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Abstract: The NEXT-White detector, a high-pressure gaseous xenon time projection

chamber, demonstrated the excellence of this technology for future neutrinoless double

beta decay searches using photomultiplier tubes (PMTs) to measure energy and silicon

photomultipliers (SiPMs) to extract topology information. This analysis uses 83mKr data

from the NEXT-White detector to measure and understand the energy resolution that can

be obtained with the SiPMs, rather than with PMTs. The energy resolution obtained of

(10.9 ± 0.6) %, full-width half-maximum, is slightly larger than predicted based on the

photon statistics resulting from very low light detection coverage of the SiPM plane in

the NEXT-White detector. The difference in the predicted and measured resolution is

attributed to poor corrections, which are expected to be improved with larger statistics.

Furthermore, the noise of the SiPMs is shown to not be a dominant factor in the energy

resolution and may be negligible when noise subtraction is applied appropriately, for high-

energy events or larger SiPM coverage detectors. These results, which are extrapolated to

estimate the response of large coverage SiPM planes, are promising for the development

of future, SiPM-only, readout planes that can offer imaging and achieve similar energy

resolution to that previously demonstrated with PMTs.
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1 Introduction

The nature of neutrinos, whether Majorana or Dirac, is still unknown. Neutrinoless double

beta decay (0νββ) is the most promising method of determining if neutrinos are their own

antiparticle, and many experiments have produced lower limits on the half-lives of this

process for various isotopes [1–3]. The goal of the next generation of experiments is to

reach a sensitivity to the half-life of 0νββ decay (T 0ν
1/2) covering the inverted neutrino mass

ordering, which requires ultra low-background tonne-scale detectors with excellent energy

resolution [4].

The Neutrino Experiment with a Xenon TPC (NEXT) program searches for 0νββ

decay with a high-pressure gaseous xenon time projection chamber (TPC), using the dou-

ble beta decay isotope 136Xe. In the current generation of NEXT detectors, photomulti-

plier tubes (PMTs) are used to measure the primary scintillation light and total energy
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of events, while silicon photomultipliers (SiPMs), located behind an electroluminescence

(EL) amplification region, are used to track the position and reconstruct the topology of

events. NEXT-White demonstrated excellent energy resolution [5, 6], and showed a good

understanding of backgrounds [7] while reducing them using event topology [8–10]. The

detector also produced a measurement of the half-life of the double beta decay with neu-

trinos [11] and a limit to the neutrinoless double beta decay [3] for 136Xe, consistent with

other experiments.

While the current NEXT-100 detector [12], a 100 kg scale detector, aims to demonstrate

the scalability of the technology, efforts on the design of a future tonne-scale detector are

ongoing [13]. For future detectors, the PMTs used to measure energy in the NEXT-White

and NEXT-100 detectors present multiple limitations, including their sensitivity to high

pressure and their large contribution to the background. A possible future detector design

could use a tracking plane made out of SiPMs that could also measure energy [13]. This

will likely require over tens of thousands of SiPM channels. While many experiments use

or propose to use this scale of SiPM channels (T2K [14], LHCb [15], CMS [16], DUNE

[17], JUNO-TAO [18], DarkSide-20k [19]), the requirements of these detectors vary due to

their respective science goals. In the case of NEXT, the desired resolution is below 1%

FWHM in the region of interest at 2.5MeV, a level that has not yet been demonstrated

with SiPMs. Additionally, NEXT is unique in the combination of low energy events, the use

of EL amplification, and room temperature electronics and thus has unique requirements

for the analysis of the SiPM waveforms. In this paper, NEXT-White data is analyzed

to extract energy resolution with SiPMs and to investigate their possible limitations for

energy measurement in future detector designs.

2 The NEXT-White detector

The NEXT-White detector, diagrammed in Figure 1 and described in detail elsewhere

[20], is a high-pressure gaseous xenon time projection chamber. A particle interacting

in the detector ionizes and excites the xenon gas, producing primary scintillation light,

called S1, and primary ionization electrons. These electrons are drifted by the electric field

toward the electroluminescence (EL) region, where the ionization electrons are accelerated

to produce secondary scintillation light (S2). This light is collected by the SiPMs on the

tracking plane, placed close behind the EL region, and by the PMTs on the energy plane,

located on the opposite side of the detector. The granularity of the SiPMs tracking plane

provides the x−y information within the tracking plane, while the longitudinal distance (z)

information comes from the time difference between the S1 and S2 signals and the known

electron drift velocity. The center of the tracking plane is set as the origin in x − y, and

z = 0 is considered the anode of the EL region with positive values in the drift region.

The energy plane is made of 12 Hamamatsu R11410-10 3-inch PMTs, giving the

plane a 31% coverage for light collection. The tracking plane includes 1792 SensL series-C

1mm2 SiPMs placed at a pitch of 10mm, giving the plane a 1% coverage. This pitch was

optimized for tracking purposes and not for energy measurement, therefore the resulting

light collection coverage is too low for a precise energy measurement, which is done by the
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Figure 1: A diagram of the NEXT-White detector. The tracking plane, made of SiPMs,

is shown and labeled on the left side while the energy plane, made of PMTs, is on the right

side.

PMTs on the energy plane. In this study, a detailed investigation is performed to measure

the energy and understand and quantify the potential limitations of energy measurement

with SiPMs.

To calibrate the detector, a 83Rb source placed in the gas system provides 83mKr

distributed uniformly throughout the detector, producing point-like events with a known

energy of 41.5 keV. These events can be used to map in detail the geometric variations as

well as the loss of energy for events farther from the EL region, due to electron attachment

to impurities in the gas [6]. This loss of electrons can be described by an exponential decay,

with the time constant known as the electron lifetime.

3 Data acquisition

The detection of 83mKr events is triggered when two adjacent central PMTs record a

S2 signal from 5000 to 50000 analog-to-digital counts (ADC), roughly corresponding to

energies between 15 keV and 150 keV. The read-out window is 1600 µs, centered around

the trigger time at 800 µs, for both PMTs and SiPMs. The sampling periods for the two

sensors are 25 ns (PMTs) and 1 µs (SiPMs). The PMTs provide a precise measurement

of the S1 time with their finer binning, and then are rebinned to 1 µs for the rest of the

analysis.

At the data acquisition level, the entire waveform for each PMT is recorded, while the

waveforms for the SiPMs are typically reduced by an algorithm called zero suppression that

minimizes the data size. However, to allow the best possible understanding of an energy

measurement from the SiPMs, this analysis uses a non-zero suppressed run, allowing for

the use of the entire waveform for each SiPM. This run, labeled as run 8088, was taken
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starting July 11, 2020, for a total of 24.2 hours, with 694170 low-energy triggers. The

conditions of this non-zero-suppressed run limit this analysis to the use of 83mKr events.

Figure 2: An example SiPM raw waveform (black) from run 8088 compared to an em-

ulated zero suppressed waveform (red). The sharp peak is the S2 signal, while other

smaller peaks are thermal and electronic fluctuations. In this example, the zero suppressed

waveform successfully picks out the S2 region, in addition to a random region with high

coincidence noise.

4 Definition and contributions to the energy resolution

In this paper, we define the relative energy resolution of a detector by the mean signal µ

and its standard deviation σ is given as:

δE

E
= 2

√
2 ln 2

σ

µ
. (4.1)

For an ideal Gaussian response, this would correspond to the full width at half maxi-

mum (FWHM), the typical metric used to quantify detector energy resolutions in nuclear

physics. For the NEXT-White detector, following [21] and assuming each contribution is

independent of the others, the energy resolution can be written as:

δE

E
= 2

√
2 ln 2

√
F

N i

+
1

N i

J

NEL

+
1

NPE

+
(σq/q)2

NPE

+
σ2
n(V )

N
2
PE

, (4.2)

where F is the Fano factor, N i is the average number of ionization electrons produced,

J is the Conde-Policarpo factor or the relative variance in the number of photons produced

in the EL region per ionization electron with an average of NEL (i.e. the EL gain), NPE
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is the average number of photons detected, σq/q is the relative variance in the sensor gain,

σ2
n(V ) is the variance of the noise rate of the sensors, and V represents the volume of

the event being measured. This V dependence of the noise is due to the increased noise

when including more SiPMs and more time samples (related to the z extent of the event).

This analysis uses point-like 83mKr events where V is a constant, but the results will be

extrapolated to higher energy events with larger tracks in the Section 8: Discussion.

The first term accounts for the variance in the number of ionization electrons, where,

for gaseous xenon, F = 0.15 [22]. The second term accounts for the variance in the am-

plification of the signal in the EL region. Measurements have shown that J/NEL << F ,

making this term negligible to the total energy resolution [21]. The third term represents

the efficiency in collecting the photons, which can be approximated with a Poisson dis-

tribution for a large number of photons and low collection efficiency. This is an effective

estimate, as 83mKr events produce on the order of 700, 000 photons and the number of

photoelectrons measured is ∼ 13, 000 with PMTs and ∼ 730 with SiPMs. The fourth

term gives the variance in converting the detected photons to photoelectrons. For SiPMs,

σq/q ≈ 0.1, extracted from sensor calibration runs, making this term also negligible. The

last term incorporates the variance of the noise rate in an event due to the SiPMs. This

analysis measures and subtracts the average amount of noise in the SiPMs, and measures

the contribution σ2
n to the energy resolution.

Given that the output of the SiPMs is expressed in photoelectrons (PE), and the

absolute PE to keV scaling with respect to SiPMs has not been performed, the energy in

this analysis is expressed in terms of photoelectrons collected (NPE). The non-negligible

contributions to the energy resolution can thus be written as:

δE

E
≃ 2

√
2 ln 2

√
F

N i

+
1

NPE

(
1 +

σ2
n(V )

NPE

)
(4.3)

5 PMT and SiPM data processing

In typical analyses from the NEXT Collaboration, the PMT and SiPM signals are used to

extract very distinct information. The large-area PMTs are used to trigger the data readout

and to measure the energy, while the sparse SiPM plane is used for tracking information.

The x, y, and z positions of events are necessary to correct the energy variations across

the detector that are due to geometrical effects and electron lifetime.

In this analysis, the SiPMs are further used to measure energy and to determine the

limitations of a SiPM energy-tracking plane. Only events with exactly one S1 and one S2

are used in this analysis. To avoid any bias and to optimize the way data was treated, run

8088 was divided into two samples, randomly chosen in time. The first sample, making

up 85% of the run, was used to obtain the geometrical and lifetime corrections to the

energy, called the calibration sample, and the second sample (15% of the run) was used for

measurements, called the measurement sample.
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5.1 PMT data processing

The raw PMT waveforms, made of 64000 samples of 25 ns bins, have a non-zero baseline

with a negative swing due to the AC coupling. This is corrected using a deconvolution al-

gorithm, producing positive-only, zero-baseline, calibrated waveforms [20]. A peak-finding

algorithm is then used to identify S1 and S2 peaks. The width of the S2 peak varies

depending on the drift length due to diffusion. The time difference between the S1 and

S2 signal is used to determine the z position of events, as the electron drift velocity is

quite stable at 1mm/µs [23]. To determine the energy of events using PMTs, allowing for

direct comparison with the energy from SiPMs, the signal in the S2 time region is then

summed for all PMTs. This energy is then corrected using a calibration map made using

the calibration sample, to correct for the geometric and electron lifetime effects, described

in detail in Section 5.3.

5.2 SiPM data processing

5.2.1 SiPM noise subtraction

The SiPM waveforms are 1600 samples of 1 µs bins, as shown in Figure 3(a) where the

large peak around 800 µs shows the S2 signal. The triggered time, obtained from the

PMTs, corresponds to the leading edge of a S2-like signal. The S1 for 83mKr events is too

small to be seen with the NEXT-White SiPMs. This waveform includes a non-zero baseline

set by the electronics, true photon signals, thermal pulses, crosstalk, after-pulsing, and the

electronic noise introduced by the data acquisition system and front-end electronics. While

the electronic fluctuations should be symmetric around the baseline and on average give

zero when integrating over the electronic noise, the thermal pulses (dark counts), crosstalk,

and after-pulsing will always be positive. As the SiPMs are at room temperature, the

thermal pulses should dominate, however, in this analysis, we cannot distinguish between

these noise sources. This results in a signal that increases with the length of the integration

windows, just due to these noise sources. The mean of these fluctuations as well as the

baseline must be removed so that when integrating to get an energy measurement, the

signal shows an average of zero noise. The average noise can be calculated for each SiPM

using the average signal per µs bin for each SiPM, excluding the 20 µs region around the

S2. The 20 µs exclusion region was chosen to remove any signal from the noise estimate,

as the maximum width of the S2 signal has been measured as 15 µs. This average is then

subtracted from the signal in each 1 µs bin, before any further processing. The resulting

averages for each SiPM are shown in Figure 3(b), and an example waveform after the noise

and baseline subtraction is shown in Figure 4, where the S2 region is highlighted in blue

and a region used to estimate the residual noise is highlighted in red. All SiPMs were

shown to have a stable noise rate throughout run 8088.

After noise subtraction, the average residual noise in any 1 µs sample of a SiPM wave-

form will be zero, while the variance will be non-zero. This variance of the residual noise

will contribute to the energy resolution of the detector and can be directly measured using

the non-zero suppressed waveforms, as described in the following section.

– 6 –



(a) (b)

Figure 3: (a) An example raw non-zero suppressed SiPM waveform, including a non-zero

baseline (around 50 ADCs) and electronic and thermal noise in addition to the signal. (b)

The average signal per µs for each SiPM, excluding the 20 µs near the S2 signal around

800 µs. This average is then subtracted from each sample to get the noise and baseline

subtracted SiPM waveforms.

5.2.2 Event energy and tracking measurements with SiPMs

Figure 4: An example of a partial SiPM waveform after the noise and baseline subtraction.

Highlighted in blue is the S2 window to measure event energy, and in red is the outer window

used to estimate the variance of the noise, which, regardless of the noise subtraction,

contributes to the energy resolution.

After subtracting the average noise per SiPM, the signal in the S2 region is time-

integrated for each SiPM. The event center is extracted based on a barycenter algorithm.
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A new algorithm is used here to measure the energy with SiPMs, using only SiPMs within

a certain distance (d) of the event center. For all these SiPMs within d, the entire waveform

inside the S2 region is kept, allowing SiPMs with smaller signals to contribute to the total.

The optimal distance d = 50mm from the event center was found by minimizing the σ/µ

of the energy distribution, as shown in Figure 5. This method is referred to as the SiPM

distance method.

Figure 5: The standard deviation over the mean of the SiPM event energy using all

SiPMs inside the distance d from the event center. Error bars correspond to the statistical

fluctuation.

In addition to calculating the energy in the S2 region, the residual noise after noise

subtraction in each event is estimated. The distribution of this residual noise for many

events should have a mean of zero but a non-zero variance, ultimately contributing to the

variance of the energy distribution across events. This is done by selecting a time window

far from the S2 window, as shown in Figure 4, with the same length as the S2 window.

This region is expected to include only noise and no true signal. The same SiPMs chosen

to measure energy (using the SiPM distance method with d = 50mm) are used to estimate

the noise. The waveforms within this outer window, for all chosen SiPMs, are summed to

estimate the residual noise in the energy measurement.

5.3 Correction Maps

Two detector effects distort the energy of events and must be corrected. The first is

the energy dependence on z, due to the electron attachment to impurities in the gas,

characterized by an exponential decay with a decay constant known as the electron lifetime.

The second is the x − y dependence of energy due to the inhomogeneous light collection

efficiency, particularly near the edges of the detector and from the suspected small tilt in
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the EL planes [24]. Krypton calibration runs can be used to create detailed calibration

maps that help correct for both effects [6].

The calibration sample of run 8088 is used to produce the calibration maps for both

PMTs and SiPMs. Events are binned in x−y. The event energy versus the event z position

is fit for each x− y bin to an exponential, E(z) = E0 · exp (−z/τ), where E0 is the energy

of events at z = 0, and τ is the electron lifetime. A map based on the SiPM signal of

the E0 parameters for each x− y bin in Figure 6(a) represents the geometric effects, while

the map of the τ in each x − y bin in Figure 6(b) represents the electron lifetime. The

corresponding map using the PMT signal is shown in Appendix A for reference.

(a) (b)

Figure 6: Corrections maps using the calibration sample of run 8088 extracted from

SiPMs signal, based on an exponential decay with (a) an initial energy at z = 0 of E0 and

(b) lifetime τ . Each quadrant of the detector is labeled in blue in (a).

It is expected that the geometric effects will look different for the PMTs compared to

the SiPMs. The PMTs are farthest from the EL gap, and thus see large effects from events

at the edges of the detector, where more light would be lost (see for example Appendix A

Figure 17). The SiPMs have a much flatter geometric distribution, as they are very close

to the EL region, having consequently less drastic edge effects. Dead SiPMs can be seen as

the three small dark regions in Figure 6(a). However, the energy dependence on z, shown

in Figure 7, is expected to be consistent between the PMTs and SiPMs. This analysis,

using the processing described above, results in an electron lifetime consistent with the one

obtained with the traditional PMT analysis.

6 Results for energy resolution with SiPMs

For this analysis, a fiducial volume cut excluding events with r < 198mm and 10mm < z < 520mm,

and a cut excluding events within a distance of 15mm from a dead or high variance SiPM

(identified during sensor calibrations) are used. All SiPM energy measurements were made

using the SiPM distance method with d = 50mm.
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(a) PMTs (b) SiPMs

Figure 7: The event energy as a function of the z position, showing the decrease in

energy with higher z due to electron attachment, described by the electron lifetime τ . This

lifetime was measured using the signal from (a) the PMTs and (b) the SiPMs, with the

SiPM distance method applied with a cut of d = 50mm. Both the PMT and SiPM signal

use a fiducial radial cut of r < 198mm. The fit values for both the initial event energy

(E0) and for the lifetime (τ) are also shown.

We determine the FWHM of the relative energy resolution from the mean and stan-

dard deviation of the measured distribution fit to a Gaussian, as in Eq. 4.1. The energy

resolution can vary across the detector as a result of geometric effects and electron lifetime

in the detector. This causes the energy resolution to have both a radial and longitudinal de-

pendency. Additionally, there is a difference in energy resolution across different quadrants

in the detector, as expected from the tilt in the EL planes. This analysis compares these

energy resolution dependencies after corrections. For comparison, the energy resolution

using the PMT signal is also shown in Appendix A.

6.1 Study of the radial dependence

Figure 8 shows the energy resolution as a function of r after corrections. To remove

any longitudinal dependencies, only events with 50mm < z < 200mm are included. The

corrected results indicate that the SiPMs do not see a strong dependence of the energy

resolution as a function of r, in contrast to PMTs that have a clear radial dependence (as

seen in Figure 17). This is explained by the fact that the SiPM plane is close to the EL

gap, significantly reducing the geometrical variations away from the center of the detector.

A slightly worse energy resolution at very high radii, starting at approximately 185mm is

observed and is attributed to events close to the edge of the detector.

6.2 Study of longitudinal dependence

The energy resolution as a function of the longitudinal distance z using SiPMs after correc-

tion is shown in Figure 9. To remove any radial dependence, only events with r < 100mm

are included. For z ≳ 50mm, the corrected energy resolution is fairly stable. At low drift

– 10 –



Figure 8: Energy resolution (FWHM) using SiPMs as a function of the radial distance

after corrections. Only events with 50mm < z < 200mm are included, to remove any

longitudinal dependencies. The errors correspond to statistical fluctuations.

distances (z ≲ 50mm) a slightly worse energy resolution is obtained. Detailed studies have

shown that this dependence can be attributed to the large pitch and low coverage of the

SiPMs in the NEXT-White detector. At very low z, the krypton events have the smallest

electron cloud possible, since they have not diffused in the gas while drifting. The exact

position of these krypton events in relation to the nearest SiPM greatly changes the amount

of energy collected. This geometrical effect was verified with Monte Carlo simulations. For

krypton events at larger z, the electron cloud has diffused enough to spread across more

SiPMs, lowering the variance in energy measurement. This is an interesting result of the

impact of the low coverage of the NEXT-White SiPMs, and would be greatly improved

with higher coverage.

7 Energy resolution in quadrants

The tilt in the EL gap of NEXT-White, as measured indirectly in [24], has a much more

prominent effect on the energy response of the SiPMs compared to the PMTs. This is due

to the small distance of 8mm between the center of the EL region and the tracking plane.

The effect of the EL gap can be seen by looking at the response in different quadrants of

the detector, as labeled in Figure 6(a), with the positive x and positive y sector (top right)

labeled as quadrant 1 (QI), and QII, QIII, and QIV following sequentially counterclockwise

around the origin. The uncorrected (left) and corrected (right) response in Figure 10

shows the difference in gain between QI (upper right of Figure 6(a)) and QIII (lower left

of Figure 6(a)). This difference in gain causes a large difference in photons per electron

produced, leading to a larger variance in energy and ultimately a worse energy resolution
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Figure 9: Energy resolution (FWHM) using SiPMs as a function of the z position of

the events after corrections. Only events with r < 100mm are included, to remove radial

dependencies. The error bars correspond to the statistical fluctuations.

when combining areas with different gain. There are also some remaining non-uniformities

after correcting the energy, which could be improved with larger run statistics.

Figure 11 shows the energy resolution of each quadrant after corrections. QI is signif-

icantly worse than the others. This is likely due to the remaining non-uniformities seen in

the corrected mean energy of Figure 10(b) as well as QI including the most dead SiPMs.

7.1 Final Energy Resolution

The systematic uncertainties were found by measuring the variance of the energy resolution

when Gaussianly varying the correction maps, fit range, and binning, and were found to be

consistent with previous studies [6]. Using the full detector volume after fiducial cuts, and

applying the energy corrections described in sections 5.3, an energy resolution using SiPMs

of (12.1 ± 0.6) % (FWHM) at 41.5 keV is obtained. Since there are non-uniformities of the

amount of light seen across the SiPM plane due to the EL tilt and given that the energy

resolution is sensitive to the amount of light collected, the resolution fluctuates across the

detector. To estimate the best possible energy resolution, we repeated the analysis using

only events in the most homogenous regions of the detector. This includes r < 185mm due

to large variations in the event energy at the edges of the detector, 50mm < z < 520mm

due to detector edges and the variations at very low z, and QII-IV due to the EL plane tilt

and dead SiPMs causing QI to have large variance in energy. These exclusions result in

the partial volume defined by r < 185mm, 50mm < z < 520mm, and excluding quadrant

QI. With this partial volume (resulting in ∼ 52% of the full detector volume), an energy

resolution of (10.9 ± 0.6) % (FWHM) is achieved. The energy distributions and Gaussian

fits for both the full and the partial volumes are shown in Figure 12.
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Figure 10: The radial dependence of the mean signal before corrections on the left, and

after corrections on the right. The black line shows the mean using the entire detector,

while the blue, yellow, red, and purple lines use only respectively quadrant I, II, III, and

IV. The difference in gain between the top right versus the bottom left of the detector can

be seen by the trends at large r before corrections in QI and QIII. Events included are

between 50mm < z < 200mm

Figure 11: The energy resolution (FWHM) for each quadrant of the detector using the

signal from the SiPMs after corrections. Events used have r < 198 mm and 50mm < z <

520mm. The colors are used to match Figure 10.
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(a) (b)

Figure 12: The energy distribution using SiPMs using the (a) full detector, with a

fiducial cut of r < 198mm and 10mm < z < 520mm and (b) partial detector, with cuts

r < 185mm, 50mm < z < 520mm, and excluding quadrant QI. The energy resolution is

calculated using Eq. 4.1 and a Gaussian fit of the distribution is used to extract µ and σ.

The χ2 shown is the reduced chi-squared.

The noise contribution to the energy resolution can be measured by estimating the

residual noise in each event after noise subtraction, as described in Section 5.2.1. Using

the same events as used in the partial volume after cuts, the distribution of this residual

noise is shown in Figure 13. This noise distribution has a mean of (-1.3 ± 0.1) PE, close

to zero as expected after noise subtraction, and a standard deviation of (11.44 ± 0.09) PE.

This standard deviation directly contributes to the total shown in the energy distribution

of the partial volume in Figure 12 (b) of (33.9± 0.3) PE.

7.2 Estimation and extrapolation of energy resolution for higher coverage

The expected energy resolution, using the signal achieved by the SiPMs, can be calcu-

lated based on Eq. 4.3. In the case of the partial detector volume, a mean energy of

NPE = (731.4 ± 0.3) PE, and a standard deviation of the noise of σn = (11.44 ± 0.09) PE

are obtained. By applying these numbers to Eq. 4.3, an energy resolution of (9.68 ± 0.01) %

(FWHM) is calculated. There is a small difference between this estimate and the best-

achieved resolution in data (10.9 ± 0.6) %. This discrepancy is most likely due to the

limited non-zero suppressed data available, and the difficulties correcting geometric effects

with the low coverage of the NEXT-White tracking plane.

The main contribution to the energy resolution is the photon statistics term. This is

attributed to the low photon collection efficiency of the NEXT-White SiPMs due to their

low coverage (∼ 1%). The expected energy resolution as a function of SiPM coverage for

detectors like NEXT-White can be estimated by considering how each factor in Eq. 4.3

will change as a function of the coverage. The total number of photons collected by the

SiPMs will be linearly proportional to the coverage, while the Fano contribution will not
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Figure 13: The distribution of measured photoelectrons of the same events used in the

partial volume distribution in Figure 12(b), using the samples outside S2. By fitting this

distribution to a Gaussian, the fitted variance represents the expected noise contribution

to the energy resolution of the partial volume distribution. χ2 is the reduced chi-squared.

change. The variance in the noise due to SiPMs will also increase linearly with coverage

as the number of SiPMs increases. Using these relations and the results from NEXT-

White SiPMs, the estimated energy resolution as a function of coverage is calculated and

shown in Figure 14. The colored blue region represents the estimated error based on the

energy resolution with krypton, which includes the systematic error found with the partial

volume, and the statistical error based on the number of photons collected (propagated to

the given coverage). An additional uncertainty is included to account for the uncertainty

in the 1/
√
E scaling of the energy resolution of 83mKr events to higher energy events and

is shown as the gray dashed lines. This uncertainty is based on previous NEW energy

resolution measurements with PMTs extrapolated from 83mKr energies to higher energies

[6] compared with the measured energy resolution at higher energies [5]. This scaling

uncertainty is likely an overestimate, as it is based on the PMTs, which have a poorer

spatial uniformity than the SiPMs.

With this extrapolation, for a high enough coverage, the contribution to the energy

resolution from the photostatisics, as well as the SiPM noise, will be small, resulting in an

excellent energy resolution, similar to that seen using PMTs in NEXT-White. With these

conditions, the corrections will also be easier, as the issues with the response at low z due

to low coverage would be resolved.

8 Discussion

By using the full SiPM waveforms of run 8088, a new method for measuring the en-

ergy in the NEXT-White detector is demonstrated. This new method allows for study-

ing the energy resolution and response throughout the detector. An energy resolution of
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Figure 14: The data-driven estimated energy resolution versus coverage, assuming a

NEXT-White geometry and SiPMs. The data-driven energy resolution is derived from
83mKr decays (left axis), and a naive 1/

√
E scaling to the Qββ value for 136Xe is shown

on the right axis. The shaded blue region is the error of the estimate, accounting for the

systematic error, the extrapolated statistical error of measured energy resolution. The grey

dashed lines additionally include the error for scaling the energy resolution to Qββ . The

Fano limit is given by the green horizontal dotted line, and the energy resolution for the

NEXT-White SiPMs using the partial volume is in black.

(10.9 ± 0.6) % (FWHM) at 41.5 keV, with a mean of (731.4 ± 0.3) PE and a standard de-

viation of (33.9 ± 0.3) PE is obtained using an optimized region of the detector. This was

slightly larger than the expected resolution, given the known and measured contributions

to the energy resolution, namely the Fano factor, photostatistics, and noise, calculated

using Eq. 4.3. In particular, it is found that the noise of the SiPMs is not the leading

contribution to the energy resolution, and can be easily measured with this method. The

small difference in the estimate (9.68 ± 0.01%) and the measured (10.9 ± 0.6 %) energy

resolution can be attributed to the difficulty of correcting a low coverage detector. As this

analysis required dedicated runs to use the full SiPM waveforms, it is limited in statistics

for improving the correction maps.

The analysis used the full waveforms of the SiPMs, which is unrealistic for every run

of detectors due to the heavy load on the DAQ and the large memory required. A possible

solution for future data acquisition is to zero suppress a large portion of the waveform,

and keep the full signal in the S2 region and a region far from S2 (with only noise).

Future studies will be necessary to determine the required amount of non-zero suppressed

waveforms when using SiPMs for an energy measurement.

This energy resolution, scaled by 1/
√
E, corresponds to (1.42 ± 0.44)% (FWHM) at
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2458 keV, the 136Xe Qββ energy. High-energy events are also larger in both x− y and z (or

time). This increased event volume will increase the number of SiPMs and time samples

used to calculate the event energy, thus increasing the total noise of the event. The event

volume is related to the event energy (or NPE) as: V ∝ Nγ
PE . The γ exponent is bounded

by 0 < γ < 1. In the most conservative estimate of γ = 1, then σ2
n ∝ V ∝ NPE . This

would result in the noise term of the energy resolution from Eq. 4.3 to scale as σ2
n

N2
PE

∝ 1
NPE

.

Thus, the noise term, just like the photostatistics term, becomes smaller with larger energy

events. High energy events likely have additional factors that are important in the energy

resolution, for example, taking into account the more complex topology compared to point-

like 83mKr events studied here. However, these effects should be bounded in the dashed lines

of Figure 14 where the goal of sub-1% energy resolution is still achieved with appropriate

coverage.

By estimating the energy resolution as a function of coverage, it is shown that a NEXT-

White-like detector with a higher coverage of SiPMs can achieve an energy resolution below

1% (FWHM) at Qββ . Therefore, for a future detector or prototype using only SiPMs for

energy measurements, a higher coverage will be necessary.

A Energy resolution with PMT signal

The r and z dependence of the energy resolution using the PMT signal is included here

for comparison with the SiPMs throughout this analysis. The event energy seen by the

PMTs is corrected using the calibration maps extracted from the PMT energy, shown in

Figure 15. The overall energy resolution using PMTs is consistent with the energy plane

coverage and the previous low energy resolution measurements [6].

(a) (b)

Figure 15: Corrections maps using the calibration sample of run 8088 extracted from

PMT signal, based on an exponential decay with (a) an initial energy at z = 0 of E0 and

(b) lifetime τ .

Figure 16 shows the energy resolution as a function of the z position. There is a known

trend of worsening energy resolution at higher z (longer drift times), caused by the loss
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Figure 16: The energy resolution (FWHM) as a function of the z position of events using

PMTs, after corrections. Only events with r < 100mm are included, to remove radial

dependencies. The error bars correspond to statistical fluctuations.

of energy from electron attachment to impurities in the gas. However, this effect is less

prominent in Figure 16 than in previous NEXT analyses ([6]) due to the improvement in

electron lifetime throughout the data taking of NEXT-White. The lifetime in [6] was 2ms,

while this run has a lifetime of ∼12ms. The worse energy resolution at very low z when

using the SiPMs signal, as seen in Figure 9, is not seen when using the PMT signal. This

reinforces the conclusion that the worse energy resolution at low z when using SiPMs is

due to the geometry of the tracking plane.

Figure 17 shows energy resolution as a function of radial distance. The geometric

effects of the detector have a large effect on the energy resolution when using PMTs, with

larger r resulting in a worse energy resolution. Since the energy plane is on the opposite

side of the EL region, the light may reflect more to reach the PMTs compared to the

SiPMs, causing the edge effects to be more significant.
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