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1. Introduction

The cubic kilometre neutrino telescope (KM3NeT), currently under construction at two sites
on the Mediterranean seabed, consists of two large-volume water Cherenkov detectors, which aim
to answer a number of open questions in neutrino physics and astrophysics [1], particularly:

I.) What is the origin of cosmic neutrinos?

II.) Which neutrino mass ordering is realized in nature?

The first question is addressed by the ARCA detector (for Astroparticle Research with Cosmics
in the Abyss), situated at an approximate depth of 3500 metres, about 100 kilometres off-shore from
the small town of Portopalo di Capo Passero on Sicily, Italy [2]. The second question is investi-
gated using the ORCA detector (for Oscillations Research with Cosmics in the Abyss), located at
a depth of approximately 2450 metres, 40 kilometres off-shore from Toulon, in Southern France [3].

Both detectors use a similar infrastructure, consisting of building blocks with 115 strings, which
comprise 18 optical modules each. The optical modules are instrumented with 31 Hamamatsu
R12199-02 3-inch photo-multiplier tubes (PMTs), which are able to detect individual Cherenkov
photons emitted during neutrino interactions in the seawater.

In order to achieve the angular and energy resolutions necessary to pursue the science goals of
KM3NeT, accurate calibration is essential. This calibration has to be achieved on the basis of PMT
hit information with a high compression rate, which is needed to maximize the fraction of raw data
which can be sent to shore for later neutrino event triggering, whilst keeping the 7 kHz background
expected from radioactive decays and bioluminescence in the seawater well below the limit of 200
Mbps per optical module, set by the maximum throughput of the deployed fibre-optics [4]. The
compression is achieved by reducing the full PMT waveforms corresponding to individual PMT hits
to data-packets of 6 Bytes, comprising 1 Byte for storage of the PMT address, 4 Bytes for storage of
the hit arrival time and 1 Byte for storage of the time duration during which the PMT analogue pulse
exceeded the threshold set by the hardware discriminator. Previous papers have already described
methods for the calibration of the PMT hit arrival times and quantum efficiencies based on this
highly compressed PMT hit information [5—7]. In contrast, these proceedings present an overview of
the methods which allow for the monitoring and calibration of the gain of the PMTs inside KM3NeT.

2. The PMT analogue pulse model

The primary output of a PMT consists of an electrical current, also referred to as an analogue
pulse, which is read out at the anode. These currents are generated when primary electrons, created
by photons impinging on the photocathode, are accelerated through the PMT’s dynode system. The
dynode system consists of an array of metal wafers, each with a secondary emission coefficient
greater than one, such that encounters with successive dynodes lead to a multiplication of the out-
going current. The average amplification factor, measured over an ensemble of PMT hits associated
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with the release of single primary electrons at the photocathode (i.e. single photoelectron hits), is
referred to as the gain.

Typically, the gain of a PMT is evaluated by integrating a large number of waveforms over
time and fitting the mean and variance of the resulting charge distribution to a Gaussian [8]. This is
not possible for KM3NeT, because neither the full waveforms nor the integral are stored. Instead,
the gain needs to be inferred from the statistical behaviour of the time-over-threshold. This is done
using an analytical model which converts measured time-over-threshold values into the charge of
the underlying pulse and vice versa.

To good approximation the analogue pulses measured at the anode of a PMT can be modelled
as a Gaussian with an exponential tail. The resulting output voltage can therefore be expressed as
follows in terms of the time ¢ and the charge ¢, associated with the pulse:

gRe 3 1 <1
Vg =17 ! (1)
cTeT t>t.

In this equation, o is the width of the Gaussian component of the pulse and 7 is the decay-time
associated with the exponential part, whereas C and R are two normalisation constants. The latter
constant has units of resistance over time and is related to the electronic circuit’s load resistance,
whilst the former can be defined as the normalized pulse height evaluated at the time, 7 = ‘772, where
the Gaussian and exponential part of the pulse shape match both in terms of their amplitudes and

R . Vi, _1(x)?
derivatives, i.e. C = % = 3(2).

By inverting equation 1 an expression can be derived for the time-over-threshold in terms of
the charge associated with the analogue pulse. Assuming the hardware discriminator sets a voltage
threshold equal to Vj, the leading and trailing edge of the analogue pulse, defined as the first and,
respectively, last time at which the pulse exceeds the threshold, can be defined as:
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The time-over-threshold is computed as the difference between these times, with the addition
of two phenomenological modifications. The first modification accounts for the effect of clipping,
where the top part of pulses with an amplitude in excess of the voltage bias effectively get cut
off. This results in a linear extension of the time-over-threshold with additional charge [9]. The
second modification accounts for the effect of saturation, caused by the read-out electronics. Studies
performed in the lab have shown that this effect can be approximated well using an inverse square
root modulation, limiting the time-over-threshold to a maximum value, AT}, 4.
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Figure 1: The time-over-threshold as function of the charge, as described by equation 4.

Summarizing all of the above, the time-over-threshold corresponding to an analogue pulse with

total charge, g, can be calculated as:

AT — AT‘II’IZIX

ATZ.x + AT?(q)

where AT(q) is given by:

AT(q) =

+oy[2n(2) + Blg - a0,

-AT(q),

“
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In this relation, gq is the threshold-equivalent charge, set by the condition V(0, gg) = Vi and

B is the derivative of the time-over-threshold with respect to the charge in the linear regime corre-

sponding to clipped analogue pulses. Given the nominal signal amplification factor of 3 - 106 [10],

the value of 8 has been determined experimentally to be 7.0nsp.e.”' [11]. The lower bound of

the linear regime, gi, can be chosen as the point where the derivative of equation 5 becomes equal

to this experimentally established value of 5. This point can be typically found around a charge

equivalent to 1 p.e..

Equations 4 and 5 show that the dependency between the time-over-threshold and the charge of

the analogue pulse can be divided up into three regimes: one regime for pulses with low amplitude

with a trailing edge in the Gaussian domain of the pulse shape, one regime for pulses with a trailing

edge in the exponential tail and one regime corresponding to pulses with high amplitude which are

clipped. The full functional behaviour of equation 4 is shown in figure 1.
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3. The charge distribution

To use the time-over-threshold as a measure for the PMT gain, the shape of the charge distribu-
tion for single photoelectron PMT hits must be defined first. One charge distribution model which is
often used in the characterizations of PMTs because of its simplicity, is a single Gaussian, centered
around the PMT gain [8]. Such models have however been reported to underestimate the lower end
of the single photoelectron charge distribution, where contributions from underamplified signals
and dark counts can be high [12, 13]. To account for these contributions, the single photoelectron
charge distribution in KM3NeT is instead modelled as a two-component Gaussian mixture:

1
flg) = 1 (p - G(q; pus o) + (1 = p) - G(q; G, 22)), (6)

where A is a normalisation constant which accounts for the truncation of the distribution by
the hardware threshold, p corresponds to the occurrence probability of an underamplified hit and
G(x; u, 0%) corresponds to a Gaussian distribution with mean value u and standard deviation o
The mean and standard deviation of the nominal (underamplified) distribution are referred to as G
and T (u, and oy,), respectively. They are related by the expression £ = o VG, where G and o
correspond to the gain and the gainspread of the PMT. Assuming that the dynode responses are
Poissonian and that the final charge distribution is caused by statistical fluctuations mostly in the
first electron multiplication step, the mean and standard deviation of the underamplified Gaussian
can be assumed approximately equal to y,, = o-é -G = X% and y, = 0 - X. Effectively this means
that a shift of the nominally amplified distribution to the right or the left will lead to a similar
shift in the underamplified distribution. Figure 2 shows the model for the single-photo electron
charge distribution between 0.0 p.e. and 2.0 p.e.. The truncation by the threshold can be seen around
0.12p.e..
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Figure 2: The single photoelectron charge distribution model given by equation 6 for p = 0.05 and
og = 0.3 (left) and two time-over-threshold distributions taken for a PMT operated at the ORCA site under
high voltages of —1130V (black) and —1180V (red), fitted according to equation 8 (right). Individual
contributions from underamplified and nominal signals are indicated in the left figure with black dotted and
solid lines, respectively. The area marked in orange shows the threshold band.
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4. The Time-over-Threshold distribution and PMT gain calibration

Equations 4 and 6 provide a definition of the time-over-threshold, given by:

0q(AT)
OAT

This model fits the main component of the time-over-threshold distribution well, but does not

J(AT) = f(q(AT)) - (M

fully capture the lower end of the distribution. In particular, it underestimates the region around
4.5 ns, which contains a small bump originating from real, stand-alone photon hits, with small
amplitudes surrounding the voltage threshold. This component is accounted for phenomenologically
by adding a Gaussian contribution, which scales according to the fraction of the charge distribution
inside a small region below the approximate threshold-equivalent-charge. The region, referred to
as the threshold band, has a fixed width given by the parameter, g5, and can be seen on the left-hand
side of figure 2 as an orange band. Including it, the time-over-threshold distribution can be defined

as:
0q(AT

761) = Wi - 1) - 298D v, GAT: o, ) ®

where u, ~ 4.5ns and 0, =~ 1.5ns denote the mean and standard deviation of the ob-

served excess. The normalisation constants W, and W;, are defined as Wj, = [?°  f(¢)dq and

00 q0—49b
Wa=1-Wy= [ f(g)dg.
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Figure 3: Fitted gain values normalized with respect to the nominal amplification factor of 3-10° as a function
of the applied absolute high voltage. The nominal gain value, indicated as a red point, is interpolated linearly
on a log-log scale.
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Equation 8 relates the single photoelectron time-over-threshold distribution to the gain and
gainspread of the underlying charge distribution given by equation 6. This relation can be exploited
for the purpose of gain monitoring and calibration. On the right-hand side of figure 2, two time-
over-threshold distributions are shown, which have been acquired for different settings of the high
voltage. Both distributions have been fitted as a function of the gain and the gainspread of the single
photoelectron charge distribution. By repeating fits like these over a range of applied high voltages,
the nominal gain, corresponding to an amplification factor of 3 - 10°, can be interpolated. This is
shown in figure 3. Because the gain and high voltage are related approximately as a power-law
[14], the resulting datapoints are put on a logarithmic x- and y-scale first, before proceeding with
the interpolation.
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Figure 4: The gains for a selection of 9 PMTs monitored in a string deployed at the ORCA site over a
timespan of approximately half a year, between September 2020 and March 2021 (1 run corresponds roughly
to 3 hours). A gain-calibration campaign is visible as a discontinuous jump after run 9100.

Figure 4 shows the evolution of the normalized gain for a selection of 9 different PMTs in a
string deployed at the ORCA site, monitored between September 2020 and March 2021. As can
be seen, a gain calibration campaign undertaken in December 2019 successfully brought the PMT
gains back to a value within around 2% of the nominal value of 1.0, defined as a fraction of the
nominal amplification factor of 3 - 10°.

5. Conclusions

In these proceedings, an outline has been given of the procedure which is used to calibrate the
gains of the KM3NeT PMTs, based on hit information with a high compression rate. In particular,
an analytical model has been described which allows for the conversion of the single Byte time-over-
threshold information recorded for each PMT hit, to the integrated charge under the corresponding
analogue pulse and vice versa. This model allows measured time-over-threshold distributions for
single photoelectron hits to be fitted in terms of the gain on a PMT-by-PMT basis.

In addition, it has been shown how the PMT gains can be calibrated by fitting time-over-
threshold distributions over a range of high-voltage settings and interpolating the high voltage
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which yields a nominal gain, corresponding to an amplification factor of 3 - 10°. Recent calibration
campaigns shown in these proceedings, indicate that this method allows the gain to be tuned to
within 2% of the nominal value.
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