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This paper primarily discusses the results of a sensitivity analysis on the impact of reactor param-
eters on the ±1σ error of sin2(2θ13) = 0.1 in the Double Chooz neutrino experiment and the relevant
physical and statistical knowledge. After eight years of data collection, assuming no knowledge of
the reactor flux, the value of ±1σFDonly = 1.522, while ±1σFD+ND = 0.0122, and including all pre-
vious assumptions, ±1σFDonly = 0.0248, while ±1σFD+ND = 0.0118. Even assuming no knowledge
of reactor flux, the second detector provides more accuracy than a single detector relying upon all
reactor assumptions.

I. INTRODUCTION

A. Standard Model

The Standard Model is a well-established but incom-
plete theory in particle physics that defines and describes
the behavior of elementary particles by unifying three
of the four fundamental forces: the electromagnetic,
weak, and strong interactions. The theory combines
quantum chromodynamics, the theory of the strong
force responsible for holding nuclei together, and the
electroweak theory, which merges the electromagnetic
and weak forces by describing them as two facets of the
same interaction. Although the Standard Model fails
to describe interactions due to the fourth fundamental
force, gravitation, it has had outstanding success in
describing and predicting a diverse collection of experi-
mental results.

In order to describe a wide range of interactions, the
Standard Model introduces two fundamental classes
of particles: fermions, which compose all matter, and
bosons, which mediate the interactive forces and give
mass. These twelve fermions are divided evenly into
quarks and leptons and interact with one another using
the fundamental forces – electromagnetic, weak, and
strong – that are mediated by force carrier bosons:
the photon γ, gauge bosons W± and Z, and gluons g,
respectively.

Quarks (i.e., up, down, charm, strange, top, and
bottom) are the only elementary particles to experience
all four fundamental forces; in particular, they may
interact via the strong interaction, which compels them
to form hadrons (e.g., protons, neutrons). Leptons
(e.g., electrons, neutrinos) may not interact via the
strong interaction; however, some leptons (e.g., elec-
trons) interact electromagnetically, and all interact via

∗Electronic address: egrace@reed.edu
†Department of Physics, Reed College, Portland, Oregon, 97202

the weak interaction. These particles are catalogued
using systems called families, which are organized by
mass.

B. Neutrino Flavor Oscillation

By the Standard Model, neutrinos are massless
and interact via the weak force only. However, the
phenomenon of neutrino oscillation demonstrates that
the neutrinos have a small but nonzero mass.

Neutrinos exist in three active flavors: electron, muon,
and tau. Electron neutrinos interact only with neutrinos,
muon neutrinos only with muons, and so forth. Since
each flavor eigenstate is a superposition of mass eigen-
states, the flavor and mass eigenbases can be related by
a unitary transformation,

|να〉 =
∑
i

U∗αi |νi〉

|νi〉 =
∑
α

Uαi |να〉 (1)

where |να〉 are the flavor eigenstates, |νi〉 are the mass
eigenstates, and Uαi is the unitary matrix (called the
Pontecorvo-Maki-Nakagawa-Sakata, or PMNS, matrix)
describing a 3 dimensional rotation in mass-flavor eigen-
state space:

UPNMS =

1 0 0
0 cos θ23 sin θ23

0 − sin θ23 cos θ23


×

 cos θ13 0 sin θ13e
−iδ

0 1 0
− sin θ13e

iδ 0 cos θ13


×

 cos θ12 sin θ12 0
− sin θ12 cos θ12 0

0 0 1

 ,
(2)



where each matrix describes a rotation in 2-
dimensional space, the numerals indicate mass
eigenstates, and the phase factor δ allows for the
possibility of Charge Parity violation.

The mass eigenstates are the free particle solution to
the Schrödinger wave equation, so their temporal propa-
gation can be written in natural units as

|νi(t)〉 = e−i(Eit−~pi~x) |νi(0)〉 , (3)

where Ei ≈ E +
m2

i

2E (for ultrarelativistic m << p) is

the energy of the ith mass eigenstate. The probability
that a neutrino initially in definite flavor eigenstate α
will later be observed to have a definite flavor eigenstate
β at a later time t depends on ∆m2, the difference
between the squares of the masses of the superpositioned
mass eigenstates.

Since ∆m23 and ∆m12 are known to be negligibly
small, only ∆m13 is significant. This allows for a two-
neutrino approximation:

U =

[
cos θ13 sin θ13

− sin θ13 cos θ13

]
(4)

so that, for example, the electron- and muon-neutrino
eigenstates can be written in terms of two mass eigen-
states:

[
νe
νµ

]
=

[
cos θ13 sin θ13

− sin θ13 cos θ13

] [
ν1

ν2

]
. (5)

At time t = 0:

|νe (0)〉 = cos θ13 |ν1(0)〉+ sin θ13 |ν2(0)〉 , (6)

and at a later time t:

|νe(t)〉 = e−iE1t cos θ13 |ν1(0)〉+e−iE2t sin θ13 |ν2(0)〉 (7)

The probability that an electron neutrino will remain
an electron neutrino is given in natural units by:

Pνe →νe = 1− sin2(2θ13) sin2

(
∆m2L

4E

)
, (8)

where L is the distance traveled, E is the energy at
detection, and ∆m ≡ ∆m13 ≡ m2

1 −m2
2.

The probability of neutrino oscillation is a function of
the neutrino energy and difference in neutrino masses.
The neutrino flavor would not oscillate if it did not
have mass, and neutrino oscillation thus indicates that
neutrinos have mass, contrary to the prediction of the
Standard Model. Therefore, the measurement of the
amplitude of oscillation, sin2(2θ13), is of interest.

FIG. 1: Locations of the near and far detectors

II. BACKGROUND

A. Summary of Previous Measurements

The 1998 Super-Kamiokande experiment was the
first to successfully demonstrate concrete evidence of
muon neutrino disappearance, consistent with current
estimates of ∆m2

23 and sin2(2θ23) [1]. The experiment
measured νµ → ντ flavor oscillations, which were shown
to demonstrate an L/E-dependent event distribution.
Later, MINOS provided a more precise measurement of
∆m23 [2, 3].

The first successful determination of ∆m2
12 was at the

KamLAND experiment in Japan [4]. Along with the
Sudbury Neutrino Observatory measurements of solar
neutrino masses, which detected ν2 mass eigenstates,
the measurement of tan2(θ12) was established [3, 5].

MINOS has successfully measured ∆m2
13 to the highest

current degree of precision, and measurements to deter-
mine θ13 are currently underway. Since θ13 is significantly
smaller than the other mixing angles, it requires a higher
degree of precision to obtain. CHOOZ reported the first
strongest limitations on θ13, and since then the Daya Bay
collaboration demonstrated the first evidence of this neu-
trino mixing [3, 6].

B. CHOOZ and Double Chooz

The CHOOZ experiment was constructed with the goal
of determining the amplitude of oscillation sin2(2θ13) by
measuring the neutrino flux passing through a detector
a distance L away from a neutrino source and has been
taking measurements since April 2011. The first result,
in 1998, was a 90% confidence level (CL) amplitude up-



per limit of 0.18; i.e., no oscillation with an amplitude of
0.18 or greater was detected [7]. In 1999, the CHOOZ
experiment published new limits on neutrino oscillation,
stating with 90% certainty that no electron antineutrino
disappearance occurred for ∆m2 > 6×10−4eV2 for max-
imum mixing, and sin2(2θ13) = 0.10 for large ∆m2. In
2012, Double Chooz experiment reported reactor electron
antineutrino disappearance with an amplitude of

sin2(2θ13) = 0.109± 0.030 (stat)± 0.025 (syst) (9)

with 2.9 σ certainty of oscillation [8].

The neutrino source is a pair of nuclear power reactors
situated in Chooz, France, which produce electron
antineutrinos. The main source of systematic error is
the reactor neutrino flux prediction. In order to gain
a more precise measurement by eliminating sources of
systematic error, a second, identical detector was built
and the experiment renamed Double Chooz. Since (in
addition to the 1/R2 flux shape) neutrino oscillation
exhibits a L/E dependence (Eq. 8), the second detector
is situated closer to the reactors (see Fig. 1).

C. Detector Operation

1. Signal

The signal from the electron antineutrinos arises as a
result of inverse beta decay:

ν̄e + p→ e+ + n. (10)

The ν̄e thus produces two signals: a positron
and a neutron, each of which result in characteristic

FIG. 2: Signal event

FIG. 3: Energy of delayed (a) and prompt (b) signal.

gamma rays (see Fig. 2). The electron antineutrino
interacts with a proton, producing both a positron,
which will annihilate with an electron, and a neutron,
which will thermalize, travel, and be absorbed by a
gadolinium atom. The prompt signal peak occurs at
0.5 < Eprompt < 10 MeV, and the delayed signal peak is
at 6 < Edelayed < 10 MeV (see Fig. 3) [7, 9]. The time
delay between the two signals peaks at approximately
20 µs.

The energy of the neutrino can be reconstructed from
the visible energy released by the positron annihilation:

Ee+ = Ev̄e − 1.804 MeV, (11)

as a result of energy conservation [7].

2. Detector Schematic

The detector consists of a cylindrical target contained
in a gamma catcher, then contained by the buffer,
which is surrounded by the inner and outer vetoes (see



FIG. 4: Cutout of the detector

Fig. 4)[8]. The target of the detector is a cylinder filled
with 0.1% Gd-doped scintillator fluid, which facilitates
inverse β decay (Eq. 10).

The gamma catcher contains liquid scintillator but
no Gd, allowing gammas escaping the target to deposit
some of their energy in the scintillator. Some neutrons
also capture on the hydrogen in the scintillator, resulting
in a larger target area; however, this was not included
in my analysis. The energy deposited in the gamma
catcher can be detected, whereas gammas that escape
the gamma catcher will not be seen. The gamma catcher
has > 95% gamma containment.

Both the target and the gamma catcher are acrylic
vessels, which are transparent to gammas, thus allowing
the gammas to move freely between them. However,
the buffer is a stainless steel vessel, which is opaque to
gamma rays and effectively shields them. The buffer
contains 390 photomultiplier tubes (PMTs), which turn
a light signal into an electronic signal. Incident photons
hit a photocathode, which emits a photoelectron due to
the photoelectric effect. The photoelectron is accelerated
towards a series of positive plates, a process that results
in the creation of secondary electrons and an effective
signal amplification. The PMTs are surrounded by
magnetic field shielders to cancel the earth’s magnetic
field so that the electrons do not bend out of the path
of the positive plates. Buffer oil surrounds the PMTs in
order to shield them from their internal radiation and
from any unwanted external radiation.

The inner and outer vetoes both detect muons from
external sources, such as cosmic radiation, in order to

veto noise events caused by them. The inner muon veto
contains 70 tons of liquid scintillator and 78 PMTs so
that incoming muons will deposit their energy in the
scintillator fluid. The outer muon veto consists of plastic
scintillator strips with X and Y modules. Each module
has two layers that are stacked like bricks. This offset
allows a more accurate reading of muon location, since
the muon will enter the first layer and then the second,
allowing the offset to pinpoint the location.

D. Sources of Background

Since the signal that Double Chooz is searching for
is so small, it is important to understand precisely
the sources of background noise. The main sources
of background are uncorrelated accidental noise, fast
neutrons, stopping muons, 9Li and 8He (see Fig. 5) [10].

As the name suggests, accidentals consist of accidental
coincidences such as a gamma ray entering the detector
coincidentally with a cosmic muon hitting a nearby
nucleus and causing a stray neutron to enter the target.
These events are not linked temporally and thus the
effects can be almost entirely eliminated by looking at
another period of time where there is no neutrino signal.

The fast neutron (FN) signal is due to high energy
neutrons from cosmic muons. When a cosmic muon hits
a nearby nucleus, a spallation neutron is ejected with
high kinetic energy. This fast neutron enters the target
and causes a proton recoil, which mimics the prompt
signal, and then thermalizes and is captured, producing
a delayed signal. The stopping muon (SM) background
is also caused by cosmic muons. When a cosmic muon

FIG. 5: Sources of background in the Double Chooz experi-
ment



enters the detector from above, typically through the de-
tector chimney, it reaches the target and its track ionizes
the scintillator, producing scintillation light within the
positron energy range. The muon subsequently decays
into a Michel electron, which mimics the delayed signal.
As a result, the time difference between the prompt and
delayed SM events is the muon lifetime, which follows a
distribution with a mean within the allowed ∆ t for the
signal. Since the neutrino signal is small, applying cuts
to the FN and SM noise would obliterate the signal.

Lithium-9 and Helium-8 can be produced when a
cosmic muon hits the target. Lithium-9, which composes
86% of this type of background, β− decays into 8Be
+ a neutron 49.5% of the time, resulting in both a
prompt effect from the electron and a delayed signal
from the neutron capture, which have a similar shape
to the signal (see Fig. 5). Since the cosmic muon is
detected by the inner or outer veto, in theory this
background could be easily eliminated. However, the
half life of 9Li is 178 ms, and the half life of 8He
is 113 ms. Ignoring all the data after muon detec-
tion for the amount of time that it takes for these
isotopes to decay would result in continuous veto, so
this background effect must be dealt with in the analysis.

III. DATA AND SENSITIVITY ANALYSES

A. Oscillation Analysis

Double Chooz uses a combined fit to antineutrino rate
plus spectral shape in order to analyze the oscillation pa-
rameters. Data are compared to the results of a Monte
Carlo model, and data selection cuts are applied equally
to signal and noise. The data is then discretized into
bins of variable sizes and separated into signal and back-
ground. For each energy bin, a prediction of the observed
number of signal and noise events is made:

Npred
i =

Reactors∑
R=1,2

Nν
i +

Bkgds∑
b

αbiN
b
i (12)

where Nν
i is the probability of electron antineutrino

survival multiplied by the number of neutrinos that the
reactor is expected to produce, the αbi are pull terms for
the background error with expected value of 1, and b
indexes over the sources of background discussed in the
previous section [8].

The sum of the squares of random, independent, Gaus-
sian variables follows the well-known χ2 distribution,
which measures the goodness of a fit. Since the contents
of the energy bins are such variables, they can be
described by a χ2 distribution. When ∆χ2 = χ2 − χ2

min

where χ2
min is the minimum value of χ2 is plotted against

sin2(2θ13), the location of the minimum gives the best

FIG. 6: Two possible χ2 curves for sin2(2θ13)=0.10 with var-
ious 1σ errors

fit value of sin2 2θ13. The values of the 1σ error can be
read off of the curve by going up by one unit on the
∆χ2 axis and locating the corresponding point on the
sin2(2θ13) axis (see Fig. 6). The shape of the χ2 curve
thus determines not only the central value of sin2(2θ13)
but also its 1σ error.

In the χ2 distribution, “pull parameters,” or “nuisance
parameters,” are terms that float since they are not of
interest but must be accounted for. “Pull terms” are
penalty terms that change as χ2 is optimized. Since the
optimal χ2 has no difference between the fit and the data,
i.e. its minimum occurs at 0, adding terms to χ2 are
penalizations. The χ2 function is given by:

χ2 =

B∑
i

B∑
j

(Npred
i −Nobs

i )M−1
ij (Npred

j −Nobs
j )

+
(∆m2 −∆m2

MINOS)2

σ2
m

+
(αresidual − 1)2

σ2
residual

+
(αacc − 1)2

σacc2
+

(αFN+SM − 1)2

σ2
FN+SM

+
(αLi+He − 1)2

σ2
Li+He

(13)

where i and j iterate over the number of bins B,

Npred
i = Npred

i (sin2(2θ13),∆m2, αbi , ...) is the predicted
number (Eq. 12), Nobs

i is the observed number, Mij is
the covariance matrix (Eq. 14), ∆m2

MINOS is the central
value of ∆m2

13 measured by the MINOS experiment, the
nuisance parameter ∆m2 is the mass splitting for the
two-neutrino approximation for ν̄e disappearance, the αb
are pull parameters, and the σb in the denominator are
the 1σ error [10]. When αb 6= 1 or ∆m2 6= ∆m2

MINOS,

a penalty is contributed to χ2. In addition, Npred
i is a

function of the pull parameters and must be taken into
account when performing optimization.



TABLE I: Background Inputs.

Bkgd Type FD Rate (per day) ND Rate (per day) Spectrum shape Shape uncertainty
9Li+8He 0.97 ± 0.29 4.37± 1.29 DC-III DC-III (100% correlated between reactors)

FN+SM 0.60± 0.05 2.00 (6= DC-III value of 3.18± 0.27) flat none

Accidentals 0.0701± 0.0054 0.21± 0.02 DC-III none (factored into rate uncertainty)

TABLE II: Parameter Inputs.

Parameter Uncertainty (same for ND and FD) ND-FD Correlation Coefficient

Detection Efficiency 0.62% on signal normalization 0.94

Energy Scale 1.00% on linear energy scale 0

Reactor Flux 1.73% normalization + shape 1 (6= DC-III value of > 0.99)

∆m2 -4.1%, 3.69% on ∆m2
MINOS N/A (single parameter)

The uncertainty is accounted for by constructing a co-
variance matrix Mij , which contains information on the
correlation between the errors in the ith and jth energy
bins. The ijth element of Mij is ∆i∆j , where ∆i is the
way that the predicted bin contents would be different
if a parameter in our prediction were changed. The di-
agonal elements describe the covariance, i.e., the amount
that the ith bin’s error correlates with the jth bin’s error.
Mij is given by:

Mij = M stat
ij +M reactor

ij +M eff
ij +M

9Li+8He
ij +Macc

ij (14)

where M stat
ij contains information about the Poisson

errors, i.e., the statistical spread around the known
average rate of occurrence (since it is statistical, there
is no covariance – the only elements that have non-zero
values are along the diagonal due to self-correlation);
M reactor
ij contains the uncertainty in the reactor neutrino

flux prediction; M eff
ij encodes inefficiency-originated

FIG. 7: Number of events and oscillation as a function of
energy

uncertainty in the normalization, which translates the

spectrum up or down; M
9Li+8He
ij contains the shape

error in the 9Li + 8He background spectrum; and Macc
ij

is a diagonal matrix containing statistical information
about the accidental background [10].

B. Motivation

The Chooz experiment has been using a single detector
for many years of data taking and has successfully ob-
tained results. In Fig. 7, the number of neutrino events
are plotted as a function of visible energy. The black
points are the background subtracted data, where the
vertical lines are the statistical error and the horizontal
width is the bin size. The yellow band indicates system-
atic uncertainty, the red line is the best fit to the data,
and the blue dashed line is the null hypothesis. The small
difference in amplitude visible at the peak between the
null hypothesis and the data is the effect that Double
Chooz detects. Below the number of events, the ratio of
the data to the predicted is given as a function of visible
energy. It is in this graph that the oscillation is appar-
ent; the initial dip at low energy is the oscillation. Since
this effect is so small, the experiment relies on an ex-
tremely precise understanding of the sources of error. In
the past, this experiment has relied on a prediction of re-
actor neutrino flux in order to determine the deficit at the
detector. The prediction is inexact and has contributed
a large amount of systematic error. The solution to this
issue is to replace the prediction of neutrino flux with a
second measurement taken closer to the reactors, and so
a new, near detector identical in design to the far detec-
tor is currently being installed. The resultant uncertainty
in the measurement of sin2(2θ13) after the installation of
the second detector comes into question: does the uncer-
tainty get smaller when a second detector is added? If
so, how quickly does it decrease, and by how much? To
answer these questions, I conducted a sensitivity study.



C. Sensitivity Study

A sensitivity study consists of fabricating a set of data
based on a known value of sin2(2θ13) and then plotting
it against ∆χ2 = χ2 − χ2

min. For sensitivity studies,
∆χ2 = χ2 with χ2

min = 0 because the sin2(2θ13) value is
known precisely. A similar process as was described in
Section A is used in order to find the ±1σ error on the
fabricated data in order to estimate the ±1σ error for
real data [8].

In this sensitivity study, I wanted to know: what will
the uncertainty in the measurement of sin2(2θ13) be when
we use near detector measurements instead of the reactor
neutrino flux prediction? To find out, I scaled every ele-
ment in the reactor error matrix (M reactor

ij in Eq. 14) by
a coefficient R = 1, 1.1, 1.5, 100. For R = 1, there was
no added error, and for R = 100, the error in the reac-
tor flux prediction was high enough that it was equivalent
with assuming no knowledge of the reactor flux. I plotted
various values of the 1σ error in sin2(2θ13) as a function
of total years of data collection for both the one detector
and two detector conditions. The signal from the detec-
tors was scaled for live time and for the baseline using
the most recent analysis (i.e., DC-III). The inputs for
the far detector are based on the DC-III analysis, and
the near detector inputs are a conservative prediction. A
summary of my background and parameter inputs can
be found in Tabs. I and II [10].

D. Methods

In order to obtain the rate + shape fit, I used the
CUfits software package that is standard for DC-III anal-
yses with the inputs in Tabs. I and II. I modified the DC
fitter ROOT macro in order to take inputs of the form
(R, near detector years, far detector years) and then
wrote a simple Perl script that would input an array
of values to the macro and output the results in a text
file. I used a Python script that compiled the text files
and output them in .csv format. Initially, each data
point took approximately 30 minutes to produce; how-
ever, by using reduced files, the time was cut by a factor
of approximately 10. I wrote some simple programs in
Mathematica to plot the data.

E. Results

My first goal was to check that my sensitivity study
was consistent with previous results. To do so, I ran the
macro with R = 1, i.e., assuming that the error estimate
in the reactor covariance matrix was correct. My results
were consistent with previous results, showing a slightly
better estimate because I used a reactor flux ND-FD
correlation coefficient of 1 rather than 0.99, neither of
which are an unreasonable value (see Fig. 8). These

FIG. 8: Agreement between my results and the previous DC-
III results for the sensitivity analysis with R = 1. The darker,
diamond points plot the previous result, and the lighter, circle
points plot my result for the ±1σ error on sin2(2θ13)=0.1 as
a function of the total number of data taking years. The blue
is the one detector prediction, and the red is the two-detector
prediction.

first results were used as a baseline for the subsequent
sensitivity analysis.

Once I established that the macro was operational,
I ran the values of R = 1.1, 1.5, and 100 for both the
single and double detector conditions. The value of
R = 100 represented the condition with high error on
the reactor flux prediction; i.e., assuming no knowledge
about the reactor neutrino flux. For each value of R, I
evaluated the value of the ±1σ error on sin2(2θ13) = 0.1
as a function of the number of data taking years for
both the far detector only and the near + far detector
conditions. The main result is plotted in Fig. 9. The
dashed lines are the far detector only condition, and the
solid lines are the near + far detector condition. The
blue circle points plot the same data as is seen in Fig. 8;
i.e., the condition where R = 1. The green squares
plot the 10% error, i.e., R = 1.1; the yellow diamond
points plot the 50% error, i.e., R = 1.5; and the orange
triangles plot R = 100. This graph demonstrates that
after eight years, while for the single detector case the
error in the reactor prediction has a significant spread,
the error converges to a low value ≈ 0.0122 for the two
detector condition no matter the value of R. Thus,
even with no knowledge of the reactor flux, the value of
sin2(2θ13) can be determined with very high precision.

Note that on this plot, there is no far detector data for
the condition R = 100; this is because the error was very
large. Instead, to demonstrate the scale of the error, it
is on its own graph (Fig.10). In Fig. 10, the high orange
points are the single detector and the low multicolored
points contain the entire graph of Fig. 9. The difference
between these points is the combined effect of adding a
second detector and removing all assumptions about the
knowledge of the reactor flux.



FIG. 9: Results of the sensitivity study: Expected 1 σ error on sin2(2θ13) = 0.1 as a function of total data-taking years since
April 2011. The dashed lines are the far detector only condition, and the solid lines are the near + far detector condition. The
blue circle points plot the same data as is seen in Fig. 8; i.e., the condition where R = 1. The green squares plot the 10% error,
i.e., R = 1.1; the yellow diamond points plot the 50% error, i.e., R = 1.5; and the orange triangles plot R = 100.

IV. CONCLUSION

A sensitivity study on the impact of reactor param-
eters on the ±1σ error of sin2(2θ13) demonstrates that
the second detector adds a high level of certainty, such
that a two detector study that assumes no knowledge of
the reactor flux has higher precision than a one detector
study that relies upon all previous assumptions.
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FIG. 11: Live a) amplified (50 mV/div) and b) unamplified
(5 mV/div) raw data, with c) noise (2 mV/div) for reference.

Appendix A: Silicon Photomultipliers (SiPMs)

I worked on SiPMs with Leslie Camilleri and Andrew
Smith as a side project. In the basement, we used a
long, rectangular dark box to run a series of tests on a
SiPM using an LED light source. SiPMs have potential
for future detectors because they possess the advantages
of a PMT, such as high photodetection efficiency and
operation at room temperature, as well as solid state
advantages, such as a low bias voltage with a relatively
high gain (105-106), a compact and light structure,
insensitivity to magnetic fields, and, most remarkably,
a photon arrival time resolution on the order of 100 ps.
SiPMs are semiconductor based photodiodes that oper-
ate with a high reverse voltage just before breakdown.
Since the semiconductor has a small internal band gap
distance, a very strong internal electric field results,
causing an avalanche. Carriers are excited by absorbed
photons and then are accelerated by this strong electric
field, producing secondary and tertiary carriers, and so

FIG. 12: Plot of SiPM Output vs. Bias Voltage.

forth. Most SiPMs operate in Geiger mode, which is de-
fined as this voltage, slightly above breakdown, at which
a single electron-hole pair triggers an avalanche. The
effect of a SiPM, much like a PMT, is an amplified pho-
tocurrent. Unlike a PMT, it has a much smaller active
area, and consists of sequentially connected avalanche
photodiodes in Geiger mode on top of a silicon substrate.

We were able to obtain a signal from the SiPM and
amplify it (see Fig. 11). Andrew and I measured the
SiPM output voltage as a function of Bias Voltage, ex-
pecting to see a linear dependence due to the linear gain
prediction. However, instead we measured a nonlinear
dependence (see Fig. 12). The nonlinearity in the lower
output voltages may be explained by the high noise lev-
els (see Fig. 11), which could potentially be eliminated
by cooling the SiPM. However, since the SiPMs should
be operational at room temperature, there may be other
more desirable solutions. Single photon counting was at-
tempted with usage of filters, but the noise was too high
to see a single photon signal, even after replacing the
ragged LED pulse with a plastic scintillator and radioac-
tive γ source.

Appendix B: Shift

I served as DC-Shifter for periods of a few hours at
a time over a period of four days. I was responsible for
watching the detector as it took measurements. This
involved starting the GUI launcher, the monitor, process
control, GAIBU, and run control, as well as initiating run
sequences and transferring shifts to Rachel or Leslie. I
was responsible for DAQ monitoring and making reports
of abnormalities, as well as validating data or diagnosing
issues. I was in communication with the leader via Skype
and made a report of an abnormal trigger rate.
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