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1. Introduction

The Super-Kamiokande (Super-K) experiment[1] is a successful neutrino experiment located
in the Kamioka mine, about 1 km below the top of Ikenoyama, in Kamioka-cho (Japan). Super-K
uses a 50 ktons water Cerenkov detector, operating since 1996. The experiment is dedicated to
neutrino and proton-decay researches, among them the low energy solar neutrino analysis suffer
from the presence of 2??Rn (thereafter noted as “Rn”), a radioactive gas dissolved in water, and a
major source of backgrounds (BGs) from this analysis.

The impact of Rn on the low energy analysis comes from the presence of >'“Bi in its decay-
chain. 2'“Bi is a 8 emitter, with a Q value of 3.2 MeV. In Super-Kamiokande, these radioactive
decays are the dominant BG below 5 MeV. In order to reduce the Rn concentration in the water,
Super-K used some dedicated methods and device in its water purification system [2], allowing to
reduce the input water’s Rn concentration, as well as to generate a stagnated water region in the
center of the detector, where Rn decays without being replaced, producing a low Rn concentration
region in the center of the detector.

Despite these efforts, Rn can not be completely removed from the Super-K’s water, and is still
affecting the solar neutrino analysis. In order to understand its impact on the analysis, the Super-K
collaborators conducts periodic direct measurement of the Rn concentration [2], as well as Rn-rich
water injection [3], in the detector water. These measurements provide an idea of the Rn BG rate
in the analysis, as function of the Rn concentration.

However, these direct Rn measurements are restricted to a few fixed position in the detector
from where the water can be sampled. Other methods are needed in order to understand the
distribution of Rn in the full detector. In this study, we compared the event rate in Super-K data
with MC simulations in order to estimate the Rn concentration in each point of the detector. This
approach was inspired by [3], where the event rate is compared with the Rn concentration in the
injected water.

2. Super-Kamiokande data and simulation

2.1 Data selection

For this study, we needed to use a solar neutrino analysis data sample with a large statistics,
stable Rn concentration in the detector (i.e. stable water system configuration), and with stable
detection efficiency. We selected the period from May 2015 to February 2018, during which the
SLE (Super Low Energy) trigger threshold was minimum. In this data sample, we applied the same
selection criteria than for the solar neutrino analysis [4], the angle between the event’s reconstructed
directions and the sun was not considered. In order to select the energy region affected by the
Rn BG, we only selected events with a reconstructed kinetic energy from 3.5 to 4.5 MeV. For this
selected period, the data sample lifetime is 836 days. Fig. 1 shows the 2D vertex distribution of the
selected events.

The solar neutrino event rate in this energy range is expected to be ~ 0.5 x 10~ event/day/m?>.
Therefore, we assumed all events in the selected data sample are due to the Rn BG.



Low energy radioactivity BG model in Super-Kamiokande detector Guillaume Pronost

Preliminary

SK-IV data (May 2015 - Feb 2018, 836 days) E,in 3.5-4.5 MeV
15

Z[m]

10

Event rate [Counts/m*/day]

20 40 60 80 100 120 140 160 180 200

220
R? [m?]

Figure 1: 2D distribution of the event rate in Super-K solar neutrino analysis for Eg;;, € [3.5,4.5] MeV

2.2 Simulation

In this study, we assumed the Rn related BG is only due to 2'*Bi 8 decays, and thus we
generated a sample consisting only in 2!“Bi 3 decays. The 2!“Bi decay were generated with a
Geant4-based MC simulation[5-7] using the default RadioactiveDecay and PhotonEvaporation
models for geant4-10.03p3. Particles produced from the decays (i.e. e~ and deexcitation ys) were
injected in the Super-K Geant4-based MC simulation, skdetsim. These >'*Bi decays were generated
uniformly in the full Super-K’s inner detector. We applied the same selection criteria as for data on
the simulation output.

Multiple large statistics (O (10”) events) samples were produced, in order to build and validate
the model with independent samples.

3. Model construction

As shown in Fig. 1, the event distribution in the detector is not uniform, and complex structure
can be observed, as around Z=-10 m, or in the bottom corner of the detector. In order to build a
model of the Rn concentration, these structures need to be taken into account. As working with
2D-distributions is impracticable, we divided the detector volume in different layers following the
Z- R?-axis, for each layer we obtained a 1D-event rate distributions.

We divided the detector into sixteen 17.75m?-width layers following the R?-axis, and eighteen
2m-width layers following the Z-axis. The number of layer was defined in order to keep high
enough statistics and to avoid averaging the complex structure observed in the data. Some layers
are actually outside the fiducial volume used by the solar neutrino analysis, hence they were not
used for this study. Fig. 2 and 3 show an example of the event rate distribution in one Z-layer and
one R2-layer, respectively.

3.1 20871 decays

In Fig. 2, an exponential increase is visible at the very borders of the fiducial volume, below
-15m and above 15m. Similar increase are also present in the R?-layers. These event rate increases
were identified using MC simulation as compatible with another BG source in the detector: 2%8TI.
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Figure 2: Event rate in data for the Z-layer selected Figure 3: Event rate in data for the R?-layer se-
with R? < 17.75 m? lected with Z € [—0.8,0.8] m

208T] decays with the production of a 2.6 MeV v, producing BG events in the same energy
range as Rn. In the Super-K detector, we identified two large sources of 2°TI: the photo multiplier
(PMT) glass, as well as the PMT resin-covers. Taken into account together, the 28Tl decay rate is
estimated to be ~42 Bq/PMT (~14 Bq/PMT for the top PMTs). 29T sources being located at the
border of the detector, most of the 2% T1 events are rejected by the selection cuts, but a non-negligible
amount is selected in our data sample.

As a temporary solution for the model construction, in order to exclude the 28Tl decays, we
constrained the analysis volume to Z € [—14.8, 14.8]m and R? < 200m>.

3.2 Model construction procedure

The construction of the Rn distribution model was made in three steps: the Rn concentration
extraction from the data for each Z- and Rz—layers; the fit of the Rn concentration distributions; and
the interpolation of the Rn concentration fit to build a 2D-model.

3.2.1 Rn concentration extraction
In order to extract the Rn concentration for the data, we arbitrary scaled the Rn MC sample to

1 Bg/m? by applying a scaling factor, 1/ f (bin) on each bin of the distribution. f(bin) was defined
as follow:

#Simulated d
£(bin) = —_—— x Volume(bin) (1)
1 mBg/m~ X Volume(ID) x 86 400 sec/day

The Rn concentration C, in Bq/m3, was extracted for each bin as follow:

rate2@(bin)
rateMC (bin)

Fig. 4 and 5 show an example of the extracted Rn concentration in one Z-layer and one R?-layer,

C(bin) = (2)

respectively.

3.2.2 Rn concentration fit

In order to get a linear expression of the Rn concentration in each layer, we fitted each extracted
Rn concentration distributions with a function representing the Rn distribution in a layer. This fit
function was build considering two simple cases for the Rn distribution in the detector:



Low energy radioactivity BG model in Super-Kamiokande detector Guillaume Pronost

* Regions of the detector in which the Rn concentration is uniform

* Regions of the detector in which the Rn is diffusing from one position to another

We modeled the first case with constant functions, and the second case with inverse hyperbolic
cosine function[8] defined as:

1
D(x.X.8) = cosh((x = X) X Ara/S) N

with x the current position, X the position of the diffusion origin, and S the diffusion factor.
ARn is the Rn decay constant.

The fit function applied on the Z-layers was defined as:

C2+(C1-C2)«D(x,X2,S2), ifx<X2
fz(x) =4Cl, if x < X1 and x > X2 4)
CO+ (C1-C0) * D(x,X1,S1), otherwise

with CO, C1, C2, X1, X2, S1, and S2, the fit parameters. The fit function applied on the
R2-layers was defined as:

C2, if x > X2
Cl+(C2-Cl) = D(vx,VX2,82), ifx>Xlandx < X2
fre(x) = ©)
CO + (C2 - C1) = D(Vx, VX2,S2)
+(C1 - C0) * D(+/x, VX1,S1), otherwise

with CO, C1, C2, X1, X2, S1, and S2, the fit parameters.
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(black) selected with R? < 17.75 m? and fitted by (black) selected with Z € [-4, —2] m and fitted by
Eq. 4 (red). CO, Cl1, C2, X1, and X2 illustrate the Eq. 5 (red). CO, Cl1, C2, X1, and X2 illustrate the
fit parameter values for this particular layer. fit parameter values for this particular layer.

3.2.3 2D-model construction

The Rn distribution model is constructed by interpolation between the 10 Rn concentration
functions for R2-layers and the 12 Rn concentration functions for Z-layers. For each position, the
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Rn concentration is calculated separately using the Z-layer functions and the R?-layer functions.
The minimum concentration between both is then selected as the final Rn concentration. Model
made with the average concentration, or with the maximum concentration, were also tested but
show a poorer agreement with data.

However, in the detector borders, the interpolation is made between the closest layer function
and the expected Rn concentration due to PMT material’s Rn emanation, in this case, the maximum
concentration is used instead of the minimum.

Fig. 6 shows the resulted model of the Rn distribution in the Super-K detector.

Preliminary SK-IV Rn model

Concentration [mBg/m"®]

R2 [m?]

Figure 6: 2D-model of the Rn distribution in the detector

4. Model validation

In order to validate the model presented in Fig. 6, we generate a new 2'“Bi decays MC sample
and scaled it following the Rn model. The uncertainty on the Rn model was then calculated as
follow:

rate2@(bin)
rateMC (bin)

This uncertainty computation suffer from a slight bias as the model is applied on the true MC

errgry (bin) = (1 — ) X Modelg, (bin) (6)

position, whereas the rate are calculated using reconstructed position. We believe this bias induces
an over estimation of the uncertainty. Fig. 7 and 8 show the model uncertainty for each bin in 2D
and 1D, respectively. The average uncertainty from the Rn model is estimated using the RMS of the
1D distribution as ACr, = 0.1 mBg/m?. The main uncertainty on the modeled Rn concentration
appears around Z=—10m which correspond to the transition between the Rn-rich bottom of the
detector and the Rn-less center of the detector.

5. Discussion about the 2°®T1 decays

In order to improve the Rn model and extend it on the full fiducial volume of the Super-K
detector, an improved understanding of the 2*®T1 BG is needed. Simulations of this BG have been



Low energy radioactivity BG model in Super-Kamiokande detector Guillaume Pronost

Preliminary Rn model uncertainty Preliminary SK-IV Rn model uncertainty
£ B E 2 tError ]
N 15 [ Volume used for model g 2 Entries 140

01 E 25 Mean -0.03172
c StdDev  0.09258
10 o

)

o o
L
°

&

&

T \Ic\H\‘HH‘HH‘HH‘H\

L | | | | ] " |
50 100 150 200 250 B 08 06 04 02 0 02 04 06 08 1
R? [m?] ACq, [mBy/m’]

Figure 7: 2D map of the Rn model uncertainty,

the region close to the border of the detector was Figure 8: 1D projection of the 2D uncertainty map
excluded in order to reduce the impact of the 208T1 shown in Fig. 7
decays.

performed, but large statistics is need as only 107 % of the simulated decay pass the selection
criteria. Preliminary results indicate a relatively good agreement with data when added to the Rn
model, as shown in Fig. 9 and 10. However, these studies also indicate the 2T was overestimated
at the top and bottom border of the detector, and underestimated above the convection front at
Z=—10m.
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Figure 9: Event rate distribution in a Z-layer for Figure 10: Event rate distribution in a R2-layer for
SK-IV data (black), Rn model based MC (blue), and SK-1V data (black), Rn model based MC (blue), and
218T] MC (green). The red distribution represent 218T] MC (green). The red distribution represent
the sum of the Rn model based MC and of the 2!3T1 the sum of the Rn model based MC and of the 28Tl
MC. MC.

6. Conclusions and perspectives

The Rn distribution model presented in this study is a first step allowing to improve our
understanding of the Rn BG in the Super-K detector. As highlighted in Section 5, the 2°5T1 was not
properly estimated in some area of the detector. We are going to develop a new version of the Rn
distribution model taking into account these new information, as well as increasing the statistics of
our 28T] sample.
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In the future, this model of the Rn distribution could be used to develop new BG rejection
method against Rn, as well as to estimate the impact of the Rn BG in future detector like Hyper-
Kamiokande [9].
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