed behaviors
of most particles are described by the so called Standard Model (SM). The SM is a theory
of interacting fields, including the electromagnetic, weak and strong interactions between
the particles. It is a quantum field theory of quarks and leptons which is based on the
special theory of relativity and quantum mechanics. Neutrinos are the second most abun-
dant particles in the universe after photons according to the standard model of Big Bang
cosmological model [14] with approximately 340 neutrinos per cubic centimeter on average
in the universe. In the SM the neutrinos are massless, electrically neutral spin % leptons
accompanying the charged leptons in the decay of W-Bosons. For example, in the decay of
the W-particle, as shown below

Wt =15+ v,, (1.1)

The neutrino, v,, emitted together with the charged lepton [, where o« = e, p or 7, is called
a neutrino of “flavor” «. Hence the “state” of a flavor neutrino v, can be defined as the state
which describes a neutrino detected in a charged current weak interaction process with a
charged lepton [, in the final state. However, recent discoveries have shown that neutrinos
have non-zero masses and that they show leptonic mixing which means that these flavor

states v, are not states of definite masses. In reality, the process shown in (1.1) produces



a quantum-mechanical superposition of mass-states v; each time, which could be any of a
spectrum of the “mass” states v;, 7 =1,2,... . If U}, is the amplitude for the production of
a given v, the neutrino flavor state corresponding to the lepton of given flavor « is given

by
va) = Z ilvi)- (1.2)

Here the quantities U,; form the elements of the neutrino mixing matrix called the “PMNS”
matrix as discussed in Section 1.1.1. The PMNS matrix is unitary which ensures that the
flavor states are orthogonal and normalized and each of them have a distinct energy and
momentum, so that a neutrino of a given “flavor” state is associated with a lepton of the
same “flavor” via W-exchange. The “mass” states are the eigenstates of the Hamiltonian,
a Hermitian operator, which makes them orthogonal to each other also. Since there are 3
such neutrino flavor states, corresponding to the 3 leptons, one can form 3 orthogonal linear
combinations out of them representing 3 orthogonal neutrino mass states v; of definite

masses,

V) Z iva), (1.3)

obtained by inverting Eq. (1.2). The possibility of the existence of more than three neutrino

mass eigenstates will be discussed in Section 1.7.3.

1.1 Neutrino Oscillations

The term “neutrino oscillation” means the change in flavor of a neutrino in its flight from
the source to the detector [50]. A neutrino of a given flavor (v,) produced along with a
corresponding lepton (I,), upon interaction in a detector after travelling a distance, might
produce a lepton of different flavor (I3) with a@ # 8. This means that, during the course of

its journey the neutrino has transformed from v, to vg.



To establish the theory of “neutrino oscillations” the fact that must be take into account is
that the neutrino “mass” states of Eq. 1.3 evolve with time as plane waves. The Schrédinger

time-dependent equation describing the propagation of these mass states is

9,
57 () = Holv;()), (1.4)

For the energy eigen-states E; of the vacuum Hamiltonian H,, the solution of Eq. (1.4)
is
lvj(8)) = e vy). (1.5)

So from Eq. (1.2) the time evolution of a flavor state can be written as

3
Vo) = > Unje 5" |vy), (1.6)
j=1

which after using Eq. (1.3) becomes

Vo) =YY Usje 5 ug). (1.7)

B=1 j=1

The transition probability of the neutrino flavor “a” into “3” is given by,

2 2

3
. * —iEjt
UaiUse

J=1

(1.8)

Poo, = \<|vﬁ|ua>

Expanding Eq. (1.8) and separating the real and imaginary parts, the general transition

probability becomes

. Am? L
Pyossy = 0ap — 4> R(UaiUsUa;Up;) sin® ( 7 EJ )
i>j

_ AmZ L
+2)  S(UaiU3UasUs,) sin® (2—EJ>
1>



1.1.1 Two-flavor Oscillations

The Oscillation between any two flavors o and [ with mass states 1 and 2 can be viewed

as a 2-dimensional rotation

Vo \ _ cosBj,  sinfjy vj
( I/,B ) N < _Slnejk; Cosﬁjk > < l/k : (110)

U— ( cosfj,  sinbj )

—sinfj; cos by

Here the matrix

is the “rotation” or “mixing” matrix called the PMNS matrix as in Fig. 1.1.

|Vu>* Iul‘il
\
\ 0
\
' n |ve>
\ _
\ -
— /\ 0 IV2>

Figure 1.1: 2-flavor neutrino oscillation.

Use Eq. (1.9), for the two neutrino case we get

2
6—2E1t o e—ZEzt

(1.11)

Py = sin? 0 cos? 0

where 6; = 60,5 is the mixing angle.
Since the neutrinos are relativistic and travel at close to the speed of light, one can
approximate E? = p> +m?, by E ~p + TQ”—; and also use t &~ L (distance from the source).

Using these into Eq. (1.11) results in

Am? Am? L
P, ., = sin”6 cos® 9(1 - e—’AQpL> (1 - elAapL> — sin? 20 sin? (AmQE) (1.12)

where Am? is the difference between the squared masses of the states: Am? = Am? —

Am3. See Fig. 1.2 for illustration example.



Re-introducing the A’s and ¢’s give for the survival probability for a neutrino flavor o of

energy F after travelling a distance L

Am2ct L
Py = 1 — sin? 20 sin? < Z;_LCC E) : (1.13)
which in more useful units is
L
P, . = 1 —sin? 20 sin? <1.27Am2%) (1.14)
This implies that for neutrino oscillations to happen Am? = —Am? — Am3! = 0 so at least

one of the two states must have mass or in other words neutrinos must be massive.

g ! Ve Ve Ve = Vy !
S L i
5 08 0.8
<

el L

[
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0.4— —0.4
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ol b b b b b 1 fill B
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Figure 1.2: Example of 2-Flavor neutrino oscillation between v, and v,

1.1.2 Three-flavor Oscillations

Two flavor neutrino oscillations described in the previous section can be extended to a
more general oscillation between all three flavors of neutrinos by introducing the Dirac

CP-violating phase ¢ in the form

10 O
D=(01 0 (1.15)
0 0 €%
The three flavor neutrino mixing matrix is then
1 0 0 C13 0 S13 C12 S12 0
U= 0 Co3 S93 D 0 1 0 DT —S12 C12 0 (].].6)
0 —S8923 (€23 —S13 0 C13 0 0 1

5



—1ié

C12€13 S512€13 513€
) )
—812C23 — $13523C12€" C12C23 — S512513523€" 523C13 (1-17)
id 6
512523 — 513C12C23€ —85923C12 — 512513C23€ C13C23

where ¢;; = cos;; and s;; = sin;;. The oscillation between all three flavors can be written

as
Ve Uel UeQ Ue3 151
v, = Uﬂl UMQ U,u3 Uy s (118)
Vr UTI UT2 U’T3 Vs
where the mixing matrix is
—3d
U Ue Ues Ci12C13 512€13 s13e”"
_ i 1)
Un U U | = | —si2023 — 513523C12€"°  Ci2C23 — S12513523€"  S23C13 (1.19)
9 1)
Un Up Uss 5128923 — S513C12C23€" —893C12 — S12513C23€" C13C23
See Fig. 1.3.

For the special case of v, — v,, the survival probability is

>
G

Py . = 1 — 4|Uc1|?|Uss|? sin® (1 27— 2=

) L)
; L) (1.20)
A

oL
_4|U62|2|U63|281n (1 27 B )7

>
§tq

— 4|Ue1|*|Ues|? sin® (1.27

&=

OJSM

which, using Eq. (1.19), becomes

P, . = 1 — cos® 013 sin® 26,5 sin® (1.27

— cos® 015 sin® 26,3 sin® (1.27 (1.21)

>
bj»—t

~
v

A
— sin? 05 sin® 26,5 sin? <1 27 ”Zgz ) )

The three flavor oscillation with contributions from all three mixing angles will be de-

scribed in the Reactor Neutrino Experiments Section 1.4.



Figure 1.3: 3-flavor neutrino oscillation as 3-D rotation. [2]

1.2 Matter Effect

The general neutrino oscillation case was discussed in the previous section. In general,
however, the neutrinos travel in a medium, of albeit low but non zero density, which slightly
complicates the situation. In this case neutrinos acquire an extra interaction potential
energy due to Charge Cuirrent (CC) and/or Neutral Current (NC) interactions with the
atomic electrons or with the nucleons in the nucleus of the matter in the medium in which

the neutrinos are propagating.

\74 o Ve o

Figure 1.4: Charged current interactions via W-Boson exchange
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Figure 1.5: Neutral current interactions via Z-Boson exchange
The Hamiltonian in the presence of these interactions in the presence of matter is
H, =H,+ H; (1.22)

The first term, the vacuum Hamiltonian can be written as
3
H, = (vs|H,|va(t)) =Y Ui E;U, (1.23)
j=1

1.2.1 Two-flavor Case

In the two flavor case, as described in Section 1.1.1, the vacuum Hamiltonian can be written

Am? [ —cos20 sin26 10
Hy = 4F ( sin 26 00529>+E(() 1)' (1.24)

as

The second term in Eq. (1.24) only adds a constant phase to all the neutrino flavors and so
does not affect the differences between the eigenvalues of H,. Hence it has no role in the
intererence between the flavor states.

The interaction Hamiltonian in Eq. (1.22) is [50],

H[:<V0W8)+(‘gz ‘EZ). (1.25)

Here the interaction potential energies, Vi and V, gained in the two above processes



for the neutrinos and anti-neutrinos, are

Viv = £V2GEN,,
GrN, (1.26)
\/5 )

Where G is the Fermi coupling constant and N, and N,, are the electron and neutron

Vz=7F

number densities in the medium. In an electrically neutral medium, the NC potentials of
the protons and electrons cancel each other.

The interaction potential due to the Z exchange affects all flavors equally, therefore its
contribution to H,, is a multiple of the identity matrix and consequently it can be dropped

[50] and Eq. (1.25) can be approximated as

W1 0 Viw [(1 0
Hf—7<o_1>+7<o 1)- (1.27)

Here the term due to W exchange has been divided into a term that is not proportional
to the identity and a term that is proportional to it. Dropping the latter term as previously,
from Eq. (1.24) and Eq. (1.27), the total Hamiltonian in the presence of matter can be

written as

Am? [ —cos2(6 — x) sin 26
Hm = AE ( sin 260 cos2(0 — x) ) ’ (1.28)

where
Viv /2 2v/2GrN,E
S = .
Am?/AE Am?

(1.29)

It is interesting to note that the sign of the potential is different for neutrinos and anti-
neutrinos, giving rise to a difference in the total potential between them. This creates a

false CP violation, but the matter effect is negligible for

[V2GpN,][Am?/2E] < 1.

1.3 Significance of 63

As illustrated in the earlier sections, 3 is as an important parameter in the global neutrino

puzzle as well as in the measurement of CP violation in leptonic sector.

9



1.3.1 CP Violation

One can show that for the conjugate channels v, — v and v, — Vg:
Pross (U) = Pryeny (U7) (1.30)

Hence the probability for the anti-neutrinos can be obtained by simply replacing the mixing

matrix U by its complex conjugate U*. So using Eq. (1.9) results in [50]

_ AmZ.L
P(,) (- = 5a,8 — 42 %<UaiUEanjU;j) Sln2 < J )

l/a—>l/B ~7 4E
1>

AmZL
=) i>j

(1.31)

Here the negative sign is for the anti-neutrinos. Eq. (1.31) shows that that if the PMNS
matrix U is real then the transition probability for the neutrinos and the anti-neutrinos
are the same. On the other hand if U is complex then the two transition probabilities
are in general different and a direct measurement of CP violation can be expressed in a

parameterization-invariant way by the asymmetry A%ﬁ; as:

a3 af Cx * Tk i Am?j
APCP == AC’P - Pya—nlﬁ - Pﬁa—>ﬁg = 42 ‘S(UalUﬁzUa]UﬁJ) sin 28 : (132)

1>]

The quantity
J;]ﬂ = S(UaiU3,Ua;Uj;) = sin 613 cos 019 sin a3 cos O3 sin 03 cos? 015 sin 6c p (1.33)
is known as the Jarslkog invariant [46]. From Eq. (1.33), one can get the symmetry relations

[

=T

(1.34)

N

10



Also, using the unitary properties of the U matrix, the following relations can be obtained

ZJ” = 0agS(Ug,Us;) = 0

(1.35)
Z Ty = 05 (U2 Us;) = 0.
a=e,u,T
Using equations (1.34) and (1.35) give the cyclic relation
13 _ 732
Joh=J3, = J% (1.36)
as well as the cyclic relation
Jo, =) =T (1.37)
Therefore from Eq. (1.36) and (1.37),
7 T i 721
JI =T =JY =2 (1.38)
Using Eq. (1.37) in Eq. (1.32) gives,
APSE = 1672 ((sin DTz, 4 g A2 p g A (1.39)
cp =167, | sin —— in—— n—— : :

which after using Ami, = Am3, + Am3, results in the relation;

APF, =2 cos 43 sin 26,5 sin 20,5 sin 26043 sin d¢p

L L L (1.40)
- 2 - 2 - 2
X sin (Am314E) sin (Am324 ) sin (Am214 )

Fig. 1.6 shows the difference in the two probabilities calculated in Eq. (1.40). This shows
that to have a chance of measuring the CP-violating Dirac phase ¢ all the mixing angles
must be non-zero. With the mixing angles 615 = 34 + 1° and 693 = 40 — 45°, it becomes all
the more important to know whether 63 is non-zero and there in lies the importance of the

Double Chooz experiment.
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Figure 1.6: An example of a direct measurement of CP violation from Py vy — Poosps With
a constant £ =1GeV.

1.3.2 CP Violation in Matter

Eq. (1.28) shows that the presence of matter affects the neutrinos and anti-neutrinos differ-
ently, by raising the effective mass of the neutrinos while lowering that for the anti-neutrinos.
This is induces a “fake CP violation” in the presence of matter, different from the true “vac-
uum CP violation”. Furthermore this “fake CP violation” is also sensitive to the mass
hierarchy of the neutrinos as shown in Fig. 1.7.
The total difference between the CP-conjugate channels v, — v, and v, — 7, in matter
is given by [67]
P, . — Py 5. = Pussy — APcp. (1.41)

Here P, is the matter-induced difference between the two quantities given as

16a . , Am3 L 4al . 2Am§1L)' (1.42)

P, =(1- 23?3)033533<Am§1 sin® — o — — o sl — &

while the true CP-violating part in vacuum APgp is the same as Py, in Eq. (1.40).
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Figure 1.7: An example of a direct measurement of CP violation by P, svs — Po,sp, With
a constant . = 1GeV in matter of constant density, for the two mass orderings of the
neutrinos, the normal (and inverted) hierarchies in left (right) panels.

It must be noted in Fig. 1.7 that the pure effect of the matter can be seen in the green
curve for case when the the CP-violating phase § = 0. Here a = 2v/2Gpn.E = 1.5 x 1073
eV? has been calculated for the reference setup of L = 732 km and £ = 7 GeV.

1.4 Reactor Neutrino Experiments

In principle #13 can be measured using a long baseline accelerator experiment as well as
a short baseline nuclear reactor experiment. On the one hand, the neutrino oscillation
probability in case of a long baseline accelerator experiment depends upon the CP phase 9,
the sign of AmZ, as well as the matter effect. The reactor-based short baseline experiments,
on the other hand, are free of such ambiguities and provide a unique method of measuring
the angle #,3. Since the energy of the neutrinos from the reactor are limited to below 8 MeV
(with the peak ocurring at 3 MeV), only the disappearance channel can be probed in such
an experiment. Nuclear reactors are copius sources of isotropic low energy electron anti-
neutrinos (7,), primarily below 8 MeV. The 7, undergo oscillation and their disappearance
can be measured with the help of a detector at a distance of the order of 1 km. The detection
method for these 7, is based upon the “Inverse Beta Decay (IBD)” in which an 6,3 interacts

with a free proton inside the detector to produce a positron and a neutron as shown below:
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Vo+p—e+n (1.43)

The principle of neutrino oscillation and their detection described as illustrated in Fig. 1.8.

Source Detector
e e
w - imz.L W+
V,=e ( 2E
n p P 1]

Figure 1.8: Neutrino flavor change in-flight and detection by inverse beta decay at the
detector.

From Eq. (1.43) it can be seen that the survival probability of an 7, depends on their
energies. Also the interaction cross section of the anti-neutrinos inside the detector depends

upon the energy as [57|
ov_a (Ee) = kpeEe(1 4 brec + Owm + Orad).- (1.44)

Here r = 272 /mZ f%7,,, with m,. being the electron mass, 7,, the neutron mean lifetime and
f1 the phase-space factor for the beta decay of the free neutron. Also e (recoil), dum
(weak magnetism) and d,,4 (radiative) are the various corrections to the positron energy.

The positron energy is in turn related to the neutrino energy through

E.(E.+ A) N 1A% —m?
M 2 M

E,=E.+A+ (1.45)

where M is the mass of the nucleon and A = m,, — m,, is the difference of the neutron and

proton masses.
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From the kinematics of the inverse beta decay, the four momenta for the initial state can

be written as: p, = (E,, P,) and p, = (m,,0), which results in
Sinitial = (b + p]‘,f)2 ~ mf, +2E,m,,. (1.46)

Also, for the final state after neglecting neutron recoil p!, = (m.,p}) and pt = (m,,,0)
which gives

Sfinal = (p':-&- +p¢«f)2 ~ (me+ + mn>2 (147>

Hence for the case when the positron is produced with zero momentum, the energy threshold

for the reaction is given by

2

Metr +mp)2 —m
(mee Tm)” 7y coentev (1.48)

Ezhres ~

2m,,

The values of the three mixing angles are 61, = 34.067 )55 degrees [15], fa3 ~ 40° to
45°, 613 ~ 9° |23], while the values of the various mass splittings can be given as Am2, ~
2.244 x 1073eV?, Am2, = 2.321012 x 1073eV? [32] and Am2, = 7.597539 x 10~°eV? [15].
With this parameterisation one can safely make an assumption that Am2, ~ Am3,. Hence

the survival probability for the electron neutrinos can be approximated as [68|

Am2, L
P, =1- 4‘U61‘2|U62|28in2 <1.27%>
Am2. L (1.49)
— A(|Ua 2 + Usaf2)| Ui 2 0 <1.27%>,

Using the unitary properties of the U matrix,

|Uel|2+|U€2|2+|U63’2 = 1, (150)
Eq. (1.49) becomes
Am2, L
Py, = 1 — 4|Uey [*|Uey|? sin® (1.27%)

(1.51)

2
A1~ U )| U sin® (w%),
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A Am2, L
Py, = 1 — cos* 013 sin% 2615 sin (1 g7 2z ”}:31 ) — sin® 26,5 sin? <1.27%> (1.52)

Furthermore, for a short baseline of L ~ 1 km and low energies of order £ ~ 1 MeV,
Am3 L/E =~ 0.

Hence the expression for the survival probability of an electron anti-neutrino is given by

A
Py, 5, ~ 1 —sin®26,3sin (1 27—~ ”;32 ) (1.53)

Eq. (1.21) is graphed in Fig. 1.9.
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Figure 1.9: Three flavor oscillation for reactor anti-neutrinos with the Double Chooz Far
and Near detector positions, shown for E = 3 MeV and sin® 26,3 = 0.15 (CHOOZ upper
limit).

Modern day reactor experiments take advantage of multiple detectors by placing one
detector close to the source to maximize the flux and minimize the oscillation while placing

the far detector close to the first maximum of the oscillation, as shown in Fig. 1.9. By
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comparing the measured fluxes at the two detectors and comparing it to the expected 1/r?

fall off, a measurement of 6,35 free of reactor-induced uncertainties can be performed.

1.5 Accelerator Neutrino Experiments

An accelerator experiment measures the appearance of v, (7.) in a v, (,) beam of a few GeV
energy. The high energy neutrino beams are produced by colliding intense proton beams
with fixed targets. We saw earlier that such a transition depends upon the CP-violating
phase ¢ as well as on the sign of Am3,. Due to the longer distance travelled through earth,
matter induced effects can also be significant.

Since accelerator experiments are essentially appearance experiments, they have the
advantage of being able to detect electrons from anti-electron neutrino interactions in the
detector and measure the v, — v, oscillation without potential ambiguity that might be
caused by the posible existence of sterile neutrinos. The formula used to measure 6,3 through

the appearance channel v, — v, is |2]

.9 ) ) Am%zL . . . .
P, . =sin” 20,3 sin” O3 sin 1.27T — €08 63 sin 26,5 sin 2645 sin 26,5 sin &

Am2, L Am2 L Am2, L
X sin <1.27%> sin (1.27%) sin (1_27%)

+ 4 cos 013 sin 015 sin 2603 sin fa3(cos 015 cos fa3 cos § + 4 sin 015 sin 013 sin by3)
Am2, L Am2,L Am2,L
X sin (1.27 "231 ) sin (1.27 ”Zj” ) cos <1.27%>,

(1.54)

which is plotted in Fig. 1.10.

1.6 Knowledge about O3 Before Double Chooz

Limits on the value of the mixing angle ¢35 before Double Chooz came from the reactor
experiments CHOOZ and Palo Verde. Lately the T2K experiment, which is an accelera-
tor experiment, also published its result on 6;3. The following sections will provide short

descriptions of each of these experiments and their results.
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Figure 1.10: Oscillations of 1 GeV neutrinos in the channel v, — v, as given in Eq. (1.54)

1.6.1 CHOOZ

ddbdddoddoddasd J
optical
barrier veto steel
T tank
‘-’( trmol | containment
neutrino| | region
target
acrylic .
vessel
b b dll dlls dilh Al dl by @y il ol ¢
low activity gravel shiclding |
[ [ [ [ [
0 1 2 3 4 5 6m

Figure 1.11: CHOOZ detector schematics [23].

Fig. 1.11 shows the CHOOZ detector. The detection principle for the neutrinos was
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based on the inverse beta decay reaction described previously. The criteria used for selecting

neutrino candidates were:

e Positron energy: E < 8 MeV.

e Neutron energy: 6 MeV < E, < 12 MeV.
e Distance from geode boundary: df > 30 cm, d} > 30 cm.
e Relative positron-neutron distance: d .+, < 100 cm.
e Neutron delay: 2us < ter, < 100 s.
e Neutron multiplicity: N, = 1.
8 O
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Figure 1.12: Comparison of expected MC positron spectrum in the case of no-oscillation to
the measured spectrum [23].

1.6.2 Palo Verde

The experiment was built in the Palo Verde Nuclear Generating Station in Arizona and it
consisted of three PWR (Pressurized Water Reactor) reactors with a total thermal power
of 11.63 GW of thermal power. The detector shown in Fig. 1.13, consisted of Gd-loaded

liquid scintillator and the method of neutrino detection was the inverse beta decay. The
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event selection criteria required that each prompt(et) delayed(n) event have at least one hit
with energy greater than 1 MeV and two additional hits with energies greater than 30 KeV.
Any event with hits greater than 8 MeV were discarded. Further a muon veto of 150us and

a time lapse of bus < t,, < 200us between any two subevents was required [19].
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Figure 1.13: Palo Verde detector design

The combined results of CHOOZ, Palo Verde and Kamiokande (a solar neutrino exper-
iment located in Kamioka, Japan) are shown in Fig. 1.14: The best limit for the value of

the angle ;3 can be taken from CHOOZ [23] and is
sin” 26,5 < 0.15 at 90% CL, Am? = 2.5 x 107 %eV2. (1.55)

1.6.3 T2K

The T2K (Tokai to Kamioka) experiment is a long-baseline (LBL) neutrino experiment in
Japan. The T2K experiment sends an intense beam of v, from Tokai to Kamioka, at a
distance of 295 km as shown in Fig. 1.15. It uses two detectors, the near detector “ND280”,
and the “Superkamiokande” detector as the far detector. Both the detectors are 2.5° away

from the neutrino beam axis. The off-axis positioning provides a narrow range of neutrino
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Figure 1.14: Limits on ;3 from CHOOZ, Palo Verde and Kamiokande

energies meaning a higher fraction of neutrinos oscillate by the time they reach the far

detector. It also allows for more accurate measurement of the neutrino energy.

Super-Kamiokande J-PARC
' Near Detector 280 m

I 1000 m g
- T‘ Neutrino Beam

295 km

Figure 1.15: T2K experiment schematic [9].

T2K published their first result in 2011 from appearance data in the v, — v, channel.
They found 6 v, events in the beam of v, above the 1.5 events expected with no-oscillation
hypothesis. The J-PARC Main Ring (MR) accelerator provides the beam of 30 GeV protons
which is focused on a graphite target. The on-axis Interactive Neutrino GRID (INGRID)
detector monitors the intensity, direction and profile of the neutrino beam. The ND280 near
detector measures the v,’s in the beam before any oscillations occur. Both the INGRID
as well as ND280 detectors are 280 m downstream from the target. The Superkamiokande
water Cherenkov detector, which is 295 km away from the target at Tokai, acts as the far

detector for the T2K experiment.
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The largest contribution to the signal comes from the charged-current quasi-elastic in-
teractions (CCQE) due to v, — v, oscillations while the major source of background is v,
contamination in the beam and the misidentified 7° from neutral-current (NC) interactions.

The T2K result shows a best fit value for 6;3 = 0.11(0.14) for |[Am3,| = 2.4 x 10~ %eV?
for the normal (inverted) hierarchy. Fig. 1.16 shows the global constraint on 6,3 before the

Double Chooz data.
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Figure 1.16: Global analysis of 6,3 with data both including and excluding T2K+MINOS
[65].

1.7 Open Questions about Neutrinos

Besides the efforts to measure 6;3 there are quite a few other challenges in the field of

neutrino physics. A number of these are briefly discussed here.
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1.7.1 Neutrino Mass Hierarchy

Assuming three neutrino generations, the measured differences of squared masses that have
been used in the previous sections do establish the ordering of the masses of the three mass
eigenstates. It remains to be established whether the mean mass of the solar doublet (v, 1)
is smaller or larger than the atmospheric neutrino mass state (3). Depending upon whether
the mass of the solar doublet is smaller or larger, their mass ordering is called “normal” or

“inverted” respectively. The two possible situations are shown in Fig. 1.23.
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Figure 1.17: Possible neutrino mass orderings: Normal (left) and Inverted (right)

The matter effect raises the effective mass for neutrinos while lowering that for anti-
neutrinos see Eq. (1.42) and Fig. 1.18, could be used in a long-baseline accelerator experi-
ment, to differentiate between the oscillation probabilities for the v’s and the v’s and might

be able to experimentally distinguish between the normal and inverted hierarchy.

1.7.2 Absolute Neutrino Mass

If neutrinos are massive then in a beta-decay experiment the beta spectrum will be slightly
distorted at the end point, see Fig. 1.19. Kinematics of the beta decay reaction tells us that
to achieve high resolution at the end point, there must be very low Q-value for the reaction

as well as high decay rate (short half-life). This is is achieved by using the decay of Tritium
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Figure 1.18: Neutrino mass ordering affects the transition probabilities for the neutrinos
and the antineutrinos differently in matter with dcp = 0 from Eq. (1.42).

(®*H) with a Q-value of 18.6KeV and half-life of 2.3 years. The current best limit on the v,
mass is m,, < 2.3 eV (90% C.L.) [8].

10 [

i const. offset ~ mz( Ve

N [a.u.]

Figure 1.19: Expanded differential rate N(a.u.) of tritium-S-decay around its endpoint. The
difference between the two curves is proportional to Am2, [62]
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1.7.3 Are Neutrinos Their Own Antiparticles?

With the discovery of neutrino oscllation, we definitely know that neutrinos have mass.
Also, from the tritium decay end point experiments described in the above section, we
have the uppper limit on the electron neutrino mass, m,, < 2.3 eV (90% C.L.) [8]. In the
Standard Model (SM) of particle physics, the neutrinos are massless. It requires a left handed
neutrino vy, as well as its right handed charge conjugate vg to construct the Dirac mass term
Lp = mpvprvg where mp is the SM Higgs. The right handed neutrino is not part of the
SM, which just has a left handed neutrino field v, and a right handed antineutrino field vg.
Here the Higgs mechanism that gives the neutrinos their masses is the same one that gives
all other Fermions their masses. Due to the electrically neutral nature of the neutrinos it is
also possible to write down another mass term, from the existing left handed neutrino field
vy, and its charge conjugate v, a left handed mass term L), = mgrvpry in which the mass
operator mp annihilates a left handed neutrino and creates a right handed antineutrino.
Such a mass term is called a Majorana mass term. As the neutrino is electrically neutral,
the Majorana mass term conserves electric charge but neither conserves the weak isospin

symmetry nor the lepton number L defined as
Lv)y=L(I")=-Lw)=-L(I") =1

. It can be shown that the existence of a Majorana mass term for neutrinos can result in
the neutrinos becoming their own antiparticles.

One can add neutrino mass to the SM by introducing a right handed neutrino field
v§ into the SM to form a Dirac mass term mpryrf and a Majorana mass term %Myzyz
without violating the local symmetries of the SM. The operator M does not participate in
weak interactions and can result in a tiny mass for the left handed neutrinos as observed

experimentally. With this formulation the complete mass term in the Lagrangian is

1
L =mprpvf + §MVEI/E, (1.56)
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and the neutrino mass matrix M can be written as
0 m
= (o i)

The eigenvalues of the mass matrix M can be interpreted as the masses for a “light”
and a “heavy” neutrino with m,, ., ~ m%/M and m,, =~ M for the neutrino fields
of v, and v§ respectively. This mechanism is known as the “See-Saw” mechanism and
can explain the large difference between the much lighter neutrino masses and the much
heavier masses of the Fermions in terms of the GUT scale. Neutrino oscillations cannot
distinguish between Dirac and Majorana neutrinos as they are lepton number conserving
processes and further Majorana phases do not appear in the oscillation formula. The only
possible way to establish whether the neutrinos are Dirac or Majorana particles is to look
for the so-called “Neutrinoless Double Beta Decay (0v253)” see Fig. 1.20. The observation

of neutrinoless double beta decay would confirm the Majorana nature of the neutrinos as

well as the existence of a Majorana mass term for neutrinos.
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Figure 1.20: Double Beta Decay (left) and Neutrinoless Double Beta Decay (right) [63]

1.7.4 Are There More Than Three Generations of Neutrinos ?

Any new species of neutrinos other than the current three mass eigenstates are known as the

“Sterile Neutrinos”. A sterile neutrino is a neutral lepton which does not interact through
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weak interactions, except those induced by neutrino mixing. In this section we will briefly

discuss various tentative experminetal hints about the possible existence of sterile neutrinos.
LSND Result

LSND was an experiment designed to search for v, — 7. oscillation with high sensitivity.
In its first result, the experiment reported an excess of 87.9 + 22.4 4+ 6.0 v, events at 3.80.
This excess could be explained with oscillation at a much higher neutrino mass 0.3eV? <

= 2.5 x 107%) eV? and solar (Am2,, =

Am?eyp < 3eV? from the atmospheric (Am? = lar

atmos

7 x 107°) eéV? mass squared differences . The existence of three independent Am?’s hints at

the existence of a fourth and much heavier neutrino generation.

0.015

anti-ve CCQE signal candidates w/ 11.3e20 POT

e LSND7v,
4 MiniBooNE v,

« Data (stat err)
3 ve fromp*™” ]
3 v, fromK™
3 v, fromK°
8 " misid B
CA->Ny
N dirt
3 other ]

Constr. Syst. Error

0.010

0.005 H Ois
0.000 +&dw 0e

++T 1 l 0.4

Events/MeV
o

P(v,—",)

—0003)5—07 06 08 10 12 14 16 02
£ ( m ) 0-00.2 04 0.6 0.8 1.0 1.2 14 3.0
E, MeV EXF (GeV)

Figure 1.21: LSND and MiniBooNE 7, results (left) and the low energy excess as seen in
MiniBooNE (right) [63].

In 2007, the MiniBooNE experiment, that was conducted to test the LSND result, re-
ported no descrepancies with the present three-neutrino oscillation framework by looking
into the v, — v, channel. It excluded the LSND result at 98% C.L., assuming the oscilla-
tions of neutrinos and anti-neutrinos are the same. The result however contained an excess
of events at energies in the 200 - 475 MeV region. It is yet not known if the excess events
are due to oscillations or the neutral current y-background. In their most recent release,
MiniBooNE presented their 7, — 7. analysis and the results are quite consistent with their

v, — V. result with the excess events concentrated in the 200 - 475 MeV region [63].
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Reactor Neutrino Anomaly

Recent re-evaluaion of the reactor anti-neutrino flux finds the v, flux from nuclear reactors
increased by ~ 3.5%. Additionally there is a &~ 1% increase in the neutrino interaction cross-
section due to the decrease in experimental value for the neutron lifetime and another ~ 1%
increase to account for the accumulation of long-lived isotopes in the nuclear reactors which
do not reach equilibrium. So the overall expectation value of the anti-neutrino interaction
in a nuclear reactor increased by roughly 6% |[22|. The new oscillation fits performed are

compatible with neutrinos of mass Am?2_ > 1 eV? at a distance of > 15 m [57].
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Figure 1.22: The red line shows a possible three-active-neutrino mixing solution with
sin?(20;3) = 0.06. The blue line displays a solution including a new neutrino mass state,
with |[Am2., z| >> 1eV ? and sin®*(20yew,r) = 0.12 (for illustration purpose only) [57].

Gallium Anomaly

Recent source calibrations done for the Gallium based radio-chemical solar neutrino exper-
iments by placing sources *Cr and 37 Ar sources inside the detector have shown a deficit of
v, with the observed to expected ratio being R%* = 0.86 & 0.5 at 2.8 o. An analysis shows

neutrino oscillation at an amplitude sin®20 > 0.07 and Am? > 0.35 eV2 at 99% C.L. [37]
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Figure 1.23: Combined Reactor and Gallium analysis [52]

Cosmology

The relation between the temperature 7', of the relic photons and 7, that of the relic

T, = (%) T,. (1.57)

From entropy conservation, the number density of the neutrinos can be related to that of

neutrinos after eTe~ annihilation is

Wl

the photons as
3
n, +ng = o= 112 em™. (1.58)

In the limit of relativistic neutrinos (m, << T,), p,, the energy density of one family of

T2 a2 (4 \*?
L= —T=—"—(=) T4 1.59
= 120" 120(11> g (1.59)

neutrinos is

In the radiation dominated universe the expansion rate (H) depends upon the energy
density of photons and neutrinos. If N is the effective number of neutrinos then from
the Friedmann equation, in the above limit, including the energy density of Neg families of

relativistic neutrinos results in

871G 87G 772 (43
H? = T(P’y‘i‘[)u) = T{pv"‘"ﬁo(ﬁ) Neﬁ?Té}' (1.60)
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Using p, = 7*T;/15, this becomes

8rG 7/ 4\Y?
H2(t) = T |:1 + g (ﬁ) Neﬁ:| Pry- (161)

The value of p., is very well known from the measurements of Cosmic Microwave Back-
ground (CMB) temperature. Hence, in principle, depending on the value of H(t), this can
constraint N.g. Observationally, CMB anisotropy and other data are used to constrain Neg.
For example a recent analysis based on the WMAP 9 year CMB anisotropy in conjunction

with small scale CMB anisotropy a Hubble prior of Hy = 69.32 £+ 0.80 s~ 'Mpc ™! as

Neg = 3.26 +0.35 ( at 68% CL) (1.62)

which is consistent with the standard model value of N.g = 3.04.
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Figure 1.24: Left panel: Constraints on the Hubble parameter H, and effective number
of neutrino species (Neg) [17]. Red contours and regions (closer to the upper right corner)
assume a Hubble constant of Hy = 73.4+2.4 km/s while blue contours and regions (closer to
the lower left corner) assume Hy = 68 +2.8 km/s. The dotted black vertical line corresponds
to Neg = 3.046. Right panel: Constraints on the primordial helium abundance Yy, and Neg

120].

Baryon accoustic oscillation of the Hubble constant measured with the latest results,

emphasize the importance of the Hy prior in establishing the existence of any new neutrino
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species. As shown in Fig. 1.24,; the value of N.g is correlated to Hy and Yg. and better

constraints on Ngg will follow from a definitive determination of the value of Hj.
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Chapter 2

The Double Chooz Experiment

2.1 Overview of the Experiment

The Double Chooz experiment is an v, disappearance experiment designed to measure the
neutrino mixing angle 6;3. The Double Chooz experiment was the first to measure the angle
013 with high precision. Compared to the previous experiments, it achieved this feat based
upon higher statistics, lower background and improved systematics with a single detector
[28] and [29]. The Double Chooz collaboration consists of institutions from USA, France,
Germany, Japan, Italy and Russia. The Double Chooz experiment is located in the Chooz
village of northern France. The detector concept consists of two identical detectors; namely
the far and near detectors. The far detector is located at the same experimental hall as
the predecessor experiment called CHOOZ at a distance of 1 km(approximately) from the
reactor. The near detector will be at a distance of 300 m(approximately) from the reactors
and is currently under construction. The source of antineutrinos for the experiment are
the pair of Chooz nuclear reactors. The following sections will describe the Chooz nuclear
reactor as well as the Double Chooz experiment in detail including both the hardware and

software components of the system:
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Figure 2.1: Double Chooz experiment site [72]

2.1.1 The Chooz Nuclear Reactors

The Chooz nuclear reactors are a pair of pressurized power reactors (PWR), each of thermal
power 4.27 GWy,. The fuel used by the reactors is of type UO,. A nuclear reactor produces
power by a contolled fission of mainly *>U nuclei with an emission of about 3 neutrons. The
neutron undergo subsequent (-decays to produce 6 v, on average. The control is achieved
by using water as a moderator to decrease the kinetic energy of the neutrons as well as by
using the control rods to absorb some of the neutrons. The fission fragments then undergo

[-decay to produce the .
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In a reactor core, a fraction of the neutrons produced is actually captured by the dom-
inant 28U isotope rsulting in the production of the new fissile isotope **°Pu and 24!'Pu.
Hence during this so-called burn-up process a core is burning **U and accumulating 2*°Pu.
In a PWR reactor the fission rates from both isotopes, 28U and ?3°Pu, become comparable

at the end of a cycle [57].
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Figure 2.2: Reactor v, Flux [41]. Figure 2.3: Reactor v, Cross-Section [41].

Fig 2.2 and Fig 2.3 show the typical 7,-flux and cross-section from a reactor due to 23°U,

2380, 29Pu and 2*'Pu. The typical, 3-decay cross-section weighted, 77,-spectra are shown in

Fig. 2.4.
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Figure 2.4: Reactor 7, spectrum from the various fissile nuclei.
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2.1.2 Detector Description

Fig. 2.5 is a schematic of the Double Chooz detector system. The various detector compo-
nents are labeled briefly with a more detailed description each given in this section. The
Double Chooz detector system consists of a main detector along with an Outer Veto. The
Outer Veto has two layers of plastic scintillators above the main detector. The main detector
system, shown in Fig. 2.5, is made up of an hierarchy of four concentric cylinders which are

described next, starting with the innermost cylinder, the Target.

Outer veto(OV)

Plastic Scintillator Strips

Steel Shield
250 ton steel (15cm)

Inner Veto(IV)

90 m3 of scintillator in a steel vessel (10 mm)
with 78 PMTs (87)

Buffer
100 m3 of mineral oil in steel vessel (3mm)
With 390 PMTs (107)

Gamma catcher(GC)
22.3 m3 of scintillator in an acrylic vessel (12mm)

Target
10.3 m3 of scintillator doped with 1 g/L. of Gd
in an acrylic vessel (8mm)

Figure 2.5: Schematic of diagram of Double Chooz detector [71].
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Target

The target is at the center of the hierarchical detector volumes. The target vessel is made
up of acrylic and is filled with 10.3 m? of liquid scintillator with a density of 0.8 gm/1. The
liquid scintillator consists of a mixture of n-dodecane (80%) and o-PXE (20%) with 1.32
mg/cc of PPO (fluor) and 20ug/cc (wavelength shifter). The scintillator is doped with 1
mg/1 of gadolinium (Gd) which has one of the highest capture cross-sections for thermal
neutrons. Neutron capture of Gd provides a cascade of 2.2 MeV gammas with a mean
capture time of about 30 us. The total gamma energy peaks around 8 MeV which is far
away from natural radioactivity. This is one of the main technique of background rejection

in Double Chooz.

Figure 2.6: Various detector volumes in the Double Chooz main detector [43].
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Gamma Catcher

The Gamma Catcher consists of an acrylic vessel filled with liquid scintillator surrounding
the target volume. The scintillator consists of Dodecane (30%), Ondina909 (66%), o-PXE
(4%) with 2mg/1 of PPO (fluor) and 20 pg/1 of Bis-MSB (wavelength shifter). The gamma
catcher captures the gammas that “spill out” during the neutrino interactions inside the
target volume. The gamma catcher scintillator density matches that of the target scintillator
within 1%. In addition to that it also has a very similar light yield to that of the target

scintillator.
Buffer Region

The Buffer volume is a stainless steel vessel surrounding the gamma catcher tank. The buffer
is filled with 100 m? of non-scintillating liquid consisting of 47.2% of CobersolC70 and 52.8%
of Ondina917. 390 photo multiplier tubes(PMT) each of 10" diameter are attached to the
walls of the buffer tank. The non-scintillating nature of the buffer liquid supresses the

natural radioactivity coming from the radioactive impurities in the PMTs.
Inner Veto

The outer most volume in the detector hierarchy of the Double Chooz far detector is the
Inner Veto (IV). The IV is a steel tank consisting of 78 PMTs, each of 8" diameter. The IV
is filled with scintillating liquid consisting of 48.4% LAB and 51.6% Cobersol70 along with
2 mg/1 of PPO and 20ug/1 of Bis-MSB. The inner veto acts as a software muon tagging
system. Cosmic muons passing through the nearby rock can produce fast neutrons which
travel into the sensitive volume of the detector causing correlated backgrounds. Muons
passing through the detector can, reduce long lived radioactive isotopes like °Li, 'Li and
8He through spallation on '2C which are also important sources of correlated backgrounds.
Hence the correct tagging of the muons is very important in order to understand these

processes as well as apply a reasonable veto on the muons.
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Steel Shielding

The Double Chooz detector volumes are placed inside a 15 cm thick steel shield to protect

the detector from external gammas coming from the rock radioactivity.
Outer Veto

The Outer Veto system shown in Fig. 2.7, provides additional muon identification for the
Double Chooz detectors. Since the muon-induced backgrounds are the major source of
backgrounds for the experiment, it is very important to identify the muons that produce
neutrons of other radioactive isotopes. The combination of the upper and lower panels of
the outer veto will provide tracking information for the muons passing through or missing
the target. It will also be able to track the muons clipping the inner veto which are the

most dangerous of all.
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Figure 2.7: Double Chooz outer veto system [12]
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2.2 Double Chooz Offline Group Software(DOGS)

The offline software package for the Double Chooz experiment is called the name Double
Chooz Offline Group Software (DOGS). It consists of individual packages dedicated to spe-
cific tasks such as Monte Carlo simulation, data production, the read-out system, position
and energy reconstruction. The packages are written in C++ and have external dependan-
cies on Geant4, a toolkit for simulation of the passage of particles through matter, and on
ROOT, a data analysis framework [3]. Fig. 2.8 shows the optical model with the construction
of Photo Multiplier Tube (PMT) in GLG4sim.

Cathode

Mask

Silvered
Surface

Dynode(crudely
approximated as
solid cylinder of
low density metal)

Figure 2.8: PMT Optical model in GLG4sim [42]

2.2.1 Monte Carlo Simulation

The Double Chooz Monte Carlo simulation package is called DCGLG4sim (Double Chooz
Generic Liquid Scintillator Geant4 Simulation). It is a Double Chooz specific adaptation of
the Geant4-based package called GLG4sim similar to the one used by the KamLAND col-
laboration called KLG4sim. It is used to model the Double Chooz detector and to simulate

the generation of the particles, their tracking and energy deposition and the whole process
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of the optical photon production by the photoelectron (PE) emission at the photomulti-
plier tube(PMT) surfaces. Several Monte Carlo event generator packages are included in
DCGLG4sim to generate events radioactive decay of nuclei such as 252Cf, 24 Am — Be, %Ge,
%0Co and 137Cs as well as muons and neutrons. For illustration purpose, we can show Fig. 2.9
as detector model in DCGLG4sim while 2.10 shows the simulation of 1MeV electrons in the

target volume of the detector.

_ Tar
Ta rQE1 anlr\n st R B:;g
lean x .7
- 3= Mean y 0.61331
E A | X
B 20
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Figure 2.10: Simulation of 1MeV
Figure 2.9: Double Chooz Detector Ge- electrons filling the target volume
ometry in DCGLG4sim [42] with DCGLG4sim [40]

2.2.2 Read-Out Software

The Double Chooz Read-Out System Simulation (RoSS) simulates the detector response
of the readout system to the Monte Carlo data generated by DCGLG4sim with a given
quantum efficiency. The package includes all the aspects of the real world readout system,
such as PMT gain, threshold and time-windows to reproduce simulated data as close to the
real data as possible. As stated earlier, DCGLG4sim also simulates the PE production at
the PMTs. RoSS takes these PEs and converts them into digitized electrical signals with
some collection efficiency. The readout system software is independant of Geant4 and has
dependancy only on ROOT. RoSS takes its input from dedicated test-bench experiments

designed to characterize the various responses. The Double Chooz readout system developed
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from the Monte Carlo techniques using RoSS is shown in Fig 2.11.

VME Crate (U6)

~16 FADC card
FEE (custom) DAQ schwars |
match signal
HV-splitter (custom)  dynamics I:1 s
Buraoc CAEN-VIT21
1:1 s—
Cable Hvs | Cable 18m | FEE —
22m ID H—8moc 1 cabc
26m IV uIZSMHz
PMT ID (custom)
Hamamatsu ID: 171
R708,MOD'A,SSY IV:175 trigger-pattern & clock (T=1éns
390 PMTs (107) HV ‘
PMT IV Trigger & Clock Syst
Hamamatsu RI1408 Trigger (custom)
78 PMTs (8) HV-Supply ID: energy
(from IMB) CAEN-A|535P IV: energy+pattern

N-PMTs per input

Figure 2.11: Schematic diagram of the Double Chooz readout system [29]

2.2.3 Pulse Reconstruction

The pulse reconstruction and pedestal analysis for Double Chooz is done by the package
DCRecoPulse [24] which provides the charge collected in any readout channel along with
the characteristic time of the pulse. When using Monte Carlo data, DCRecoPulse is applied
after RoSS and before the vertex and energy reconstruction. The DCRecoPulse package

contains several reconstruction algorithms, namely:

e Peaks Window Algorithm which analyzes continuous regions of amplitude above the

pedestal so that the size of the time window depends on the shape of the pulse,

e Maximum Window Algorithm: which places an asymmetric time window of fixed size

around the waveform maximum.

e Sliding window Algorithm which searches for a fixed-size time window that maximizes

the integral.

These are illustrated in Fig. 2.12.
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Figure 2.12: Definition of reconstruction time window for the various algorithms. Left: Peak
window algorithm. Middle: Maximum window algorithm. Right: Sliding window algorithm.

2.2.4 Vertex Reconstruction

The vertex reconstruction for Double Chooz is based upon the likelihoods of measuring a
set of PMT charges (g;) or times (¢;) or both in the Double Chooz detector [29]. The charge
likelihood function depends upon the expected number of photoelectron(PEs) reaching a
PMT. Assuming an isotropic distribution of scintillation light from an event inside the

expected

detector, the average number of PEs, yu;

; reaching a PMT of quantum efficiency ¢;, at

a distance r; from the event vertex and subtending a solid angle €2; is given by

M?xpeded = € {4 © exp(—ri/A)

(3

where @ is the number of photons per steradian. The time likelihood for any hit PMT
is a function of the corrected time, tg?rr as well as the charge at that particular PMT. Here

t0. is given by
E:er — tz‘ -t- Ti/cna

where t; is the measured time at the PMT, ¢, is the speed of light in the medium and ¢
is the event time.
The vertex reconstruction is performed by maximizing the charge likelihood or the time

likelihood or both, between the expected and observed hit distributions.
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Chapter 3

Simulation Study for Physical
Environment Monitoring

3.1 Description of the System

The Double Chooz slow monitoring system consists of an ensemble of hardware and software
to read out as well as record data from devices measuring slowly varying conditions such as
temperature, humidity and magnetic field. The sensors are deployed in the Buffer volume as
well as in the Inner Veto. Additionally there are underground sensors to monitor the overall
changes to the surroundings of the detector. The components that go into making the
monitoring instruments are often contaminated with radioactive substances. The author of
this thesis has, along with Dr. David McKee, contributed to the development of this system
by assessing the risks of installing the sensors especially inside the sensitive Buffer volume

of the Double Chooz far detector, called the Buffer Monitors (BMon).

3.1.1 Montecarlo Study for the Radioactive Contamination of the
Sensors

Based on the bench measurements of the radioactive components of the sensors and cables
at Lawrence Livermore National Laboratory, a Monte Carlo study of the rates of the triggers

inside the active volume of the detector was performed.
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Isotope ppm (Sensor) ppm (Cable)

28U 0.085 4 0.006 < 0.007
ZB2Th 0.40 £ 0.02 < 0.015
0K <20 27+0.03

Table 3.1: Amounts of radiaoctive isotopes in the sensors and cable.

Table 3.1 shows the measured amounts of radioactive isotopes in the sensors and cable.
The trigger rates inside the active volume of the detector was simulated using the isotopes
mass fractions, their half lives and the calculated decay rates. A Geant4-based model of
the sensors with cable was created within the DOGS framework and enough Monte Carlo
data was generated at each proposed site of the sensors. The model was studied with two
different configurations of the sensors: 1. Sensors facing away from the buffer tank wall.
2. Sensors facing toward the buffer tank wall. The assembly of the sensors along with the
acrylic base on which they are mounted can be understood from the cartoon of a Buffer

temperature and magnetic field Monitor (BMon) is shown in the Fig. 3.1.

Epoxy-Potted

Sensor -
Acrylic “Base

D plate”

Figure 3.1: A cartoon of a BMon

3.1.2 Sensors Facing Away from the Buffer Wall

The configuration in which the sensors are pointing away from the walls of the buffer vessel,
is the desired one as this enables the sensors to be closest to the face of the PMTs to
accurately measure the magnetic field surrounding the PMTs. Fig. 3.2 shows the vertical

and transverse section of the detector with the sensors in this configuration.
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Figure 3.2: Sensors facing away from the Buffer wall.

The trigger rates inside the active volume of the detector above various detection thresh-

olds with this configuration of the sensors is given in Table 3.2.

Event rate (Hz) at trigger threshold

lsotope 5N ey [ 0.7 Mev

|

0.9 MeV

233U | 0.006840.00011 | 0.00484-0.00009

0.003540.00008

232Th | 0.011£0.00017 | 0.0075+0.00014

0.056=+0.00012

0K 0.0044=0.00021 | 0.0036=£0.00020

0.0027£0.00017

Table 3.2: Trigger rates with the BMons facing away from the buffer wall.

3.1.3 Sensors Facing Toward the Buffer Wall

The configuration with the sensors facing toward the buffer wall, shown in Flg. 3.3, was
studied just in case the rates in the first case were too high. One caveat of this configuration

was that the sensors would be further away from the PMT faces and the magnetic field

measurements would be less accurate compared to the previous configuration.
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Figure 3.3: BMons facing towards the buffer wall.
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The trigger rates in the active volume for the above BMon configuration are shown in

Table 3.3 below

Isotope Event rate(Hz) at trigger threshold
0.5 MeV | 0.7 MoV | 0.9 MoV
B8y 0.00056+0.00003 0.00041-£0.000027 0.0003040.000023
232Th 0.00144-0.000060 0.001140.00005 00083+0.000050
K | 0.000041+0.0000065 | 0.000029+0.0000054 | 0.000019+0.0000045

Table 3.3: Trigger rates with the BMons facing the buffer wall.

3.1.4 Trigger due to the cables

The trigger rates due to the connecting cables were simulated by assuming that the cables
form a thin layer outside the buffer tank wall, see Fig. 3.4. This was done by using the
“skin" option in the DCGLG4sim. The trigger rates are shown in Table 3.4.
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Figure 3.4: An approximation of the BMon cable around the buffer tank

Event rate(Hz) at trigger threshold
0.5 MeV \ 0.7 MeV \ 0.9 MeV

B8y 0.00012+0.000016 0.000090+0.000014 0.00008440.000013
2327, 0.00041£0.000037 0.00033=£0.000033 0.00030=£0.000031
0K 1 0.00001140.0000037 | 0.000007440.0000030 | 0.0000037+0.0000021

Isotope

Table 3.4: Trigger rates due to the BMons cables.

The trigger rates due to the cables were very low for all the trigger thresholds considered.

3.1.5 Conclusion

The Monte Carlo simulations of the trigger rates due to the sensors and the connecting
cables, in various configurations and trigger thresholds were studied. The rates were found
to be low enough and the sensors were considered safe enough to be installed inside the

Buffer volume of the detector.
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Chapter 4

PMT Pointing

4.1 PMT Pointing Study

In this chapter, I describe work done by the author of this thesis along with his advisor
Dr. Glenn Horton-Smith, to optimize the positioning for the Buffer PMTs for the Double
Chooz experiment. This Monte Carlo based study is aimed at reaching a model for the
PMT pointing with optimum light yield and coverage of the detector for the 390 PMTs
placed on the walls of the Buffer volume. All the simulations were done with 1 MeV elec-
trons distributed uniformly in the target volume. The study started with three main PMT
distributions described below. The 10 inch PMTs studied had the magnetic shields. The
main focus was on light collection, detector response uniformity in the target and gamma-
catcher region and the mechanical constraints. Our was helped a lot by the previous work
of Carmen Palomares [6]. Our work can be divided into two major parts: (A) Comparative

PMT pointing study, and, (B) “Good Enough” PMT pointing study.

A. A Comparative PMT Pointing Study

In this part we study a few different models for the pointing angles and z-positions of the
PMTs and test them comparatively for light yield and channel-wise PMT response. The
comparative study of the pointing models will be divided into two parts, before and after

the suggestions made from similar studies done in [6].
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4.2 First Stage

The three main models studied in the first stage first are:

e Model “C” refers to the “Spherical (or radial)” PMT pointing with the PMTs pointing

to a common spherical center except for the 3 central rings pointing horizontal.
e Model “D” refers to the “Spherical (or radial)” PMT pointing.

e Model “E” refers to “Cylindrical” pointing with the PMTs pointing angles normal to

the nearest wall.

The above three models differ from each other in terms of the pointing angles for the
PMTs of various z-positions. A cartoon, explaining these two variables (pointing angle and

z-position) for a PMT, is shown below in Fig. 4.1:

Z-axis

= 17T

Buffer Wall

Figure 4.1: Cartoon showing the PMT pointing angle() vs z-position, measured relative to
the central plane.
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The performance of any model depends upon the position as well as the pointing angles
of the PMTs. The different models studied in the first stage with different pointing angles

for the PMTs and their z-positions are shown in Figs. 4.2 - 4.4
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Figure 4.2: Model “C” with spherical coordinates except for the central three rings.
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Figure 4.3: Model “D” with spherical coordinates.
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Figure 4.4: Model “E” with cylindrical coordinates.

Fig. 4.5 shows the histogram comparing the total number of photoelectron hits on the
PMTs for the three models described above. As described earlier, the simulations were done

with 1 MeV electrons distributed uniformly in the target volume.
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Figure 4.5: Total number of photoelectron hits for models: C (Blue), D (Green) and E
(Red).

The small changes in the PMT pointing between models “C” and “D” have almost no

effect; the larger the changes in the pointing of the corner and the top tubes in “E” the
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longer the reduction in light yield and the worse the resolution.

To prove that the re-tilting of the PMTs really changed the distribution of incident
photons hitting the tubes, the following comparisons of the hit distribution in the PMT’s
local “Y” axis (equivalent to the global Z axis for the side tubes) were done for the various
rings. The PMT rings 5, 6 and 7 with PMT number 90-120, 120-150 and 150-180 respectively

were chosen. The results are shown in Fig 4.12
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Figure 4.6: Distribution of hits along the local Y-axis of the PMTs (equivalent to global
Z-axis for the side PMTs for (a) Ring #5 with PMT #(90-120) (b) Ring #6 with PMT
#(120-150) (c) Ring #7 with PMT # (150-180)

Observations: Small changes in pointing angles have very little effect while larger

changes for the corner and top tubes seriously reduce the light yield and worsen resolution.
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4.3 Second Stage

The same process, as performed in the previous section, was repeated but now using the
improved optical data with bench measurements about properties of the scintillators as of
2008/01/08. The pointing angles and positions for the PMTs studied at this stage were
either the “Carmen proposed” PMT pointing and positioning as suggested in [6] or some
variations of it. From hereon this will be called the model “F”.

The details of the three pointing models studied at this stage were:

e Model “F” uses modified spacing between the PMT rings with the pointing angles that

follow the spherical model used in model “D” earlier.

e Model “F17 is basically the same as model “F” except that the 4 central rings pointing

horizontally (like model "C" above).

e Model “F2” has the same spacing as in model “F” but with the PMTs pointing angles
normal to the nearest wall (like model “E” above). It must be noted that it caused a

geometry conflict between the side and top/bottom tubes near the corner.

These models are shown in Fig. 4.7 through 4.9.
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Figure 4.9: PMT pointing model “F2”

Fig. 4.10 compares the total number of photoelectrons per unit energy deposited (in
MeV), for the three models discussed above while Fig. 4.11 shows the comparison of the
PMT hit pattern for the three models.
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Figure 4.10: Total number of photoelectron hits for the three models: F (Blue), F1 (Green)
and F2 (Red).
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Figure 4.11: PMT hit pattern for the models: F, F1 and F2.

Observations: Similar to the results seen in the first stage, models “F” and “F1”, which
differed little in terms of pointing angles give similar results while model “F2” is significantly

different apart from the some geometry conflict.

4.4 Another Look

In the previous sections, the study of the various models only included the Monte Carlo
events generated in the central target volume. In this section, we present the comparison
of the cases of uniformly distributed events in the target (black) vs. gamma-catcher (blue),
using the improved optical data in all cases with modified PMT positions or angles, see
Fig. 4.12. The model obtained by modifiying model “F”, called model “G”, has the Z-
spacings changed for only the side PMTs from 600 mm to 500 mm and with the angles like
in models “F2” or “E”. This modification removed any geometry conflict among the corner

PMTs.
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Figure 4.12: Total number of photoelectrons for: (a):
coordinates and (c): G coordinates (Note the large loss of light yield in the G distribution.)
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The PMT coordinates distribution for the pre-F model is

shown in Fig. 4.13
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Figure 4.13: PMT configuration before model “F”

It must be noted here that the model “F” coordinates seem to achieve more consistency

between target and gamma catcher distributions at some expense of light yield and resolution

compared to the large loss of light yield in the “G” distribution.
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Figure 4.14: PMT hit distribution comparison between “F” and “G” for target events.
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The PMT hit distributions for the two models, “F” and “G” for the target events are
shown in Fig. 4.14.

Observations: The “G” distribution results in slightly better resolution and light yield
matching between the target and gamma catcher while the “F” distribution had superior

light yield.

4.5 “Photomultipier Wall” study

To better understand the ideal pointing for the PMTs at a given position, the inner detector
phototubes were eliminated and the code base was modified to record the position and
direction of all photons stopping on the buffer tank wall, creating a 100% coverage, 100%
quantum efficiency, direction and position-sensitve “Photomultiplier Wall”

Fig. 4.15 shows the arrival direction vs. 7 position on the side walls, where the thin
black boxes show the 2-D distribution data, thick black lines indicate the cuts used to select
events for finding average theta at each Z, blue shows the average theta data and fit, and

red shows the radial angle (corresponding to pointing directly at the center of the tank).
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Figure 4.15: Arrival direction vs. (2% + y?)/2 position on the tank top and bottom (angle
flipped for top)

Observations: It seems that tilting is needed, as setting the corner PMTs normal to
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the walls would cut off a significant number of photons given the angular acceptance of the

shields.

4.6 G2 PMT distributions

G2 is a modified F with modified positions and pointing for the side PMTs accomplished by
changing the Z spacing from 600 mm to 500 mm and using mean angles from the theta vs.
Z-hit-on-wall fit from the “Photo-Wall” study of the previous section. The top and bottom

tube positions and angles are the unmodified model F ones.
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Figure 4.16: Target events Figure 4.17: Gamma Catcher events

Figure 4.18: Photoelectron hit distributions for the G2: Target (black) and Gamma Catcher
(blue).

Observations: This seems to have recovered the light yield of the pre-Carmen PMT
distribution and improved the light yield of the target events without degrading the gamma
catcher event resolution. In addition, there are no mechanical conflicts between the side and

top/bottom tubes at the corners.
Overall observations:

By modifying the positions and angles in the ways described, the 1 MeV “QPE” resolution
can vary from 7% to 11% (where 7% is essentially Poisson statistics), and the overall yield

can vary by approximately +5%/-15%. Tilting seems necessary, presumably due to the
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Figure 4.19: PMT hit pattern for Target events: (a) F coordinates (black) (b) G2 coordinates
(blue).

acceptance limits of the cylindrical shields. Varying the angle of the tubes near the equator
as much as 10 degrees from their optimum doesn’t have much effect, but repointing “corner”
tubes by about 30 degrees or more has a large effect. This might be the satisfactory solution
that achieves better resolution, gamma catcher-target uniformity and the light yield, all at

the same time, while avoiding gross mechanical conflicts.

B. The “Is it Good Enough?” PMT Pointing Study

After studying several configurations of phototube positions and orientations in the “Com-
parative PMT Pointing Study” we now consider one PMT configuration in an attempt to
show that it is both good enough and near optimal. For this, we perform similar analysis
as done in the first part but now with higher statistics (10k events in the target volume
and 20k events in the gamma catcher) and make 2-D plots by using Geant4.7.1 or 9.0. The
configuration studied is based on the “G2” model, adjusted to include mechanical and other

corrections provided by the Madrid group. We call our final configuration G3.
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4.7 Summary of the G3 Configuration

The G3 configuration is summarized graphically in Fig. 4.20 provided by Enrique Calvo
Alamillo [7]

Figure 4.20: G3 configuration

The configuration cosists of 4 rings of PMTs on the top and bottom at radii of 650, 1200,
1750 and 2300 mm plus 10 rings on the sides at z positions £2504, 4 + 7503, 3 £+ 1250 and
42250 mm. The PMTs on the lid and the floor are pointed at the center of the target,
and the PMTs on the side are pointed according to the equation § = 90°+ 0.0151° (z/mm),
obtained by the pointing angles and the mechanical design. This configuration differs from
the G2 configuration described previously in the following ways: PMTs in the outermost
rings on the lid and floor are adjusted 20 mm in z toward the middle to avoid conflict, the
radial position of the lower 5 rings on the wall were corrected to be symmetric with the top

5 rings and, the numbering of the rings on the floor was corrected.
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4.8 Comparison between the Geant4 Versions

Two Geant4.9.0.p01 runs, of 10,000 events each, were produced with 1 MeV electrons start-
ing at positions uniformly filling the target and the gamma catcher, using the G3 PMT
coordinates. Similarly 10,000 event runs were produced usingthe the G2 PMT coordinates
with both Geant4 7.1 and Geant4 9.0 p0l. No differences were seen between the results of

the two Geant4 versions.

4.9 Photoelectrons Plots

Next we check the light collection efficiency, consistency between gamma catcher and target
and the effect of non-uniformity of the number of photoelectrons (the most naive energy
estimate), by plotting the number of photoelectrons per unit energy (MeV) per event and
comparing the target and GC distributions with the G3 and G2 PMT coordinates. The

resulting histograms are shown below in Fig. 4.21 and 4.22.
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Figure 4.21: Photoelectrons per unit energy (MeV) for Target (black) and Gamma-Catcher
(blue) with the G3 coordinates(Left) and G2 coordinates (Right).
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Figure 4.22: Plot comparing photoelectrons per unit energy (MeV) for G2(black) and

G3(blue) ditributions for Target events (Left) and Gamma-Catcher events (Right)

4.10 Statistical breakdown

Table 4.1 shows the statistical quantities to demonstrate the optimum light yield and sensi-

tivity as well as the uniformity of detector coverage, see Fig. 4.23 and 4.24, achieved with the

configurations discussed thus far. The column marked “RMS-NPC” gives the non-Poissonian

contribution to the RMS. The width of the distribution is dominated by the Poisson statis-

tics in both volumes. The RMS/Mean is very close to the design energy resolution of 7%

assumed in the sensitivity calculations done by Guillaume in his thesis and for the Letter

of Intent [LOIT].

Table 4.1
Region Mean RMS RMS/Mean|%| 1/sqrt(mean)|%| RMS-NPC(*)|%]
Target 198.1 14.81 7.5 7.1 2.3
Gamma Catcher 199.9 15.75 7.9 7.1 3.5

The RMS/Mean is also better than that of the PMT configuration previously used for

calibration simulations. The means of the distribtions differ by less than 2 PE/MeV, less

than 1% of the mean and less than 1/4 of the RMS.
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4.11 2D Uniformity Plots
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Figure 4.23: Fine grain, low statistics/bin view of “Gamma Catcher + Target” and “Target”
photoelectron per unit energy deposited.
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Figure 4.24: Coarser grain, higher statistics/bin view of the Gamma Catcher + Target
uniformity.

4.12 Conclusion

The G3 design was free of any mechanical conflicts and the collected photoelectron distri-
bution matched the collected photoelectron distributions of events in the target and gamma

catcher to be better than 1%. Furthermore, the pointing was optimized for maximum light
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collection, and the average phtoelectron yield seems to be at or near the maximum avail-
able without sacrificing uniformity. Hence the results were found acceptable for the Double
Chooz physics results and the design was deemed to be good enough to be adopted for the

Double Chooz experiment.
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Chapter 5

Neutrino Event Selection

The selection of the actual antineutrino events ocurring in the detector depends on carefully
excluding events that are not antineutrino events from the candidate list. This involves
removing the random noise events in the detector (of radioactive or electrical origin), un-
derstanding the correct energy scale inside the detector as well as removing the sources of

backgrounds. These will be discussed in the following sections.

5.1 Energy Reconstruction

The visible positron energy F.; is the measure of the actual energy deposited in an an-
tineutrino interaction. E; is a function of the total number of photoelectrons detected by
the PMTs after calibration with the additional corrections factors due to the position of the

event in the detector and the change in the gain of the PMTs with time. [29]

Eyis = PE™(p, 2, t) X f;"(p, 2) X f" () X fifev- (5.1)
Here PE = ¥;pe; = ¥,;q;/gain(g;) for each good channel i, p and Z are the radial and vertical
coordinates in the detector and ¢ is the time. Also pe; is the number of photoelectrons and
¢; is the raw charge on a PMT. The letter m refers to data or Monte Carlo (MC). Eq. (5.1)
contains the correction factors f,, fs and fuey for spatial uniformity, time stability and

PE /MeV calibrations respectively.

68



90
85
80
75
70
65
60
55
50
45

Gain (charge a.u./PE)

"50 100 150 200 250 300 350 400 450
Charge (arbitrary units)

o

Figure 5.1: Linear PE calibration for one channel (Left) [29].

All this makes the visible energy (E,;s) independent of time, event position and consistent
between both data and MC. An example of a gain curve used to calibrate the charge vs PE
for each good channel is shown in Fig. 5.1. A similar curve is used in the case of MC also,
so that the PE calibrated charge can be defined as pe; = ¢;/gain;(¢g;). The number of PE’s

for each event depends upon the the position of the event inside the detector.

24 o i i
0O 02 04 06 08 1 12 14 16 18 2

p (m)

Figure 5.2: Detector calibration map with spallation neutron capture on hydrogen across
the inner detector [29].

A calibration map, shown in Fig. 5.2, created with the help of spallation neutron capture

69



on hydrogen, with a capture peak at 2.223MeV in the target as well as the gamma catcher,
is used to convert the PE created in an event at a position into its response as if measured

at the detector center (p = 0,z = 0) through PEZ = PE™(p, z) x fi*(p, 2).

Separate calibration maps were created for data and MC to calculate the correction factor
fi™(p, z) and maximize the position dependence consistency between data and MC. The
detector response stability varies with time due to the change in the readout gain and
scintillator response as well as due to the omission of problematic channels which reduces
the overall gain. There is no need of time stability correction for the MC and in the case
of the data, any response PE is convertd to the equivalent response at ¢y, as: PEg;,, =

PE(t) x f(t)
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Figure 5.3: Time stability of the reconstructed energy with spallation neutron capture on
hydrogen [29].

5.2 Neutrino candidate selection

The detection principle for the anti-neutrino events in the Double Chooz detector is based
upon “Inverse Beta Decay (IBD)” described in Section 1.4. The selection scheme for each

IBD candidate event is based on the 'Delayed Coincidence’ method in which an early or
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“prompt” positron signal is followed by a “delayed” neutron capture signal, with the two
signals separated by the typical capture time of neutrons in gadolinium. The physical
threshold, for positron (e™) event is 1.022MeV (twice the rest mass of an electron), for the
case when the kinetic energy of the positron is zero. The selection cut threshold for the e
events is lowered lowered to 0.7MeV. This low threshold does not result in any loss in trigger
efficiency but it significantly reduces the trigger related systematics. Two special cuts to
reduce excess noise events due to the increased activity of the PMTs are: (1) Qumax/Qtot
cut which utilises the ratio of maximum charge of a PMT to the total charge collected in
the inner detector to remove noisy events, and (2) RMS(¢sar) cut which uses the standard
deviation of the arrival time of the light at the PMTs to cut out events which havea large
spread in the start of the first pulse on each PMT. Here Q. is the maximum charge
recorded by a single PMT and (i is the total inner detector charge collected in a trigger
[29]. The various cuts to select the prompt-delayed pairs of a signature neutrino event are

summarized as follows:

e Energy Cuts:
— Prompt Energy Cut: 0.7 MeV < Eprompt < 12.2 MeV.
— Delayed Energy Cut: 6.0 MeV < Eprompt < 12 MeV.
e Prompt-Delayed Coincidence:
— Time between consecutive prompt and delayed triggers 2us < AT < 100us
— No spatial coincidence.
e Light Noise Cut:

- RMS<tstart) < 40 ns.
— Qumax/Qtot < 0.09 (Prompt events).

— Qmax/Qror < 0.055 (Delayed events).
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e Multiplictiy and Isolation Cuts:

— No addtional triggers from 100us preceding the prompt signal to 400us after it.

e Muon Event:
— Total charge in Inner Veto > 10000 DUQ (Digital Unit of Charge, an arbitrary
unit).

— Energy in the Inner detector > 30 MeV

e Post-muon Cut:

— To reject the neutrons and other short-lived spallation products following a muon,
a 1 ms veto is applied after the previous muon, which introduces a deadtime of

about 4.4%.

e Additional Cuts:

— To reject those candidates which are correlated, in time, to a showering muon

(E, > 600 MeV), an additional veto of 0.5 s is applied after each showering muon.

— Also the candidates whose prompt signal are coincident with an Outer Veto

trigger, initiated by a muon passing through the Outer Veto, are excluded.

5.2.1 Daily Rates

Neutrino candidates were selected based upon the above cuts from data as well as from
Monte Carlo simulation. A total of 8249 anti-neutrino candidates were selected from a total
detector livetime of 227.93 days. The total expected number of candidates from anti-neutrino
Monte Carlo simulation for the same livetime, for 613 = 0, is 8937 [29]. A mesurement of

613 based upon these candidates is presented in Chapter 9.
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Figure 5.4: Daily variation of neutrino candidates before any background subtraction or
veto anti-coincidence

Figs. 5.4 - 5.7 shows the effect of thier selection in various daily rates. The variations of
the daily rates of the selected anti-neutrino events represents the variations in the combined
power for the two reactors. The average rate of anti-neutrino candidates comes out to be

36.2 £ 0.4 events day ! since the start of data taking on April 13, 2011.
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Figure 5.5: Daily variation of muon rate
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Figure 5.6: Daily variation of the runtime for neutrino candidate selection.
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Figure 5.7: Daily variation of the livetime for neutrino candidate selection after applying
the veto corrections.
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5.2.2 Candidate Characteristic Plots

Various characteristic plots for the selected anti-neutrino candidates are given in this section.

Delayed Energy

HIII|III|III|III|III|IIIIIIIlIIIlIIIlIIIlIIIlII

MeV

Figure 5.8: Delayed energy epectrum of the 8249 neutrino candidate events selected with
the official set of cuts as per the Double Chooz second publication [29].

In Fig. 5.10, the lower cut of 2us helps to reduce the correlated background while the upper

cut of 100us determines the end of the tail of the neutron capture on gadolinium [29].

Although the anti-neutrino candidate selection for Double Chooz does not include a fiducial
cut on the distance between the prompt and the delayed events, Fig. 5.11 shows a good
agreement between the data and Monte Carlo for the prompt-delayed distance. Figs. 5.12
- 5.15 show the 2-dimensional distribution of the anti-neutrino candidate events in the target

and gamma catcher volumes.

Almost all of the anti-neutrino events are confined within the combined volume of the target
and gamma catcher. It is important to mention two categories of events here: (1) Spill Out.

These are events with the neutrino interaction in the target but with the neutron captured
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Figure 5.9: Prompt energy vs delayed energy for the neutrino candidates. The dashed lines
show the selection cuts applied.
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Figure 5.10: Time delay between the prompt and delayed candidates.

76



Prompt-Delayed Distance

3

m
[y
o

L L B I L I I B I I

events/2c

0 20 40 60 80 100 120 140 160 180 200
Distance (cm)

Figure 5.11: Distance between the prompt and delayed candidates.
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Figure 5.12: x-y vertices of the prompt candidates.
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Figure 5.13: x-y vertices of the delayed candidates.

in the gamma catcher. (2) Spill In. These are events with the neutrino interaction in the

gamma catcher with the neutron capture happening in the target.
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Figure 5.14: Z — p? vertices of the prompt candidates.

From Fig. 5.16 - 5.19, it is easy to see excess events in the data for vertices with high z-values

and low p? values. These events are candidates for the stopping muon events which will be
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Figure 5.15: Z — p? vertices of the delayed candidates.

discussed in detail in Chapter 8.
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Figure 5.16: Z — p? vertices of the prompt candidates.

From the RMS(tgart) plots shown in Figs. 5.20 - 5.21, it can be seen that there is a slight
offset between the data and the MC but since the candidates are selected with a cut of

RMS(tstart) < 40 ns, this discrepancy does not affect the selection.
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Figure 5.17: Z — p? vertices of the delayed candidates.
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Figure 5.18: Z — p? vertices of the prompt candidates.
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Figure 5.19: Z — p? vertices of the delayed candidates.
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Figure 5.20: tsa. RMS for the prompt candidates.
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Figure 5.21: tg.. RMS for the delayed candidates.

The final important light noise reduction parameters are the maximum charge in a PMT
to the total charge in an event (MQTQ), for both sets of events as shown in the Figs. 5.22
- 5.23 below.
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Figure 5.22: Quax/ Q1o ratio for the prompt candidates.
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Figure 5.23: Qmax/Q1ot ratio for the delayed candidates.

5.3 Conclusion

In this Chapter, we discussed the selection of anti-neutrino candidates from the data as well
as from the MC, were presented. The MC candidates were selected from a set of events with
100 times more statistics than the data. From the plots shown in this chapter, it can be
concluded that the cuts used to select the anti-neutrino candidates are optimized to reduce
the background and other sources of noise events. Also direct comparison of the data and
MC selections shows the consistency between the two. The determination of ;3 based upon

the candidates selected in this Chapter will be presented in Chapter 9.
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Chapter 6

252Cf Source

6.1 Spontaneous Fission Source

The radioisotope 2*2Cf is an intense source of neutrons which decays with 96.91% probability
by « emission and 3.09% probability by spontaneous fission. It has a half life of 2.645 years
and a specific activity of 0.536 mCi/ug. The average energy of the alpha particles emitted
in its alpha decay is 6.1 MeV. During spontaneous emission 1ug of 2°2Cf can emit 2.314 x 10°
neutrons per second. Both a-decay and spontaneous fission are quantum mechanical barrier
penetration phenomenon called “quantum tunneling” in which the wavefunction of a particle
in a finite-sized potential barrier extends outside the barrier and so this paticle has a non

zero probability to be outside the potential well [54].

Inside a nucleus the balance of forces is provided by the strong force and the Coulomb force.
The strong force is a short range phenomenon and it can not even reach from one end to
the other of a fair sized nucleus [33]|. For a big nucleus, if a proton is at the edge of the
nucleus, the srong force of attraction from the neighboring nucleons is much smaller than
the Coulomb repulsion from the rest of the nucleons. In a case when the balance of the two
forces is broken, the nucleus can break without acquiring any extra energy. The process

of a-decay results in an particle and the daughter nucleus as represented in general by the
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following nuclear reaction
éXN —)2:3 XN_2 +2 He + Qa (61)

where (), represents the energy released.

For example in the case of 2%*U, the value of ), ~ 6.22 MeV. The emission of an « particle
decreases the Coulomb energy of the nucleus without affecting the overall binding energy per
nucleon because the « particle has nearly the same value of binding energy per nucleon as the
parent nucleus. The half-life of a nucleus undergoing a-decay is given by the Geiger-Nuttall

law

B
V@,

10g<t1/2) = A +

(6.2)
where A and B are constants.

The process of spontaneous fission is more complex than that of the a-decay because the
process depends on uncertainties like the masses of the two fragments, the number of prompt
neutrons emitted and the energy released. Beyond the Bohr-Wheeler limit of Z2/A ~ 48,
a nucleus becomes unstable to spontaneous fission. In spontaneous fission, as the excited
nucleus deforms the nuclear Coulomb energy decreases with the increase in distance between
the nucleons while the nuclear surface energy increases with increase in the nucleus surface

area.
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Figure 6.1: Schematic illustration of spontaneous fission [45].
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At the saddle point the rate of change of the two energies are the same. After passing
through this stage the nucleus very quickly separates into two fragments at the stage known
as the “scission point”. The energetic fission fragments emit “prompt neutrons” which take
away most of their excitation energies. Prompt gammas are emitted in competetion with the
last neutron, giving rise to the relation between the total number of prompt neutrons and
the gamma energy. Sometimes the late § emission of the fragments results in the emission

of “delayed neutrons”.

6.1.1 Theory of >Cf Fission Source

The a-decay of a 2*2Cf nucleus results in a 2*Cm nucleus along with an « particle with a
value of @, = 6.2169 MeV. On the other hand, in the case of spontaneous fission the two
fragments produced in a given energy, spin and parity distribution, de-excite first by emitting
neutrons, mostly, thereby reducing their excitation energy but taking away very little spin.

This is followed by a gamma cascade which removes most of their angular momentum.

6.1.2 Prompt Neutron Multiplicity and Energy Distribution

After the “saddle point”, the nucleus moves irreversibly toward fission and at the “scission
point” it breaks up into two fragments. The “hot” nuclear fragments cool down by emitting
neutrons first, in a similar fashion to a heated liquid evaporating molecules. Hence one
might expect the neutron energy spectra N(Ey) of these evaporated neutrons to resemble

a Maxwell-Boltzmann distribution with a corresponding effective temperature Ty,

2 \/_ E

NW(E) \/_T3/2 (_E

) (6.3)
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An improvement over the simple Maxwell-Boltzmann distribution is done by using a pa-
rameterized Watt spectrum which includes several factors such as (1) the motion of the
fission fragments, (2) the distribution of the fission-fragment residual nuclear temperature,
(3) the energy dependance of the cross-section for the inverse process of compound-nucleus
formation and (4) the possibility of multiple-chance fission. A fit to the data to obtain a
parameterized Watt spectrum was done by Frohner [36] and Mannhart [56] and the resultant

energy spectrum for the prompt neutrons in the spontaneous fission of 252Cf is given by

Ny (E) = \/%exp(—azb) exp<—§> sinh(VbE), (6.4)

where the Watt temperature Ty = a and Watt energy Ey = a?b/4. Frohner showed the fit
to the data resulted in Ty = 1.174 £ 0.008 MeV and Ey = 0.361 4 0.014 MeV.
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Figure 6.2: Neutron energy Watt spectrum in spontaneous fission of 2*>Cf using the param-
eters found by Frohner [36].
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6.1.3 Gamma Multiplicity and Energy Distribution

The multiplicity of the prompt gamma rays in the spontaneous fission of ?*2Cf was exper-

imentally measured by Brunson [49]. The distribution is a double Poisson model given by

7.200¢ 720 10710107

H(G) = 0682~ —— +0318——, (6.5)

Here G is the gamma-ray multiplicity.
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Figure 6.3: Brunson’s model of gamma multiplicity in spontaneous fission of 2*2Cf.

The experimentally measured spectrum of the gamma ray energy for the spontaneous fission

of 52Cf is well described by the relation [70]

38.13(E — 0.085)e8F E< 0.3MeV
N(E) = { 26.8¢7230F, 0.3MeV < E < 1.0MeV (6.6)
8.0e~ 1108 1.0MeV < E < 8.0MeV
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Eq. (6.6) comes from Valentine [69] and is a fit to the U measurement of Maienschein
[55]. The reason for using the thermal fission of **U data is that these are more precise
than the #2Cf measurements. The resulting gamma energy spectrum is shown in Fig. 6.4

below
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Figure 6.4: Gamma energy spectrum in spontaneous fission of 2Cf obtained from Eq. (6.6)

which in turn is a parameterized fit to the measured spectra of thermal neutron induced
fision of #5U.

The #2Cf Monte Carlo event generator for Double Chooz is based on the above formulation.
This ensures that simulated events generated by the event generator have similar features

to the experimental data.
Neutron Efficiency with ?2Cf Data and MC

As described in Chapter 5, the selection of IBD candidates depends upon several cuts, each
of which remove some neutrino events along with the sources of background and noise.
Hence it is essential to know the selection efficiencies of each of those cuts to good precision.

This is achieved with the help of calibration source data and MC data in most cases.
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The total efficiency of detection of the delayed neutrons €,., in the inverse beta decay
reaction depends on the following fractions of (1) the fraction of neutrons captured on
gadolinium, €gq, (2) the fraction of neutrons captured within the neutrino selection time
window, ear, and (3) the fraction of neutrons captured within the delayed energy range
within, eap [9]

Eneut = €Gd * EAT ¥ EAR. (6.7)

The relative error between the efficiencies with data and MC is assigned as the uncertainty
in the central value of the given efficiency. We present here the comparison of the °2Cf data
and MC and a way to extract the neutron multiplicity from the MC and the same after
background subtraction in the case of data. The data selection cuts used in the 22Cf source
analysis are similar to those described in Chapter 5 for the IBD candidate selection, with

the following differences:

e Energy Cuts:

— Prompt Energy Cut: 0.7 MeV < Eompt < 30 MeV. The prompt energy spectrum

for the 22Cf fission extends far beyond the usual neutrino prompt spectrum.

— Delayed Energy Cut: 0.7 MeV < Egelayea < 30 MeV. To account for the mul-
tiple neutron captures in the same event window, the delayed capture window
is extended beyond the normal capture windows for hydrogen and gadolinium

captures.

e Prompt-Delayed Coincidence:

— Time between consecutive prompt and delayed triggers 1us < AT < 1ms . This
time window ensures that all the captures in gadolinum (mean capture time 30us)
and in hydrogen (mean capture time 200us) are included. The lower cut of 1us
is placed to exclude the recoil proton signal due to the slowing down of prompt

neutrons as well as to remove the delayed prompt gammas.
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e Light Noise Cut: These are the same as the ones used for the IBD candidate selection

in Chapter 5.

— rms(fgart) < 40ns.
— Qumax/Qtor < 0.09 (Prompt events).

— Qmax/Qror < 0.055 (Delayed events).

e Multiplictiy and Isolation Cuts:

— No additional triggers from 1.5ms preceding the prompt signal. This long isola-
tion before every prompt event ensures that there is no contamination of delayed
neutron captures into the prompt gamma spectrum. This is a special isolation

cut applied to the ?°2Cf data and it was not used for the IBD candidates.

e Cuts for Background Subtraction in Case of Data:

— Unlike in the case of the MC, the ?2Cf data includes background event which
must be subtracted before any comparison to the MC can be done. The back-
grounds present in the data can be of two kinds: (1) The usual backgrounds as in
the case of the neutrinos. This includes all the external backgrounds, accidentals
and the noises present during a normal data taking period. This background is
removed by normalizing a data from a normal neutrino data run to the livetime
of the ?*2Cf data run and subtracting from it. (2) The source-related background
which may include the presence of other fissioning isotopes not yet included in
the MC or the signal from the proton recoil of the prompt neutrons during the
process of slowing down. This background is subtracted by running the same
analysis for an offtime window of the same width but offset by 4ms from the

normal time window described above.
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In addition to determining the neutron detection effiiciency, the 2°2Cf source and MC data
is used to calculate the fraction of total IBD events that spill in or spill out as described in

Chapter 5.
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Figure 6.5: Comparison of prompt energy spectra for 2°2Cf fission, data (red) and MC (blue).
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Figure 6.6: Comparison of delayed energy spectra for 2°2Cf fission, data (red) and MC
(blue).
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The apparent lack of agreement between the 2°2Cf source data and MC is clearly visible
in Fig. 6.5. The data and MC agree much better for the delayed spectrum in Fig. 6.6
and the prompt-delayed AT plot in Fig. 6.7. This could be indicative of the fact that the
understanding of the gamma spectrum of #*2Cf spontaneous fission must be improved by
performing more precise measurements. However, it must be noted that due to very close
agreement in case of the delayed neutron capture energy and the prompt-delayed AT, a
loose cut of 0.7MeV [51] or a tight cut of 7TMeV [5] has little effect on the outcome of the

calculations for the neutron detection efficiency or the Gd fraction.

From Fig. 6.6 we see that the data compares fairly well to the MC as far as the presence of
background in the low energy region is concerned. The agreement at the two capture peaks,

especially at the Gd peak between [6,12] MeV is very good.
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Figure 6.7: Comparison of prompt-delayed time difference for gadolinium captures, with
data (red) and MC (blue).

From Figs. 6.7 and 6.8 we can see that there is a discrepancy between the neutron capture
times from the data and the MC, especially at AT < 10u s. This was investigated and

was concluded to be an imperfection in the modeling of neutron thermalization in the MC
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Prompt-Delayed Time Difference (All Captures)
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Figure 6.8: Comparison of prompt-delayed time difference for all hydrogen and gadolinium
captures, data (red) and MC (blue).

rather than any kind of inefficieny of trigger [61]. The agreement between data and MC for

the H-captures ([0, 700]us) is very useful for calculating the AT efficiency, (ear).

Using the cuts for selection and background subtraction described above, the background

subtracted prompt neutron multiplicity from the 22Cf source data were found to be

Nyre = 3.741 £ 0.0078

Npara = 3.735 £ 0.0082

. The numbers above give the number of neutrons emitted per fission of a 22Cf nucleus in
the source data and the MC. Figs. 6.9 and 6.10 show the neutron multiplicty distribution

in normalized and logarithmic scale respectively.
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Figure 6.9: Comparison of prompt neutron multiplicity for the 252Cf fission, data (red) and
MC (blue).
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MC (blue) in logarithmic scale.
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6.1.4 Neutron Detection Efficiency with Prompt Neutron Multi-
plicity

The efficiency for the detection of the neutron captures in the detector can be directly
determined by using the captures of the prompt neutrons coming from the calibration source
22Cf. Assuming an ideal source and detector and that the probability of detecting one
neutron is independent of the probability of detecting any other neutron, if n is the number

of neutrons emitted in a fission, then the number of them being detected is given by
Ndet = €n, (68)

where € denotes the single neutron detection efficiency. If the multiplicity of the prompt
neutrons for ?*2Cf follows a distribution G(n) then the mean number of neutrons detected

is given by [4]:

Naet = € > _nG(n). (6.9)
j=1
The accepted value for > nG(n) is 3.757 = 0.010 [38]. Therefore, in principle, calculating
j=1

the neutron detection efficiency using the neutron multiplicity should be straightforward.
However, there is a difficulty in doing so in practice. It has been shown by Nifenecker [5§],
that for individual fragments, both the prompt neutrons as well as the prompt gammas
show the same saw-tooth shape when plotted as a function of fragment mass [35]. From
these data a linear relation between the prompt gamma energy and neutron multiplicity

was derived which is given by Valentine [69] as

E,(n) = 0.75n + 4.0. (6.10)

However this has neither been experimentally verified nor been correctly modeled in the
simulations. In fact, Bluel et al. [16] reported observing a lack of correlation between the
two with uncertainties due to high background effects and potential bias introduced in the
event selection. In Fig. 6.11 we present the measured correlation between the gamma ray

energies and the neutron multiplicity in the Double Chooz detector.
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Figure 6.11: Prompt gamma energy vs neutron multiplicity for MC [left] and data [right].

The following plots, in Fig. 6.12 and Fig. 6.13, show the relation between the average value
of gamma energy vs neutron multiplicity and vice-versa for both data and MC. All the data

plots are drawn after background subtraction described earlier.
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Figure 6.12: Variation of average prompt gamma energy with neutron multiplicity for data
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Figure 6.13: Variation of mean neutron multiplicity with prompt gamma energy threshold
for data (red) and MC (blue).

No clear indication of such a correlation was obtained from the data and the MC. Such
a correlation would imply a bias in the neutron multiplicity induced by any possible cut
applied on the prompt gamma energy. The calculation of the neutron detection efficiency
using the neutron multiplicity is a direct and powerful cross-check of the value for the
neutron detection efficiency given in Eq. (6.8). However, such a direct comparison needs a
good understanding of the expected number of fission for a given cut on the gamma energy.
In other words a knowledge of the gamma-neutron correlation is extremely important for
such a calculation. Continued studies are needed to enable future experiments to measure
the neutron efficiency better using the detected neutron multiplicity, as well as improved

nuclear fission models.
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Chapter 7

Analysis of Reactor Off Data

Double Chooz was unique among the reactor neutrino experiments to have two significant
periods when both the reactors were turned off. This gave the experiment an excellent
opportunity to validate the previous analyses of various background candidates with the
reactor-on data [29]. There were two separate periods in which both reactors Bl and B2
of the Chooz nuclear reactor were turned off. The first reactor-off period had a runtime
of 0.93 days while the second period had a runtime of 6.6 days giving a total 7.53 days of
complete reactor-off time. An analysis of the data during this period was done by selecting
the candidates using the standard neutrino selection candidates as well as doing specialized
analayses for specific background sources, namely correlated backgrounds and °Li back-
grounds. The selection was primarily done using two broader sets of cuts: The first set,
“Standard” contained the minimal set of cuts applied for the neutrino candidate selection
as discussed in Chapter 5, while the second set, “°LiReduced + OV” contained additional
cuts to reduce the cosmogenic 5 — n background and the p/Fast-N candidates producing
the correlated backgrounds. All these cuts are described in detail in Chapter 5. The details

of the candidate selection with the two sets of cuts used are summarized below:

e Standard Cuts: (1) Prompt Energy Cut: 0.7 MeV < Ejompt < 12.2 MeV. (2) Delayed

Energy Cut: 6.0 MeV < Egelayea < 12 MeV. (3) Time between consecutive prompt and
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delayed triggers 2us < AT < 100us. (4) RMS(%start) < 40 1n8. (5) Qmax/Qtot < 0.09
(Prompt events). (6) Qmax/Qtot < 0.055 (Delayed events). (7) No additional triggers
from 100us preceding the prompt signal to 400us after it. (8) Muon Event: (a) Total
charge in Inner Veto > 10000 DUQ. (b) Energy in the Inner Detector > 30 MeV. (9)

1 ms veto applied after the last muon.

e Additional Cuts: (1) To reject those candidates which are correlated, in time, to a
showering muon (E, > 600 MeV), an additional veto of 0.5 s is applied after each
showering muon. (2) Also candidates whose prompt signal are coincident with an OV

trigger, initiated by a muon passing through the OV, are excluded.

Reactor Off-Off
Observable Period 1 ‘ Period 2 ‘ Total
Runtime (days) 0.93 6.6 7.53
Livetime (days) 0.804 6.022 6.84
Average
Muon Rate (Hz) | 45.99 + 0.025 | 46.498 4+ 0.009 -

Table 7.1: The runtime, livetime and muon rates for the two reactor off-off periods with
“9LiReduced + OV” cuts.

The values of the runtime, livetime and muon rates are listed in Table 7.1. For the “Standard”
cuts, the total livetime was found to be 0.85 days and 6.34 days for the first and second
reactor off-off periods respectively resulting in a total livetime of 7.19 days. The results of
the candidate selection for the reactor off-off periods are shown in the following histograms.
Fig. 7.1 and Fig. 7.2 show the distribution of prompt energy and the delayed energy plots
for the selected candidates both with the “Standard” cut as well as the “°LiReduced + OV”
cuts. Fig. 7.2 shows the delayed energy spectrum of the candidates superimposed on the
anti-neutrino Monte Carlo (MC) spectrum. The histograms have been drawn with markers

also showing the empty bins without data.
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Figure 7.1: Prompt energy spectrum for the off-off candidates.
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Figure 7.2: Delayed energy spectrum for the off-off candidates.
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Figure 7.3: Prompt energy vs delayed energy for the off-off candidates. The dashed lines
show the selection cuts applied.
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Figure 7.4: Time delay between the prompt and delayed candidates for the off-off candidates.

In Fig. 7.4, due to presence of a data point which is far off from the MC, a y*-test was
performed to compare the data and the MC results. The test resulted in a x?/NDF of
21.83/48 with a probability of 0.999583.
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Figure 7.5: Distance between the prompt and delayed candidates for the off-off candidates.
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Figure 7.6: Z — p? vertices of the prompt candidates for the off-off candidates. The dotted
line squares show the Target and Gamma Catcher volumes respectively.
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Delayed Vertex Z p? position

Figure 7.7: Z — p? vertices of the delayed candidates.
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Figure 7.8: x-y vertices of the prompt candidates. The dotted line cirlces show the Target
and Gamma Catcher volumes respectively.

From Figs. 7.6 - 7.9, it is easy to see the cluster of events with high z-value and low radial

distance which are candidates for stopping muons sneaking through the target chimney.
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Figure 7.9: x-y vertices of the delayed candidates for the off-off candidates.
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Figure 7.10: Ty ..t RMS for the prompt candidates for the off-off candidates.

Another y2-test of histogram comparison was performed for Fig. 7.10 and Fig. 7.11 because
of the apparent lack of data points below 14ns. The test yielded a x?/NDF of 12.74/27 with
a probability of 0.991 and 25.79/22 with a probability of 0.26 for the two figures respectively.
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It must be noted that the cut on the RMS of the arrival time of the pulses at the PMT
used is RMS(Tyiars) < 40ns. The efficiency of this cut is 100% and no other use of this cut
is made.
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Figure 7.11: Ty RMS for the delayed candidates for the off-off candidates.
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Figure 7.12: Qnaz/Q1or Tatio for the prompt candidates for the off-off candidates.
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Figure 7.13: Qunaz/ Q1o ratio for the delayed candidates for the off-off candidates.

7.1 Background Estimation

The “Standard” cuts resulted in 21 candidate events while the “’LiReduced + OV” cuts
yielded 8 candidates during the same period. At the same time, it is very possible for an
actual neutrino event to be present in these candidate events due to the delayed activity of
the long-lived isotopes in the reactor fuel. A dedicated simulation of the residual neutrino
spectrum was done with FISPACT [34], an evolution code predicting the isotope inventory
in the reactor cores. The neutrino spectrum is then computed using the BESTIOLE [25]
database. The resulting total number of neutrino interactions during the reactor-off period
after veto and efficiency correction is 2.49 £+ 0.60 (1.42 + 0.57) for the two selection cuts

respectively.

After subtracting the expected number of neutrinos during this period, the measured total
background is given by 2.7+ 0.60/day (1.0 £ 0.4/day) [27]. These measurements are consis-
tent within uncertainties with background estimates of 3.4 + 0.6/day (2.0 + 0.6/day) made

with the reactor-on data [29].
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Figure 7.14: Anti-neutrino (7.) candidates in reactor-off data selected with “Standard”
cuts [27].
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Figure 7.15: Anti-neutrino (7,.) candidates in reactor-off data selected with“’LiReduced +
OV” cuts [27].
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7.2 Scaling Relations for Cosmogenic Products

The text in this section is closely based on the text written by me for the internal Double
Chooz technical note [13]. The rates of the IBD candidates coming from the sources like the
correlated backgrounds (excluding the stopping scaling relations numbersmuon (x’s)) and
B-n backgrounds can be scaled to other experimental sites such as Daya Bay, RENO and
the future Double Chooz Near detctor. The scaling rules for a cosmogenic product between
any two experiments can be derived using simple relations. Let us define a few symbols used
in the derivation of these single relations. We define a cosmogenic isotope “b”, the various
observables related to “b” will be measured in units of length [I], mass [m] and time [t]. The

various symbols for these observables are shown in the Table 7.2 below.

Symbol Description Dimension
N, Count of b [b]
N, Number of b per u (0.1
ny Number density of b per volume [0.073]
Ao Number linear density of b [b.171]
A, Number linear density of b (0.1
Y, Specific(mass) yield of b per p (0.7 2om ™1
ax_sy Cross section for process X— > Y (12 Y. X1
my Molar mass of substance b [m.mole™]
My Total mass of object X [m]
Px Density of X [m.[73]
Ry Total productin rate of b [b.t71]
T Specific(mass) production rate of b [b.m™1.t71]
Ny Avogadro’s number [mole™!]

Table 7.2: The list of symbols and their dimension, used in the derivation of the scaling
relations.
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General Relations

We now derive the general relations. The carbon number density in a liquid scintillator (LS)

with N¢, o carbon atoms per LS molecule is

_ NaNegygpLs
mLs

Ne
. The linear number density of b produced per p in LS is
Ab, = MO (C4p—>b+anything) -
The number of b produced per p in the LS over an average muon track length (L,,) is
Ny, = Ny, (L)

The specific yield of b per u in LS of density prg is

Y, = /\bu _ Nbu _ NANCLS

" prs pus(Ly) mrs

O-(C+u—>b+anything)‘ (71)
Total rate, from specific rate and total mass M is given by
R=rM

. Also, the number b per p from total numbers or total rates is

N, R,

Ny,
N, R,
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Scaling Relations

The cross-section scales with average muon energy E as:
o x (E)®
So the scaling relation between two experiments expt.1 and expt.2 can be derived as follows:

The specific yield can be written from Eq. (7.1) as :

}/b“[expt.l] _ Olexpt.1] NCLS[expt.l] (mLS[expt.l] ) -
M L.S[expt.2]

YL# [expt.2] O expt.2] NCLS [expt.2]

_ ( <E>[expt.1] ) “ NCLS[expt.l] (mLS[expt.l} > -

<E> [expt.2] NCLs[expt.Q] M LS[expt.2]

The number of b per u scales as:

Nbu[expt.l] . }/bu[expt.l] PLS[expt.1] <LN>[expt.l]

Nb#[expt.Q] B Y;)H[expt.2] PLS[expt.2] <LN>[expt.2]

( <E> [expt.1] ) “ NCLS[expt.l} PLSJexpt.1] <LN> [expt.1] (mLS[expt.I] ) -
<E> [expt.2] NC’LS[expt.Q} PLSexpt.2] <Lu> [expt.2] ML Slexpt.2]

The rates of production can be derived from the above general relations between various

quantities. The total rate of production of the quantity b is R, = N, R,

and the specific rate is

_ Ry Ny Ry

M M

. Applying the above prescription, the scaling law for r, becomes

Tlexpt.d] (<E> [expt.l])a Ney sfexpt] PLS[expt1] Rufexpt1] L) jexpt) <mLS[expt.1] Miexpr.1) ) !
(B fexpr.a] ML Sfexpt.2] Miexpt.2]

. It can be shown from the definition of the average length (L,) that the product R,(L,)

Ty

T'lexpt.2] NC’LS[expt.Q] PLS[expt.2] Ru[expt.Q} <LH>[expt.2}

is equal to the average muon flux (muons per unit time per unit area) times the volume of

the active area.
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Therefore ¢ = pR,(L,)/M is simply the average muon flux. So we can write

T'lexpt.1] _ (<E> [expt.l})a NCLS[expt.l] <mLS[eXpt.l] ) ! ¢[expt.1]
<E> [expt.2] ¢[expt.2]

(7.2)

Tlexpt.2] NC’LS [expt.2] \TTVLS[expt.2]

Corrections due to Scintillator Compositions

In this section we discuss in detail the effect of the factors related to the scintilator com-

position for the different experiments. Table 7.3 shows the scintillator compositions for the

experiments.
Double Chooz KamLAND Daya Bay RENO
Dodecane(80%) Dodecane(80%) LAB LAB

[(CH3(CHs)10CH;s)  [CH3(CHs)10CH;s|l  [CeHsCnHonya] [CoHsCnHaonal
O-PXE(20%) Pseudocumene(20%)
[Ch6Hs] [CoHis]

Table 7.3: Chemical compositions of the various scintillators. The scintillators for Daya Bay
and RENO have been assumed to be pure LAB based with N=12.

The total number of scintillator molecules X in a unit volume is

prsNa
mrs

NLSX -

. The carbon number (C) per volume of the scintillator X with N¢,, carbon atoms per

molecule is

pLSNA]
e = N,
|: Mrs Crs
and the corresponding hydrogen number (H) with Ny, hydrogen atoms per LS molecule
is given by
prsNa
= N
h |: Mg :| Hps
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The values of the various quantities specific to the experiments under discussion are listed

in Table 7.4.

Density Ne np volume
Detector (g/cc)  Ne,s Np,e (10%Cm™) (10%Hm™)  mpg (m?)
RENO 0.86 18 30 3.78 6.31 246.43 16
Double Chooz 0.80 12.84 24.32 3.46 6.55 178.33 10.3
Daya Bay 086 18 30 3.78 6.30 24643 20
KamLAND 0.78 11.22 2234 3.35 6.60 160.31 1171

Table 7.4: Scintillator composition for the various experiments.

Based on the numbers from Table 7.4, the factors due to the scintillator compositions are

listed in Table 7.5:

Nep glexpt.X] ML S[expt. X] -1 Nep glexpt.X] M $[expt. X] -1
e () () (o) ()
Cr,51DC] Mrs[DC] Cr,5[DC] MrsDC]
RENO 1.402 0.723 1.015
Double Chooz 1.0 1.0 1.0
Daya Bay 1.402 0.723 1.015
KamLAND 0.866 1.112 0.968

Table 7.5: Factors due to the scintillator composition for the various experiments, relation
to that of Double Chooz.

From Table 7.5 we see that the combined factors due to the number of carbon atoms per
LS molecule and the molecular mass of the LS molecules are within 3.2% of unity for the

experiments we compare. Neglecting these small correction factors we are left with the

<E>[expt.1] > “ <¢[expt.1] >
r expt. g r expt.2|y 73
expt-t < <E> [expt.2] ¢[expt.2] [expt-2] ( )

E ex’ “ ex’ . MBX .
(< )l pm]) <¢[ pt 11) ( fexpt 1}>R[expt'2}_ (7.4)
<E > [expt.2] ¢[expt.2] M, [expt.2]

114

scaling relations

12

R[expt.l}



7.2.1 Scaling Results

The muon flux at the Double Chooz far detector site was estimated by dividing the measured
muon rate with detector area and detector volume. The results of the two methods are
consistent and are in agreement with the simulation using MUSIC/MUSUN code. The
average of the two methods was taken as the value for the muon flux for the DC far site.
The mean muon energy at the DC far site was calculated with MUSIC/MUSUN. The scaling
of the muon flux to other experimental sites was done according to two different empirical
methods, [64] and [18], both of which assume a flat overburden. The shape of the overburden
was assumed to have minimal effect on the variation of the muon rate with depth. The mean
muon energies as various depths were calculated using MUSIC/MUSUN simulation code [66].
An overall systematic error of 6.1% on the mean muon energies also takes into account the
numerical approximations introduced in the simulation and the uncertainty on the primary

muon flux.
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Figure 7.16: Scaling of DC fast-n background rates. Empty (full) markers indicate quoted
results using a selection without (with) an external muon veto; lines and shaded bands
represent our scaling of the DC measurements with their uncertainty. Values were scaled
by the number of H atoms and normalized to muon flux at DC far site [13].
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Figure 7.17: Scaling of DC -n decay rates. Results were scaled by number of carbon atoms
and normalized to muon flux at DC far site. Solid lines and shaded regions correspond to
rate and scaling uncertainties in reactor-off analysis: “Standard” (red solid line) and open
data points show the total S-n rate, while “’LiReduced + OV” (blue solid line) and filled
data points correspond to analyses with an extended veto following showering muons [13].

The value of the exponent o was chosen conservatively to be o = 0.84 4+ 0.22, ranging from
the lower bound of [21] to the result of [26]. The results of the scaling of the DC Fast-N

background rates and the $-n rates according to Eq. (7.2) are shown in Figs. 7.16 and 7.17.
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Chapter 8

Neutron Background Production and
Detection Rates in Double Chooz

The correlated background is one of the most important backgrounds in an underground
neutrino experiment especially one like Double Chooz which is at a relatively shallow depth
with large cosmogenic backgrounds. For these backgrounds, both the prompt and delayed
events, similar to the inverse beta decay (IBD) events, come from a single original process eg,
a muon spallation, hence the name “correlated background”. The neutrons or neutron-like
backgrounds is one of the major sources of correlated backgrounds. Neutrons are produced
through spallation processes by cosmic muons, either in the nearby rock surrounding the
detector or by ones that just clip the inner veto (IV) region of the detector so that they avoid
being tagged by the IV. These neutrons are often very energetic with initial kinetic energies
reaching up to 1 GeV. Due to their high kinetic energies, these neutrons are referred to as
“Fast Neutrons”. These neutrons have large interaction lengths and readily travel through
the intervening matter to reach the active volume of the detector. Fast neutrons are often
produced in high multiplicities and may reach the detector in bunches of primary neutrons

from the parent muon activity or secondary neutrons from the primary.

In a case when a fast neutron penetrates into the target volume of the detector, the pair of

prompt and the delayed events happen to have a time delay between them that is comparable
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to that of the true neutrino events. Therefore, in such a case we have a candidate event
for the correlated background which could easily mimick a neutrino event in the detector.
The actual processes that create the prompt-delayed pair of events in case of the correlated
backgrounds in Double Chooz will be described in due course in this chapter. Methods to
estimate the production rate of these neutrons inside and in the surroundings of the Double

Chooz detector are presented in the following sections.

8.1 Neutron Interaction with Matter

Being a neutral particle, the neutrons undergo extremely weak electromagnetic interactions.
Hence the neutrons pass through matter mostly unimpeded before undergoing strong inter-
action with the atomic nuclei. The interaction of high energy neutrons with matter can be

devided into three categories: (1) Diffraction, (2) Scattering and (3) Absorption.

e Diffraction: Neutrons are perfect probes specially for condensed matter. They are not

sensitive to charge distributions but are sensitive to magnetic fields due to their spin.

e Scattering: The scattering of energetic neutrons in matter can further be divided into

(a) Elastic and (b) Inelastic scattering.

During elastic scattering, a fraction of the kinetic energy of the neutron is transferred to
the nucleus. The nucleus then ionizes the material surrounding the point of interaction.
This is known as “proton recoil” and is most efficient when the target nuclei are of
comparable mass to the neutrons. Hence this occurs preferentially on 'H and ?H. For
a neutron of energy E, the average energy lost in an elastic collision with a nucleus of
atomic weight A is

(8.1)

AF = [M]E

(A+1)2
Here ¢ is the angle between the final neutron velocity in the center of mass and

the laboratory frames of reference. On average, in case of collision with hydrogen
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nuclei with A = 1, the number of collisions required for a 2 MeV neutron to become
thermal (0.025¢V) is &~ 18. On the other hand, in case of an inelastic collision, the
total kinetic energy of the outgoing neutron and the nucleus is less than the incoming
neutron as a part of the energy is used to excite the nucleus. The nucleus, as a result,
undergoes internal rearrangement into an excited state from which it comes to the
ground state with the emission of gamma radiation. This inelastic neutron scattering
is more probable for heavier nuclei and there is a threshold for the incident neutron
energy for a given nucleus. The threshold energy is infinity for hydrogen (which means
inelastic scattering of neutrons can not occur on hydrogen), 6 MeV for oxygen and less

than 1 MeV for uranium.

e Absorption: At thermal energy ranges, the probability of absorption of a neutron in
a material is inversely proportional to its velocity. Neutron captures on 'H depend
upon their velocities of thermal neutron while that on gadolinum is independant of it

which will be explained in the later section.

8.1.1 Cross Sections

The probability of an interaction between a neutron and a target nucleus is called the
“microscopic cross section (o)” for the given nucleus for the particular interaction. This
probability varies with the nucleus involved in the interaction as well as the energy of the
neutron. The probability of a neutron interacting with a given volume of a material depends
on the microscopic cross section as well as on the number of nuclei within the volume. The
“macroscopic cross section (X)” can be defined as the probability of a given interaction
ocurring per unit distance travelled by the neutron. The relation between the two kinds of
cross sections is [60]

¥ = No. (8.2)

where N is the number density of atoms in the material.

119



The macroscopic cross section for the interaction of a neutron in a material determines the
probability of one neutron performing a specific interaction per unit length travelled in the
material. Therefore the inverse of it should, on an average, give the distance that a neutron
would travel before undergoing an interaction. This distance travelled by a neutron between
any two successive interactions is called the “mean free path (A\)” for that interaction. The

mean free path is related to the macroscopic cross section as

1
\ = Sk (8.3)

The total number of interactions can be determined by using the flux of the neutrons incident
on the material. The flux of the neutrons (®) indicates how many neutrons are travelling
through the medium and what distance they cover in unit time. It can be defined as the

total pathlength covered by the neutrons in unit volume in unit time and is
¢ = nov. (8.4)

Here, n is the neutron number density and v is the neutron velocity.

8.1.2 Rate of Neutron Interaction in a Material

From the definitions, the flux of the neutrons gives the total pathlength of all the neutrons
in unit volume in unit time while the macroscopic cross section gives the probability of
neutron interaction per unit pathlength. Hence the product of these two quantities would
give the number of neutron interactions taking place in unit volume in unit time. This is
known as the interaction rate

R = &Y. (8.5)

Using Eq. (8.2) we have
R = ®No. (8.6)

A neutron interacts either through scattering, diffraction or absorption. The probability

of a neutron being scattered or absorbed by an atom of the material is determined by
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the microscopic cross section. For light nuclei, the absorption cross section for neutrons is
proportional to the inverse of its velocity. For medium to heavy nuclei, the region of the
1/v dependence is accompanied by sharp peaks, called the resonances, when the energy of
the neutron plus the binding energy of the nucleus is equal to one of the discrete quantum

energy levels in the nucleus.
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Figure 8.1: Schematic of the various cases for production of correlated background and the
tagging schemes.

For most elements, the inelastic scattering, which is small for light elements, shows the same
1/v trend of the absorption process, for energies upto 1 MeV, while the elastic scattering
cross section is nearly constant. Both elastic and inelastic scattering cross sections show
resonance behavior. The total cross section can be either constant or decrease as 1/v
depending upon which process dominates. In general the variations in the scattering cross
sections are small compared to that in the absorption cross sections. For 'H, the scattering
is predominantly elastic in nature and is a constant at low energies upto 1 MeV. With a
good approximation, the elastic scattering cross section can be considered as constant for

light elements. This is shown in Fig. 8.1.
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8.2 Analysis with Data-Overview

The technique to estimate the daily rate and the spectral shape of the neutron background
for the Double Chooz experiment involves identifying the parent muons which clip one of
the detector systems before producing the fast neutrons that get inside the active volume
of the detector. These events involve a muon triggering a “tag” in at least one of the
two veto systems in the same event qualified as a anti-neutrino prompt event in the inner
detector. The underlying physics arguments behind this tagging logic and the two tagging
systems will be described in the following sections. There are two detector components
dedicated to tagging the incoming muons which could be a potential source of a neutron-
induced correlated background in the detector: (1) Outer Veto (OV) and (2) Inner Veto
(IV) described in Chapter 2. We will now explain what a “tag” means for each of these two

tagging systems.

8.2.1 Outer Veto Tagging

The Outer Veto (OV) system consists of two separate panels above the detector. Each of
them consists of plastic scintillator strips placed above each other in XY direction. All the
analysis results that are going to be presented in this chapter were determined from data
taken using only the lower panel of the OV. The OV can identify the muons that pass
through the OV and the inner detector and such events are rejected using the OV anti-
coincidence condition as discussed in Section 5.2. Most of these events are tagged by the
IV as well and are readily rejected. There are cases when the IV fails to identify any muon
in such a event because of the fact that the muon could be either missing or just clipping
the IV and does not deposit enough energy in the IV to create an “IV Tag”. In such cases
the OV provides a great handle to study those events as the IV has relatively low efficiency
for identifying those events. An “OV Tagged” event consists of a “antineutrino-like” event

in the inner detector within 224 ns of a muon event in the OV. The fact that these events
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have a “coincident” muon tagged by the OV, means it is highly likely that it is caused by the
activity of the parent muon around the detector. These events will be studied to estimate

their spectral shape and rate.

8.2.2 Inner Veto Tagging

For relatively shallow detectors, as in the Double Chooz experiment, background rejection
with the help of the Inner Veto (IV) is very important. The IV is filled with liquid scintillator
equipped with 78 8 inch diameter photomultiplier tubes to detect any charge deposited by
an ionizing particle like a muon passing through it. For a minimum ionizing particles like
muons, the energy deposited per unit track length is 2 MeV /cm. A rough calibration of the
IV gives about 2000 DUQ/MeV of energy deposited, where DUQ (Digital Unit of Charge) is
an arbitrary unit of deposited charge. The antineutrino events selected in the inner detector
have a deposited charge < 10000 DUQ in the IV. Any event with deposited charge > 10000
DUQ in the IV is said to be “tagged” by the IV. The physics argument behind using the “IV
Tag” as an identification of a neutron event is that we can get the spectrum of the neutron
background from the muons missing or clipping the IV without producing an “IV Tag” by

studying the neutrons that are produced by muons producing an “IV Tag”.

The details of the tagging techniques adopted during the dedicated neutron analysis dur-
ing the first and the second publication stages for the experiments are summarised in the

following Table 8.1.

IBD Selection Condition Reference Background Tag
Publication \ oV \ IV | OV \ 1AY \ Tag Name
15 NA| 0 |NA| 1 |IV Tag (No OV Data available)
0 0 0 1 IV Only
2nd 0 0 1 0 OV Only
0 0 1 1 IV,0OV Both

Table 8.1: Available muon taggaing schemes in Double Chooz.
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8.2.3 Doule Chooz Second Publication Data Set

The data set used for the second publication for Double Chooz came added with an extremely
powerful tool to tag the muons that could potentially produce the neutrons around the
detector. The OV eventually proved to be equally effective in tagging the muons that get
into the chimney region for which the IV efficiency is very low. In the following sections
we will demonstrate and utilize this power of the OV with a simple but effective technique
to estimate the neutron as well as stopped muon backgrounds for Double Chooz. The
availability of the OV data for almost two-third of the data for the second publication for

Double Chooz made possible the use of all the possibilities described in Table 8.1.

8.2.4 OV Only Tagging Analysis

OV Tag
Outef Veto
chimney
@._C'—_{/ Stopped p-
decay

n \
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Figure 8.2: Schematic of the various cases for production of correlated background and the
tagging schemes.

The most important physics scenario in which we need to determine the neutron background

124



for Double Chooz, when there is a “tag” only in the OV in the same event as an IBD-like
prompt event inside the inner detector, is that a muon goes through the OV and close to
the detector either missing the IV or clipping it so that there is no “tag” in the IV. The
OV scintillator modules cover a rectangular aea of 14.1m x 7.2m on top of the detector.
The mechanical constraints due to the walls of the cavity prevent wider coverage along one
side but it has a fairly large coverage on the other. Because of this the OV can provide
the identification of the muons which either just miss the IV or just clip it so that the IV
efficiency for these muons is small. The following Fig. 8.5 shows the events that have an

“OV Tag” but are missed by the IV i.e, these events are “IV-Untagged”.

8.2.5 Observations and Determination of Cuts

The fast neutrons produced by muon spallation come screaming into the detector producing
an IBD-like event due to intial proton recoil and the subsequent capture in gadolinium.
Different physics is responsible for another bckgound signal when a muon, after creating a
signal in the OV sneaks into the inner detector through the chimney, producing very little
light because of the very small amount of scintillator in the chimney. In this “stopped muon”
case, the muon then stops in or around the chimney and decayes with a mean lifetime of
2.2us giving out a “Michel electron”. The ionization energy from the intial muon appears
as the prompt energy while that from the “Michel electron” gives the delayed energy, thus

mimicking a typical IBD event.
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Before deciding on the selection cuts to chose the neutron and stopped muon contributions

to the correlated background, let us look at the muon hit positions on the outer veto shown

in Fig. 8.3 below.
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Figure 8.3: OV muon hit positions.

It is easy to see from Fig. 8.3 that there is a pattern in the hit muon positions on the
OV. The muons contributing in the “stopped muon” part of the correlated background hit
the OV close to the chimney region while the muons that either miss the detector or clip
the IV, hit the OV further away from the central chimney region. Fig. 8.3 also highlights
the efficiencies of the OV in selecting the two kinds of events. While the efficiency for the
stopped muons is very high, the OV also selects a fair number of fast neutron candidates.
The ratio of the stopped muon events and the neutron candidate events as selected by the
OV is 77% : 23%. Still the number of neutron candidates are large enough for us to perform
a study on their prompt energy spectral shape based upon their hit positions on the OV

which will be dicussed in detail in thsi section.
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From Fig. 8.4, which is a plot between the muon hit position on the OV against the charge
deposited in the IV for events which have an IBD-like signal in the inner detector, we see
that a large portion of the candidates for potential correlated background sources have a
IV charge deposit < 10,000 DUQ which means these are tagged by the IV and could be
selected as IBD candidates if it were not for the OV. Hence we can choose a large pool of

such candidates selected by the OV but are under the IV-tag threshold.
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Figure 8.4: OV muon hit positions vs IV Charge.

Another factor affecting the selection of the neutron and stopped muon events is the AT
between the prompt and delayed events for each type. The fast neutron candidates, with
their capture on gadolinum, should show the typical time delay of 30us between their prompt
and delayed events just as in the case of the IBD events. On the other hand the stopped

muon events should have a AT showing the muon decayed at rest with a mean lifetime
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of 2.2us.
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Figure 8.5: AT for ovtagged events.

From Fig. 8.5 we see that each of the neutron and the stopped muon contributions to the
correlated background have distinct time signature between their prompt-delayed events.
Here the the histogram is again fit with two exponentials with time constants 2.2us for the
stop muons and 28.74us for the neutrons. The AT of 28.74us is obtained from the time
difference between the prompt and delayed events in the selected IBD events. As mentioned
above, the ratio of fast neutrons and stopped muons in OV-selected events is 77% : 23%.

This shows that the OV is predominantly efficient in selecting the stopped muons.

Based on the above figures, a correlation between the muon hit positions on the OV and
the AT of these events can be established and is shown in Fig. 8.6 which clearly shows the
clustering of the stopped muon events separating them from the neutron events. The dotted
lines in the figure show the selection cuts applied to separate the two samples by using both

the variants.
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Figure 8.6: Correlation between muon hit position and AT for OV-tagged events. Ampli-
tudes of the two exponential fits are also shown in the histogram.

(0)Y%
Prompt Energy | Delayed Energy AT OV | TV | w hit position
(MeV) (MeV) (us) Tag | Tag (m.)
Fast
Neutrons [12.2, 30] 6, 12] [10,100] | 1 0 Pov > 2
Stop
Muons [12.2,30] 6, 12] (0.5, 10] 1 0 Pov < 2

Table 8.2: Selection conditions for fast neutron and stop muon candidates

In addition to the cuts mentioned in Table 8.2 all the data were subjected to the so called
“9Li-reduced cut” in which an additional veto of 0.5 s is applied after each showering muon

of energy F,, > 600MeV, to reject those candidates which are correlated to these muons.

The neutron as well as stopped muon background is estimated using the extended prompt
energy range [12.2,30] MeV and the final spectrum is normalized to the “untagged” spectrum
in the same range with the part of it between [0.7,12.2] MeV giving the desired spectral and

rate information inside the IBD region.
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Stopped Muon Candidates

The vertex positions of the stop muon candidates selected according to the above mentioned
cuts are shown in Fig. 8.7 below. As predicted earlier, the events are mostly concentrated
in a narrow region around the target chimney. It is important here to notice that the use
of OV as a tag of these stopping muons, makes the use of any fiducial volume cut to select

them, redundant.

Prompt Vertex Z p? position(Stop p)

Z(m)

—50

10

p2(m?)

Figure 8.7: Vertex distribution of the stopped muon candidates in the detector.

Another feature of the stopped muon events should be that the AT between the prompt
and delayed events should show the muon decay at rest with a mean lifetime of 2.2 us. This
is clearly seen in Fig. 8.8 where the AT distribution is fitted with an exponential, whose

exponent —2.188 us, is very close to the mean muon life time.
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Figure 8.8: AT of the stop muon candidates in the detector.

In addition to their distinct vertex distribution, which is concentrated in a small region
around the target chimney, and the AT distribution which agrees very well with model of
the decay of a muon at rest with a mean half-life of 2.2us, there are further physics reasons

that confirm that the selected events are the chimney stopped muons.

While the neutron events must have a distinct signature of 8 MeV peak due to their delayed
capture in gadolinum, in the case of the stopped muons, the ionisation energies due to the
Michel electrons do not have such a characteristic peak. They have a very distinct energy
spectrum with an end point at 52.8 MeV, which is equal to half the muon rest mass. This
analysis considers the energy of these electrons only in the range [6,12] MeV, just as in the
case of the IBD events. Fig. 8.9 shows the delayed energy for these events further strengthen

the above argument.
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Figure 8.9: Delayed energy for the stopped muon candidates along with the parameters of
the exponential fit with the fit parameters.

8.2.6 Fast Neutron Candidates

In this section, we will show the results of the neutron candidate selection according to the
selection cuts described in Table 8.2. The vertex positions of the neutron candidates are
expected to be rather uniformly distributed throughout the target volume due to the fact

that the neutrons should be produced isotropically in the rock surrounding the detector.

This shows that in case of a muon just missing or clipping the detector, these neutrons
come in mostly from the sides of the detector. This feature is quite clearly established in

Fig. 8.10.

The AT between the prompt and delayed events for the neutrons should show the same
characteristic neutron capture time as in the case of the IBD events. This is clearly seen in
Fig. 8.11. where the AT distribution is fitted to an exponential and results in an exponent

of 30.23us which is close to the AT = 28.74us for the IBD events.

As expected, the delayed events show a peak at 8 MeV, characteristic of neutron captures

on gadolinium, as shown in above Fig. 8.12. This figure makes it clear that the cuts applied
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Figure 8.10: Vertex distribution of the fast neutron candidates in the detector.
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Figure 8.11: AT of the fast neutron candidates in the detector.

133



x2/ ndf 10.02/18
Prob 0.9313

16

14

12

10

O‘O
()

12
MeV

Figure 8.12: Delayed energy spectrum of the fast neutrons in [12.2,30] MeV.

have been neccessary and sufficient to descriminate between the muon and neutron part of
the correlated background. Furthermore, there is little to no hint of any cross contamination
among the two categories of candidates and each of them appear to have been selected with
high enough purity. This will be verified in the following section where we will caluclate the

cut efficiencies and purities of selection.

8.2.7 Efficiency and Purity of Selections

In this section we will describe the method used to identify the neutron and stopped muon
candidates. Loosening a cut increases its efficiency at the cost of the purity of the sample
selected and vice-versa. The efficiency of a cut is obtained by calculating the number of
canidates passing the cut and the candidates selected through all other cuts. On the other
hand, the purity of a cut is obtained by calculating the ratio of the sample selected through

the cut over the total sample space within the cut.

In terms of hypothesis testing, if P denotes the probability, the efficiency of a selection can
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be defined as the fraction of the selected events that are true events,

P(selected && true)
P(true)

efficiency =

On the other hand the purity of the selected sample can be defined as the fraction of the

true events in the total selected events,

P(selected &&  true)
P(selected)

purity =

The plots used to compute the efficiencies of each of the cuts are shown in Fig. 8.13 - 8.16
below. The efficiency for a given cut is simply the ratio of entries in the selected and true

events histogram (shaded) over the entries in the true events (colored) histogram.

14

Entries
Entries
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Figure 8.13: ear for fast neutrons. Figure 8.14: ear for stopped muons.

The purities are not used to directly evaluate the number of candidate events. The plots
used to calculating the purity of each selection are shown in Fig. 8.17 - 8.20 below. The
purity for a given cut is computed as the ratio of the entries in the selected and true events

(shaded) histogram over that in the selected events (colored) histogram.
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Figure 8.19: Purity,,, for fast neutrons
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From the above figures, we see that both the neutron and stopped muon populations causing
the correlated background are separated and selected with optimum efficiency and purity.
The computed values of the efficiencies and purities for each of the cuts are lised in the

following Table 8.3

Backeround species Efficiency of cut . Purity of cut.
€pou \ EAT Purity,,, \ Purityar
Fast
Neutrons 0.884+0.18 | 0.51 £0.094 | 0.67 £ 0.07 | 0.89 £ 0.095
Stop
Muons 0.81£0.08 | 0.97+0.10 | 0.97 +0.07 | 0.84 £0.06

Table 8.3: Efficiency and purity numbers of the selection of the fast neutron and stop muon
candidates

The cut systematic uncertainties were added in quadrature and then added to the cut

statistical error in a similar fashion to determine the final listed errors.

8.2.8 Prompt Energy Spectra Normalization

In order to estimate the spectrum of each background species as well as their daily rates
within the IBD selection energies we normalize the “OV-tagged” spectra for the neutrons
and the stopped muons to the “OV-untagged” spectra in the [12.2, 30]MeV region according
to their respective ratio in that data. The tail of this normalized data, inside the neu-
trino selection energies, gives the spectral shape as well as the rates for these background

candidates.

The prompt energy spectra for stopped muons and fast neutrons were corrected for the
efficiencies of the selection cuts and the two spectra were added together in their proper
ratio to give the total correlated background estimate. In order to achieve the proper ratio
of each kind, the total AT distribution for the “OV-untagged” events in [12.2,30]MeV was
fitted with a double exponential, see Fig. 8.21. On this log-linear plot the slopes of the two

fitting functios were fixed to 2.2us in the range [2, 10]us for the stopped muons and 28.74us
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in the range [10, 100]us for the neutrons.

The two prompt spectra were then scaled to get the correct ratio of neutrons and stopped
muons. The number of each type of candidate in these data was computed from the integrals
of the two fit functions over the respective fit ranges. After computing the scale factors for
the neutrons and the stopped muons, each was scaled to get them in the same ratio as the

“OV-untagged” events in [12.2, 30]MeV.
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Figure 8.21: AT for the events in the range [12.2,30] MeV that were un-tagged by the OV
or IV.

The choice of the slopes for the exponentials used to fit the AT plot were taken as the stan-
dard 2.2us mean muon lifetime in case of the stopped muons and 28.74us for the neutrons,

as obtained from the mean capture of the neutrons from the IBD events.
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togram shown.

The following Table 8.4 lists the ratios of the two background species, their individual scale

factors by normalizing the extended IBD spectrum over the same range [12.2,30] MeV and

-:::

Normalization Region =

|

30
MeV

Prompt energy spectra for total events(Red) and the events after OV
veto(Green). Normalization is performed over the [12.2,30] MeV range of the green his-

the total number of each of them in the IBD energy region of [0.7,12.2] MeV.

Un-tagged OV-tagged
events in Fraction of scale candidates in
[12.2,30] MeV candidates factors [0.7,12.2] MeV
Fast-N | Stop-p | Fast-N | Stop-p | Fast-N | Stop-p
| 235 | 0.67% | 0.33% | 3.53 | 042 | 86.14 | 45.88 |

Table 8.4: Ratios and scale factors for the fast neutron and stopped muon candidates.
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8.2.9 Stopped Muon Spectral Shape

Since the stopped muon prompt energy spectrum falls a.t both lower and higher energies, it
was fit with a 3-parameter Landau function, see Fig. 8.23. The fit spectrum clearly shows

a gradual fall towards the lower energies inside the IBD energy range of [0.7, 12] MeV.

X2 7 ndf 11.25/7
a 78.94 + 9.91
b 16.67 + 4.31
c 10.84 % 4.50

Events/3MeV

5 10 15 20 25 30
Prompt Energy [MeV]

Figure 8.23: Stopped muon prompt energy spectrum, data at a Landau function fit.

Another attempt to model the spectral shape for the stopped muons was made by fitting
it to a linear model as shown in Fig. 8.24. Both models show a slight fall in the spectrum
toward low energies. The fit models are drawn along with a 68.3% CL or 1o uncertainty
region around the best spectrum fit. The “IV-untagged” condition of “IV Charge < 10,000
DUQ” identifies the stopped muon vertices high up and close to the chimney region of the
inner detector. This constraints low energy depositions from getting into the target region.
This might be one reason behind the negative slope of the stopped muon spectrum at low

energies.
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Figure 8.24: Stopped muon prompt energy spectrum, data at straight line fit.

8.2.10 Fast Neutron Spectral Shape
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Figure 8.25: Fast neutron prompt energy spectrum, data at straight line fit.
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8.2.11 Rate of Events

The rate of the neutron and stopped muon events are computed over a total livetime of
227.9294 days. The following Table 8.5 summarises each of the two categories of events.

The uncertainties quoted are combined statistical and systematics.

Rate Slope
Candidate | Total number | (day ') (Linear Fit) | Intercept
Fast
Neutrons 86.14 0.38£0.25 | 0.41+0.43 | 18533
Stop
Muons 45.88 0.20£0.13 | 0.053 £0.13 | 11.7£ 2.3

Table 8.5: Daily rate and spectral shape information about the fast neutron and stopped
muon candidates

8.2.12 Combined Spectral Shape

The two spectra are combined using the ratios listed in Table 8.4. The combined spectrum

is approximated with a linear function and fit in the range [0.7,12] MeV.

For the record, the extended IBD spectrum in the energy range [0.7,30] MeV was fit outside
the IBD selection range and the fit function was extrapolated to the IBD region to esti-
mate the number of correlated background candidates inside the neutrino selection region
of [0.7,12] MeV. This fit was performed in the range [12.2,30] MeV with a 1-parameter
and a 2-parameter straight line. The 1-parameter fit and extrapolation is termed the “flat
extrapolation” while that with the 2-parameter lineis called the “free extrapolation”. The

following figures show the results of these two fits:

In Fig. 8.27, the fit parameter obtained from the range [12.2, 30] MeV was used to extrapolate
the line into the region [0.7, 12.2] MeV. The blue band shows the 1o confidence region around
the fit.

Similar to that in the previous case, Fig. 8.27 shows the “free extrapolation” with the fit
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Figure 8.26: Fast Neutron prompt spectral shape fitted with a linear model.
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Figure 8.27: Flat extrapolation extended from [12.2,30] MeV into the IBD region of [0,7,12.2]
MeV
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Figure 8.28: Free extrapolation extended from [12.2,30] MeV into the IBD region of [0,7,12.2]
MeV

parameters obtained from data in the range [12.2,30] MeV used to extrapolate the line into

the region [0.7,12.2] MeV. The blue band shows the 1o confidence region around the fit.

8.2.13 Summary table

Table 8.6 summarizes the total numbers and daily rates for background candidates estimated

using the diffeent techniques.

Rate Overall Slope | Intercept
Method | Total Number | (day)™! (MeV)~! (MeV) !
Ta%\g/ed 132 0.58 £0.28 | 0.166 £ 0.077 | 9.932 £ 1.25
Egg?;p. 153 0.67 £0.04 0 13.22 £ 0.86
E)IZ‘crfaep. 182 0.80£0.13 | —0.18 £0.16 | 17.01 £ 3.52

Table 8.6: Summary of the total number and rates of background candidates estimated
using different methods.
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The OV trigger rate is 224 kHz and the item window for the coincidence between the OV
signal and an inner detector signal is 224 ns. Hence the probability of an coincidence between
a OV muon and an accidental event in the inner detector is neglected as being too small.
An overlay of the extended IBD spectrum, the combined correlated background specturm as
well as the 1o and 20 uncertainty regions are shown in the Fig. 8.29 below. The correlated
background data and the spectral shape is overlayed on top of the extendend IBD spectrum
obtained after the OV veto. The extended region in the range [12.2,30] MeV is where the

two spectra have been normalized to each other.
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u Total Correlated Background
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10°
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10?
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Figure 8.29: Total correlated background data and spectral shape overlayed on the extended
IBD spectrum.

8.2.14 Slope of the Neutron Spectrum

The positive slope of the stopped muon spectrum at lower energies is most likely due to
the fact that the muons which are not identified by the inner veto are relatively low energy

muons. These muons are spatialyl constrainted from reaching the inner detector and so very
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few of them reach the active volume. On the other hand, the positive slope of the prompt
energy spectrum for the neutrons could imply that the cross section for the interaction of
the fast neutrons with the nuclei increases with increasing energy. Elastic scattering is the
most pobable interaction process between a fast neutron and light elements like hydrogen.
Elastic scattering cross sections are more or less independant of neutron energy upto 1 MeV.
Beyond that too, it shows very little variation and there are no resonance peaks in the cross
section for 'H and 2H. Hence it is assumed that the prompt energy spectrum for the neutrons
in Double Chooz was expected to be rather flat. Since neutrons tagged by the OV are likely
to be the ones that are either “IV-clipping” or “IV-near miss”, most of them probably will
come into the detecor from the rock outside the detecor volume. We decided to investigate
this by plotting neutron prompt energy spectra as a function of increasing radial cut on the
OV muon hit position. This will allow us to look for neutrons getting into the detector due

to muon spallation in rock. The results are shown in the following Figs. 8.30 - 8.38.
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Figure 8.31: Fast neutron prompt energy
Figure 8.30: Fast neutron prompt energy spectrum for p,, > 2.5 m. Due to the lack
spectrum for p,, > 2 m. of any statistics between 2m. < p,, < 2.5m.,
the values remain unchanged from Fig. 8.30.

The results of the above study reveals that with an increasing threshold cut on the radial
muon hit position, so the closer we get to getting a sample of fast neutrons produced mainly

due to muon spallation on the rock, the flatter is the spectrum due to their recoil on the
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Figure 8.32: Fast neutron prompt energy Figure 8.33: Fast neutron prompt energy

spectrum for p,, > 3m. spectrum for p,, > 2m.
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Figure 8.34: Fast neutron prompt energy Figure 8.35: Fast neutron prompt energy
spectrum for p,, > 4m. spectrum for p,, > 4.5m.
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Figure 8.36: Fast neutron prompt energy Figure 8.37: Fast neutron prompt energy

spectrum for p,, > bm. spectrum for p,, > 5.5m.
X2 I ndf 16.12 /27
S slope  0.004655 + 0.019806
() 6 intercept 0.7899 + 0.3446
=
2
S 5
>
(i
4 =

30
Prompt Energy [MeV]

Figure 8.38: Fast neutron prompt energy spectrum for p,, > 6m.
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Figure 8.39: Graph showing the variation of the slope of the fast neutron prompt energy
spectrum as a function of radial distance cut.

protons in the scintillator. With the neutron scattering cross section dominated by elastic
scattering on 1H, assuming a constant flux 8 x 10~7ecm 2571 [47] of neutrons coming into
the detector, the total interaction rate of neutrons in the inner detector is expected to be

independant of the neutron energy.

8.2.15 Conclusions from OV-only Tagging Method

The primary purpose of the tagging scheme is to estimate the neutron background for Double
Chooz by tagging muons that either clip or nearly miss the inner veto (IV) volume of the
detector. The “OV-only tagged” method, described in this section, is successful in tagging
these “IV-clipping” or “IV-near miss” muons, and hence provides a good estimate of the rate

of the external neutrons coming into the detector.

At the same time the method is very powerful in tagging muons that get into the detector
without triggering the IV. Hence the method was equally suitable for computing the stopped

muon part of the correlated background. Hence the “OV-only” method, both in the case
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of neutrons as well as stopped muon events, can be used to estimate potential background
events with the same IV tagging criteria as for the IBD events. This shows the power and
usefulness of this simple but effective technique to estimate both the neutron as well as

stopped muon events causing the correlated background for Double Chooz.

8.3 IV Only Tagging

The “OV-Tagged” method is very powerful for the external fast neutrons as well as for the
chimney stopped muons for computing their rates and spectral shapes using the same IV-
tagging scheme as for the neutrino events. For the stopped muons espcially, it provides a
very efficient method as the IV efficiency for these events is low. Also the stopped muon
events have a limited topology in the sense that they are concentrated in a small region in
or around the chimney region of the detector and the “OV-tagged” method can identify a
sufficient number of these events to allow for an analysis. The neutron events on the other
hand have a wider range of topology as their angular distribution around the detector is
much more varied. The OV, due to its structural constraints, has little coverage over the
detector on two sides closer to the walls of the laboratory and it is possible for the neutrons
to enter the inner detector from the sides of the detector due to spallation on rock of near-
miss or clipping muons which do not trigger a hit on the OV. In such cases an analysis
technique involving “IV-only” tagging would give a totally idependant way to estimate the
neutron background. In this case the muon that possibly causes the background candidates

would be “IV-only” tagged and there would be no related OV-signal.

This method could give accurate estimate for neutron events that are produced in the rock
near the detector with the responsible muon completely missing the detector. The topology
of these events would differ from “OV-only Tagged” ones and therefore they would provide a

good independant confirmation of the results obtained in the previous section. The following
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Fig. 8.40 shows some of the key aspects of tagging the neutrons with this technique.
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Figure 8.40: Vertex distribution of the fast neutrons tagged by the IV alone.

The vertex distribution of the fast neutron candidate events are, as expected, distributed
rather uniformly in the inner detector. One difference from the similar plot obtained with
“OV-only” selection is that there are a few more events near the bottom of the detector.
These are the neutron events caused by the muons that clip the bottom corner of the
detector. It has only been possible to detect these events because of the “IV-tagging” of the

muons.

From Figs. 8.41 and 8.42, that show the delayed energy and AT for the fast neutron can-
didates, we can conclude that the selected events show the characteristic gd-peak and the

timing of a neutron capture event.

Summary Table

We see that the neutron rate observed by using “IV-only” tagging gives a value for the rate

of the neutrons that is consistent with that obtained by using “OV-only” tagging unit. It
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Figure 8.41: Delayed capture energy of the IV-tagged neutrons, data and fit.
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Figure 8.42: AT distribution for the IV-taged neutrons, data and fit.
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Figure 8.43: Prompt energy spectrum for the fast neutrons tagged by the IV-only, data and
fit.

Rate Overall Slope | Intercept
Method | Total Number | (day)™! (MeV)~! (MeV)™!
Y
Tagged 71 0.31+0.10 | 0.2840.074 | 6.85£1.14

Table 8.7: Summary of the total number and rates of neutons background candidates esti-
mated with the “IV-tagged” method.

is reassuring that both of these independent detector components have consistent tagging

efficiencies for external fast neutrons.

8.3.1 Neutron Rate from Multiplicity of Events Following a Muon

In an experiment like Double Chooz primary neutrons from near-miss muons, along with
the secondary neutrons, are two of the most serious backgrounds. Double Chooz applies
an offline veto of 1 ms after each muon event to remove such events from the candidates

selected. Most of the correlated background sources, such as neutron-like events, are rejected
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by the muon veto of 1 ms. In this section we study the events that survive on increasing
time cut since the last muon and estimate the neutron-like events remaining in the selected
neutrino sample. As mentioned earlier, muons which either nearly miss or clip the detector
produce neutrons that get into the active volumes of the detector which in turn could be
followed by secondary neutrons. These neutrons can be a source of correlated background,
as explained in earlier sections, or they could fall into the time window opened by a e™
or 7 creating event with varying multiplicities (M) in the delayed time window following
a prompt event. We will study these events separately and from the number of events of
M2> 2, we will provide an estimate of the neutron events with M = 1 which could easily be

mistaken as an IBD event.
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Figure 8.44: Time of an event since Figure 8.45: Events since a muon at t=0,
the last muon. showing inefficiency at times < 50 us

Fig. 8.44 shows the variation of the IBD-like events following a muon. It shows that after a
veto time cut of 1 us since the passage of the muon cuts out almost all the events correlated
with the muon. Fig. 8.45 shows the fluctuations in the event rate immediately following a
muon. To perform this study of the multiplicity of the delayed events, we have chosen to

follow the event rate starting 50 us after the muon event.

Events with multiplicity of the delayed events equal to 1, as shown in Fig. 8.46, can represent

either an IBD event (et + n) or a double neutron event (n + n). Ideally all of these should be
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Figure 8.46: Survival of events of multiplicityl with time since the last muon

IBD events but there could be a small contamination of neutron-like events in this category

of events.

Events with multiplicity of the delayed events equal to 2, shown inf fig. 8.47, can represent
either an (IBD + n) or [y + (n + n)] or an [n + (n + n)| event. The graph is fit with
a combination of an exponential and a straight line, with the exponential part vanishing

before reaching the 1 ms veto cut, after which all that remains is the flat linear remainder.

events
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Figure 8.47: Survival of events with M = 2 with time since the last muon.

155



1% -
S 10&
> =
o =
]-:E .................................................................................................................................
10-1 §_ .................................................................................................................................
- Multiplicity=3
10-2 :Epy .............
10—3_|||||||||||||||||||||||||||||||||||||||||||||||||
0 100 200 300 400 500 600 700 800 900 1000

Figure 8.48: Survival of events with multiplicity = 3 with time since the last muon.

Events with multiplicity of the delayed events equal to 3 can represent either an [IBD + (n
+m)|or|y+ (n+n+mn)]orann+ (n+ n+ n)| event as shown in Fig. 8.48.

Similarly, events with multiplicity of the delayed events equal to 4 can represent either an

[[BD+ (n+n+n)or[y+(m+n+n+mn)orann+ (n+n+n+ n)l event, as shown

in Fig. 8.49
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Figure 8.49: Survival of events with M = 4 with time since the last muon.
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Figure 8.50: Survival of events with M=1 through M=4 with time since the last muon.

Fig. 8.50 shows all the events and their daily rates after the 1 ms veto cut since the last
muon. An offtime selection was done for all events with an offtime event window of [3,4] ms
after the muon, to find any accidental events. All the numbers quoted below are the result

of the subtraction of any such events from the events in the ontime event window.

Rate
Candidates with | Total number (day™)
M=2 25 0.11 £ 0.022
M=3 7 0.03 = 0.0011
M=4 1 0.0044 £ 0.0043
M=5 1 0.0044 £ 0.0043

Table 8.8: Total number and rates of the neutron candidates surviving the time cut since
the last muon.

The graph of Fig. 8.51 plotting the numerical values from Table 8.8 is fit with a 2 parameter

Poisson function given by
- Pone_w

f(z) = Tz +1) (8.7)

The fit was performed between the z-axis values [2,6] and extrapolated to z=1 to estimate

the neutron background of multiplicity 1 events after the 1 ms veto cut since a muon. All
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Multiplicity

Figure 8.51: Rates of events of varying multiplicities surviving the veto cut since last muon.
The fit function is extrapolated to estimate the rate of neutron-like events surviving the
veto cut.

the uncertainties quoted in Table 8.9 are of statistical nature.

Livetime Rate
Candidates with M=1 | Total Number | (day) (day™*)
| Extrapolated from Fit | 69 [ 227.9294 | 0.29+0.12 |

Table 8.9: Extrapolated rate of neutron-like background with statistical uncertainty

This study of events with various multiplicities surviving the time cuts since the passage
of the last muon gives another simple but good estimate of the neutron or neutron-like
background for Double Chooz. The study was performed using both reactor-on and reactor-

off data, and the results were consistent with each other.
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8.4 Summary

In this chapter we have attempted to estimate the rate of the background caused by neutrons
coming into the detector from outside rock and mimic an anti-neutrino event. The rate of
such events have been estimated using various techinques, including the use of the “reactor
off-off” data. The values of the daily rates for such events are consistent between the various

analyses and are summarised in the following Table 8.10.

Analysis Livetime Rate
technique Total Number | (day) (day™*)
OV Tagging 86 927.9204 | 0.3840.25
IV Tagging 71 927.9294 | 0.3120.10
Extrapolated from Fit 69 227.9294 | 0.2940.12

Table 8.10: Rates of neutron backgrounds for Double Chooz experiment estimated using
various methods.

8.5 Estimation of Fast Neutron Incidence Rate

The daily rates of the fast neutron background presented in Table 7?7 are the measured
rates inside the detector. In reality the incidence rate of the fast neutrons into the active
volume of the detector could be higher. Some of these neutrons may be interacting inside
the detector without meeting the conditions to produce a background or some of them may
not be interacting at all. In order to estimate the efficiency for the detection of these fast
neutrons, a Monte Carlo (MC) based study was performed mainly to establish an order
of magnitude estimate for the actual incidence rates for these neutrons in the detector.
Neutrons with energy (E> 1 MeV) were generated in a thin (1 mm) outer layer of the target

scintillator using the Double Chooz MC simulation package DCGLG4sim [40].

The study was performed separately by (1) varying the initial kinetic energy of the neutrons
from 1 MeV to 15 MeV, and by (2) varying the incident angle from 0° to 180°. Fig. 8.52
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Figure 8.52: p vs z plot showing the simulated initial positions of the neutrons.

shows the initial positions of the simulated neutrons. The neutrons were allowed to be
captured in the target volume and a delayed coincidence analysis was performed. Fig. 8.53
shows the final capture positions of the neutrons while Fig. 8.54 shows the time difference
(AT) between the prompt and delayed events due to these neutrons. A fit to the AT plot

shows a capture time of 24.7 £+ 0.7 us.
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Figure 8.53: p vs z plot showing the final cap- Figure 8.54: Prompt-Delayed AT for the cap-
ture positions of the neutrons. tured neutrons.

Figure 8.55: p vs z plot showing the final capture positions of the neutrons (Left) and the
AT for the captured neutrons (Right).

The efficiencies of detection of these neutrons, based upon the principle of delayed coinci-

dence, for each incident kinetic energy, were calculated by taking the ratio of the number of
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neutrons detected by the number of neutrons initially generated for each incident energy. A
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Figure 8.56: Detection efficiency for the neutrons as a function of their incident kinetic
energies.

graph of the calculated efficiencies as a function of the incident neutron kinetic energies are
shown in Fig. 8.56 which clearly shows some dependency of the efficiency on the incident

kinetic energy.

The efficiency to detect these neutrons as a function of their incident angles was performed
for two different energies 6 MeV and 10 MeV. The incident angles were all measured from
the inward normal to each face of the detector, top, bottom and the side. The detection
efficiencies of these neutrons calculated for each incident angle is shown in Fig. 8.57 and

Fig. 8.58.

The grapha are fit with a hyperbolic tangent function

An average estimate of the detection efficiency for the incident angles from 0° to 90° is
made by taking the integral of the fit function in that range for each face. The mean of
such average efficiencies comes out to be 0.042. Hence dividing the value of the neutron
background from Table 8.5 by this efficiency, we get an order of magnitude estimate of the

neutron incident rate in the Double Chooz detector equal to ~9 day 1.
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Figure 8.57: Detection efficiency for the neutrons as a function of the incident angles on the
top (Left) and bottom (Right) faces of the detector.
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Figure 8.58: Detection efficiency for the neutrons as a function of the incident angles on the
side face of the detector.
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8.6 Summary of Neutron Incident Rate Study

An order of magnitude estimation of the possible incident rate of the fast neutrons for the
Double Chooz experiment was presented. It is important to mention here that this MC
study is a rather crude way to estimate the incident rate for the fast neutrons in the Double
Chooz detector. The results of this study can be improved by repeating it with a realistic

energy and angular distribution for the neutrons.
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Chapter 9

Double Chooz 613 Result

9.1 Double Chooz Final Oscillation Fit

Double Chooz was the first experiment to report the measurement of the non-zero value of
613 with the results published in [28] and [29]. In this chapter I will summarize mainly the
analysis results published in the second publication [29]. The analysis results, as presented
in Chapter 8, contribute toward the final estimation of the correlated background, one of the
key component of the overall 6;3 anaylsis. Additionally, the analysis technique presented in
this chapter involves the use of both the rate and spectral shape of the various components
of the analysis. This is different from the my independant analysis of #;3 based solely upon

the observed and predicted rates of the antineutrino events, as presented in chapter 10.

The final analysis to measure the value of ;3 from the Double Chooz data requires figuring
out a few more things. We need to measure the rate and shape of the various background
sources for the experiment. In the following sections we will describe briefly the estimation
of each background. The oscillation analysis is based on a combined fit to antineutrino
rate and spectral shape. The IBD candidates, as selected and described in Chapter 5, are
compared to the Monte Carlo signal and background events from high-statistics samples.
Two integration periods are used in the fit to help separate background and signal flux. If

the minimum power of either reactor is below 20% of peak during a particular detector run,
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then that detector run is placed in “IP1”, else, the detector run is placed in “IP0”. Each type
of background population was computed based on the measured rates and the livetime of

the detector during each integration period.

9.1.1 Accidental Background

The accidental background is primarily produced by the random coincidence of a prompt
signal from natural radioactivity and a neutron-like signal. To estimate the accidental
background the same selection cuts used to select the IBD candidates in Chapter 5 are used
except now the delayed coincidence window is offest by 1s in order to avoid any prompt-
delayed correlations within the time window for neutron captures in Gd and H. To obtain a
large enough sample of such events, 198 successive time windows were opened, each 500us
after the other. The rate of the accidental background was found to be 0.261 4 0.002 day 1,

see Fig. 9.1.
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Figure 9.1: Accidental prompt energy spectrum (black) with the measured radioactivity
energy spectrum.
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9.1.2 ‘Li Background

Muons interacting with 2C through spallation create unstable radioisotopes such as ®He
and YLi. These isotopes decay by emitting 3-particles and neutrons which combine together
to create a background for IBD candidate selection. Most of these isotopes have long half
lives with the half life of °Li being 178 ms while that of ®He is 119 ms and therefore it
is not practical to veto these events. Hence a rate for these events are estimated using
an exponential fit to the time between an IBD candidate-pair and the muon immdiately
preceeding it. The analysis to determine the rate was performed in three energy ranges for
the showering muons: (1) EJ** < 275MeV (2) 275MeV < Ej* < 600 MeV and (3)E)™ >
600 MeV. An additional cylindrical fiducial cut on the distance of closest approach from the
muon to the IBD candidate, dur < 80 cm was applied to case (1) and (2) to select the events
0.62

correlated to the showering muons. An overall rate of 2.051)%5 events day~" was found, see

Fig. 9.2.
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Figure 9.2: Prompt energy (3)-spectrum of the Sn emitters °Li and ®He (black) with the
Monte Carlo (red).
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9.1.3 Fast Neutron and Stopped Muon Background

The production mechanism of the fast neutron and the stopped muon background has
been discussed in Chapter 8. Several analyses dedicated to estimating the overall correlated
background were performed using different combinations of IV and OV tagging. The analysis
from which the central values for the above two backgrounds were taken uses the [V-tagging
of the prompt triggers with OV veto applied for the IBD selection while rejecting the sources
of further backgrounds in the selected events. The total rate of this background with this
analysis was found to be 0.6740.20 day ! which is consistent with the analysis described in
Chapter 8. The spectral shape of the total correlated background is also consistent within

uncertainties with that presented in Chapter 8.
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Figure 9.3: Official FastN and Stop Muon combined spectral model (solid red) with +1o
(dashed red).
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9.2 Reactor Model for Oscillation Fit Analysis

In order to come up with a prediction for the antineutrino interaction in the Double Chooz
detector, the complete modelling of the nuclear reactors is essential in terms of their power,
fission rate and the fission cross section. In the following sections we will describe the various

inputs that go into building a reactor model for the experiment.

9.2.1 Thermal Power

The sources of antineutrinos for the Double Chooz experiment are the reactor cores Bl
and B2 at the At ElectricitAfe de France (EDF) Centrale NuclAteaire de Chooz. The
main isotopes that provide more than 99.7% of the antineutrinos through the decay of the
fission products are: 23°U, 23 Py, 28U, and ! Pu. Knowledge of the thermal powers of the
reactor cores is neccessary in order for the precise prediction of the antinuetrino interaction
rates. EDF conducts weekly in-core instrumentation calibration for the thermal power

measurement. At the nominal full power of 4250 MW the final uncertainty is 0.5% (1 C.L.).

9.2.2 Fission Rate

The fractional fission rates «y, of each isotope is given in Eq. (9.2). Reactor simulations are
used to accurately model the evolution of the ay which are also neccessary to calculate the

mean energy released per fission per reactor R:
(Ef)p =Y an(Ep) (9.1)
k

Double Chooz used two complementary simulation codes: (1) DRAGON which is a 2D
simulation code to model the neutron transport in the cores and (2) MURE which is a 3D
simulation code to simulate the individual fuel assemblies. These codes were benchmarked
against data from the Takahama-3 reactor and were found to be consistent other codes

commonly used in the reactor industry for reactor modeling within the uncertainty in the
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Figure 9.4: Time dependent fuel consumption rate in the cores.

Takahama data [48]. The initial composition of the fuel assemblies is determined first and
then MURE is used to model the evolution of the full core to calculate the a,4AZs, and

also the predicted antineutrino flux.

9.2.3 Mean Cross Section per Fission

The average cross section per fission is effectively a interaction cross section averaged over

the whole energy spectrum for all the isotopes listed above. It is given by

<0'f> = Zak<af>k = Zak /Doo dESk(E) U[BD(E) (92)

where qy, is the fractional fission rate of the k' isotope (k =2 U, 29Pu, 233U, 1 Py),
Sk(E) is the reference spectrum of the k" isotope and ogp is the inverse beta decay cross

section.

The antineutrino spectrum for each of the above listed isotopes are in Fig. 9.5. Corrections
have been applied to the conversion of the  spectra into the antineutrino spectra by using
higher order energy corrections [44]. Also, corrections have been made using the so “off-

equilibrium” effect caused by the long-lived fission products. These corrections lead to an
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Figure 9.5: Reference antineutrino spectra after recalculations.

effect which results in a 3.5% increase in the antineutrino flux. The systematic uncertainty

in these spectra is of the order of 3%.

9.3 Bugey4 Anchor for cross section normalization

The cross section per fission for each reactor (oy)g is normalized to the total rate measure-

ment of the Bugey4 experiment at 15m [31].
(osbn = (o) P + 3 (aff = ™) o) (9.3)
k

where R stands for each reactor. The Bugey anchor point has low associated systematics
and as a consequence of this treatment the overall uncertainty in reactor normalization for

Double Chooz decreases from 2.70% to 1.76%.

9.4 Antineutrino Predicted ate

For the oscillation fit for the value of 6,3, the data is placed in 18 variably-sized bins between

[0.7,12.2] MeV. The whole dataset was divided into separate integration periods as explained
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in section 9.1. This technique of using multiple integration periods takes advantage of the
different signal to background ratios in each period. We note here that the antineutrino
signal varies with the reactor power but the background remains constant with time. A
prediction of the observed number of signal and background events is constructed for each
energy bin, following the same energy integration period division as the data. By using all
the reactor related evaluations in the preceeding sections, the predicted rate of antineutrinos

is

N;xp,R _ ENP 1 Pt}ig

i T 4 L2 <Ef>R<Uf>R(E7t) (9'4)

which, with the Bugey anchor point, gives the expected number of antineutrinos with no

oscillation in the #*" energy bin as:

erp,R ENP 1 Ptllz <0f>R OéR o 7
N T T L2 B <(Zkaf‘<0f>k) zk: 3 f>k) 99

Here N, is the number of target protons, € is the efficiency of the cuts used to select the
IBD candidates, Lg is the baseline from point of neutrino creation to their interaction in the
detector and Pry, is the power of the reactor R. By using the expected number of neutrinos in
each energy bin as obtained above and the total background calculated earlier, the predicted

number of signal and background events in each energy bin is given by

Reactors Bkgnds.
NPt = M NP4 YN (9.6)
R=1,2 b

Here Nl.”’R = P, = U,)N; PR, P, .5, is the neutrino survival probability from the well-
known oscillation formula and N; PR s given by Eq. (9.6). The index b runs over the three
backgrounds: cosmogenic isotope; correlated; and accidental. The index R runs over the
two reactors, Chooz B1 and B2. Table 9.1 lists all the predictions for the no-oscillation

signal as well as for the backgrounds.

The systematic and statistical uncertainties, as shown in Table 9.2, are propagated to the
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Reactors | One Reactor | Total
Both On Py, < 20%
Livetime [days] 139.27 88.66 227.93
IBD Candidates 6088 2161 8249
v Reactor Bl 2910.9 774.6 3685.5
v Reactor B2 3422.4 1331.7 4754.1
Cosmogenic Isotope 174.1 110.8 284.9
Correlated FN & SM 93.3 59.4 152.7
Accidentals 36.4 23.1 59.5
Total Prediction 6637.1 2299.7 8936.8

Table 9.1: Summary of observed IBD candidates and corresponding signal and background

predictions.

final fit by using the covariance matrix M;; which takes care of the bin to bin correlations.

Bkgnds.

o sig. det. stat. eff. b
My = M# + M" + M™ + M+ ) M
b

Source Uncertainty [%]
Reactor Flux 1.67%
Detector Response 0.32%
Statistics 1.06%
Efficiency 0.95%
Cosmogenic Isotope Background 1.38%
FN/SM 0.51%
Accidental Background 0.01%
Total 2.66%

(9.7)

Table 9.2: Summary of signal and background normalization uncertainties relative to the

total prediction.

A fit of the binned signal and background data to a two-neutrino oscillation hypothesis was

performed by minimizing a standard y?

function
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The fit parameters epy gy and eor; are free parameters in the fit and they are used to scale
the rates of the correlated and the °Li background respectively while the rate of accidentals

is not allowed to vary as its initial uncertainty is precisely measured.
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The best-fit gives sin? 263 = 0.109 £ 0.030 (stat.) £ 0.025 (syst) at Am2, = 2.32 x 1073
eV?, with a xy?/NDF = 42.1/35. as show in Fig. 9.6. The allowed region at 68%(90%) CL
is 0.067(0.043) < sin?26;3 < 0.15(0.18).
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Figure 9.6: Measured prompt energy spectrum for both integration periods (data points) su-
perimposed on the expected prompt energy spectrum, including backgrounds (green region),
for the no-oscillation (blue dotted curve) and best-fit (red solid curve) at sin®26;3 = 0.109
and Am32, = 2.32 x 103%¢V2. Inset: stacked spectra of backgrounds. Bottom: differences
between data and no-oscillation prediction (data points), and differences between best fit
prediction and no-oscillation prediction (red curve). The orange band represents the sys-
tematic uncertainties on the best-fit prediction.

An analysis comparing only the total observed number of IBD candidates in each integration
period to the expectations produces a best-fit of sin?260;3 = 0.170 & 0.052 at x2/NDF =
0.50/1 as shown in Fig. 9.7. The compatibility probability for the rate-only and rate+shape
measurements is about 30% depending on how the correlated errors are handled between

the two measurements.
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Figure 9.7: Daily number of Aflje candidates as a function of the expected number of Aflje.
The dashed line shows the fit to the data, along with the 90% C.L. band. The dotted line
shows the expectation in the no-oscillation scenario

9.4.1 Summary of Final Fit Analysis

Double Chooz has found evidence for a non-zero value of ;3 from the rate and energy
spectrum of reactor neutrino candidates at a distance of 1050 m from two reactors. It
is the first evidence for this parameter using the energy spectrum from reactor neutrinos,
rather than simply their rate. We find a best fit value and 1IC error to be sin®26;5 =
0.109 £ 0.030 (stat) £ 0.025 (syst). The data is inconsistent with the assumption that
oscillations are absent with a CL of 99.9% (3.1¢). An analysis comparing only the total
observed number of IBD candidates in each integration period to the expectations produces
a best-fit of sin2 2I§13 = 0.170A$0.052 at An analysis comparing only the total observed
number of IBD candidates in each integration period to the expectations produces a best-fit

of sin226,3 = 0.170 + 0.052 at x*/NDF = 0.50/1, see Fig. 9.7 .
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9.4.2 Effect of Uncertainty in Central Value of Correlated Back-
ground on the Systematic Uncertainty on 63

The results presented in Chapter 8 are consistent with the central value of the correlated
background used for the final 03 oscillation fit. A preliminay investigation of the effect of the
uncertainty in the central value of the correlated background on the systematic uncertainty

budget for ;3 shows that the effect is within +0.4% and hence is very small.
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Chapter 10

Rate-Only Analysis to Compute 613 and
the Overall Background

Double Chooz was the first among the reactor anti-neutrino experiments to publish its
results. In fact there have been two separate publications by the Double Chooz collabora-
tion [28] and [29] as presented in chapter 9. Both of those results were the results of an
analysis that takes into consideration the rates as well as the spectral shapes of the neutrino
candidates as well as the various background sources. The second publication also presented
the result of an analysis using the rates as observed from data and that expected in the no-
oscillation scenario. In this chapter we present result of an analysis based on comparing the
daily observed rates of the neutrino candidates as well as the expected rates from Monte
Carlo simulation to the expected rates according to the reactor power variations, assuming
no oscillation. The analysis follows closely the technique used in [39]. The neutrino can-
didates for the analysis were selected using cuts for reducing the YLi candidates and the
OV anti-coincidence of the prompt candidates in addition to the standard cuts explained in
Chapter 5. The expectations for the neutrino candidate events from each reactor core of the
Chooz reactor in each data taking run were provided for the Double Chooz detector in [53]
and are shown in Fig. 10.1. These indicate the neutrino interaction rates inside the detector
assuming no oscillation. The runwise expected number of neutrinos from each reactor core

namely “B1” and “B2” were added together to get the total expected rate.
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Figure 10.1: Predicted rate of neutrinos in

The runwise expected number of neutrinos then added together for the total number of runs

for each day to get the daily number of neutrino candidates as expected from the reactor

a
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condition. These are shown in Fig. 10.2.
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Figure 10.2: Predicted rate of neutrinos in each day assuming no oscillation.
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The distribution of the daily rates of the expected neutrino interaction rates are in the

following Fig. 10.3

10°F

entries

10 =

40 50 60 70
expected cadidates day™

Figure 10.3: Distribution of expected neutrino (no oscillation) daily rates (day—!)

With the total number of neutrinos per day as shown in Fig. 10.2, the days were then grouped
according to the daily neutrino rates as: (0 — 10)day ™', (10 — 20)day ', (20 — 30)day ",
(30 — 40)day ', (40 — 50)day !, (50 — 60)day " and (60 — 70)day " of no oscillation bins.

expected candidates(no-osc) day™

no-osc rate day bin

Figure 10.4: Binned expected neutrino daily rates (no oscillation).
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Fig. 10.4 shows the histograms of the expected daily neutrino rates, under the no oscillation
hypothesis, binned according to the grouping described above. Fig. 5.4 of Chapter 5, can
be plotted against the daily rates of Monte Carlo events representing the expected signal
for the duration of physics data-taking, based on the formalism of Eq. (9.5), as shown in
Fig. 10.5 below.
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Figure 10.5: Neutrino daily rates: Observed in Red and expected MC(no oscillation) in
Blue.

Organizing the expected MC (no oscillation) and the observed daily rates in the same groups

as the reactor predicted rates, we get the plots shown in Fig. 10.6 and Fig. 10.7.

In this analysis technique, we can compare: (1) The observed rates from data to the expected
interaction rates and (2) The expected interaction rate of neutrinos to their expected MC

rate after applying the selection cuts. .

10.1 Comparison of Observed Data to Predicted Rates

Direct comparison between the observed daily rates of the neutrino candidates with the rates
of their interactions in the detector represents the combined effects of neutrino oscillation

and the detection efficiency. It is possible to disentangle the two effects by the use of the
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Figure 10.6: Binned expected neutrino daily rates from MC (no oscillation). The error bars
are statistical and are almost too small to be seen.
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Figure 10.7: Binned observed neutrino daily rates (no oscillation).
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corrected cut efficiencies listed in Table 10.1. The errors shown are purely statistical in
nature, leaving the systematics to be treated separately. In Fig. 10.8 the blue dashed-line

shows the no oscillation scenario.

Table 10.1 shows the neccessary inputs needed to calculate the total detection efficiency for

the experiment by taking the product of the efficiencies of the individual cuts.

X2 / ndf 6.973/5
intercept 1.452 + 0.385
o " DATA ! slope . 0.7336 + 0.0106
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k] - : H . : H i
(5] - i : + : .
> L / :
E 30:.. ................................................... _ .............. _ .................. ................................. ...:
2] - H .
Qo :
o N g i
20 R e e 2t ............... -
10} ................................................. ....................................................................... ..E
01;;;;;; N
0 10 20 30 40 50 60 70

Predicted no-osc rate(day™)

Figure 10.8: Observed neutrino daily rates vs the predicted rates

Efficiency | Efficiency MC Correction
Source(Cut) (Data) (MC) Uncertainty(Syst) Factor
Reactor - - 1.8% —
Target H-atoms - - 0.3% -
Spill in/out 1.01347 - 0.3% 1.00
Gd/(H +Gd) 0.86 0.87 0.3% 0.985 £ 0.3%
A T Cut 0.962 - 0.5% 1.00
Fdelaged 0.941 - 0.6% 1.00
Total 0.789 - 0.0165 0.985
Total(corrected) | 0.7772 - 0.0165 0.985

Table 10.1: Cut efficiencies for Double Chooz
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Table 10.1 shows the calculation of the corrected efficiency for the selection cuts. The
corrections for the livetime of the runs have already been considered while calculating the
candidate rates. It also shows that the absolute efficiency is overestimated by just over the

uncertainty range of the corrected efficiency.

10.1.1 Calculation of 6,3 from observed data vs predicted rates

Dividing the slope of the fit in Fig. 10.8 by the corrected efficiency we can get the fraction
of neutrinos that survive,

0.7336 £ 0.0106
ANsurviV: = U. 44:t . 1]_ tat. j: . 1 t.). 1 1
07Tz £ 00165 944 £ 0.011(stat.) £ 0.016(syst.) (10.1)

The corresponding fraction of neutrinos thus disappeared is D = 0.0561+0.0106(stat.)+0.0165(syst.)

In the equation for the survival probability in 2-flavor oscillation;

L
P, ., = 1 —sin?#sin? <1.27Am2%) (10.2)
The disppearance coefficient sin? <1.27Am2 Eéf;;%) can be computed by considering the

two integration period (IP) scenario for the Double Chooz final fit in which if the minimum
power of either reactor is below 20% of reach during a particular detector run, then that

detector run is placed in “IP1”, else, the detector run is placed in “IP0”.

For the atmospheric neutrino mass splitting given by Am? = 2.327012 x 107 eV? [32], the

correctly weighted disappearance coefficient comes out to be:

Qisapp = 0.503710 0533 (10.3)

The corresponding value of sin® 26,3 is given by

0.0561 £ 0.0106 = 0.0165

.9
sin® 26,3 =
b 0.5037+0:03%3

= 0.111 =+ 0.028(stat.) & 0.040(syst. ). (10.4)

Eq. (10.4) gives an estimate of sin® 26,3 based upon the absolute value of the cut efficiencies

otained from table 10.1. The following section will show the estimation of sin® 26,3 based
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upon the corrected efficiency numbers by comparing the MC to the numerically predicted

no-oscillation rates.

10.2 Comparison of Monte Carlo to Predicted Rates

Observed neutrino candidate rates from the data were compared to the rates expected from
the reactor predictions assuming no oscillation. Comparing the two rates can provide a
cross-check on the absolute efficiency estimate as well as an alternative way of calculating
the survival probability of the neutrino candidates and, subsequently, the value of #15. The

result of the comparison is shown in the Fig 10.9 below.
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Figure 10.9: Neutrino daily rates from MC (no oscillation) vs the expected interaction rate.

The Monte Carlo candidates were selected from generated events with a factor of 100 and
consequently the statistical errors reduced by a factor of 10. The MC candidates thus
selected were then normalized to the live time of each day. The comparison of the expected
daily rates from the Monte Carlo and the predicted daily rates from the interaction rates
in the detector, gives an estimate of the absolute efficiencies of the cuts used to select the

neutrino events from the neutrino interactions taking place in the detector. The scale factors
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for the MC candidates and the statistical errors have already been taken care of. In fact the
slope of Fig. 10.9 directly represents the overall MC candidate selection efficiency, before
applying the MC correction factors, and it will be used later to determine the disppearance

fraction of the neutrinos.

10.2.1 Calculation of 6,3 from MC vs predicted rates

From Fig. 10.9, the MC selection efficiency comes out to be 0.7799 4+ 0.0023. After applying
the MC correction factor from table 10.1, we get a corrected selection efficiency computed
directly by comparing the MC vs predicted neutrino rates, as 0.7682 + 0.0128. By dividing

the slope of the fit in Fig. 10.9, we get the fraction of neutrinos surviving as:

0.7336 + 0.0106
ANsurviv = = 0.955 4 0.011(stat.) £ 0.013(syst.). 10.
07682 L0008 — 905 + 0.011(stat.) + 0.013(syst.) (10.5)

Following the same procidure as above, the value of sin® 26,5 is

0.045 £ 0.011 4+ 0.013
0.50371005%3

sin® 20,5 = = 0.089 = 0.028(stat.) & 0.032(syst.). (10.6)

This value of sin® 26,5 is consistent with those published in the second publication of the
Double Chooz collaboration [29] as well as those of another analysis performed by comparing
the observed and expected rates in [59]. Also the y-intercept Fig. 10.8 gives an estimate of
an overall background rate for the Double Chooz experiment of 1.45 £ 0.4day~ ', which is

consistent with those in the Double Chooz publications [27| and [59].

Uncertainty due to anti-neutrinos during the one or both reactor off periods

Even after the actual turn-off of a reactor, the nuclear fission reactions continue to take
place for a while, releasing some residual anti-neutrinos in the process. Simulation studies
were performed in [10] and [11] using the FISPACT evolution code and BESTIOLE [-decay
library to estimate the expected number of anti-neutrinos during the periods when either

one or both the reactors were off . The number of residual anti-neutrinos predicted during

185



the total reactor off-off period is 2.01 4 0.80 in [11]. After correcting for livetime and the
selection efficiency in Table 10.1, the number of residual neutrinos that are expected to be
detected is 1.42 4+ 0.57. Similarly the number of anti-neutrinos for the period when either
reactor Bl or B2 was off, was calculated to be 9.3 £ 2.8 and 9.7 4 2.9 respectively, [10].
A corrected number for the neutrinos expected to be detected were predicted in [59] as
5.5 £ 1.65 and 5.7 & 1.71 for B1 and B2 respectively during the one reactor-off periods.
Because of the number of residual anti-neutrios during the single reactor off periods are
very small in comparison to that during the reactor-on period, this analysis ignores these
anti-neutrinos for the calculation of sin® ;5. Instead they are treated as another source of
systematic uncertainty. This is achieved by repeating the analysis by adding the residual
neutrinos from 1 reactor-off data in the bins with rates of 20 — 30 neutrinos day ' and
30 — 40 neutrinos day~! because those are the two bins with the most number of days when
either of the two reactors were off. The 2 reactor-off data was added to the first bin of 0 —10

neutrinos day~1. The results with these additional systematics are

sin? 20,3 = 0.111 4 0.028(stat.) 4= 0.023(syst.), (10.7)

for the comparison of observed vs. predicted candidates and
sin® 26,3 = 0.089 4 0.029(stat.) 4 0.017(syst.). (10.8)

comparing the MC vs predicted candidates. Similarly the overall background rate was

1.44 0.4day "

10.3 Summary

In this chapter, I have presented a technique to estimate the value of sin® 26,5 as well as the
overall background rate for the Double Chooz experiment based purely upon the daily rates

of the neutrino candidates as: (1) Observed from the data, (2) Expected from the Monte
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Carlo (nooscilllation) and (3) Expected according to the interaction rates in the detector
(no oscllation). The results are in good agreement with the those previously published by

the Double Chooz collaboration and presented in Chapter 9.
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Chapter 11

Conclusions

Double Chooz was the first among a host of worldwide experimental efforts to measure the
value of the neutrino mixing angle ;3. It achieved this goal by using only one detector,
the far detector, and with possibly the shortest baseline among all the ractor neutrino
experiments. The Double Chooz result of sin? 20,3 = 0.109 4 0.030 (stat) &= 0.025 (syst) [29]
proved the mixing angle 63 to be non-zero at 99.9% CL (3.1¢). Curently the near detector
for the experiment is under construction and a combined result with both the detectors
should appear by the end of the year 2014. The sensitivity on the measurement of 63,
after 5 years of data taking with the far detector and 3 years of running with both the
far and the near detector, will much improved. Double Chooz has also used the data with
delayed neutron captures in hydrogen to measure sin 263 = 0.097 + 0.034 (stat) £ 0.034
(syst) [30]. With the ability to use neutron captures on gadolinum as well as on hydrogen,
for the delayed coincidences in IBD candidate selection, an even more precise measurement

of #,3 is with Double Chooz is just round the corner.
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