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Abstract

The high-intensity and low-energy neutrino beam provided by the European Spallation Source (ESS)
gives a unique opportunity to access the second maximum in the neutrino oscillation probability driven
by the atmospheric mass-squared difference. The superbeam experiment based on the ESS neutrino
source (ESSvSB) is complementary with the next generation long-baseline experiments, DUNE and
T2HK, which focus on the first maximum. A megaton-class far detector assumed in the ESSrvSB allows
us to collect a large amount of atmospheric neutrino data. We present the expected sensitivity reach of
the ESSvSB experiment to the CP-violating phase in the lepton mixing matrix. We reveal the optimal
experimental setup and investigate the robustness of the results and the impact of improvements of the
systematic errors with realistic numerical simulations.

ESS: Accelerator

The accelerator is now under construction in Lund, Sweden. The power of the proton driver with the
energy of 2.5 GeV is expected to reach 5 MW [1]. The average energy of the neutrino beam is (E) ~0.3
GeV. The high-intensity low-energy beam provided by ESS gives an opportunity to observe the second

maximum in the v, — ve oscillation probability: L ~400-600 km for £ ~0.2-0.4 GeV, cf. Fig. 3. The
first proton beam on target is scheduled in 2023.
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Fig. 1 Beam fluxes at a distance of 100 km (on-axis) for positive and negative horn current polarities [1].
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Far detector for maximum

The interference term, which contains the information of the CP
phase, takes a larger part of the oscillation probability at the sec-
ond maximum Am%lL/ (4F) ~ 3m/2 than at the first maximum
Am%lL [(4E) ~ /2 [2]. To compensate the loss of the neutrino flux
due to a long baseline for the second maximum, a megaton-class de-
tector is required, e.g., the MEMPHYS proposal (Water Cerenkov) [3].
There are several good candidates for the sites (mines) around Lund,
which are capable of accommodating a large detector. In this study;,
we focus on the two options: Zinkgruvan (L = 360 km) and Garpen-
berg (L = 540 km), which are qualitatively different. As shown in

Fig. 3, Garpenberg focuses
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Fig. 3 |Left] Components of P)*, . |Right] P, ,, on the E-L plane.
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Atmospheric neutrinos at the far detector

A megaton-class WC detector will provide an unprecedented size of atmospheric neutrino data: A typical
rate of atmospheric neutrino events is ~ 10°/(Mton-yrs). This can compensate for disadvantages of the
beam experiment focusing on the second oscillation maximum, one of which is the 673 determination.
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Physics performance of ESSrSB+atmos

We carry out numerical simulations to evaluate the physics potential of the ESSvSB with the public code
GLoBES [4]. In the treatment of the systematic errors, we follow the method developed in Ref. [5]. The
test statistics is defined by comparing a test value T with the observed (true) value O as
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where the signal S and the background B consist of the event numbers Ns and the systematic errors
parameterized with &s. Ns are calculated as “FluxxProbability x Cross section X Energy smearing”. We
use the QE cross section calculated with GENIE (G18_10a_00_000) [6]. For the detection efficiency and
the energy smearing, we adopt Ref. |7]. The uncertainties £s are taken into account as the “pulls”, which
are given in Tab. 1. For the v, — ve appearance signal at the far detector, we count in the following 5
BGs, BF,]:{1~.5}: 1. vy misID, 2. ve contami., 3. Ve contami., 4. v, NC misID, and 5. v, — Ve app.
For the v, flux monitored at the near detector, we take the 2 BGs into account, B N, I={12}’ 1. Ve misID

and 2. v, NC misID. Finally, we add the v2 for atmospheric neutrino data, following Refs. 8,9].
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Fig. 4 Significance of the rejection of the CP conserving cases d¢p° = {0, 7}.
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Fig. 5 Precision in the determination of the CP violating phase 9.

] The results show that the beam experiment suffers from
0701 ) the #o3 octant and mass hierarchy degeneracies (kinks
. in Fig. 4), and they are lifted by including the atmo-
2 spheric neutrino data, cf., dotted (beam only) vs solid
go'ﬁo' (beam+atmos) curves in Figs. 4 and 5. As shown in
j 055 - Fig. 6, the improvement of the CP fraction is saturated
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For studies on the physics performance of ESSvSB, see
also Refs. [10-13].

Fig. 6 CP fraction as a function of the running time.

Neutrino 2020

121

D

ocoskE

EUROPEAN COOPERATION
IN SCIENCE AND TECHNOLOGY

Funded by the Horizon 2020
Framework Programme of the
European Union

To improve the performance...

Our simulation also reveals that it is important to control the uncertainties of 1. the v flux for the
BG events (0¢p,), 2. the number of NC backgrounds (0 NCpg), and 3. the ratio between the CC
cross section of v, and that of vy, (do¢/0)) to keep a good CP sensitivity. An optimization study in
terms of the baseline length shows that both Zinkgruvan (L = 360 km) and Garpenberg (L = 540 km)
are the favourable options. The systematics have a greater impact in the case with a shorter baseline
L < 400 km, i.e., Zinkgruvan suffers more from the effect of the systematics, where a large part of the
CP information comes from the measurement of the first oscillation maximum. Since the CP term is
subleading at the first oscillation maximum (cf. Fig. 3), an experiment with a shorter baseline, which
mainly observes the first maximum, is more easily affected by systematic uncertainties, in general.
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Fig. 7 Impact of the systematic errors and the choice of the baseline length on the CP fraction.

Systematics Optimistic (%) Conservative (%)
Fiducial volume ND 0.2 0.5
Fiducial volume FD 1.0 2.5

Flux error v 5.0 7.5

Flux error v 10 15

NC BG 5.0 7.5

ox eff. QE 10 15

Ratio ve /vy, QE 3.5 11

Tab. 1 Systematic uncertainties for a typical superbeam experiment, taken from Ref. |5].

Related studies and Work in progress

Searches for vg [14,15] and neutrino portal DMs [16] at the ESSrSB have been discussed. A test of flavour
symmetries with ESSvSB is studied in Ref. [17]. We are planning to #1 update the simulations with
new cross sections/energy smearing matrices. #2 study on the sensitivity to new physics, in particular,
the trident process at the near detectors and proton decays at the far detector.
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