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SABRE
• ToF Muon System  

9.6 m2 x 5 cm EJ200 
R13089 PMT x 16 @ 3.2 GS/s 

• Veto System 
12t Linear Alkyl Benzene + PPO & Bis-MSB  
Oil-proof base R5912 PMT x 18 @ 500 MS/s 

• DM Target Detector  
NaI(Tl) Crystals  
R11065 low radioactivity PMT x ~14 @ 500 MS/s 

• Key requirement to understand modulation in background 
contributions - requires particle ID. e.g. µ/γ/n.
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CHAPTER 1. INTRODUCTION 11

Figure 1.6: The cosmic muon flux as a function of time as measured by the Borexino experiment over a 10-year
period. The red line shows the seasonal modulation as a sinusoidal fit to the data.

and often well exceed the energy scales of any Earthly experiments. From these collisions,
numerous particle jets shower down through the atmosphere, creating a range of short-lived
particles. Among these are pions, and kaons (which readily decay into pions). These high
energy mesons can either decay directly, or be captured by air nuclei and create of a shower
of secondary particles. If a pion collides with or is captured by such a nucleus, any muons
created in these secondary showers will not have sufficient energy to reach the ground.

If a muon is to reach the ground (and beyond), the decay of its parent pion must occur
directly: p± ! µ± + nµ/nµ. The probability that a pion is captured by a nucleus increases
with the amount of air a pion passes through [16]. Consequently, the rate of high energy
muon creation decreases as air interactions increase. The number of muons generated by
pions with an energy, E, in a layer of atmosphere between h and h + dh is give by:

Nµ(Ep, h, Z) =
mpc

tpEp

Ipdh

r(h)cos(Z)
, (1.1)

where Ep is the energy of the pion, h is the height in the atmosphere, tp is the lifetime of the
pion, Ip is the intensity of pions at h, r(h) is the atmospheric density at height h, and Z is
the angle of the pion’s motion from the zenith (N.B. for ultra-relativistic pions, the created
muon will travel in approximately the same direction) [16].

This states that the number of muons created is inversely proportional to the density of
the atmosphere. In warmer months of the year, the Earth’s atmosphere increases in height,
becoming less dense, thereby increasing the pions’ mean free path. With further unimpeded
travel, they are more likely to decay into hard muons. During cooler times of the year,
the opposite occurs: denser air reduces the rate of pions decaying into muons, and hence
reduces the muon flux. The muon flux at sea level is typically ⇠ 6.5 ⇥ 105/m2/hour. Muon
modulation has been well studied in a number of experiments such as Borexino, and DMIce
[17] [18]. As seen in Figure 1.6, the muon flux rate displays a seasonal modulation with a
period close to that seen in the DAMA result in Figure 1.4.

Muon rates are also sensitive to the amount of material through which they pass—thus
most dark matter experiments are placed deep underground [17]. Muon rates are also atten-
uated when travelling through rock; at SABRE’s depth of 1025m (2900m w.e.) muon rates
are reduced by a factor of approximately 106 [19]. At the LNGS site (SABRE north) the mean
muon production energy is 280 GeV3 compared to 4 GeV at the surface, something yet to be

3These are the energies of the muons at the time of production. As they pass through material, this energy
is lost until the muons are stopped, or decay. The kinetic energy a muon 1 km underground has is much less
than this as most of the energy has been deposited in the rock overburden.
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PMT Characterisation

• Measurement of all PMTs: Quantum Efficiencies, Photocathode surface scans, 
Dark current and dark rate (ML suppression algorithm), Gain, Temperature 
dependence, spontaneous light emission, after-pulses. 

• 8” R5912 - oil-proof assembly, 3” R11065 - low radioactivity metal body. 
Collaboration with Hamamatsu. Full order after testing procedure finalised.
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Figure 4: Setup of optical equipment for diode measurements using the Hamamatsu Laser
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Figure 5: Setup of optical equipment for diode measurements using the tungsten-halogen lamp. The
Lamp is located outside the inner dark box but within the outer aluminium dark box. The fibre optic
connection is shown in green from the lamp to the di↵raction grating. The light after the di↵raction
grating is represented in red.

3.2 DAQ Setup

See figure 6. More detail to come once changes have been confirmed

3.3 PMT Bases

The bases of the PMTs consists of both the voltage divider and the signal decoupler contained in
a custom 3-d printed base . This is made using the standard Hamamatsu design supplied with the
PMT. Various tests have been done on modified circuitry to try and minimise ringing in the PMT
signal however the recommend solutions of including resistors on the later dynodes but this also has
the e↵ect of reducing the pulse amplitude.
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Muon Survey & Veto
• SALEM (Scintillating array for locating energetic muons). (3m x 0.4m EJ200) x 

8 modules.  2-PMT readout ToF-type system with ~5cm µ position resolution. 

• Stage 1: 2 layer configuration for µ flux vs. direction at SUPL (1025 m) + Small 
muon setup (3-layer 0.18 m2) for studies at other depths (<800 m). 
Systems ~ready for deployment. 

• Stage 2: SABRE µ Veto and location sensitive particle ID layer.
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CHAPTER 3. CALIBRATION STUDIES 35

3.1.4 Position calibration

Given a reliable method of calculating Dt, the position can be calibrated using the same data
set. The aim of this calibration is to determine the effective velocity of transmission in the
scintillator material, veff.
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Figure 3.4: Dt as a function of known position using the fit results from the timing calibration analysis. The
data was fit using a Minuit fitter with a goodness of fit: r

2 = 0.998. m represents the gradient in the units of the
graph, and c the y-intercept in the same units. veff represents the gradient after conversion to standard units.

The dependency of the measured Dt between both PMTs as a function of (known) po-
sition is shown in Figure 3.4. The graph was approximated by a linear function; the gra-
dient of the graph represents (after the appropriate conversions) the (average) effective
speed of light in the major-axis of the muon detector. The effective velocity found to be
veff = 16.26 ± 0.06 cm/ns. Using the effective velocity, the position of a given incident par-
ticle could now be accurately determined in a detector, given a Dt value. Using this, the
position resolution using dCFD was found to be 0.076 m.

The internal geometric paths the light takes could also be further studied using the
known value of the refractive index of the EJ-200 material: n = 1.58. The effective aver-
age angle of internal reflection is given by:

qe f f = arccos
✓

1.58 ⇥ veff
c

◆
= 31.04°. (3.4)

Properly measuring the effective angle as a function of position along the detector would
also require a reference trigger time. We expect that the effective velocity will increase the
further away from a PMT an incident muon is. However, in using Dt as a time measure, this
effect cancels out due to the contribution of each PMT.

35

Δt[ps] v x[m]

CHAPTER 3. CALIBRATION STUDIES 33

(a) Dt calculated as the difference in the times de-
termined using the dCFD function.

(b) Dt calculated as the difference in the times
determined by fitting the pulse with a Gaussian
function.

(c) Dt calculated as the difference in the times de-
termined by fitting the pulse with a Log-normal
and pedestal function.

Figure 3.3: Each plot shows the Dt distribution for a given time-picking method. All plots are based on the
same input data: 1000 events using three external triggers in triple coincidence. The distributions have been
overlaid on the same graph, and can be distinguished visually as per the colours in the legend. Each individual
histogram was fit with a single Gaussian using RooFit, the result of which is also overlaid on each histogram.

33
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Particle Identification in Organic Scintillator Veto

• SABRINA (Little SABRE Veto System). 

• R&D for n/γ/µ separation based on waveform pulse shape discrimination and time of flight (σ = 1 ns). 

• New approach to identify (modulating) background composition with the veto systems. 
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Figure 4.2: (a): The time-of-�ight distribution for both the Am-Be source, and for cosmogenic muons. The
o�set large o�set from 0 is due to the semi-raw nature of this measurement, since some delays could not be
accounted for. The tail extending into negative values can be explained by simultaneous decays of gamma
rays and neutrons from the Am-Be source. (b): Neutron waveforms from each of the PMTs used in the
time-of-�ight measurement. The obvious delay between the signals is a combination of the time-of-�ight
and various signal delays, but illustrates how the trigger times for each pulse can be compared in order to
calculate a time-of-�ight. The red horizontal lines represent the threshold that a pulse will need to surpass
in order to be used in the analysis. This threshold is set at 0.007 V for SABRINA, and 0.01 V for the muon
detector PMTs. These waveforms are also baseline corrected, and the threshold assumes this correction.

tioned, the purity with respect to neutrons is not know, but assumed quite high as the majority of neutrons
will have been removed by the two cuts on the time-of-�ight spectrum. Figure 4.3 shows the peak height
distributions used, as well as the locations of the cuts, and Table 4.2 summarises the selection criteria.

Particle Peak Height (SABRINA, V) Peak Height (Muon Detector, V) Time of Flight (ns)
Gamma Rays < 0.0325 < 0.0350 10 < ⌧ < 25
Neutrons N/A N/A < 25

Table 4.2: The cuts performed in order to obtain samples for gamma rays and neutrons. A muon sample
was collected as a separate data-set.

4.3 Pulse Shape Analysis Method and Variables
In analysing the data, the Pyrate data analysis software was used—which has been developed in the context
of the SABRE South experiment. Using this software, a number of algorithms were developed for this
analysis to extract key pulse shape variables. These variables were calculated for 3 samples of particles —

to the number of events left over in the Am-Be data. This is comparable because the data-sets were collected under the same
conditions (duration of acquisition, etc..).

30

(charge ratio, at a value of 0.2), we see that there is a 69% signal e�ciency in identifying neutrons, with a
corresponding 23% fake rate. For the gamma rays we see a 72% signal e�ciency with a corresponding 31%
fake rate. By using the BDT instead, we get a fake rate of 10% for neutrons at an e�ciency of 69%, and a
fake rate of 18% for the gamma rays at an e�ciency of 72%. This large improvement in the classi�cation
performance means that we can identify each particle in the SABRE veto with a much higher degree of
con�dence, in comparison to just using a single variable analysis. This is a promising result for SABRE, as it
improves our ability to disentangle the backgrounds detected in the veto system, and identify those which
may be mimicking a DM signal.
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Figure 5.1: (a): The results from the BDT. (b): Ranking of the variables according to their information gain.
(c): The classi�cation ROC curve.

5.2 Development of Prototype Simulation
Only being able to use an Am-Be source for this study severely limited the energy range I got to investigate,
both for gamma rays and neutrons. In order to circumvent this, a prototype simulation was developed
using the GEANT4 simulation package reference this, a software framework purpose built for simulating
detectors and particle interactions, commonly used in many particle physics experiments. GEANT4 will
output photon times corresponding to their arrival at the photocathode. This rawdata has to be transformed
into a waveform for proper comparison with data.

Even if the simulation is geometrically the same, di�erences will still arise between data and simula-
tion due to detector e�ects that are not modelled in the simulation (and cannot be modelled very easily).
These detector e�ects manifest themselves in the waveforms, and often lead to some kind of degradation of
information in the waveform itself. Thus, in order to have quantitative comparability between simulation
and data, these e�ects need to be modeled through some kind of digitisation algorithm. This work would
constitute a whole other research project, and so we only look for qualitative comparability in this thesis.
Therefore, ad-hoc smearing factors based on the timing information of various detector components are
applied to simulated waveforms (see section section here). Once some degree of qualitative similarity is
established, the simulation is ran for 150,000 events, split half/half between neutrons and gamma rays, for
a uniform energy range between 10 keV and 2 MeV. Analysing the behaviour of these variables over this

41

ToF

PSD  
(!ToF)

For example, we know that neutron pulses tend to have larger tails with longer decay times compared to
gamma rays. The variable is de�ned as:

Qratio =
Qprompt

Qdelayed
(4.6)

To de�ne the correct charge windows, we inspect the average pulses for each sample. The average pulses
for each particle were compared to de�ne the windows with the best sensitivity to the di�erences inherent
to particle type. In Figure 4.5 the average normalised waveforms are shown.

The prompt window is de�ned as an 18 ns interval starting at the peak position, whilst the delayed
window extends from the end of the prompt one up to the end of the pulse. The distributions for this
variable are shown in Figure 4.5.
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Figure 4.5: (a): A log-scale plot of the peak-normalised average waveforms adjusted for peak position, for
each type of particle, illustrating the di�ering pulse decay times and di�ering amounts of charge in the tails
of each pulse. Shown in the plot are the two di�erent charge windows, outlined by the vertical lines, where
the line at the peak indicates the beginning of the prompt window, the middle line is the end of the prompt
window and beginning of the delayed, and the third line indicates the end of the delayed window. (b): The
distributions associated to each particle type for the charge ratio variable. We can see there is reasonable
visual separation between gamma rays and neutrons. Interestingly, the muon distribution is bi-modal in
shape. This can be explained by pulse ringing, discussed in a subsequent section.

Skew and Kurtosis

Skew and kurtosis are de�ned as the third and fourth moments of a statistical distribution, respectively.
Both variables quantify a di�erent property of the distributions shape, with skew quantifying how lopsided
or ’skewed’ the tails of a distribution are, whereas kurtosis quanti�es how ’heavy’ the tails of a distribution
are (i.e. how much of the distributions area is located in the tails). The higher the skew or kurtosis value,
the more lopsided the distribution is and the heavier the tails of the distribution are, respectively. Negative
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DAQ, Software and Computing

• Low thresholds w/ waveform sampling: > ~ 100 TB per year raw data. 

• Analysis Software framework: PyRATE (SABRE). 

• Collaboration tools: Confluence, JIRA, Bitbucket, Slack. 

• Computing: DAQ, DB, UniMelb Compute & Storage.

8
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SABRE HV, Digitiser, Trigger



Collider Searches 
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ALPs, Higgs-like Scalars, DM, LLPs 
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Belle II @ SuperKEKB

• Luminosity exceeded previous world record, and ramping up. 

• First 2 papers produced on dark sector physics (Z’, a’). First 
flavour papers to come in 2021. 

• Longer timeline than original - detector upgrade program 
under development. (Now on program advisory for upgrades to 
particle reconstruction and identification).

10

Achievements in 2020 a/b
3

• Recorded 64 fb-1 

• Lint =74 fb-1 by adding 2019 data set

• Ldaymax = 1.34 fb-1 (June 22)

• Lpeak = 2.4 x 1034cm-2s-1 w/ Belle II ON

• on-resonance 

• HER: 607mA, LER: 712mA, Nb: 978

Luminosity world record !
Belle II background (TOP, CDC, 
PXD) lower than the limit, thanks 
to many many efforts

a factor 2-3 lower currents than KEKB   

KEKB record
• Ldaymax = 1.48 fb-1 (2009.6.14)
• Lpeak = 2.11 x 1034cm-2s-1

Belle II data taking efficiency was 
improved to 84%.
• less DAQ errors
• Error analysis (ELK)
• Well experienced shifters
• Better controlled injection veto 6 fb–1 

10 fb–1 

74 fb–1 

1.3 fb–1/day

11
 Mid-Long Term Plan

Plan proposed for “MEXT roadmap” 
• based on results obtained so far, and moderate electric power.

• New goal: 50ab-1 around 2030, peal luminosity ~6x1035cm-2s-1

• IR modification & partial detector upgrade around 2026.

SuperKEKB project has been 
selected in RM2020 with (a,a)

MEXT RM2020

KEKB SuperKEKB Achievements

β*y(mm) 5.9/5.9 0.3/0.27 1/1

Ibeam(A) 1.19/1.65 2.6/3.6 0.7/0.9 **

L(cm-2s-1) 2.11x1034 80x1034 2.4x1034

SuperKEKB Accelerator

Damping	ring:	
reduces	the	!"-
beam	emittance

New	RF	system:
increases	the	
beam	current

New	focusing	
magnets:	reduces	

the	beam	size

#" $ %&' + #) * %&' → ,-.,-,,",), 0"0),…

2 =
4±
6#7#

8 +
9:∗

9<∗
=±>±:
?:∗

@2
@:

KEKB	
( ⁄#) #")

SuperKEKB
( ⁄#) #")

?:∗ (CC) E. G/E. G 0.30/0.27 ×6-

=J&KC (L) 8. 8G/8. M$ 2.6/3.6 ×6

2 (NC)6O)8) 6. 88×8-P$ Q-×8-P$ ×$-

Nano-beam	scheme

1µm

400µm

83mrad

10mm

Reduces	the	beam	
size	in	the	!"-!)
interaction	region	
to	50 nm.

50	nm

KEKB	→	SuperKEKB

Key	ingredients

2W&OXYZ
[\]\^ = Q-×8-P$NC)6O)8 = 40 × _`abcdce

SuperKEKB
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Dark sector searches

• Our searches: Photon couplings, Dark matter, Dark Photons, Long lived particles 

• B→K(*)S/a’ (Loop) & B→D(*)S/a’ (Tree) (S/a’→ γγ, χχ, f+ f-), ee→A’γ (A’→χχ, f+ f-)
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• Vector portal 

• Axion portal 

• Scalar portal

Searching for Dark Matter and Forces @ Belle/Belle IISearching for Dark Matter and Forces @ Belle/Belle II

Search for events with missing 
energy, particle disappearance, 
dark forces, single/multi-photon 
final state events, etc.

● Vector portal

● Axion portal 

● Scalar portal

● Neutrino portal

● More ...

ϵFY
μ ν
F 'μν (dark photon A ') ,∑

l

θ g ' l̄ γμ
Z 'μ l (dark Z ')

Gagg

4
aGμ ν

~
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μ ν+
Ga γγ

4
a Fμν

~
F

μν (axion ,alps)

λ H 2S2+μ H 2S (dark Higgs )

k (HL)N (sterile neutrinos )

“Hidden sector” models

 Les Rencontres de Physique de la Vallée d'Aoste La Thuile 10-16/02/2019  Gianluca Inguglia
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m(S→µµ) 2 GeV/c2
MC - sensitivity

Long lived particles

LLP, invisible or γγ220 MeV/c 2 - 4.8 GeV/c 2

< 1 MeV/c 2 - 4.8 GeV/c 2
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Particle Identification

• BDT based full detector particle ID (CDC dE/
dx, TOP, ARICH, ECL, KLM). Focus on CsI(Tl) 
crystal calorimeter inputs including shower 
shape, longitudinal information, and PSD 
(new, under testing). 

• Manage lepton ID and systematic uncertainty 
measurements for all analyses with leptons.
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DP190101991Upgrades to lepton identification using the ECL

10Marco Milesi, ICHEP 2020

→ Combine several calorimetric observables (lateral shower shapes, 
extrapolated track depth in the ECL…) in a BDT to improve lepton-hadron 
separation.

• Factor 10 reduction in  fake rate, and a factor 2 in  fake rate for  (MC)π − e π − μ p < 1 GeV/c

• At low momentum, limit in KLM acceptance and large energy losses 
for electrons before the ECL make lepton identification a challenge.
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• At low momentum, limit in KLM acceptance and large energy losses 
for electrons before the ECL make lepton identification a challenge.

energy deposited at an ionization dE/dx that is above the threshold required
to produce hadron scintillation component emission.

Two examples of typical waveforms recorded during summer 2018 Belle II
commissioning runs are shown in Figure 1. Figure 1a shows a typical wave-
form with a photon-like pulse shape and Figure 1b shows a typical waveform
with hadron-like pulse shape. Comparing these two waveforms, it is observed
that hadron-like pulse shapes have a suppressed tail relative to the photon-
like pulse shapes, which is well modelled by the hadron template.
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(b)

Figure 1: Typical Belle II CsI(Tl) waveforms from data with fit to Photon+Hadron tem-
plates overlaid. a) Waveform with photon-like pulse shape, as expected from an electro-
magnetic shower. b) Waveform with hadron-like pulse shape, as expected from a hadronic
shower.

To simulate particle interactions in the Belle II detector, Monte Carlo
(MC) simulations using GEANT4 particle interactions in matter simulation
libraries are applied [21]. The GEANT4 physics list used is the FTFP_BERT.
By default, GEANT4 does not include simulations of the ionization dE/dx
dependent CsI(Tl) scintillation response. To simulate the CsI(Tl) scintilla-
tion response to highly ionizing particles we apply the simulation methods
described in reference [4]. These methods compute the magnitude of the
hadron scintillation component emission and Birk’s scintillation efficiency
[22] using the instantaneous dE/dx of the primary and secondary particles
that contribute to the total energy deposited in the CsI(Tl) crystal. Simu-
lated waveforms are constructed by iterating over all discrete energy deposits
in the crystal volume and accumulating a template sum, weighted by the
corresponding scintillation light output contributions from photon compo-
nent scintillation emission and hadron component scintillation emission. To
model the detector noise conditions, noise waveforms recorded from events

7
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Charged particle identification - ECL

Electromagnetic Calorimeter 
(ECL) → Energy deposition for 

e vs. pure MIP (μ), MIP + 
hadronic inelastic interactions 

(π, K, p)    

e π μ

Many

8736 laterally segmented Cs(Tl) crystals
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Conclusion
•SABRE 
•Background 
•Belle II 
•Particle ID R&D


