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ABSTRACT

Modern large scintillation detectors are designed and used to study a plethora of
physical problems in the course of the experiment. To accurately conduct the research with
these detectors, they need to have good energy and spatial resolutions. Continuing the work
started in the START Programme, we create a «fast event generators for the JUNO detector,
which uses an analytical approximation of the PMT light collection function to bypass the
process of tracking each scintillation photon individually. Additionally, we develop a method
of reconstructing the coordinates of individual events, using the positions and the signal

arrival times of the PMTs in the event.
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INTRODUCTION

THE JUNO DETECTOR

JUNO (Jiangmen Underground Neutrino Observatory) is a large underground liquid
scintillator detector located in an underground laboratory under the Dashi hill (700 m un-
derground) in Jinji town in Guangdong province, China [I|. The primary physics goal of
the JUNO detector was proposed to be the determination of the neutrino mass ordering [2],
however other neutrino oscillation and astroparticle physics topics will be researched.

The Central Detector (CD) of JUNO will be a spherical acrylic vessel 35.4 m in
inner diameter and 120 mm thick containing 20 kton LAB-based (linear alkylbenzene) liquid
scintillator and supported by a spherical stainless steel (SS) structure (see fig. 1). The CD
volume will be watched by 17612 20-inch "large" PMTs (photomultiplier tubes) and 25600
3-inch "small" PMTs. The cylindrical Water Pool (WP), in which the CD will be contained,
will be filled with 35 ktons of ultrapure water and will be watched by 2400 20-inch PMTs
to create a Cherenkov detector for vetoing muons. Also a part of the veto, the Top Tracker

(TT) will be located above the main detector and will consist of plastic scintillating strips.
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Fig. 1 — Schematic view of the JUNO detector |I]



DETECTOR RESPONSE MODELING

Usually the response of a detector is modelled using toolkits such as Geant4, which
allow to simulate the geometry of the detector, its materials and the passage of particles
through it. Such methods are used ubiquitously: in high energy, nuclear and neutrino
physics, medical science, etc. It allows for detailed event generation, e.g. in a given scintilla-
tion event the path of each photon through matter is tracked from its emission to its capture
in the detector and then the response of detector electronics is also simulated. This way of
modeling, while being very thorough and giving large amounts of data for preliminary and
ongoing study of the detector, can be quite slow, taking seconds to generate a single event,
while in a real detector event frequency may easily measure in thousands per second.

A more «phenomenologicals path of event generation was used in the CTF experiment
[3; 4] and discussed in [5]: it consists of defining an analytical approximation of the detector
response with some free parameters, evaluating their values from fitting the approximation
to real or generated data and then quickly generating events based on the approximation.

Here a similar analysis is reported for the generated data of the JUNO detector.



1 FAST EVENT GENERATOR

A preliminary analysis was conducted during the course of the START programme
[6]. The results of that work are used in this study. A brief explanation of the study and its

results is presented in section 1.1 of this report.

1.1 LIGHT COLLECTION MAP

1.1.1 JUNO CD PHOTOMULTIPLIER TUBES

In JUNO detector and in the software used for the analysis the 17612 large 20-
inch photomultiplier tubes (LPMTs) are divided into three types: NNVT (2720 PMTs),
HighQENNVT (9825 PMTs) and Hamamatsu (4997 PMTs). The first two types are both
Microchannel Plate Photomultipliers and thus have similar physical properties, the latter
type are dynode PMTs. All LPMTs are fixed on spherical a metal frame at the distance of
Ly =19.4 m from the center the CD of JUNO detector (fig. 1.1).
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Fig. 1.1 — The arrangement of PMTs in JUNO CD by type: Hamamatsu (red), HighQEN-
NVT (green) and NNVT (blue). The coordinates are measured in mm.



The coordinates of a given PMT point to the geometric center of the photocathode
surface. In this analysis however, we will use the coordinates of the «top» of the PMT
photocathode surface — the closest point to the center of the detector. These can be calcu-
lated if the distance between the two points for each LPMT type is known: ~190 mm for
Hamamatsu and ~184 mm for NNVT.

1.1.2 THE AVERAGE CHARGE FOR AN EVENT IN THE CENTER OF CD

As will be seen later, the PMT light collection map is normalized to the center of the
CD volume as the JUNO detector volume is spherically symmetrical. To estimate the charge
collected by each LPMT in a point-like event at the center of the detector, we first generated
N,, = 10° events of 1 MeV single electrons, calculated the average charge collected by the
whole detector per event (()y) (in photoelectrons — p.e.) and then divided it by the total
number of LPMTs:

(Qo)

NPMT

Ho

(1.1)

The error of g value can be calculated accounting for the variance of signal multi-
plication in PMTs due to its statistical nature. Each photoelectron, multiplied by the PMT
dynode system, creates a slightly different signal in the outer circuit. This results in an in-
crease in the variance of the output signals relative to the input signals. The factor by which
the variance increases is called the excess noise factor (ENF), which has been measured for
the PMTs of the JUNO detector [7]. The measured ENF is 1.19 for Hamamatsu PMTs and
1.58 for NNVT PMTs. Then the error:

(1.2)
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Another way to calculate pg is to extract it from the number N of LPMTs that
registered at least 1 p.e.. The distribution of the number of p.e., registered by a single

LPMT follows the Poisson law with the average value of y. Then we can calculate:

N
) ’

=—In[1-
Ho N < Ntrig
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— — n —_— = = 9 .
Ho Ntrig Ntrig - NNtm'g Ntrig(Ntrig - N)

where Ny.ig = Ney- Npyr — the total number of triggers (the number of times a PMT
could have registered a signal)
As there are 17612 LPMTs watching the CD and the expected yield of photons in



JUNO per scintillation event is ~ 160055 Mooy Lhe

values of o were calculated for all PMTs together and then for the three PMT types sepa-
rately (Tab. 1.1). As shown in the table, the different PMT types have distinctly different

[1], the value of pg is ~ 0.1

values of 1.

o by PMT type
Branch Average fio Hamamatsu uHigiQENN\}/f}E NNVT
Charge 0.1061740.00001 | 0.08621=£0.00001 | 0.1149520.00001 | 0.1109420.00001
nPE_perPMT | 0.11819%0.00001 | 0.10015+0.00002 | 0.1262740.00001 | 0.12194=0.00003
N PMT | 0.1033720.00001 | 0.09226-0.00001 | 0.10862==0.00001 | 0.10481=0.00002

Table 1.1 — The average charge p per event (1 MeV electron in the center of the detector)
per PMT for different branches of the analysis and different PMT types

1.1.3 PMT SENSITIVITIES

Using the acquired values of g we can extract the sensitivities s; of each PMT. Using
the same generated data sample, we calculate the average charge pu; collected by the i-th

PMT per event and divide it by the respective g []:

_
Ho
The value of p; can be calculated either by taking the ratio of the charge @); collected

(1.5)

Sq

by the i-th PMT to the number of events V., or by taking the mean value of the Poisson
distribution of the p.e. counts in each event, in which case the number of triggers is Ny =

N.,, because the calculation is performed for each PMT separately.
1.1.4 GEOMETRY OF THE PMT LIGHT COLLECTION MAP

The position of each event can be described using the coordinates r = {z,y, 2} (in
the detector frame of reference) or the coordinates in the frame of reference of the i-th PMT:
the distance L; between the PMT and event and the polar angle ¢, at which the PMT «sees»
the event (fig. 1.2). We assume axial symmetry of the photocathode sensitivity, thus we do
not need a third coordinate (the azimuthal angle) for the PMT frame of reference. Another
pair of coordinates can be introduced to describe the event position: the distance from the
center of the detector 7 = /22 + y? + 22 (which is the same for all the PMTs) and the angle
0; between r and R, (the position of the i-th PMT in the detector frame of reference).



Fig. 1.2 — Positions of a PMT, of an event, and the coordinates used to describe them:
{r,cos0;} and {L;,cosf.}. The shaded volume shows the CD filled with scintillator: a
sphere with the radius of R = 17.7 m |9]

1.1.5 PMT LIGHT COLLECTION MAP

In [5] the light collection map of each PMT fpyr(r, cosf;) is defined as the factor,
which relates the average charge p;(r, cos;) collected by the i-th PMT for an event with
coordinates {r,cos#;} to the average charge pg collected by the PMT for an event at the

center of the detector:

pi(r,cos6;) = i - frar(r,cos ;) = po - s; - fparr(r, cosb;) (1.6)

To determine the light collection map, we generated 400000 events of 1 MeV single
electron evenly distributed in the volume of the detector. To approximate the PMT light

collection map an analytical function was chosen, following [5]:

L(r, cos6) " L(r,cos) — Lo
feur(r,cosd) = fo - — ] cos™ 0'(r,cos0) -exp | — 7 +D (1.7)
0 att

Here, r and cos 6 are the coordinates of an event relative to the PMT (Fig. 1.2), fy is
the normalizing parameter (in order of &~ 1), L(r, cos §) and cos @' (r, cos #) are the coordinates
of the event in the PMT frame of reference, m is a parameter that is either fixed at m = 2
(accounts for the solid angle, the light propagation is considered to be isotropic) or is close
to 2 (for a slightly better fit), n is a parameter of the fitting function that describes the
angular dependency, L,y is the parameter representing the attenuation length in the liquid

scintillator (in order of &~ 20 m [3]) and D = 0,09 is the constant that accounts for the

9



dark noise of the PMTs (for 30000 s~! dark counts per PMT and 300 ns window of charge
collection for each event).

Unfortunately, due to the total internal reflection effect at the edges of the volume
of the detector, the fitting procedure only yielded good results in the central part of the

detector — up to 10 m from the detector center.

Fit parameter LPMT type
Hamamatsu | HighQENNVT | NNVT
fo 0.90 0.92 0.92
m # 2 1.62 2.02 2.02
n 0.68 0.64 0.62
Loy 21.6 137.9 131.2
D 0.10 0.08 0.08

Table 1.2 — Parameter values of the analytical approximation 1.7 fit to the generated events
histograms

As can be seen from the table, all parameter values, except L.y, are close to the
expected. To better determine the values of L,; an additional analysis of the PMT light
collection map was conducted, yielding the same results. As the values L,y ~ 130 m seem

to be incorrect, in the fast generation of events we will be using the value L, = 21.6 m.

1.2 FAST GENERATION OF EVENTS

The process of fast generation of events is quite simple. It uses most of the afore
mentioned parameters to determine which LPMTs will detect the scintillation event and the
charge that will be collected. The JUNO LPMT single photoelectron (SPE) spectre and its

parameters are also of great importance:
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Fig. 1.3 — A typical SPE spectre (charge distribution) of the JUNO LPMTs for p ~ 0.1 [7]
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One of the disadvantages of the fast generation method is that it doesn’t generate the

times of signals from PMTs. Therefore, there could be no event trigger window established

and the signals outside trigger window couldn’t be discarded. A simple solution was imple-

mented: from («slowly») generated events the fraction of PMT signals that were inside the

trigger window was calculated: 86.72 %; this was implemented in the code for the fast event

generation.
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Fig. 1.4 — An average form of the signal from 2000 events of 1 MeV single electron distributed
evenly in the volume of the detector (blue) and the trigger window start and end times (red
dashed lines).

The algorithm of fast generation:

e random generation of the event coordinates r = {z,y, z} evenly in the chosen (|r|< 10

m, due to best fit) spherically symmetrical volume of the detector;

e a loop for all LPMTs of the CD of JUNO:
check if the PMT signal is inside the trigger window; if the i-th PMT signal is

o

o

outside the trigger window, then the loop continues to the next iter
PMT);

ation (i+1-th

depending on i-th PMT type, a random value of p is generated, using the average

value and its error from the table 1.1;

the event coordinates {L,cos'} in the frame of i-th PMT are calculated and the

average collected charge y; is determined using the PMT light collection map (see

eq. 1.7) with the parameters corresponding to the i-th PMT type;

the number Npg of p.e. collected by the i-th PMT is generated using a Poisson

distribution with an average value of y;;
a loop for Npg:

< using the single photo electron spectre parameters (see fig. 1.3)

and the ENF

values [7] of the given PMT type, the collected charge is generated for each
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of the collected p.e.;

o the charge collected by the i-th PMT is added to the total charge collected @ by
the whole detector and the total charge (), collected by the i-th PMT type in this

event;

o if Npg > 0, the amount N of PMTs of all types and the amount N; of the PMTs

of the i-th PMT type that collected non-zero charge in the event are incremented

by 1;

e histograms of @), ();, N and N, are filled with their appropriate values.

After generating the events, the histograms of charge collected per event and number

of PMTs that collected non-zero charge are displayed:
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Fig. 1.5 — The distributions of the total collected charge per event for all PMT types (upper
left), Hamamatsu (upper right), HighQENNVT (lower left) and NNVT (lower right)
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Fig. 1.6 — The distributions of the number of PMTs that collected non-zero charge per event
for all PMT types (upper left), Hamamatsu (upper right), HighQENNVT (lower left) and

NNVT (lower right)
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The estimated amount of p.e. per 1 MeV in an event in JUNO is &~ 1600. The fast
event generator average result of 1735 p.e. contains also the dark noise signals. To estimate
their amount we take the event window width of T" = 300 ns and the dark noise frequency
of each PMT of v = 30000 s~ !, then for Npy;r = 17612 LPMTs of the CD the amount of
dark noise signals (or p.e. due to dark noise) in an event is Nppr - (1 — e 1¥) &~ 158. When
subtracted from fast generation average result, it gives 1577 p.e. per 1 MeV single electron
event, which is in agreement with the expected value.

Comparing the time of fast event generation with the normal event generation gives
an excellent result: the time of normal event generation is =~ 10 s per event, while it takes
only 0.05 s to generate 1 event with the fast algorithm, which is 200 times less.

The energy resolution of the detector can be estimated with the results of fast gen-
eration. Fitting the histograms of total charge and total amount of PMTs per event (fig.

1.5,1.6, upper left) with a Gaussian function yields dimensionless standard deviations of:

og =2.89%, on = 2.42%, (1.8)

which are again in agreement with the expected JUNO detector energy resolution of

3.02%/\/E[MeV].
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2 SPATTAL RESOLUTION

2.1 ANALYTICAL APPROXIMATION OF THE SIGNAL FORM

One of the methods of event coordinates reconstruction that was considered in this
study, included fitting of the event pulse shape with an analytical approximation. To cal-
culate the needed function, we need to perform a convolution of two functions: first — the

normalized distribution of photon emission time in a scintillation:

T1 T2

At-T 1—A tT
f(t) = (—e o+ e ™ ) O(t —T), (2.1)

where 71, 79 are the decay times of the fast and slow components (=~ 10 and 150 ns), A
is the fraction of the fast component in the scintillation, 7" is the time, when the scintillation
begins.

The second function is the PMT response:

1 (t—t,)Q

fa(t, t) = 27r0€7 20% (2.2)

where o is the transit time spread parameter of the PMT (& 3 and 8 ns for Hamamatsu
and NNVT LPMTs, average of 6.8 ns), t' is the true signal time, ¢ is the time when PMT
registers a signal.

The convolution of these functions yields:

F(t ) fa(t, t)dt' Ag‘il fT+§_t
()—/f1< )f2<7) —2—716 te ™ —er T +

1-A & 1 N T+2 —t 03
+ e“2e T2 —erf | ———— .
27’2 \/50‘

However, the above formula doesn’t take into account the time of flight (TOF) of the

individual photons from the scintillation point to the PMT surface. It turns out that it is
much easier to subtract the TOF from the signal time of each individual PMT. To calculate
the TOF we need some starting coordinates: an acceptable option is the barycenter of the

collected charge in event:

14



Npur

B= Y Q-3 (2.4)

where (); is the charge collected by the i-th PMT and r; are the coordinates of i-th
PMT.

2.2 EVENT COORDINATES RECONSTRUCTION

2.2.1 METHOD 1

Both methods of coordinate reconstruction considered in this study involves maxi-
mizing the derivative of the event pulse at its front. Firstly, for each event the barycenter
is calculated (see eq. 2.4) then the TOF for each signal is derived and a histogram of the
(signal time - TOF) with the minimal bin width possible — 1 ns — is filled:

T_sign - TOF histogram for baricenter coordinates

” hT_my

T 40 Entries 1906
& Mean 326.1
; 35 Std Dev 88.39

30

25

20

LT

300 400 500 600
signal - TOF

Fig. 2.1 — Histogram of (time of signal arrival - TOF) for 1 MeV single electron event

Following this, the bin with maximum amount of signals is found and the time corre-
sponding to it — f,,4, — as well as the bin, which marks the beginning of the event (the first
bin with 7 or more events, as the probability of 7 dark noise events happening in a span of 1
nsis~1.3- 10_6) and the time corresponding to this — t44+. Then the approximate center
of the front is located at tg = (tmax + tstart)/2. Taking the derivative of the pulse shape at
to we get the value, which should be maximal if the coordinates are close to being true.

To find the best starting point of the maximization process, a few points are randomly
generated around the barycenter and the best starting point is chosen among them. Then a
simple maximization procedure follows.

For each event the coordinates reconstructed using this method and the true event
coordinates are subtracted to find the error of this method. The calculated error is Ary =
1126 mm. The JUNO implemented method of coordinate reconstruction meanwhile yields

an error of Ar;pvo = 159 mm.
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As part of the study of this method, the parameters of the analytical approximation
2.3 were extracted. To do this, the histograms of a small sample of events were added
together so that their ¢, points were at 300 ns on the x-axis. This sum was then fitted with

2.3. The results are presented in the following table.

Fit parameter | Parameter value
o 6.56 + 0.01
T 8.48 £+ 0.05
Ty 72.1 + 0.2

Table 2.1 — Parameter values of the analytical approximation 2.3 fit to the sum of generated
events pulse shapes

2.2.2 METHOD 2

The other method is very similar to the first one. The difference is that in this method
we decided to maximize the maximum of the differences between neighbouring bins of the
same histogram. This method was found to work best, if the bin width is larger than in the
first method and is equal to 3 ns. The associated error of the method is Ary = 935 mm,
which is slightly better than the first method, but in comparison with the JUNO-implemented
method is not great.

This method was also used to find the best value of the refraction index n, which
minimizes the error of the method: n = 1.55. This value coincides with the refraction index
of the scintillator liquid reported by JUNO collaboration [9].

16



3 CONCLUSION

In the present study
1) a fast event generation algorithm was implemented, which is capable of quickly gener-
ating large amounts of events;
2) using the fast event generator, the energy resolution of the JUNO detector was esti-
mated and is in accordance with the expected JUNO energy resolution;
3) 2 similar methods of event coordinates reconstruction were developed and parameters
of the PMTs and the scintillator were extracted.
Both methods of event coordinates reconstruction yield significantly worse results
than the JUNO-implemented method. This might be due to the internal parameters of the

method being non-optimal, hence further study is required.
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