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Abstract

JUNO (Jiangmen Underground Neutrino Observatory) is a 20 kton multiple purpose liquid
scintillator detector under construction in Kaiping, China. The chief goal of JUNO is the
determination of the neutrino mass hierarchy, the prime question facing neutrino physics.
The other aims of JUNO include precision measurements of neutrino oscillations parameters
from the solar, astrophysical and atmospheric neutrinos. For this, JUNO is designed to have
an energy resolution of 3%/

√
MeV, provided by ∼18, 000 photomultiplier tubes (PMTs) sur-

rounding the 34 m diameter spherical vessel. JUNO will observe ∼83 antineutrino interac-
tions per day, with antineutrinos originating from the nearby Yangjiang and Taishan fission
reactors. Within 6 years of data-taking, this is expected to lead to a 3− 4σ sensitivity on the
neutrino mass hierarchy.
The study of the trigger configuration is undertaken to optimize a resulting trigger condi-
tion. The goal of this thesis is the minimization the effects of the dark noise from the PMTs
on low-energy events. This is carried out by parameterizing the detector with respect to two
characteristic features: the event location and the trigger decision window (trigger window)
for the PMT setup. The optimum trigger settings can then be obtained from the threshold
energies and trigger efficiency. The radioactive decays of unstable nuclei like 210Po, 238U, etc.
in the liquid scintillator lead to large, non-negligible backgrounds in JUNO. The data acqui-
sition system in JUNO is required to cope with these contaminants, which are investigated
for their influence on the trigger rate. Solar neutrinos are also investigated similarly, with
neutrinos originating in pp and 7Be decays in the Sun.
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1

Introduction

...his koto made the heavens
echo – but to recount all his
virtues would, I fear, give rise to
a suspicion that I distort the
truth.

The Tale of Genji
Lady Murasaki

Neutrinos, which were first understood in the 20th century as dark particles in β-decay, have
come to be a new and novel way of probing areas of solar physics, geophysics and particle
physics. Along with forming an important part of new fields like multi-messenger astropar-
ticle physics, neutrino physics also seeks to shed light on physical processes not described
by the Standard Model.
The standard electroweak model put forth in 1967 by S. Weinberg [1] successfully explained
electroweak phenomena, assuming neutrinos to be massless and thus had no lepton flavour
mixing. Subsequent experiments found that neutrinos do however switch flavours, and
must therefore have non-zero mass. This tendency of neutrinos was inspired by the possi-
bility of K0 � K̄0 oscillations [2] put forth by Landau[3], Lee and Yang[4], and Salam[5].
This periodic conversion of a neutrino into one of another flavours, described by B. Pon-
tecorvo in 1957 ([6][7]), was first observed by the Homestake experiment [8] in 1968. The
observed neutrino flux in Homestake was a third of the value expected from the standard
solar model [9]. The ensuing “solar neutrino problem” was laid to rest by the results of
SNO[10], as the sum of the fluxes of all neutrino flavours matched the predicted solar neu-
trino flux. The electron neutrinos (νe) created in the Sun may change into another flavour
upon reaching the Earth. Spurred on by further neutrino experiments [11][12], a new era of
neutrino physics led to the search for properties used to parametrize neutrino oscillations
(mixing angles, mass differences, etc.).
Neutrino detection has a rich history with multiple detectors operating with different mech-
anisms - from detecting Čerenkov radiation in IceCube[13] and Super-K[14] to analyzing liq-
uid scintillation in DUNE [15] (water based, for accelerator neutrinos), Borexino [16], JUNO
[17] and others. While neutrino interactions of any kind are rare, they span a large range
in energy - from keV, e.g. neutrinos produced in the Sun, to PeV, e.g. cosmic neutrinos
from active galactic nuclei. Analyzing the lower end of this range is challenging due to the
prevalence of other physical processes like radioactive decays and noise originating from the
detector setup. These could show up as events similar to neutrino interactions and contami-
nate the signal. In a liquid scintillator detector the size of JUNO, with its large fiducial mass
and excellent energy resolution, the problem of triggering and detecting neutrino events be-
comes one of utmost importance.
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This problem is compounded by the data acquisition system of JUNO, which includes the
photomultiplier tubes (PMTs). A typical neutrino event1 in a liquid scintillator detector
emits multiple photons which strike the PMTs lining the spherical detector, with each pho-
ton detected by a PMT registering as a hit. The PMTs add to the problem of triggering by
providing a constant source of background in the form of dark hits; this noise is due to their
optical amplification properties and architecture. In order to successfully trigger on neu-
trino events, an investigation is carried out into the effects of the dark hits on low-energy
neutrino events.
With its sights on some of the goals of neutrino physics, the first part of this thesis investi-
gates the trigger setup of the detector vis-à-vis parameters like the event vertex. This allows
us to see the different possibilities of obtaining a trigger condition with respect to a chosen
background, such as the constant dark hits (dark noise) from the PMTs. In this regard, the
trigger configuration of the detector can be optimized to go low enough in terms of energy to
detect solar neutrinos and to understand the treatment of low-energy events. With a simu-
lated data set, it is possible to see the variation of this treatment for events of different (albeit
low) energies and different event vertices in the detector. The time window used to make a
trigger decision (trigger window) is also important to see the effect of the event vertex, dark
noise and event energy on the detector characteristics. The latter half of this thesis describes
the effects of internal (liquid scintillator-originating) radioactivity from the decay of nuclei,
and solar neutrino events, on the trigger rate.

1This event could be neutrino-electron scattering, neutrino-proton scattering or an inverse beta decay (IBD).
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2

Neutrino oscillations and mixing

Here we discuss the mechanism by which a neutrino undergoes oscillation, the parameters
that describe such oscillations, and the quantities important for JUNO.

2.1 Oscillation mechanism

The three-neutrino-mass and flavour mixing paradigm explains the different oscillation phe-
nomena and also keeps open the possibility of a (3+n) scheme with n sterile neutrinos. Since
neutrinos experience only the weak interaction, they are detected as the eigenstates of the
weak interaction: |να〉 , (α = e, µ, τ) but are propagated as mass eigenstates of the Hamilto-
nian Ĥ : |νi〉 , (i = 1, 2, 3). Each kind of eigenstate can be described in the basis of the other:

|να〉 =
∑
i

Uαi |νi〉 and |νi〉 =
∑
α

U †αi |να〉 , (2.1)

where the U is the 3 x 3 Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [18] which pro-
vides the change in the bases. The corresponding matrix for antineutrinos is the complex
conjugate of Uαi, i.e. U∗αi . In the Chau-Keung scheme [19], U can be parametrized as: (as-
suming U is unitary):

U =

1 0 0
0 c23 s23

0 −s23 c23

 c13 0 s23e
−ιδ

0 1 0
−s23e

ιδ 0 c13

 c12 s12 0
−s12 c12 0

0 0 1

eιρ 0 0
0 eισ 0
0 0 1

 (2.2)

=

 c12c13 s12s13 s13e
−ιδ

−s12c23 − c12s13s23e
ιδ c12c23 − s12s13s23e

ιδ c13s23

s12s23 − c12s13s23e
ιδ c12s23 − s12s13c23e

ιδ c13c23

eιρ 0 0
0 eισ 0
0 0 1

 , (2.3)

where cij = cos θij and sij = sin θij . θ12, θ23 and θ13 ∈ [0, π/2] are the three mixing angles, δ ≡
δCP ∈ [0, 2π) is the (Dirac) CP-violating phase, and ρ, σ are the Majorana CP-violating phases
(if neutrinos are Majorana particles). The Majorana phases do not influence the oscillation
as they are present only on the main diagonal.
The propagation of neutrinos is approximated as a plane wave, which is governed by the
Schrödinger equation and the Hamiltonian Ĥ :

ι
∂

∂t
|νi(t)〉 = Ĥ |νi(t)〉 , (2.4)

with the solution (in a vacuum)

|νi(t)〉 = e−ιEit |νi(t = 0)〉 (2.5)

=⇒ |να(t)〉 =
∑
α

U †αi |νi(t = 0)〉 e−ιEit (2.6)
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2.2. NEUTRINO OSCILLATION PARAMETERS

The time dependent amplitude of the change from one flavour eigenstate to another (A(να →
νβ)) will thus be:

A(να → νβ) = 〈νβ|να(t)〉 (2.7)

=
∑
i

U †αiUβie
−ιEit. (2.8)

For E >> m,

E =
√
p2 +m2

i ≈ p+
m2
i

2p
≈ E +

m2
i

2E
(2.9)

can be used in (2.8). Simultaneously substituting the time t by the proper distance travelled
L and using the normalization term

√
(UU †)αα for a non-unitary PMNS matrix, we get

A(να → νβ) =
1√

(UU †)αα(UU †)ββ

∑
i

[
U∗αie

−ιm
2
i L

2E Uβi

]
. (2.10)

The probability of this oscillation is P (να → νβ) = |A(να → νβ)|2, which is

P =
1

(UU †)αα(UU †)ββ

{
|Uαi|2|Uβi|2 + 2

∑
i<j

[(
<
(
UαiUβjU

∗
αjU

∗
βi

)
cos

(
∆m2

ijL

2E

)

−=
(
UαiUβjU

∗
αjU

∗
βi

)
sin

(
∆m2

ijL

2E

)]}
, (2.11)

where ∆m2
ij = m2

i −m2
j . The probability of the oscillation ν̄α → ν̄β can be seen from (2.11)

with U → U∗. The incoming reactor anti-(electron) neutrinos serve as the main source of the
JUNO signal. For this signal, we measure the disappearance of the reactor antineutrinos,
which we get from (2.11) as the survival probability with α = β = e (using (2.3)):

P (ν̄e → ν̄e) =1− (sin2 2θ12)c4
13 sin2

(
∆m2

21L

4E

)
− (sin2 2θ13)

[
c2

12 sin2

(
∆m2

31L

4E

)
+ (s2

12) sin2

(
∆m2

32L

4E

)]
, (2.12)

where ∆m2
23 = ∆m2

31 − ∆m2
21 and sij, cij are as previously defined (from [17]). JUNO aims

to measure the energy spectrum of ν̄e → ν̄e to pin down the neutrino mass hierarchy, or
conversely, measure the sign of ∆m2

31.

2.2 Neutrino oscillation parameters

While great strides have been made in the analysis of oscillation parameters, neutrino physics
faces a plethora of open questions which shall be discussed. In the standard 3-flavour neu-
trino model, six independent parameters govern neutrino oscillations: two mass-squared
differences: ∆m2

31 and ∆m2
21, three mixing angles: θ12, θ13, θ23, and a Dirac CP-violating

phase δ. From 1989 to the present day, a variety of solar, atmospheric, reactor, and accel-
erator neutrino experiments [20] have provided evidence for neutrino oscillations and de-
termined these oscillation parameters. The current, best-known values of these oscillation
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2.2. NEUTRINO OSCILLATION PARAMETERS

parameters can be found in Figure 2.1, from [21]. The results in 2.1 are from data sets col-
lected from Gallex/GNO [22], SAGE[23], SNO (3 phases)[24], Super-K (4 phases)[25], and
Borexino (Phase-I and -II) [26]. It also includes long baseline data from νµ, ν̄µ disappearance
and νe, ν̄e appearance channels in MINOS [27], NoνA[28], KamLAND[29] and T2K[30], and
medium baseline neutrino experiments like CHOOZ[31] and Palo Verde[32]. Running ex-
periments like Daya Bay[33] and RENO[34] also provide spectral data. From these values,

NuFIT 3.2 (2018)

Normal Ordering (best fit) Inverted Ordering (∆χ2 = 4.14) Any Ordering

bfp ±1σ 3σ range bfp ±1σ 3σ range 3σ range

sin2 θ12 0.307+0.013
−0.012 0.272→ 0.346 0.307+0.013

−0.012 0.272→ 0.346 0.272→ 0.346

θ12/
◦ 33.62+0.78

−0.76 31.42→ 36.05 33.62+0.78
−0.76 31.43→ 36.06 31.42→ 36.05

sin2 θ23 0.538+0.033
−0.069 0.418→ 0.613 0.554+0.023

−0.033 0.435→ 0.616 0.418→ 0.613

θ23/
◦ 47.2+1.9

−3.9 40.3→ 51.5 48.1+1.4
−1.9 41.3→ 51.7 40.3→ 51.5

sin2 θ13 0.02206+0.00075
−0.00075 0.01981→ 0.02436 0.02227+0.00074

−0.00074 0.02006→ 0.02452 0.01981→ 0.02436

θ13/
◦ 8.54+0.15

−0.15 8.09→ 8.98 8.58+0.14
−0.14 8.14→ 9.01 8.09→ 8.98

δCP/
◦ 234+43

−31 144→ 374 278+26
−29 192→ 354 144→ 374

∆m2
21

10−5 eV2 7.40+0.21
−0.20 6.80→ 8.02 7.40+0.21

−0.20 6.80→ 8.02 6.80→ 8.02

∆m2
3`

10−3 eV2 +2.494+0.033
−0.031 +2.399→ +2.593 −2.465+0.032

−0.031 −2.562→ −2.369

[
+2.399→ +2.593
−2.536→ −2.395

]

Figure 2.1: Three-flavor oscillation parameters from fit to global data as of November 2018.
The numbers in the 1st (2nd) column are obtained assuming Normal Ordering (NO) (and
Inverted Ordering (IO)), i.e., relative to the respective local minimum, whereas in the 3rd

column it is minimized with respect to the ordering. Data from [35].

an estimate of the mixing matrix UPMNS up to 3σ can be found (albeit with strong empha-
sis on unitarity): Ongoing and future neutrino experiments are expected to shed light on

NuFIT 3.2 (2018)

|U |3σ =

0.799 → 0.844 0.516 → 0.582 0.141 → 0.156

0.242 → 0.494 0.467 → 0.678 0.639 → 0.774

0.284 → 0.521 0.490 → 0.695 0.615 → 0.754


Figure 2.2: The UPMNS from the values in 2.1 up to a 3σ limit. The unitarity constraint leads
to strong correlations between the elements in the matrix.

certain topics such as:

• |∆m2
13|: The values of θ13, θ23 and δCP in a global fit such as 2.1 are sensitive to sign

of ∆m2
31, making it necessary in JUNO and other experiments to determine which

neutrino has the lowest mass, ν3 or ν1; i.e. if ∆m2
13 > 0 or ∆m2

13 < 0.
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2.3. OPEN QUESTIONS IN NEUTRINO PHYSICS

• δCP : As δCP 6= 0 at the 2σ level, it implies a possibility of CP-violation in the neutrino
sector. This is likely to show up in long-baseline neutrino oscillation experiments.

• θ23: As θ23 ≈ 45◦, it can lie in either the first or second octant (within 1σ). Resolving the
octant it lies in is important to pin down the geometrical structure of the PMNS matrix
U .

For µ − τ symmetry to hold (in UPMNS), one of two conditions must hold: θ13 = 0◦ and
θ23 = 45◦, or δCP = 90◦(270◦) and θ23 = 45◦. Daya Bay data [36] has already shown evidence
for θ13 6= 0◦, so the values of θ23, δCP are needed so as to find the strength of µ− τ symmetry
breaking in UPMNS .

2.3 Open questions in neutrino physics

A large number of questions remain unanswered in neutrino physics, some of which we
discuss here.

Figure 2.3: Ordering of the neutrino masses according to the normal and inverted hierar-
chies, from [17].

• Neutrino mass hierarchy: While we know from the solar sector that ∆m2
21 > 0; a model-

independent approach is lacking for the sign of ∆m2
31 (see Figure 2.3). The sign of

∆m2
31 impacts various processes in particle physics, astrophysics and cosmology. The

neutrino mass ordering that comes with knowing the sign of ∆m2
31 may point to lep-

togenesis mechanisms [37] and the observed baryon asymmetry of the universe [38],
[39]. The ambiguity in the sign of ∆m2

31 could be solved by

– Probing matter effects:
The (terrestrial) Mikheyev-Smirnov-Wolfenstein effects [40], [41] on neutrino os-
cillations would be minimal for the JUNO reactor antineutrino signal due to the
medium baseline and lower energy probed. Upcoming experiments such as PINGU
and DUNE will also investigate these effects.
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2.3. OPEN QUESTIONS IN NEUTRINO PHYSICS

– Probing interference between ∆m2
23 and ∆m2

31:
The probability PNH(ν̄e → ν̄e) for normal hierarchies is equal to the one for in-
verted hierarchy PIH(ν̄e → ν̄e) with respect to the signs of ∆m2

31,23. However, for
different values of ∆m2

31,23, PNH(ν̄e → ν̄e) 6= PIH(ν̄e → ν̄e); an effect of the oscilla-
tions that shows up most for a distance of∼50 km from the source of antineutrinos
(for reactor antineutrinos).

• Dirac or Majorana nature: Neutrinos can either be Dirac particles, i.e. they have a unique
antiparticle, or Majorana particles, i.e. they are their own antiparticles. If they are Ma-
jorana particles, they would violate lepton number conservation and annihilate with
each other; the only feasible way to see this presently would be via a 0νββ decay. The
sign of ∆m2

13 influences the effective mass in 0νββ decay 〈m〉ee ≡
∑

imiU
2
ei [42]. In the

3-neutrino mixing paradigm, this would set a limit of |〈m〉ee| ≥ 0.01 eV in the event that
the mass hierarchy is inverted (m2 > m1 > m3), or if the neutrino masses are nearly
degenerate [17]. The low limit can be accessible in future 0νββ decay experiments.

• Absolute mass scale: The absolute value of neutrino masses requires data from non-
oscillation experiments (as oscillation experiments measure mass squared differences),
like the upper bound set by 0νββ decay for effective mass: 〈m〉e < 0.2 eV [43]. The
KATRIN experiment measuring tritium (3H) decay will probe 〈m〉e with a sensitivity
of 0.2 eV [44]. The Planck collaboration [45] also gives the cosmological limit for the
sum of neutrino masses:

∑
imi < 0.23 eV.

Figure 2.4: Schematic plot of “mass hierarchy” and “mass desert” (shaded blue region) with
neutrinos ordered according to normal mass hierarchy, showing possible neutrino masses.
Figure from [17].

• The octant of θ23: µ−τ flavour-symmetry models prefer θ23 = 45◦, so any different value
could serve as a model discriminator [46]. Finding the octant of θ23 could be taken up
in long-baseline or atmospheric neutrino oscillation experiments.

• δCP : Under CPT invariance, the extent of CP and T violation in neutrino oscillations is
uniquely controlled by δCP . CP-violating effects could show up in neutrino oscillations

9



2.3. OPEN QUESTIONS IN NEUTRINO PHYSICS

due to the existence of other massive neutrinos (violating the unitarity of the 3 × 3
PMNS matrix U ) in long baseline experiments like T2K and in the future, DUNE and
NoνA [47]. The measurement of δ, though, could be hampered in these experiments
due to terrestrial matter effects in neutrino oscillations.

• Extra neutrino species and unitarity tests for UPMNS : The existence of other neutrino
species which do not experience the weak interaction [48] has roots in certain lepto-
genesis mechanisms and explanations of the matter-antimatter asymmetry in the uni-
verse [37]. A species of sterile neutrinos could also explain the anomalies seen in LSND
[49], MiniBooNE [50] and reactor antineutrinos [51]. Such sterile neutrinos may also
be good candidates for (warm) dark matter. They could modify the behaviour of the
standard 3-flavour neutrino interactions and violate the unitarity of the 3 × 3 PMNS
matrix U . Extra oscillation terms could then be added to P (ν̄e → ν̄e) (in 2.12).

10



3

Neutrino sources

With many open questions plaguing neutrino physics, a detector like JUNO is well poised to
see different kinds of events and provide an answer. Neutrinos (and antineutrinos) arriving
at the detector from different sources have varying characteristics, which we discuss here.
The properties of the sources themselves and the processes that lead to the production of the
neutrinos are also discussed. The spectra we expect to see, once possible events from these
neutrinos have been detected, rely on the characteristics of the neutrino sources.

3.1 Anti-neutrinos

3.1.1 Reactor antineutrinos

The history of neutrino detection is flecked with experiments running in tandem with fis-
sion reactors, right from the early days of neutrino physics.
Anti-neutrinos in JUNO predominantly come from the nearby fission reactors, namely in
Yangjiang and Taishan, which are 53 km away from the JUNO detector. The cores are all
similar in design (water pressure reactors) and structure. The Yangjiang nuclear power
plant (NPP) has six cores with a power of ∼3 GWth each, while Taishan NPP has 4 cores
of ∼4.6 GWth each1. These are expected to have a combined power output of ∼36 GWth

when data taking starts. In Figure 3.2, the antineutrino flux (in black) is shown with respect
to the energy of the antineutrinos from the NPPs. The reactor antineutrinos are the prod-
ucts from the β-decay of unstable radioactive nuclei. In these reactors, 99.7% of the thermal
energy generated and the electron antineutrinos (ν̄e) generated is from the fission of 4 iso-
topes: 235U, 238U, 238Pu and 241Pu. Reactor neutrino fluxes per fission of each isotope are
determined by inversion of the measured β spectra of fission products. The fission rates in
a detector are predicted with:

Φ(Eν) =
Wth∑
i fi · ei

·
∑
i

fi · Si(Eν) , (3.1)

where Wth is the thermal power of the reactor; fi, ei, and Si(Eν) are the fission fraction,
thermal energy per fission and the neutrino flux for the ith isotope respectively. This estimate
comes with an uncertainty of 2-3%, and this neutrino flux is used in Figure 3.2 for JUNO.
In the following chapters, the detection of reactor antineutrinos and geoneutrinos will be

discussed with respect to JUNO.

1Yangjiang NPP’s cores are 2nd generation CPR1000 (Improved Chinese pressure water reactor) cores and
Taishan NPP’s are 3rd generation Evolutionary Power Reactor (EPR) cores. All the reactors are manufactured
and run by China General Nuclear Power Group (CGNPG).
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3.1. ANTI-NEUTRINOS

Figure 3.1: The Yangjiang and Taishan NPPs (bottom left, in red), which serve as the main
source of reactor antineutrinos for JUNO. The proposed (pending approval) power plants at
Huizhou and Lufeng are also shown, these will be at a distance of ∼300 km from JUNO but
are of lesser importance. The Daya Bay NPP, which is 215 km away from JUNO, forms part
of the Daya Bay complex with its other NPPs like Ling Ao-I and -II.

Figure 3.2: The shape of the expected unoscillated IBD spectrum (in red) is compared here
with those of the antineutrino flux (in black, sum of all antineutrino fluxes; dominated by
235U) as emitted from NPPs and the IBD interaction cross section (in blue). The steps in-
volved in an IBD interaction are depicted above the plot. From [17].

3.1.2 Geoneutrinos

Over the years, a precise understanding of the Earth’s surface heat flow (46 ± 3 TW [52])
has been obtained. However, there remains a debate regarding which fraction of this energy

12
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Table 3.1: The thermal powers and the baselines to JUNO for Yangjiang (YJ), Taishan (TS),
Daya Bay (DYB) and Huizhou (HZ). The baselines are measured to within 1 m precision
by GPS. The distance between the reactor cores of Yangjiang is about 80 to 200 m, and for
Taishan it is about 20 to 100 m.

comes from radiogenic and primordial sources. This has to do with the structural and chem-
ical make-up of the Earth. Neutrino physics is essential in probing this area of geophysics,
with the electron antineutrinos that make up the Earth’s neutrino flux. These antineutrinos
originate in the radioactive β-decay of elements occurring naturally in the Earth. Detecting
the antineutrinos (from Earth’s neutrino flux of ∼106 cm−2s−1) can point to the concentra-
tions of radioactive elements within the Earth, help understand Earth’s heat budget, distin-
guish various models of the Earth’s chemical composition, etc.
It is important to understand the relative contributions from the crust and mantle to the
total geoneutrino signal at JUNO, and an accurate estimation of the geoneutrino flux from
the crustal region surrounding JUNO is a priority. The global and regional contributions
of the geoneutrino flux need to be predicted for the area surrounding the JUNO detector,
as has been previously done at existing detectors as well.The unoscillated geoneutrino flux
produced by a source volume ∆V at the detector position can be calculated with (integrated
geoneutrino flux):

Φ(∆V ) =
1

4π

∫
∆V

A(~r)

|~R− ~r|2
d3~r , (3.2)

where A is the rate of geoneutrino production in ∆V ; which depends on the U, Th abun-
dances, density and decay rates. ~R is the radius of the Earth. The intensity of the flux
depends on the inverse-square of the distance to the sources, and thus the crust surround-
ing the detector, which contains a relatively small amount of the Earth’s U and Th budget,
has a large contribution in the signal.
The JUNO detector will thus accumulate a signal from the regional distribution of 232Th
and 238U, as well as from the rest of the planet. The various contributions from different
parts of the Earth are depicted in Figure 3.5. The main components constituting the theo-
retical geoneutrino signal (as seen in Figure 3.5) are electron antineutrinos from the chains
of 238,235U, 232Th and 40K decays. The different (relative) concentrations of these elements
within the Earth can vary from model to model, changing the expected geoneutrino flux
and the measured spectrum.

13



3.1. ANTI-NEUTRINOS

Figure 3.3: The contribution of the Earth’s crust to the overall geoneutrino signal, measured
in TNU. The geoneutrino signal is measured in TNU or terrestrial neutrino unit(s): 1 TNU
corresponds to 1 geoneutrino event recorded over a year-long exposure of 1032 free protons
(with 100% detection efficiency), which is approximately the number of free protons in a
1 kton liquid scintillation detector. This is analogous to the solar neutrino unit (SNU): 1
SNU equalling 1 interaction per second per 1036 target atoms. From [53].

Figure 3.4: The mantle signal, measured in TNU. It is much more difficult to detect than the
crustal signal. The various detector locations around the world (some proposed) can lead
to an analysis of the contribution of different places in the Earth, to the geoneutrino signal.
From [53].
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Figure 3.5: The contributing signal to the total geoneutrino signal expected at JUNO.The
percentage contributions of the Bulk Crust, Continental Lithospheric Mantle (CLM) and
Mantle are represented as function of the distance from JUNO, from [17]. On the right plot,
the various contributing sources to the signal are shown, from [54]. The contribution comes
from 238U and 232Th decays, which have energy above the IBD threshold.

Figure 3.6: Solar neutrino spectrum with its various components, from [56] and [57]. Differ-
ent fission processes in the sun like pep, pp, CNO, etc. lead to ν production, with differing
energies.
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3.2. NEUTRINOS

3.2 Neutrinos

3.2.1 Solar neutrinos

Neutrinos coming from the Sun have been a cornerstone of neutrino physics, and many
experiments have measured solar neutrino oscillation parameters. The Sun is a powerful
source of neutrinos of energy ∼1 MeV produced mainly from the pp process. Here, initially
4 protons combine into: 4p→4

2 He+ 2e− + 2νe. Neutrinos from production cycles in the Sun
like pep and CNO (hitherto undetected) form a minor portion of the pp neutrino flux.
In consort with other neutrino experiments, solar neutrinos have provided ample evidence
for neutrino oscillations. The study of solar neutrinos has formed an important part of as-
troparticle physics and solar physics. Besides testing of the Mikheyev-Smirnov-Wolfenstein
(MSW) matter effect in particle physics, we can also improve significantly our knowledge of
fundamental solar physics, such as the mechanism ruling the dynamics of the Sun, the solar
metallicity problem, and the agreement between solar models and the data from helioseis-
mology. JUNO aims to improve solar physics, solar dynamics, the metallicity problem, etc.

Table 3.2: The solar neutrino flux from the different interactions. The neutrinos from the
decay of 13N, 15O and 17F form the CNO neutrinos. From [55].
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4

JUNO

JUNO (Jiangmen Underground Neutrino Observatory) is a multi-purpose neutrino detec-
tor currently under construction in Kaiping, China (Figure 4.1). JUNO was first proposed
in 2008 with the main goal to pin down the neutrino mass hierarchy, which it plans to do
within 6 years of data taking once operation commences. The determination of mass hi-
erarchy requires it to be 53 km from the Yangjiang and Taishan NPPs (combined power of
about 36 GWth) which will provide JUNO with antineutrinos. The mass hierarchy determi-
nation requires equal baselines from the detector to all reactor cores to avoid cancellation of
the oscillation dephasing effect. The JUNO detector has a target mass of 20 kton and will
be deployed about 650 m beneath the Dashi hill, which will serve as its overburden and
shield against cosmic showers. JUNO is designed to have an excellent energy resolution of
3%/

√
E (MeV) so as to differentiate between the oscillation spectra of electron antineutrinos

vis-à-vis normal and inverted mass hierarchies. Such a high energy resolution is a challeng-
ing proposition that entails stringent criteria for various properties of the photomultiplier
tubes (PMTs) and the liquid scintillator used in JUNO. This also pertains to the production
and investigation of the equipment which will be a part of the JUNO setup.

Figure 4.1: Location of the JUNO experiment in China.

4.1 The JUNO detector

The experimental setup of the JUNO detector consists of a central detector, a water pool
surrounding it and a top tracker (for muons) above the central detector, as in Figure 4.2.

17



4.1. THE JUNO DETECTOR

The central detector is submerged in the water pool to shield it from natural radioactivity
originating from the surrounding rock and air. The PMTs lining it allow the water pool to
serve as a Čerenkov muon veto.

Figure 4.2: Setup of the JUNO detector.

The central detector

The central detector houses 20 kton of the liquid scintillator (LS) in an acrylic, spherical tank
of 17.7 m radius. Incident particles interact with the LS such that the emitted scintillation
photons are detected by PMTs on reaching the outer part of the central detector vessel. The
LS cocktail consists of:

• LAB: Linear alkyl benzene, a mineral oil, which is the main solvent.

• PPO: 2,5 diphenyloxazole, which acts as the fluor and receives/transmits the scintilla-
tion light so that it is not re-absorbed by the LAB.

• bis-MSB: bis-Methyl styryl benzene, which acts as the wavelength shifter to increase
the attenuation length of the scintillation light in the LS (22.4 m at a wavelength of
430 nm).

The spherical chamber is lined with about 18,000 20” PMTs (which are the main eyes of
JUNO) along with about 25,000 3” PMTs, resulting in a 78% photo-cathode coverage. This
contributes directly to the energy resolution goal that JUNO aims to reach. These PMTs are
submerged in a water buffer at a radial distance of 19.5 m from the detector center, about
2 m away from the outermost region of the tank. This reduces the background contribution
and the triggering rate in the LS due to radioactive elements in the PMT glass. The entire
spherical vessel is supported by a steel truss, and submerged entirely in a cylindrical pool
of ultra-pure water (Figure 4.3).
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4.1. THE JUNO DETECTOR

The veto detectors

An overburden of 650 m (about 2000 m.w.e) reduces the cosmic muons that impinge on the
detector. The most prominent backgrounds come from the cosmic muons incident on JUNO.
Muon interactions lead to the production of isotopes like 9Li-8He which mimic the antineu-
trino signal when they decay. The water pool (Figure 4.3) surrounding the central detector
is lined with about 1,600 20” PMTs to serve as a Čerenkov detector and veto incident muons.
The muon detection efficiency of the water pool is expected to be 99.8% [17].

The top tracker above the JUNO detector setup is from the discontinued OPERA exper-

Figure 4.3: The water pool along with the PMTs lining it, surrounding the steel truss that
supports the central detector, from [59].

iment [61]. Plastic scintillator strips from the erstwhile OPERA detector (Figure 4.4) will
be re-purposed into modules to detect and tag incident cosmic muons. Each target tracker
module will require at least 3 layers to sufficiently suppress the radioactivity background,
which can induce extremely high noise rates in the detector. This radioactivity background
is from the rock surrounding the experiment,formed by the U,Th and K decays in the vicin-
ity and the activities of these radioactive elements are known (130, 113, and 1062 Bq/kg
respectively). The entire top tracker layout covers about 25% of the surface area directly
over the main detector.
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Figure 4.4: Schematics of the erstwhile OPERA detector, from [60].

4.2 PMT setup in JUNO

The PMTs are key components of JUNO, serving as its eyes and are thus directly related to
the goals that JUNO aims to achieve. It is important that the approx. 20,000 PMTs used have
high gain, low costs, large lifetimes, large area, large photon detection efficiencies, low noise
and reliability. With ∼78% of the detector to be covered by PMTs, they will take up about
4,700 m2 of the surface area of the detector sphere.

PMT Specifications

In Figure 4.1, we see some of the salient features that are required of a PMT for JUNO. The
20,000 PMTs that will be used in JUNO are comprised of:

• MCP-PMTs:
About 15,000 of the PMTs used in JUNO will be multi-channel plate (MCP) PMTs (Fig-
ure 4.6).

• Hamamatsu PMTs:
5,000 PMTs will be dynode PMTs, made by Hamamatsu (PMT type R12860).
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4.2. PMT SETUP IN JUNO

Parameters Specification(s) Further comments

Diameter in mm 508 ∼20 inches

Photocathode diameter in
mm 500 With glass thickness 4 mm

Peak quantum efficiency
(QE) ≥ 38%

Preferably at wavelength
∼ 420 nm

Photoelectron collection
efficiency (PCE) ≥ 93%

Averaged over the entire
photocathode (i.e., the

PMT)
Photon detection
efficiency (PDE) 35% PDE ∼

= QE × PCE

Spectral response in nm 300 − 650
Scintillation from 380 to

550 nm
Transition time spread

(TTS) in ns 5
Full width at half

maximum (FWHM)
Gain > 107

Single photoelectron (pe)
Peak
V alley

(P/V) ≥ 2

Linear range (of a pe) 0.1− 1000

Dynamic range (pe) 0.1− 4000

Pre-pulse < 1%

Fast after-pulse < 1% < 1µs

Slow after-pulse < 5% < 200µs

Maximum hydraulic
pressure in atm 9 4.2 atm in JUNO

Fast after-pulse < 1% < 1µs
238U content in g/g 10−8 PMT weight ∼ 1 kg

232Th content in g/g 2 · 10−8 PMT weight ∼ 1 kg
40K content in g/g 10−5 PMT weight ∼ 1 kg

Lifetime of PMT in years 20

Table 4.1: The specifications of a typical JUNO PMT. The typical dark noise pulse rate (or
dark rate) for a PMT is ∼30 kHz, but in this work the dark rates of the PMTs have been
uniquely assigned in order to investigate their effects. Data from [62].

In addition to these 20” PMTs, JUNO will also use ∼25,000 3” PMTs arranged between the
larger PMTs. All in all, this arrangement bumps up the photo-cathode coverage to 78%.
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4.2. PMT SETUP IN JUNO

Figure 4.5: A cross sectional view of the two kinds of large PMTs used in JUNO: MCP-PMTs
and Hamamatsu (dynode) PMTs. The difference in the internal architecture as well as the
ellipsoidal glass of the photocathodes can be seen.

Figure 4.6: Various 20” PMTs under test, and PMT testing systems set up in IHEP, Beijing;
from [62].

PMT dark rates

The dark noise of a PMT is the signal it produces even during no optical stimulus (hence the
word dark) i.e., even when there is no incident light. The dark noise comes from the PMT ar-
chitecture, thermionic emission and field effects in the PMT due to ambient temperature and
the electric voltage supplied to it. For JUNO’s PMTs, the maximum permitted dark rates (of
each PMT) are decided by the PMT type. For Hamamatsu PMTs, the maximum permitted
dark rate is 50 kHz. For MCP-PMTs, the maximum permitted dark rate is 100 kHz. A PMT
of either type that has higher dark rate than the imposed limit will not be used. All PMTs
are tested (Figure 4.6) to check their properties at the site in Zhongshan, China. We will use
the data from this testing facility to assign dark rates (in 7.3) to all the PMTs in JUNO, to
investigate the effects of the dark noise.
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Neutrino detection in JUNO

5.1 Antineutrinos

Reactor antineutrinos from the nearby fission reactors are detected in JUNO via the inverse
beta decay (IBD). This interaction serves as the main constituent of the antineutrino signal,
and is expected to help pin down the neutrino mass hierarchy. In an IBD interaction, an
electron antineutrino incident on a proton produces a neutron and positron:

ν̄e + p+ → n+ e+, (5.1)

with the threshold energy Ethreshold = 1.8 MeV. So, for a ν̄e to participate in an IBD,

Eν̄e = Ekin + 1.8 MeV. (5.2)

The much lighter positron carries most of the kinetic energy Ekin of the original ν̄e after the
collision, and goes on to interact with the LS. It quickly deposits this Ekin in the detector and
annihilates with an electron (producing two 511 keV γ’s), with an overall energy

Eprompt = Ekin + Eannihilation , (5.3)

which serves as the prompt energy.
The neutron moves about in the detector till it is thermalized. It is then captured on a pro-
ton after a delay of about 220µs and releases energy Edelayed = 2.2 MeV in the form of γ’s
(binding energy of 1He).
For reactor antineutrinos: The nuclear plants located 53 km away from the JUNO detector
ensure the maximum possible difference in the survival probability P (ν̄e → ν̄e) of the ν̄e
dictated by either the inverted or normal mass hierarchy, as shown in Figure 5.1. The conse-
quent signal seen at JUNO (oscillated and unoscillated) is shown in Figure 5.1 as well. For
geoneutrinos: The expected geoneutrino signal at JUNO is shown in Figure 5.2 as well as
the comparison between the reactor antineutrinos and geoneutrinos. The interaction mech-
anism for geoneutrinos is the same as that for reactor antineutrinos, which means that they
are natural backgrounds to each other and the spectrum for each must be dealt with to ana-
lyze the other.
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Figure 5.1: Pee ≡ P (ν̄e → ν̄e) for reactor neutrinos as a function of the distance travelled in
km by a ν̄e. The red ellipse shows the area of interest caused by the θ12 oscillation, i.e, the
maximum difference between the Pee for both hierarchies, at 53 km. The right plot shows
the expected antineutrino spectrum in JUNO with spectral distortion for both possible mass
hierarchies. Figures from [17].

Figure 5.2: The expected geoneutrino IBD spectra from the U and Th chains assuming secu-
lar equilibrium in the chains and at the chondritic ratio of Th/U masses (M(Th)/M(U))=3.9,
from [54]. The right plot shows the geoneutrino background and its effect on the IBD spec-
trum while the reactors are running (solid red line). For nearly no reactor antineutrinos, the
solid light blue line shows the worldwide reactor antineutrino background for geoneutrinos,
from [63].

5.2 Backgrounds for antineutrinos

The background profile in JUNO comes from three major sources:

• Accidentals from radioactive decay of singles: The decay of radioactive nuclei creating
false signals in the detector can contribute to many accidental coincidences that con-
taminate the Eprompt and Edelayed signal. The decay of radioactive nuclei in the detector
can contribute to an accidentals rate of 7.6 counts/second, and we can have about 1.1
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event/day (blue region in Figure 5.3) after all requisite cuts1 are used.

• Radioactivity arising from the decay of cosmogenic isotopes: Cosmogenic isotopes, mainly
9Li-8He, undergo β decay and mimic the signal of IBD events. As these isotopes
are sufficiently long-lived, they can travel some distances in the detector away from
the cosmic muon interactions which produced them. This leads to about 340 ν̄e-like
events/day. This is reduced to <0.01/day after the cuts are implemented. The cosmo-
genic isotopes 9Li-8He (green region in Figure 5.3) are caused by cosmic muon spal-
lation on 12C, these do not decay very quickly2 and may survive long enough in the
detector (requiring a veto of∼ 1− 2 s) to give a false IBD signal. They are highly corre-
lated to the IBD spectrum and have about the same number of events per day as IBD
events: ∼84/day.

Figure 5.3: A 1 year MC simulation of IBD signal in JUNO, Accidentals, Geo-neutrinos and
9Li-8He. From [17].

• Spallation neutrons: The cosmic muons also produce hadron showers in the detector,
leading to many spallation neutrons that go on to mimic the Edelayed. To deal with
both, the cosmogenic isotopes and the spallation neutrons, JUNO employs certain cuts
and vetoes. Spallation neutrons originate from hadron showers correlated to muons.
The rate of spallation neutrons is negligible after cuts are applied along with the muon
veto cut. The muon track is reconstructed and a cylindrical volume around it is vetoed
for ∼ 1− 2µs following from the capture time.

Other sources are:
1Fiducial volume cut R<17 m, Rp−d cut (distance between prompt and delayed signals) < 1.5 m, ∆T (time

elapsed between prompt and delayed signals) < 1 ms, etc.
2The half-lives of Li and He are: t 1

2
(9Li) = 178 ms and t 1

2
(8He) = 113 ms.
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Figure 5.4: A logarithmic plot of the 1 year MC simulation, with mainly the lower back-
grounds seen: fast neutrons (flat maroon region) and 13C(α, n) - 16O (double-bumped pink
region). From [17].

• Fast neutrons: These provide a constant, flat background to IBDs are highly energetic
neutrons formed by incident, untagged, corner-clipping muons or from muons which
which hit the detector in areas of low water shielding. In Figure 5.4, they are the
maroon shaded region, with a rate of about 0.1/day.

• 13C(α, n) - 16O: The 13C(α, n) - 16O background comes from the reaction of α’s from
235U, 232Th and 210Po, which is out of equilibrium with the rest of the 235U chain, on
13C. The resulting 16O can undergo de-excitation and is a correlated background for the
IBD spectrum. The resulting 16O can undergo de-excitation and result in a correlated
background for IBD spectrum. After cuts, a rate of 0.05/day is expected. The pink
shaded region in 5.4 illustrates this background.

• Geoneutrinos: These have the same interaction as reactor antineutrinos do, with contri-
bution from 238U (77%) and 232Th (23%). The expected rate after cuts is about 1/day. In
Figure 5.2, the solid green line (geoneutrino) clearly has an effect (dashed black line)
on the pure IBD spectrum (solid red line).

5.3 Neutrinos

The main interaction for neutrinos in JUNO is elastic scattering on electrons, which com-
prises of a single flash of light from energy transferred to the electron from a neutrino:

νe,µ,τ + e− → νe,µ,τ + e−. (5.4)

For solar neutrinos: The large volume of JUNO ensures higher statistics, which will help
solve the solar metallicity/opacity problem (measuring 7Be and 8Be), and discriminate among
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various Standard Solar Models (SSM). Figure 5.6 illustrates the expected rates from various
solar neutrino sources in JUNO, while Figure 5.5 shows the spectrum for elastic scattering
of solar neutrinos with respect to the recoil energy from the scattering.

Figure 5.5: Solar neutrinos seen via the elastic scattering on electrons for the different neu-
trino sources in the Sun. The main signal contribution to the solar neutrino signal in JUNO
comes from 8B (if the threshold for IBD events is set at 1 MeV), from [56]. The expected so-
lar neutrino spectrum, on the right, shows neutrino events from 8B in JUNO with the main
cosmogenic backgrounds: 11C, 10C and 11Be. From [17].

Figure 5.6: The expected solar rates and the internal radiopurity levels required to see the
solar neutrino events, from [17].
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5.4 Backgrounds for neutrinos

The main sources of background to the measurement of solar neutrinos are dominated by
cosmogenic isotopes and the internal radioactivity of the LS:

• Cosmogenic isotopes: The cosmogenic isotopes formed as spallation products of muons
on 12C like 10C and 11C, etc are sufficiently long lived in the detector. Their spec-
tra needs careful investigation and subtraction from the overall spectrum. The neu-
trons produced along with the spallation products in a cosmic shower are an ad-
ditional background, and could be used to suppress the 10C, 11C background with
counts of ∼1300 and ∼30/day/kton respectively (Figure 5.6). The 11Be background
(2 counts/day/kton) is also important for 8B. The rather large decay time of these iso-
topes means that they cannot be subtracted successfully along their parent muon track;
an investigation of their spectra and rates is required before subtracting from the solar
neutrino spectrum. See Figure 5.5.

• Singles from internal radioactivity: Radioactivity from the decay of nuclei can mimic the
elastic scattering energy. The baseline i.e. the maximum permitted radiopurity of cer-
tain elements like 210Bi, 85Kr, 238U, etc. is strictly set. The singles spectra is comprised
of only β- and γ-decays, with non-negligible contributions to the background coming
from 210Pb, 85Kr, 238U and 40K. The 2.6 MeV γ’s coming from the decay of 208Tl (in the
PMT glass and from 232Th contamination in LS) are a background for 8B neutrinos.

Other sources of background which are not studied here include the external γ’s; these can
be reduced with a fiducial volume cut. Solar neutrinos have high enough statistics to look in
the innermost (and cleaner) region of detector, where the only background is due to the con-
tamination of singles in the LS. The rate of ES interactions from reactor ν̄e is∼0.5/day/kton,
which makes it ∼5% of 8B signal. These can be statistically subtracted with high precision
from IBD measurements.
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Figure 5.7: Spectra of radioactivity from different nuclides with “ideal” radiopurity levels
(in Figure 5.6), from [17]. A further analysis of the spectra of internal radioactivity, carried
out in this work, can be seen in Figures 8.8 and 8.9.
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6

Physics goals of JUNO

The large mass (20 ktons) and the excellent energy resolution, 3% at 1 MeV, along with an
accurate energy determination (better than 1%) will allow JUNO to probe various sections in
neutrino physics and answer some of the open questions therein. In this section we discuss
some of the main goals of JUNO and the corresponding methods of their determination.

6.1 Determining neutrino mass hierarchy

Pinning down the neutrino mass hierarchy, which is the main goal of JUNO, uses the reactor
antineutrino signal. The ν̄e’s from the Yangjiang and Taishan nuclear fission plants dominate
the antineutrino signal in JUNO. To discern between the two possible alternatives for the
mass hierarchy, i.e, the normal or inverted hierarchy, we recall the antineutrino survival
probability P (ν̄e → ν̄e) from 2.12, rewriting it as:

P (ν̄e → ν̄e) = 1− sin2 2θ13

(
c2

12 sin2 ∆31 + s2
12 sin2 ∆32

)
− c4

13 sin2 θ12 sin2 ∆21 (6.1)

= 1− 1

2
sin2 2θ13

[
1−

√
1− sin2 2θ12 sin2 ∆21

]
cos(|∆ee| ± φ)

− c4
13 sin2 θ12 sin2 ∆21 , (6.2)

where cij, sij = cos θij, sin θij respectively, ∆ij = ∆m2
ijL/(4E), L is the baseline/distance

travelled by the antineutrino (between the point of creation and point of possible detection)
and E is the antineutrino energy. The phase φ can be defined as:

sinφ =
c2

12 sin (2s2
12∆21)− s2

12 (2s2
12∆21)√

1− sin2 2θ21 sin2 ∆21

(6.3)

cosφ =
c2

12 sin (2s2
12∆21) + s2

12 (2s2
12∆21)√

1− sin2 2θ21 sin2 ∆21

, (6.4)

and ∆m2
ee = c2

12∆m2
31+s2

12∆m2
32. The± in 6.2 refers to the mass hierarchies: (+) for the normal

and (-) for the inverted hierarchy. In JUNO, which is a medium baseline experiment, the
oscillation in ∆m2

ee show up as multiple cycles in the spectrum (depending on the hierarchy),
seen in Figure 5.1. Figure 6.1 shows the baseline dependence of of the extra effective mass-
squared difference

∆m2
φ =

4Eφ

L
. (6.5)

The effective mass squared difference for NH (normal hierarchy) will be 2|∆m2
ee| + ∆m2

φ

while for IH (inverted hierarchy) it will be 2|∆m2
ee| −∆m2

φ; this will cause an advancement
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Figure 6.1: The change in ∆m2
φ (coloured bands) for different baselines and Evis = Eν̄e −

0.8 MeV. The solid purple line represents the approximate boundary of the degenerate mass
squared difference. The solid, dashed and dotted line indicate an energy resolution of 2.8%,
5% and 8% respectively.

or retardation in the spectrum and can be used to discern the mass hierarchy. To do this
successfully, a large number of events (O(105) IBD events from reactor antineutrinos) need
to be detected, and an energy resolution of 3% (at 1 MeV) is needed. The energy scale of
JUNO must be better than 1% as well, to extract the required information from the spectral
distortion.

6.2 Precision measurements

Solar neutrino oscillation parameters

JUNO aims to measure the solar neutrino oscillation parameters (sin2 θ12,∆m
2
12) with 1%

precision. This precision measurement is carried out with the spectrum of reactor antineu-
trinos ν̄e from the fission reactors close to JUNO. The dominant dip in the IBD spectrum in
Figure 5.1 is due to the solar oscillation parameters.
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Figure 6.2: Spectrum of 6 years worth of data-taking in JUNO, which is expected to be
approximately 100,000 Inverse beta decay (IBD) events from fission reactor-sourced elec-
tron antineutrinos. The dominant oscillation in the spectrum, due to ∆m2

solar = ∆m2
21,

is appended by the oscillations due to ∆m2
atm as shown. The x-axis is the prompt energy

Eprompt = Eν̄e − 0.8 MeV. From [17].
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7

Optimization of the trigger time window

7.1 Introduction

In order to fully understand and investigate JUNO’s response to low-energy events, it is
imperative to view the detector setup in terms of a few parameters, i.e. to now see the
detector response in terms of the change registered with respect to these parameters. The
foundation of any such an investigation is an analysis of the collected photons, or the hits
in the PMTs. The successful collection of photons from an event requires a sufficient data
acquisition time window, which is 1250 ns in JUNO, after the decision to trigger has been
made. This decision is made within a so-called trigger decision window or trigger window.
In order to optimize this duration, the location of events and event energies has to be taken
into account. For events with energy ≤ 1 MeV, the investigation is carried out with the
continuous background of the dark hits in the PMTs. Such events, which come for example
from the elastic scattering of solar neutrinos, are simulated and studied with regard to a
choice of analysis parameters. The main idea is to understand the minimum energy that
an event requires in order for it to be successfully triggered; this involves the optimization
of the trigger time window and trigger condition to achieve the lowest possible threshold
energy with respect to dark noise.

7.2 Analysis parameters

The choice of analysis parameters is governed by some salient features of the detector. The
main ones include:

• Time of flight:
The photons emitted from an event or an interaction do not always travel the same
distance through the detector; the location of the event within the detector differs for
each event. For the extreme case, a photon will require ∼175 ns to travel from one end
of the detector to another.

• Adequate trigger window:
The trigger window for a PMT is the duration of time that it counts event hits for, once
it has observed a photon, in order to make a trigger decision. As photons can take
up to ∼175 ns to travel the entire detector, any trigger window < 200 ns is at risk of
collecting inadequate photons to make a trigger decision.

• Detected photons:
Once the photons have reached the PMTs, their successful detection depends on PMT
occupancy. This is expected to effect the collection of photons from events very close
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to the detector edge, which will travel a relatively minuscule distance to the closest
PMTs. A large number of photons incident on the PMT almost simultaneously can
lead to inefficient collection of the photons.

The differences in the detector response for events further from the radially arranged PMTs
motivates the simulation of radially distributed events in the detector. Effects hampering
the collection of photons near the edge of the spherical tank can be visualized with a radial
distribution of events. Such effects include total internal reflection (TIR) at the boundary
of the LS-acrylic sphere-water setup and the reduction in the number of hits (for border
events) registered due to the aforementioned PMT occupancy. To facilitate a trigger condi-
tion and optimize the trigger window, two analysis parameters can thus be defined to study
the detector response:

• Shells:
The spherical detector (of radius 17.7 m) can be split up into 17 concentric and equidis-
tant shells. The distance between any two consecutive shells is 1 m and each shell is
0.05 m thick. Events originating from different shells can be studied for the difference
in the responses.

• Trigger windows:
The detector response for trigger decisions can be studied for various lengths of the
trigger decision window, i.e., the trigger window. We start with 200 ns and go up to
350 ns in steps of 50 ns to see the change in the response.

7.3 Assigning dark rates

In the context of the studies undertaken here, the only background considered is the dark
noise from the PMTs and nothing else. We investigate the effect of th 17,738 PMTs lining the
detector with their different dark rates, which differ from PMT to PMT. The data pertaining
to the dark rates of ∼1300 PMTs of both types (Figure 7.1) from the testing site is used to
recreate a realistic version of dark noise in JUNO. This includes both, the Hamamatsu and
the MCP PMTs. The data in Figure 7.1 is used to assign a dark rate to 5,000 Hamamatsu
PMTs and 12,738 MCP PMTs respectively (shown in Figure 7.2), which will cover the spher-
ical detector.
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Figure 7.1: These histograms are the dark rates of 1319 Hamamatsu and 1306 MCP PMTs
respectively, with data as received from Zhongshan PMT testing site, China. The red line in
each histogram is the limit imposed on the dark rate for each type of PMT, while the black
line is the starting point of the dark rate data without the theoretically inconsistent peak at
∼0 kHz in each histogram. The range between these lines represents the dark rates used
for each PMT type to recreate and assign the dark rates of JUNO’s PMTs. Figures and data
received with thanks, from Michaela Schever.

35



7.3. ASSIGNING DARK RATES

Dark Rate [kHz]
0 20 40 60 80 100

C
o
u
n
ts

10

210

Dark Rates (Hamamatsu PMT)

Dark Rate [kHz]
0 20 40 60 80 100

C
o
u
n
ts

1

10

210

310

Dark Rates (MCP PMT)

Figure 7.2: The dark rates for 5,000 Hamamatsu PMTs and 12,738 MCP PMTs used in simula-
tions are these distributions respectively. An overall mean dark rate of ∼20 kHz is obtained.
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7.4 The Monte Carlo dataset

Event Generation: The studies comprising this work are analyses of Monte Carlo-generated
data. The generation of events in the JUNO detector and any subsequent steps undertaken
to facilitate and complete the analyses are mentioned here in brevity. To generate the events
and electronic response of the detector setup, the JUNO offline is used. This part of the of-
fline is the DetSim (detector simulation) package which contains GEANT4 based software
specifically tailored for JUNO. The primary step to obtain a usable dataset is the generation
of events using DetSim. These can be generated for a choice of particle types, such as elec-
trons and positrons (depending on event type) or for neutrinos from various sources. The
constituent package nusol, for e.g., is used to generate the solar neutrino events in JUNO for
the different possible origins of the solar neutrinos - the pp process, 7Be, etc. A similar treat-
ment with the sn package can be used for supernova neutrinos. The generation of electron
events (with the gun package) can be chosen for various energies, and various event vertices
in the detector, as will be implemented in this study. Other backgrounds in the detector like
the radioactive decay of unstable singles in the LS like 14C and 210Po (which originate false
positives in (α, n) interactions) are also generated using the gendecay package. The output of
this step contains no data regarding the response of the detector’s electronics to the event;
this is seen with the Electronic Simulation (ElecSim) package.

Electronic simulation: The DetSim generated data is processed using ElecSim. The vari-
ous options in ElecSim provide the tools required to modify (or in some cases, deactivate)
the readout and data acquisition of JUNO. Such properties include the trigger decision win-
dow (trigger window), the readout window, the average dark rate of all the PMTs, etc. These
properties, on tuning, can generate different datasets using the same input from the DetSim
data. The different settings of the properties in ElecSim also include the mixing of events,
which can then be used to generate the pileup of two or more event types, etc. The output
of the electronic simulation of JUNO can be modified with the programs which generate
the PMT behaviour. This forms an essential part of the work undertaken in the following
sections. The generation of dark noise pulses follows from the utilization of the unique dark
rates which we have assigned (for all the PMTs). This is done by making modifications to the
PMT simulation algorithm (PMTSimAlg). A further step undertaken to facilitate data gen-
eration involves the triggering algorithm (PreTrgAlg). A modification in this can directly
provide the number of hits per event, and subsequently offer this as an output ready for
further analysis.

Final Statistics: For each combination of parameters from Table 7.1, a set of 1,000 low-energy
electron events are generated to be used. The resulting values of number of hits registered
in the detector, event by event, is then analyzed to recreate the apposite histograms, some of
which are shown in this section. The utilization of these parameters is further discussed in
the following section.
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Table 7.1: Combinations of analysis parameters

Trigger windows (ns) Shells Energies (MeV)

200 0 0.1

250 1 0.2

300 . . . . . .

350 17 0.9

7.5 Shells and trigger windows

With the analysis parameters (shells and trigger windows) in hand, we can study a range
of low energy events. For events below 1 MeV, Table 7.1 shows the studied combinations of
analysis parameters and event energies - a total of 648 combinations. For each combination
of shell/trigger window/event energy, a histogram can be made for the number of hits in the
PMTs due to an event. Figure 7.3 are two such examples, where the difference in the two
peaks featured in each depends on the combination of Shell/Trigger window/Energy. The
two separate peaks in both these histograms come from disparate sources - the peak to the
left is due to the dark noise, while the peak on the right is due to event hits as well as dark
noise.

Figure 7.3: The above figure shows the difference in the number of hits (number of photons
incident on PMTs from an event or dark noise).
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Figure 7.4: Illustration of Figure 7.3 with the peaks labelled: DN peak is the peak in the
histogram due to dark noise and Hits + DN peak is the second peak due to hits from the
event and dark noise. The red line is the mean of the Hits + DN peak (µHits + DN) once a
Gaussian function has been fitted to it. For 200 ns, the DN peak has mean at ∼70 hits.

Trigger window (ns) Hits due to dark noise
(Mean value)

200 71

250 87

300 106

350 125

Table 7.2: Number of hits due to dark noise, for the different trigger windows.

Table 7.2 gives a general idea regarding the dark hits one can expect in JUNO in a certain
trigger window. When the twin peaks in the histograms of Figure 7.3 are fitted with a Gaus-
sian function, the mean values of each peak can be found. Table 7.2 summarizes the possible
values of the left-most peak, which is the peak due to dark noise hits. The change in the
mean values of the right-most peak (i.e. peak due to event hits as well as dark noise) can be
further investigated.

Event hits: Detector trends

The mean values of each of the “Event hits + Dark Noise hits” peaks (right-most peak in
Figure 7.3) for different shells and trigger windows can be used to view the consequent
trends in the detector response, as seen in Figures 7.5 and 7.6. For events located in shells 8
to 12, there is a marked decrease in the mean values of “Event and dark noise” hits. This dip
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Figure 7.5: For 0.1 MeV events, the mean values for the “Event and dark noise” hits are
shown with respect to shell number, moving from the center to the outermost part of the
detector. As the trigger window is increased from 200 ns to 300 ns, the decrease in the mean
values (dip) at shells 8 to 12 is slowly remedied. The same happens for 0.9 MeV events as
well; only for 300 ns is this dip fully removed.

is caused by the inadequate trigger window of 200 ns which is too little for all the photons
emitted from an event1 to reach the PMTs; some travel lesser distances than others and reach
the PMTs quicker. It is noted that only for a choice of 300 ns (as a trigger window) do we
have a homogeneous treatment of all shells in the detector.

1Photons from an event are emitted isotropically.
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Figure 7.6: The decrease in the mean values for the “Event and dark noise” hits (dip) in
shells 8 to 12 (Figure 7.5) is corroborated here; it is an effect seen for all energies and is only
removed for a trigger window of 300 ns.

7.6 Trigger condition

The scope of this analysis considers the dark noise from the PMTs as the only background
to the detection of events, no other source of backgrounds is dealt with for now. In order to
set a trigger condition that only triggers on event hits and not pure dark noise hits, a few
details are considered:

• The dark noise depends only on the trigger window, so a unique trigger condition can
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be set for each trigger window.

• Working with three parameters viz., shells, trigger windows and energy means that for a
choice of trigger window all the simulated data can be added to find the most correct
value with respect to dark noise hits.

• Once all the requisite data (for a trigger window) has been summed up, the subsequent
dark noise histogram(s) can be fitted with a Gaussian function, as as shown in Figure
7.7. The results are given in Table 7.2.

To set a trigger condition with data from the Gaussian fit (mean µDN and standard deviation
σDN ), a choice is made to set the threshold number of hits from events at

µDN + n · σDN, n ∈ N. (7.1)

The value of n can be optimized by minimizing the rate of false triggers.

False trigger rate

As the data system of JUNO reads out the PMT data every 16 ns (trigger slip window), there
is a possibility that pure dark noise hits could cause false triggers if the value n is not large
enough, i.e., if the threshold number of hits is not sufficiently higher than the dark hits. Table
7.3 summarizes the different values of n and the false trigger rates that they could lead to.
n · σDN is an integral multiple of σDN that quantifies the difference between µDN and the
threshold number of hits that could be set at µDN + n · σDN.

n · σDN
False trigger rate (in

Hz)

4 · σDN 13436.5

5 · σDN 15.2145

6 · σDN 0.07697

7 · σDN < 10−5

Table 7.3: False trigger rates for different values of n · σDN

Table 7.3 makes it clear that a choice of n = 7 is best for a trigger condition as it ensures that
there are no hits from dark noise, shown in Figure 7.7. Thus, the minimum number of hits
from an event (which is the trigger condition) is chosen to be:

µDN + 7σDN. (7.2)
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Figure 7.7: Gaussian-fitted histogram of all simulated dark noise and event data (in red), for
a trigger window of 200 ns. This includes data from all shells and all energies from Table 7.1.
The red dashed line represents a distance of 1σDN -hits from the mean µDN , which is the red
line. The solid black line is 7σDN away from µDN , set as the trigger condition.

7.7 Trigger threshold energy

The number of hits from events (note that these always have a contribution from dark noise
as well) are different for every shell and trigger window for all event energies. To under-
stand how the trigger threshold, a value in terms of number of hits, translates to an energy
i.e. a trigger energy, we see an example in Figure 7.8. The change of the detector response
for events of the same energy but different shells or trigger windows is seen in the difference
of the number of hits - which further necessitates the correlation of a particular number of
hits (depending on the analysis parameters) to the actual energy of the event such that a
relation between event energy and number of hits is Figure 7.9. With the calibration data
from the curves in Figure 7.9, we can evaluate the trigger threshold (hits) in terms of energy,
and see the trends in the detector for the threshold energy shell-by-shell in figures 7.10, 7.11
and 7.12.
The trigger energy is always less than 75 keV for a trigger window of 300 ns, and less than
90 keV for a trigger window of 200 ns.
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Figure 7.8: The above figure is the raw output of a 0.1 MeV event in shell 17, for a choice
of trigger window of 300 ns. Once Gaussian functions have been fitted, we can see (from
the black lines) the µDN and the trigger, which has been set for the 300 ns trigger window.
The mean value of the event hits µHits + DN is for an event with specific analysis parameters,
which are subject to change for different combinations of parameters from Table 7.1. The
trigger efficiency is the ratio of events in the right histogram (Histogram of dark noise and
event hits) after the trigger to the total events in the right histogram.
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Figure 7.9: The calibration curves for two trigger windows: 200 ns (upper) and 300 ns
(lower). For 200 ns, there is a clear differentiation among the calibration curves for each shell
as they are spread out. However, for a 300 ns trigger window, there is only a short band in
which the calibration curves lie except for the outermost shells (i.e. shells 16 and 17). This
further shows that for a 300 ns trigger window, the detector response is homogeneous for all
shells, while it is not so for a 200 ns trigger window.
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Figure 7.10: The trigger energies for shells 0 to 4, which follow a similar trend: increasing
with increasing trigger window. With the increas in the trigger windows an incremement of
∼18% is observed.
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Figure 7.11: The trigger energies for shells 5 to 10, which also follow a similar trend: de-
creasing (∼25% overall) or stagnating with increasing trigger window.
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Figure 7.12: The trigger energies for shells 11 to 17, which follow a similar trend to the shells
directy before: decreasing with increasing trigger window. For shell 17, the trigger energy
is much higher as it is the outermost shell and registers the lowest number of hits.
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Figure 7.13: The trigger energies for all the shells, save for shell 17. The trends in the Figures
7.10, 7.13 and 7.12 can be seen here, with respect to each other.
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7.8 Trigger efficiency

The trigger efficiency for the detector can be presented in 3 ways, for a choice of at least 2 of
the 3 analysis parameters (shells, trigger windows and event energies) and varying the third
parameter. The trigger efficiency is described in Figure 7.8. Features of the trigger efficiency
(observed in Figures 7.14, 7.15 and 7.16) include:

• The trigger efficiency (TE) is 100% for all events with energy E ≥ 0.2 MeV, as seen in
Figure 7.15, for all shells and all trigger windows.

• The TE is low for the outermost shell (shell 17) for 200 ns, but is higher for 250 ns and
300 ns trigger windows (Figure 7.14). A larger trigger window (e.g. 350 ns) leads to no
further increase in the trigger efficiency.

• TE is ∼100% for a trigger window of 300 ns for all shells and energies.

• The errors on the estimation of the trigger efficiency are statistical in nature, about
∼0.5% .
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Figure 7.14: Trigger efficiency (TE) for events of energy 0.1 MeV, plotted as a function of the
shells for various trigger windows. For inner shells of the detector (shells 0 to 4) the TE is
∼100%, which gets worse for outer shells. The trends show a large inefficiency for a trigger
window of 200 ns, while for 250 and 300 ns the efficiency is higher. The black dashed line is
100% efficiency.
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Figure 7.15: The trigger efficiency is plotted as a function of the event energies for different
trigger windows in shell 17. The change in the TE is shown for different trigger windows
reaches 100% efficiency for E ≥ 0.2 MeV. The black dashed line denotes 100% efficiency.
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Figure 7.16: The trigger efficiency is plotted for 0.1 MeV events as a function of trigger win-
dows. The least efficiency is for the outermost shell, i.e. shell 17. For the other shells, the
increase in trigger window after 300 ns leads to no appreciable change. This can be seen
relative to the black dashed line representing 100% efficiency.
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8

Trigger rate in JUNO

In the previous section, the only background we considered for analysis was dark noise
from the PMTs, for low-energy events. The internal radioactivity of the detector, from the
decay of unstable nuclei in the LS, is a major contributor to the backgrounds which effect
the detection of neutrino events. This section deals with the effects of the backgrounds and
studies the persistence of these backgrounds for different hits registered in the detector. The
result of the previous section, the optimized trigger window of 300 ns, is used in this anal-
ysis. Along with the backgrounds, we also add the solar neutrinos from the pp process and
from 7Be decay in the Sun. The backgrounds originating from within the detector, specifi-
cally in the LS, are easier to study via a Monte Carlo simulation whereas the backgrounds
due to the decay of unstable nuclei around the detector and from external sources is more
difficult to generate via a Monte Carlo simulation. The Monte Carlo simulation of decay
products from external (non-LS) sources is more time consuming and intensive, hence they
are not investigated in the scope of this work, though may be taken up later in succeeding
studies.

8.1 Choice of components

The extent of the work done here covers the sources of background, i.e. the unstable nuclei,
present in the liquid scintillator itself. The presence and concentration of these impurities in
the LS is kept to a minimum to ensure the purity and have the resulting internal radioactivity
be as little as possible. The choice of these sources of backgrounds is done while keeping
in mind their activity, concentration in the LS, etc. as seen in Table 8.1. Other components
which constitute our analysis are solar neutrinos, and the pileup events.
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Component
Counts per

second [CPS]
(in JUNO)

Counts per day
per kton

[CPD/kton]

Specific
Activity
[Bq/kg]

Concentration
in the LS (g/g)

238U 0.0248 107.136 1.24 · 104 10−16

232Th 0.00814 35.1648 4070 10−16

14C 4 · 104 1.728 · 108 1.7 · 1011 10−17

40K 0.0531 229.392 2.654 · 106 10−17

85Kr 0.1157 500 1.45 · 1013 4 · 10−25

11C 0.431 1861.92 3.11 · 1019 7 · 10−31

210Po 1.62038 7000 1.66 · 1014 5 · 10−25

210Bi 0.0095 410.6 4.6 · 1014 10−27

14C-14C pileup 480 2.0736 · 106 - 10−17

7Be νs 0.119 517 - -

pp-process νs 0.318981 1378 - -

Table 8.1: The data accumulated and used to analyze the events arising from the decay of
the radioactive nuclei, from pileup events, and from solar neutrino interactions. While most
of the data comes from [17], some Borexino data from [65] and [66] is used. The values for
CPS (counts per second), CPD (counts per day)/kton and concentration are all related to
each other, and are mentioned here for completeness; the data used in the aforementioned
sources uses one of these three values to measure the radioactivity in the detectors. In the
case where the CPD/kton value is known, for example, the specific activity is used to obtain
values of the CPS and the concentration in the LS. This gives a more broad perspective for
these contaminations in the LS. Further details regarding each background is in Figures 8.6
and 8.7. The event rate in CPS for 14C-14C pileup is CPS[14C] · CPS[14C] · (Trigger window).
For a 300 ns trigger window, the CPS[14C-14C pileup]=480. A similar treatment for the solar
neutrinos (pp-process and 7Be) is implemented.
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8.2 The Monte Carlo dataset

The number of events seen in a single day, per kton of the LS, vary from a few tens to ∼ 109

(see Table 8.1). To study such backgrounds, the Monte Carlo generated dataset must have
the adequate statistics which encompass all the properties of the spectra of these background
sources. As mentioned in 7.4, the generation of the backgrounds is done using the gendecay
package, nusol package, and finally the electronic simulation. The resultant hit profile (num-
ber of hits registered in the detector, event-by-event) is prepared without the influence of
any dark noise and for the optimized trigger window of 300 ns. To observe the influence of
the dark noise on the hits profile, a generator is set up which utilizes the dark rates assigned
in 7.3. The Poisson-sampled dark hits (generated for a trigger window of 300 ns) are then
added to the hit profile of each of the backgrounds1, which results in an overall shift of the
spectra.

Final statistics: For each background type (except for 14C), a dataset of 105 events is gen-
erated, and the corresponding hit profile of each is used in the following analysis. As the
number of events due to 14C decay is ∼ 109, a larger dataset of 106 events is used, which still
falls short of replicating the whole hits profile for 14C; but the generation, electronic simula-
tion, and dark noise addition requires the maximum used events be 106. The dataset (from
the DetSim) of these 106 14C decays is then used to produce the dataset for the 14C-14C pileup
events using the event-mixing properties of the ElecSim.

8.3 Full spectra

Dark noise influence

The trigger rate studies undertaken here are with the spectra simulated with the presence
of dark noise, from the setup we have previously described. To elucidate the difference this
brings out, we take the example of 210Bi decay events. In Figure 8.1, we have the spectrum
of 210Bi without the any dark noise, and in 8.2 we see the shift brought about by the presence
of the dark noise. The addition of these dark hits to the hits registered in the detector for the
background events are unique not only to the background source, but each individual event.
If the spectra were to be analyzed without the influence of any dark rate, we would obtain
Figure 8.4 for the overall backgrounds spectra. The figures presented here are analyzed with
the trigger window of 300 ns (and 1250 ns, in Figure 8.3.) Figures 8.1 to 8.3 use the maximum
expected number of 210Bi decays in a day, ∼821202.

1The dark hits generated are unique to each event that they are added to, the spectra are not shifted by a
single common value. The mean value of the dark hits generated is 106 for a trigger window of 300 ns. The
dark hits generator is consistent with the JUNO offline software, and shares the Poissonian treatment of the
dark noise used there in the PMT simulation algorithm (PMTSimAlg). The data used to assign the dark rates
for each PMT is mentioned in 7.3.

2From Table 8.1, the CPD/kton values are scaled up by a factor of 20.

52



8.3. FULL SPECTRA

No. of Hits
0 500 1000 1500 2000 2500 3000 3500 4000 4500

N
o

. 
o

f 
E

v
e

n
ts

1

10

2
10

Bi210

Figure 8.1: 210Bi decay events for a trigger window of 300 ns, without the influence of any
dark noise.
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Figure 8.2: 210Bi decay events for a trigger window of 300 ns, with dark noise. The mean
value of dark noise (hits) for a trigger window of 300 ns is 106.
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Figure 8.3: 210Bi decay events for the data acquisition window of 1250 ns, with dark noise.
The mean value of dark noise (hits) for 1250 ns is 440.

53



8.3. FULL SPECTRA

No. of Hits
0 500 1000 1500 2000 2500 3000 3500 4000 4500

N
o
. 
o
f 
E

v
e
n
ts

1−10

1

10

210

310

410

510

610

710

810

910 U238

Th232

pp

Be7

Po210

K40

Kr85

C11

Bi210

C14_pileup

C14_large

Figure 8.4: Monte Carlo simulation of all sources of backgrounds, for the maximum expected
background events in a single day. The data is generated for a trigger window of 300 ns,
without the influence of any dark noise. The solid black line is the sum of all background
sources.
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Figure 8.5: Monte Carlo simulation of all components, for the maximum expected events in
a single day. The data is generated for the data acquisition window of 1250 ns, without the
influence of any dark noise. The solid black line is the sum of all background sources.
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8.3. FULL SPECTRA

Spectra of individual components

The following histograms (Figures 8.6, 8.7) show the spectra from each of the individual
components, from the hits profile, for a trigger window of 300 ns. These are a day’s worth
of events for each source (scaled according their specific activity, from the Monte Carlo
dataset). The effect of the dark noise has been included for each source with the mecha-
nism previously mentioned. The production of these datasets (specific to each component)
displays their inherent decay type, and each background type (as well as the the solar neu-
trinos) provided some hindrances when generating. These properties and comments, if any,
are listed here.

• 238U : Decays via α-emission, spontaneous fission or ββ decay with a half-life of 4.47
Gigayears.

• 232Th : Decays via α-emission, spontaneous fission, double cluster emission or ββ de-
cay with a half-life of 14 Gigayears.

• pp : Events arising from the electron-neutrino scattering, with neutrinos originating
from the pp process in the Sun. In the nusol package, used in DetSim to generate solar
neutrinos, the presence of physics discrepancies regarding the energy of pp neutrinos
lead to the stunted production of these events. The correction of this error and gener-
ation of these events proved to be successful and resulted in a usable dataset.

• 7Be : Events arising from the electron-neutrino scattering, with neutrinos originating
from 7Be decay in the Sun. Further discrepancies in the nusol package with respect to
the correct naming of output files generated in the DetSim stage were found. These
were worked around in order to obtain the correct .root file generated by DetSim for
7Be events.

• 210Po : Decays via α-emission with a half life of 139 days. It is out of equilibrium
with 238U, which makes it a major contributor to the background. The value of 210Po’s
CPD/kton is taken from Borexino [66], and scaling it up to use as an estimate for JUNO
(Table 8.1). The typical spectrum for the number of hits for α’s from 210Po is a single-
peaked histogram since these α are monoenergetic. This is not the case here. The
decays close to the detector edge register fewer number of overall hits, thus lead to a
preceding tail for the spectrum shown above. In [65], [66] one can see a single peaked
nature for hits due to Po decays.

• 40K : Decays via β+, β− emission with a half life of 1.248 Gigayears.

• 85Kr : Decays via β− emission with a half life of 10.731 years.

• 11C : Decays via β+ emission with a half life of 20.334 minutes. The hits profile seen for
the 11C decay events was much higher than the hits expected in JUNO. The error was
in the production of decay events near the detector edge, beyond the fiducial volume
cut, with a radius of 15.8 m. Once this cut was used, the decay events were produced
for radii≤ 15.8 m, and the hits spectrum was found to be compatible with the expected
values.
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8.3. FULL SPECTRA

• 210Bi : Decays via β−, α emission with a half life of 120 hours. The production of 210Bi
decays in the Monte Carlo data required the deactivation of the production of (ra-
dioactive, unstable) daughters of 210Bi. This required using the option decay depth in
the DetSim 7.4 and setting it to 1, so as to produce only 210Bi decays. In the offline soft-
ware, this ran into problems in the utilization and had to be subsequently produced in
the IHEP computer cluster which has the corrected version of the offline software.

• 14C : Decays via β− emission with a half life of 5700 years. The dataset uses 106 events
in order to facilitate a faithful reproduction of the actual decays, whereas the rest of
the background data sets and solar neutrinos have a dataset of 104.

• 14C-14C pileup events are produced from the dataset of 14C events, with hit-level event
mixing in the ElecSim.

In order to paint the entire picture of background events arising from the radioactive decay
of the unstable nuclei (in the LS) and the pp and 7Be neutrinos, the histograms shown and
discussed above can be summed up for common parameters, such as the data acquisition
(DAQ) time window (or trigger window) and a specific time duration in which the back-
ground events are expected. This is done for the trigger window of 300 ns, as in Figure 8.8,
and for the entire readout window of 1250 ns, as in Figure 8.9. For each of these, the his-
tograms in Figures 8.6 to 8.7 are added up, for a specific time duration (and the respective
trigger window). In Figures 8.8 and 8.9, the maximum background events expected in a sin-
gle day (86400 s) are scaled from their respective original Monte Carlo datasets and summed.
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Figure 8.6: Spectra of the individual components, for a trigger window of 300 ns, with re-
spective events detected over a day.
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Figure 8.7: Spectra of the individual components, for a trigger window of 300 ns, with re-
spective events detected over a day.
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Figure 8.8: Monte Carlo simulation of all components, for the maximum expected back-
ground events in a single day. The data is generated for a trigger window of 300 ns. The
properties of the separate histograms added up are as seen in Figures 8.6 and 8.7, and the
solid black line is the sum of all background sources. For number of hits ≤ 500, the domi-
nant sources of background events are 14C decay events and 14C-14C pileup. As the number
of hits increase, the main contrbutors to the overall backgrounds are 210Po and 11C, even
though these are respectively fewer than the 14C and 14C-14C pileup events by a factor of
∼105. The trigger decision window of 300 ns, as investigated in the previous section, is op-
timum for the analysis of low-energy events such as those seen here; the decision for any
trigger rate can be made from further analysis with the data in this trigger window.
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Figure 8.9: Monte Carlo simulation of all components, for the maximum expected back-
ground events in a single day. The data is generated for the data acquisition window of
1250 ns. This longer time window allows for the collection of more hits, i.e., more PMTs
triggered. The dark noise, which has been added spearately to each background source
(mentioned in 8.2), is modified for the time window of 1250 ns and correspondingly added.
The changes in the hits profile of each background source due to this are made conspicuous
in the solid black line that is the sum of all the background sources.
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8.4. TRIGGER RATES

8.4 Trigger rates

In this section, an analysis of the triggering rates due to each individual component is stud-
ied, with its relation to the number of hits registered in the detector. For each of the his-
tograms in Figures 8.6 to 8.7, an increment in the number of hits means a decrease in the cor-
responding number of events above that particular threshold required for trigger decision.
This relationship is undertaken for each of the components, and their resulting contribution
to the overall trigger rate is found. Once this is normalized to the number of expected back-
ground events (from all sources), the fractional contribution of each component can be seen
for increasing values of the number of hits. This is seen in Figures A.1 and A.2: these are the
contribution of each component to the overall background rate, if only one such event were
to be detected. Using the contributions in Figures A.1, A.2 all together, gives the (overall)
fractional contribution in Figure 8.10.
The trigger rates for the various components and their sum is Figure 8.11. In order to suc-
cessfully reduce the effect of 14C and the 14C-14C pileup, the threshold number of hits (i.e.
the minimum number of hits registered in the detector) must be 400 to 500. A consequence
of this will be that pp neutrinos will not be detected as they also register a maximum of 500
hits (per event). The triggering rate of the remaining components remains < 4 CPS overall.
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Figure 8.10: The fractional contribution from each component to the overall spectrum. The
solid black line is the summed up contribution. As expected from Figure 8.8, the domi-
nant contributors to the signal are 14C and the 14C-14C pileup, which indicates already the
threshold number of hits to minimize the effects of these components.
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Figure 8.11: Trigger rates for each component and their sum (solid black line) as a function
of the threshold number of hits in the 300 ns trigger window.
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9

Results and summary

The parametrization of the JUNO detector setup with respect to shells and trigger windows
yields information about the treatment of low-energy events. The setup of the realistic dark
noise in JUNO is prepared by using data of about 2600 PMTs from the testing site in Zhong-
shan. Assigning all 17738 PMTs a dark rate from this data realizes the expected dark noise
from the PMT setup in the detector. To minimize the effect of this dark noise, the trigger
condition is set such that the rate of false triggers, namely the random triggers due to dark
hits, is less than 10−5 Hz. This optimized trigger condition is then used to obtain threshold
energies. Moving through the detector, from the first shell to the outermost shell, we observe
some trends in the threshold energy for different trigger windows. The minimum threshold
energy is ∼0.065 MeV, while the highest threshold energy is ∼0.11 MeV (for the outermost
shell). The threshold energies typically get lower with increasing trigger window, and for
events with energy ≥ 0.2 MeV, all events can be triggered successfully with no pure dark
noise events. The trends seen in the detector for the hits registered shell-by-shell require
that the trigger window be set at 300 ns. This ensures a homogeneous treatment of low-
energy events in any part of the detector, with no preference for any shell. For any further
increase in the trigger window, there is no appreciable increase in the trigger efficiency, for
any shell or energy.

Piecing together the spectra from the radioactive decays of several unstable nuclei in the
liquid scintillator, and adding to this the events from solar neutrino interactions (from the
pp process and 7Be decay), we obtain a tableau of the expected events. The previously pre-
pared setup of the dark rates is utilized again to add dark noise to the pure decay event
(or neutrino event) spectra. The concentrations and expected number of events, for every
source, is strung together to facilitate the production and analysis of these events. The Monte
Carlo simulation of many of the background sources, solar neutrino events, and the pileup
required some modifications and workarounds; nevertheless they are presented here in their
totality. Varying the threshold number of hits, the events (from any component) reduce ac-
cording to their energy and/or decay type; this relationship is studied to obtain the trigger
rates for these events. The analysis is performed with the optimum trigger window of 300 ns.
From the summed trigger rates, and over the entire range of hits, the major contributors that
trigger far more than neutrino events are 14C and the 14C-14C pileup. To trigger above these
events, the threshold number of PMTs triggered must be set at 400 at least. While this may
erase most pp neutrino events, the remaining components have at most a trigger rate of 4
CPS (counts per second). This would be a reduction by a factor of about 104.
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Fractional contributions to trigger rate
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Figure A.1: Fractional contributions
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Figure A.2: Fractional contributions
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