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Abstract In this paper, we present the physics performance
of the ESSnuSB experiment in the standard three flavor
scenario using the updated neutrino flux calculated specif-
ically for the ESSnuSB configuration and updated migration
matrices for the far detector. Taking conservative system-
atic uncertainties corresponding to a normalization error of
5% for signal and 10% for background, we find that there is
100 (130) CP violation discovery sensitivity for the base-
line option of 540 km (360 km) at §cp = £90°. The cor-
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responding fraction of écp for which CP violation can be
discovered at more than 5o is 70%. Regarding CP preci-
sion measurements, the 1o error associated with §cp = 0° is
around 5° and with §cp = —90° is around 14° (7°) for the
baseline option of 540 km (360 km). For hierarchy sensitiv-
ity, one can have 3¢ sensitivity for 540 km baseline except
dcp = £90° and S0 sensitivity for 360 km baseline for all
values of Scp. The octant of 6»3 can be determined at 3o
for the values of: 63 > 51° (03 < 42° and 6>3 > 49°)
for baseline of 540 km (360 km). Regarding measurement
precision of the atmospheric mixing parameters, the allowed
values at 30 are: 40° < 63 < 52° (42° < 6r3 < 51.5°) and
2.485x1073eV? < Am3; < 2.545x1073 eV?(2.49x 1073
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eV2 < Am3, < 2.54 x 1073 eV?) for the baseline of 540
km (360 km).

1 Introduction

The European Spallation Source neutrino Super-Beam (ESS-
nuSB) is a proposed accelerator-based long-baseline neutrino
experiment in Sweden [1,2]. In this project, high intensity
neutrino beam will be produced at the upgraded ESS facil-
ity for the ESSnuSB in Lund and these neutrinos will be
detected either at the distance of 540 km at Garpenberg mine
or at the distance of 360 km at Zinkgruvan mine, both of
which are located in Sweden. The primary goal of this exper-
iment is to measure the leptonic CP phase écp by probing the
second oscillation maximum. As the variation of neutrino
oscillation probability with respect to dcp is much higher
in the second oscillation maximum as compared to the first
oscillation maximum [3-5], ESSnuSB as a second gener-
ation super-beam experiment has the potential of measur-
ing 8cp with unprecedented precision compared to the first
generation long-baseline experiments. In the standard three
flavor scenario, the phenomenon of neutrino oscillation can
be described by three mixing angles: 612, 613, and 6,3, two
mass squared differences Am%l (= m% — m%), and Am%1
(= m% - m%) and one Dirac type phase §cp. During the past
few decades, some of these parameters are measured with
good precision. At the moment, the unknown parameters are:
(i) the mass hierarchy of the neutrinos, which can be either
normal i.e., Am% | > O or inverted Am%l < 0, (ii) the octant
of the mixing angle 6,3, which can be either the lower i.e.
03 < 45° orthe higheri.e., 623 > 45° and (iii) §cp. The long-
baseline experiments which are currently running to measure
these unknowns are T2K [6] in Japan and NOvA [7] in USA.
It is believed that these two experiments will give a hint
towards the true nature of the unknown oscillation param-
eters and the future generation of long-baseline experiments
for example ESSnuSB, T2HK [8] and DUNE [9] will estab-
lish these facts with significant confidence level. Regarding
the true hierarchy of the neutrino mass, the results of both
T2K and NOvA favour normal hierarchy over inverted hier-
archy. Regarding the true nature of the octant of 6,3 both these
experiments support a higher octant, however the maximal
valuei.e., 03 = 45° is also allowed within 1o . Regarding the
value of dcp, there is a mismatch between T2K and NOvA.
Considering the branch for dcp as —180° < §cp < 180°,
T2K supports the best-fit value of §cp around —90° i.e., the
maximal CP violating value and the best-fit value measured
by NOvA is around 0° i.e., the CP conserving value. Because
of this the best-fit value of §cp coming from the global anal-
ysis of the world neutrino data is —163° [10]. However it is
important to note that both the values of cp = 0° and —90°
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are allowed at 30 and it requires more data to establish the
true value of §cp.

In this paper we present the physics performance of the
ESSnuSB experiment within the standard three flavor sce-
nario for both baseline options of 540 km and 360 km. In
particular we will present the capability of the ESSnuSB
experiment to measure the current unknowns which were
discussed in the previous section. In addition we will present
its capability to precisely measure Am%l and 6,3. Note that
the physics performance of ESSnuSB within the three flavor
scenario has been studied in the past [11-15]. However, in all
these studies the configuration of ESSnuSB used was taken
from an earlier project. For example, the fluxes and event
selection in the form of migration matrices were taken from
the MEMPHYS project [16] and the systematics were taken
from Ref. [17]. In this paper we will present the updated
physics performance of ESSnuSB by considering the new
neutrino flux calculated specifically for the ESSnuSB con-
figuration and updated migration matrices for the far detector.
The neutrino fluxes used in this work have been calculated by
considering a new target and horn focusing, whose design has
been optimized by using genetic algorithm calculations [18].
The new design results in an improved statistics compared
with the layout of the target station derived from the EUROnu
project [1,19,20]. The event selection algorithm used in this
work has been optimized for the relatively low neutrino ener-
gies of the ESSnuSB beam, increasing the signal selection
efficiency from 50% [16] to more than 90%. This resulted in a
significant reduction of the statistical error of the experiment.
The event selection and reconstruction efficiencies [21] are
encoded in the newly produced migration matrices used in
this paper.

The paper is organized in the following way. In the next
section we will discuss the configuration of the ESSnuSB
experiment for which the sensitivities are calculated. In the
following section we will present our updated results both
in terms of number of events and x2. Finally we will sum-
marize our results and conclude on the physics capability of
ESSnuSB.

2 Experimental and simulation details

For the simulation of the ESSnuSB experiment we con-
sider a water Cherenkov detector of fiducial volume 538
kt located either at a distance of 540 km or 360 km from
the neutrino source. Neutrino beam production is driven by
a powerful linear accelerator (linac) capable of delivering
2.7 x 10?3 protons on target per year having a beam power
of 5 MW with proton kinetic energy of 2.5 GeV. The fluxes
[18] and the event selection [21] for the Far Detectors are
calculated using full Monte Carlo simulations specific to
the ESSnuSB conditions. Neutrino interactions are modelled
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using GENIE 3.0.6 neutrino interaction generator [22—24].
The detector response and efficiencies are calculated using
the same detector parameters as for the Hyper-K detector
[8] with 40% photomultiplier (PMT) coverage, while the
expected event rate is scaled to 538 kt fiducial mass foreseen
by the ESSnuSB project. Particle propagation and detector
response are simulated using a GEANT4-based [25-27] soft-
ware named WCSim [28], specifically for designing water-
based Cherenkov detectors. The event selection and charged
particle momentum reconstruction are based on the fiTQun
reconstruction software [29,30]. Since the dimensions and
PMT coverage of Hyper-K detector are very similar to the
ESSnuSB design, we do not expect a significant difference
in detector response. Full simulation of the ESSnuSB spe-
cific detector is currently under production. These fluxes
and detector response with efficiencies encoded by migra-
tion matrices are then incorporated in GLoBES [31,32] to
calculate event rates and x 2. We have checked that the event
rates obtained by Monte Carlo and the event rates generated
by GLoBES are consistent. We have considered a conserva-
tive estimate of the systematic errors on the overall normal-
ization of the expected number of detected events at the Far
Detectors: 5% for signal and 10% for background, unless
otherwise specified. No systematic effects on the shape of
the detected energy spectrum have been implemented. The
systematic errors are set to be the same for appearance and
disappearance channels and also for neutrinos and antineutri-
nos. We have considered a total run-time of 10 years divided
into 5 years of neutrino beam and 5 years of antineutrino
beam, unless otherwise specified. The configurations men-
tioned above are the same for both baseline options of ESS-
nuSB.

3 Results

In this section we present the physics sensitivities of the ESS-
nuSB experiment. First we will present a discussion on the
appearance probability level to understand the energy spec-
trum to which ESSnuSB is sensitive to. Then we will study
the total number of expected events and event spectrum of
ESSnuSB. Finally, we will discuss the physics sensitivity of
this experiment with respect to the current unknowns in the
standard three flavor neutrino oscillation scenario. For the
estimation of the sensitivity we calculate the statistical x>

using the following formula:
g (—N"m )} )
Nl_true

where N is the number of events in the test spectrum,
N is the number of events in the true spectrum and i is
the number of energy bins. The systematic uncertainties are

Table 1 The best-fit value of the oscillation parameters used in our
calculation as given in Ref. [10]

Parameter Best-fit value

612 33.44°

013 8.57°

023 49.2°

Scp —163°

Am3, 7.42 x 1075 eV?
Am?, 2.517 x 1073 eV?

incorporated by the method of pull [33,34]. Unless otherwise
specified, the best-fit values of the oscillation parameters are
adopted from NuFIT [10] and we list them in Table 1. We
present all our results for the normal hierarchy of the neutrino
masses.

3.1 Discussion at the probability level

As the sensitivity to §cp mainly comes from the appearance
channel (v, — v,), we plotted only the appearance proba-
bility and flux x cross-section vs energy in Fig. 1.

The left panel is for neutrinos and the right panel is for
antineutrinos. In each panel the purple curve corresponds to
the ESSnuSB baseline option of 540 km and the red curve
corresponds to the ESSnuSB baseline option of 360 km. The
black dotted curve corresponds to the muon neutrino flux x
cross-section. The energy region covered by the black dot-
ted curve shows the energy spectrum to which ESSnuSB
is sensitive. For purple and red curves, the solid line cor-
responds to the value of §cp = —90° and the dashed line
corresponds to the value of §cp = 0°. Values used for oscil-
lation parameters other than §cp are given in Table 1. We
note that ESSnuSB is sensitive to the second oscillation max-
imum for the baseline option of 540 km, while it is sensitive
to some part of the first oscillation maximum and some part
of the second oscillation maximum for the baseline option
of 360 km. However, for the negative polarity, the ESSnuSB
baseline option of 540 km is also sensitive to the third oscil-
lation maximum. We also note that for a given color, the
separation in height between the solid curve and dashed
curve are more pronounced in the second oscillation max-
imum as compared to the first oscillation maximum. This
shows the fact that the variation of oscillation probability
with respect to écp is much more around the second oscilla-
tion maximum as compared to the first oscillation maximum.
Therefore we expect an unprecedented CP sensitivity of
ESSnuSB.

@ Springer
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Fig. 1 Appearance channel 0.4 e 0.14
probability and flux x — L=540 kmc(”cv =-90°) —  L=540 km (dcp = —90°)
cross-section vs energy. The left == 540km (09) 0.12 -- 540 km (0°)
panel is for neutrinos and the — ggg tm E;’O ) — 360 l;m E4))U°)
- m (0° -~ 360 km (0°

right panel is for antineutrinos
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Table 2 Signal and background events for the appearance channel cor- 180 e e B.i._.e.v.e.n.t.s I
responding to positive (negative) polarity per year C I I I I R IL=54(; km 1
Channel L=540km L =360km 160 — 360km S
- o dop=180°
Signal vy —> Ve (U — Vo) 292.85(70.04) 557.83 (118.80) 140F * =90° 3
U = vy, (b, = v,) 2041 (@41)  68.15(13.81) 1205 R goo ]
Ve = Ve (Ve = V) 133.24 (25.13) 298.70 (57.14) ..g C ]
Ve = Ve (Ve = Vo) 0.08 (0.92) 0.20 (2.11) 14 100E -
v NC (i, NC) 1416 227) 3186 (5.11) - ]
Background 7, — 7, (, — ve) 2.31(5.63) 3.9 (11.70) 80F E
Ve = vy (Ve = V) 0.04 (-) 0.08 (-) 60 - E
Dy = D (W = vy) 0.14(0.49)  0.45 (1.26) - ]
7, NC (v, NC) 024 (0.43) 054 (0.96) 40F .
ve NC (v, NC) 0.57 (-) 1.29 (-) C ]

3.2 Discussion at the event level

In this section we present the total event rates and event spec-
trum of ESSnuSB for both appearance and disappearance
channels (v, — v,,), for both positive and negative polarities
and for both baseline options of ESSnuSB. The oscillation
parameters which are used in these calculations are as given
in Table 1, except the value of dcp. For écp, we have taken
the value as 0°. All the numbers are generated for one year
running of ESSnuSB.

In Table 2, we present the total number of the appear-
ance channel events for signal and background which were
considered in our analysis.

The sensitivity to mass hierarchy, octant of 63 and Scp
comes from the appearance channel. From this table we
notice that for both baseline options of ESSnuSB, the num-
ber of events for the positive polarity is higher as compared
to the number of events in the negative polarity. The reason
is that for a given run-time, both the neutrino fluxes and neu-
trino cross-sections are higher than the antineutrino fluxes
and antineutrino cross-sections. Further we notice that the

@ Springer
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Fig. 2 The bi-event distribution for both baselines in the v, events vs
v, events plane. Different values of §cp are shown by black markers

number of events for the ESSnuSB baseline option of 360 km
is much higher as compared to the ESSnuSB baseline option
of 540 km for both polarities. The reason is that as the base-
line L increases, the flux falls as 1/L?. Therefore we expect
that the physics performance of the 360 km baseline option
of ESSnuSB will be better than the physics performance of
the 540 km baseline option because of higher statistics. The
major backgrounds in the appearance channel for positive
polarity are: the intrinsic v, beam component, the misidenti-
fied v, — v, events, neutral current, and wrong sign back-
grounds i.e., v, — V.. Similarly, for negative polarity these
are: v, beam, v, — v, neutral current and v, — v,.

In Fig. 2, we present the bi-event plot i.e., total v, events
on the x-axis and v, events on the y-axis. It is well known
that in the v,—v, plane, different values of 5cp form an ellipse
[35]. In this panel, the purple ellipse corresponds to the ESS-
nuSB baseline option of 540 km and the red ellipse corre-
sponds to the baseline option of 360 km. The number of
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Fig. 3 Appearance channel L=540 km L=540 km
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events corresponding to different values of §cp are shown
by black markers. This figure shows the variation of events
in the appearance channel as dcp varies between different
values. As this variation is quite large, we expect good CP
sensitivity for ESSnuSB. We also notice that the red ellipse
is stretched more in both x-axis and y-axis, as compared to
the purple ellipse. Therefore the CP sensitivity of ESSnuSB
will be higher for the baseline option of 360 km as compared
to the baseline option of 540 km. In Fig. 3 we plot the event
spectrum corresponding to signal and major backgrounds for
the appearance channel as a function of reconstructed energy.
The top row is for the baseline option of 540 km and the bot-
tom row is for the baseline option of 360 km. In each row, the
left panel is for positive polarity and the right panel is for neg-
ative polarity. In all panels we notice that in the energy region
where the signal peaks, the major contribution for the back-
grounds comes from the v,/v, beam for positive/negative
polarity.

In Table 3, we present the total number of the disappear-
ance channel events for signal and background which were
considered in our analysis.

E (GeV)

Table 3 Events for signal and background for disappearance channel
corresponding to positive (negative) polarity for 1 year

Channel L = 540 km L =360 km
Signal v = vy (V= V) 3078.8 (603.53) 7119.28 (1481.52)

Ve = Ve (Ve = Ve) 13.44 (0.07) 29.50 (0.16)

v NC (v, NC) 38.48 (5.92) 86.59 (13.32)

vy = Ve (V — V) 11.67 (0.031)  35.66 (0.07)

Ve = vy (Ve — V) 2.86 (0.62) 7.48 (1.17)
Background v, — v, (v, — vy) 25.42(67.86) 52.21 (131.07)

ve NC (v, NC) 0.57 (0.10) 1.29 (0.23)

vy NC (v, NC) 0.50 (1.06) 1.12 (2.37)

Uy = Ve (v = ve) —(0.30) -(1.07)

Ve = Ve (Ve — Vo) —(0.12) —(0.28)

The disappearance channel contributes mainly in the pre-
cision measurement of 6,3 and Am%l. For the disappear-
ance channel as well, more events are expected for the base-
line option of 360 km and for the positive polarity. The
major sources of background contributing to the disappear-
ance channel are v, — v,, neutral current, v, — v, and

@ Springer
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Fig. 4 Disappearance channel

(o]
o
(=]

L=540 km

event spectrum vs reconstructed
energy. The upper panels are for
the baseline option of 540 km
and the lower panels are for the
baseline option of 360 km. Note
the difference in scales between
upper and lower panels
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v, — vy, for the positive polarity and v, — v,, neutral cur-
rent, v, — v, and v, — v, for the negative polarity. We
plot the event spectrum corresponding to the signal and major
backgrounds for the disappearance channel as a function of
energy in Fig. 4.

The top row is for the baseline option of 540 km and the
bottom row is for the baseline option of 360 km. In each row,
the left panel is for positive polarity and the right panel is for
negative polarity. From the plots we can see that the contribu-
tion of the backgrounds is very small for the disappearance
channel.

3.3 Sensitivity to the unknown parameters

Now we will discuss the capability of the ESSnuSB experi-
ment to measure the current unknowns in the standard three
flavor scenario. In Fig. 5, we present the CP violation discov-
ery potential of ESSnuSB for both baseline options. The CP
violation discovery potential of an experiment is defined by
its capability to distinguish a value of §cp other than 0° and
180°. In these panels we use the true values of the parameters
as defined in Table 1 and in the test spectrum we have mini-
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mized over the neutrino mass hierarchy and 6,3 in the range
between 40° and 52°. In all the panels, the purple curve cor-
responds to the baseline option of 540 km and the red curve
corresponds to the baseline option of 360 km. In the top left
panel we present the CP violation discovery sensitivity as a
function of écp (true). From this panel we note that for max-
imal values of §cp around £90°, the sensitivity is ca 100 for
the baseline option of 540 km and ca 13¢0 for the baseline
option of 360 km. In the top right panel we have plotted the
fraction of §cp values for which CP violation can be discov-
ered at more than 5o as a function of run-time. A run-time
of ¢ implies running #/2 years in neutrino mode and running
t/2 years in antineutrino mode. The black horizontal lines
correspond to the benchmark of 50% and 70% CP coverage
for which CP violation can be discovered at more than So
respectively. From this panel we note that for a nominal run-
ning time of two years, we can have 50 coverage for 50%
values of §cp. The range expands to 70% values of §cp for a
running time of 10 years for both baseline options. If we con-
tinue to run the experiment for 20 years, then we can have a
coverage of around 80%. In the bottom left panel we present
the CP violation discovery sensitivity for §cp = —90° which
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Fig. 5 CP violation discovery 16 CPV 100
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is the current best-fit value as obtained from the T2K exper-
iment as a function of run-time. From this panel we can see
that for a nominal running time of two years, the sensitivity
is always higher than 5o and for 20 years of running it goes
up to 130 for the baseline option of 540 km and 160 for the
baseline option of 360 km. Finally in the right panel we plot
the CP violation discovery sensitivity for §cp = —90° as a
function of systematic errors assuming the event statistics to
be that of 10 years data collection. A value of x in the x-axis
implies a systematic error of x % in the signal and an error of
2x% in the background. From this panel we can see that for
the most optimistic set of systematic errors, i.e., 1% error in
signal and 2% error in background, we can have around 170
sensitivity for the baseline option of 540 km and 200 sensi-
tivity for the baseline option of 360 km. However, when we
increase the systematics to the most conservative set, i.e., an
error of 10% in signal and 20% in background, the sensitivity
reaches 8o for the baseline option of 540 km and 9.5¢ for
the baseline option of 360 km. In both of the bottom panels,
the black horizontal lines correspond to the benchmark of 5o
and 100 sensitivity, respectively. From all these four panels

1
Run-time (years)

[\
o

2 4 6 8 10
Systematics scaling «

5

we note that the sensitivity for the baseline option of 360 km
is superior to the sensitivity of the 540 km baseline.

In Fig. 6, we present the CP precision capability of ESS-
nuSB. The CP precision capability of an experiment is
defined by its potential to distinguish a true value of dcp
from any other value of §cp. In these panels we also use the
true values of the parameters as defined in Table 1. In the test
spectrum we have minimized over the neutrino mass hierar-
chy and 6,3 in the range between 40° and 52°. In the left panel
we have plotted the 1o error in the measurement of §cp as
a function of dcp (true). The purple curve is for the baseline
option of 540 km and the red curve is for the baseline option
of 360 km. From this panel we note that the error associated
with Scp is around 5° if the true values of Scp are around 0°
or 180° for both baseline options. However, for §cp = —90°,
the error is around 14° for the baseline option of 540 km and
only 7° for the baseline option of 360 km. In the middle and
right panels we present the CP precision in the true Scp vs
test 5cp plane. The middle panel is for the baseline option of
540 km and the right panel is for the baseline option of 360
km. In each panel, the purple/red/blue curve corresponds to
the 1o/20/30 contours, respectively. In an ideal situation,

@ Springer



1130 Page 8 of 12

Eur. Phys. J. C (2021) 81:1130

CPP

16— 180 CPP(L=540 km) 180 CPP(L=360 km)
F T okm ] g T T T T
L4k — %0km L ] [ ]
r ] 20 — 34 7 120 — 54 T
12 B [ ] [ ]
10F 1 - 9or 1 - ]
= I 13 [ 1 3 [ 1
£ s 1 £ of 1 & of 4
< r 1 = [ I [ ]
6F B S L ] S L ]
E 4 —60 ~ —60+ -
4k B [ ] [ ]
2F ] —120- 5 ~1201- 1
RPN PRI EPRPR BRI B 1 A BT} 7 A N A R A
—180 —120 —60 0 60 120 180 —180 —120 —60 0 60 120 180 —180 —120 —60 0 60 120 180
ocp[°](True) dcp[°](True) dcp[°](True)

Fig. 6 CP precision sensitivity of ESSnuSB. Left panel shows the 1o error associated with a value of §cp as a function of §cp (true). The middle
and right panels depict the CP precision in the dcp (true) vs dcp (test) plane

we expect a straight line corresponding to dcp (true) = dcp
(test). Therefore the width of the contours represents the error
associated at that given C.L. From these panels we note that
the precision at cp = £90° is worse than the precision at
dcp = 0° and 180° [36]. In the middle panel we notice an
extended region around dcp = 90° for the 30 contour. This
occurs due to the hierarchy - §cp degeneracy [36—38]. From
these panels we see again that for cp = +90°, the CP pre-
cision is better for the baseline option of 360 km, while for
dcp = 0° and 180° the CP precision is very similar in the
two cases.

Comparing the results shown in Figs. 5 and 6 with other
next-generation long-baseline neutrino experiments [8,9],
one can see that ESSnuSB is expected to perform signifi-
cantly better. This is for the following reasons: (i) the neu-
trino production will be driven by the powerful 5SMW ESS
linac, which will produce the most intense neutrino flux to
date, allowing a significant statistical sample to be collected
at the second oscillation maximum; (ii) the unique feature
of this experiment to probe the second oscillation maximum,
where the variation of the appearance channel probability
with respect to §cp is close to three times higher than that of
the first oscillation maximum, making the experiment more
resilient to systematic uncertainties; and (iii) the lower neu-
trino energy implies a smaller rate of non-quasielastic neu-
trino scattering events, which allows the experiment to obtain
a rather pure appearance signal sample while retaining an
overall event selection efficiency of higher than 90%.

Our results have been obtained assuming a conservative
(5% signal, 10% background) systematic uncertainty on the
normalization of signal and background spectra without tak-
ing into account the uncertainty on their shapes. The expected
sensitivity is quite robust w.r.t the exact assumed value of
these uncertainties, as shown in the lower right panel in Fig. 5.
To go further, we are currently studying the effects of spectral
shape uncertainty. The preliminary results show that there is

@ Springer

no significant degradation of sensitivity up to 10% bin-to-
bin uncorrelated error. This may be explained by the fact that
our measurements can be well approximated as a counting
experiment at the second oscillation maximum in which the
shape information enters only as a second order effect.

InFig. 7, we present the hierarchy and octant sensitivity of
ESSnuSB. In the left panel we present the hierarchy sensitiv-
ity as a function of §cp (true). The hierarchy sensitivity of an
experiment is defined as its capability to exclude the wrong
neutrino mass hierarchy. In this panel we use true values of
the parameters as defined in Table 1. In the test spectrum we
have minimized over 6,3 in the range between 40° and 52°.
The purple curve corresponds to the baseline option of 540
km and the red curve corresponds to the baseline option of
360 km. The black horizontal lines correspond to the bench-
mark of 30 and 50 sensitivity, respectively. From this panel
we understand that for the baseline option of 540 km, one can
have a 30 hierarchy sensitivity except for §cp = +£90°, and
for the baseline option of 360 km one can have a hierarchy
sensitivity of So for all the values of §cp. From this panel it is
evident that the hierarchy sensitivity for the baseline option
of 360 km is much better as compared to the baseline option
of 540 km. This is because the hierarchy sensitivity depends
on the matter effect. Higher matter effect implies higher hier-
archy sensitivity. Further, the matter term in the oscillation
probability depends on the energy of the neutrinos [39]. As
the matter effect is more significant near the first oscillation
maximum due to the higher energy, the baseline option of
360 km provides better hierarchy sensitivity as compared to
the baseline option of 540 km.

In the middle and left panels we present the octant sensitiv-
ity in the 63 (true) vs dcp (true) plane. The octant sensitivity
of an experiment is defined by its capability to exclude the
wrong octant of 6»3. In these panels, we use true values of
the parameters as defined in Table 1. In the test spectrum we
have minimized over the neutrino mass hierarchy. The mid-
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Fig. 7 Hierarchy and octant sensitivity of ESSnuSB. The left panel corresponds to the hierarchy sensitivity as a function of §cp (true). The middle
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dle panel is for the baseline option of 540 km and the right
panel is for the baseline option of 360 km. In each panel
the purple/red/blue curve corresponds to the 1o/20/30 con-
tours, respectively. The values of 63 which are plotted in the
x-axis, correspond to the current allowed 3o values of 6>3. In
these panels, the region around 6>3 = 45° shows the values
of 6»3 for which the octant cannot be determined at that given
C.L. From these panels we see that the octant sensitivity of
ESSnuSB is limited. For the baseline option of 540 km, the
octant can be determined at 3o only if 6,3 is greater than 51°.
For the baseline option of 360 km, the octant can be deter-
mined at 3o except for the 6,3 values of 42° < 03 < 49°.
Clearly, the octant sensitivity for the baseline option of 360
km is slightly better as compared to the octant sensitivity for
the baseline option of 540 km.

Finally, in Fig. 8, we plot the precision measurement of the
atmospheric mixing parameters of ESSnuSB in the 6,3 (test)
- Am%l (test) plane. In these panels we use the true values of
the parameters as defined in Table 1, except for écp. For cp
we have taken the value as —90° which is the current best-
fit value from T2K. The left panel is for the baseline option
of 540 km and the right panel is for the baseline option of

B3] (Test)

360 km. In each panel, the purple/red/blue curve corresponds
to the lo/20/30 CL contours, respectively. The ranges of
6»3 and Am%l axes are the current allowed 3o values of
these parameters according to the experimental data stored
in NuFIT [10]. The measured central values of 6,3 and Am%1
are indicated by a star. From these panels we understand
that the capability of ESSnuSB to constrain Am%1 is quite
good, while its capability to constrain 6»3 is limited. This
is partially because of the limited octant capability of this
experiment. The present best-fit value of 6,3 is in the higher
octant, and due to the limited octant sensitivity, the region in
the lower octant is allowed. For the baseline option of 540
km, all the values of 6,3 are allowed at 30 and the allowed
values of Am%1 are 2.485 x 1073 eV? t0 2.545 x 1073 eV?
at 30. For the baseline option of 360 km, the allowed values
are 42° < 63 < 51.5° and 2.49 x 1073 eV? < Am3, <
2.54 x 1073 V2. In terms of the precision of the atmospheric
mixing parameters, the capability of the 360 km baseline is
significantly better than the 540 km baseline.
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4 Summary and conclusion

ESSnuSB is a forthcoming accelerator-based long-baseline
neutrino oscillation experiment to be located in Sweden. The
primary goal of this experiment is to measure the leptonic CP
phase dcp at high precision by probing the phenomenon of
neutrino oscillations at the second oscillation maximum. In
this paper we have studied the physics performance of this
experiment in the standard three flavor framework. In par-
ticular, we have studied the capability of this experiment to
measure the current unknowns in the oscillation parameters
which are: neutrino mass hierarchy, octant of atmospheric
mixing angle 6,3, the leptonic phase dcp, and the precision
of the atmospheric mixing parameters 6>3 and Am%l. The
physics performance of the ESSnuSB experiment has been
studied in the past using the configuration of the MEMPHYS
project. In this paper, we have taken the new neutrino flux
calculated specifically for the ESSnuSB configuration and
updated migration matrices for the far detector. The neutrino
fluxes used in this work have been calculated by considering
anew target and horn focusing, whose design has been opti-
mized by using genetic algorithm calculations [18]. The new
design results in an improved statistics compared with the
layout of the target station derived from the EUROnu project
[1,19,20]. The event selection algorithm has been optimized
for the relatively low neutrino energies of the ESSnuSB
beam, increasing the signal selection efficiency from 50%
[16] to more than 90%, which was encoded in the new set of
migration matrices. At the probability level, we have shown
that the variation of the appearance channel probability with
respect to §cp is large at the second oscillation maximum as
compared to the first oscillation maximum. ESSnuSB will
therefore have an unprecedented precision of §cp measure-
ment. We also have shown that the baseline option of 540 km
mainly covers the second oscillation maximum, whereas the
baseline option of 360 km covers both the first and second
oscillation maxima. At the event level, we have shown that the
number of events at the 360 km baseline is larger than the 540
km one because of the shorter baseline. Therefore we expect
the sensitivity for the 360 km baseline will be better than that
for the 540 km baseline. In this context we also discussed
the major background which can affect the sensitivity. Tak-
ing an overall conservative systematic normalization error of
5% for signal and 10% for background, we have shown that
the CP violation discovery sensitivity is 100 (130) for the
baseline option of 540 km (360 km) at 6cp = £90°. The
corresponding fraction of §cp for which CP can be discov-
ered at more than 5o is 70%. We have further shown that
the CP violation discovery sensitivity is always larger than
50 for cp = —90° and the CP coverage at 5o is around
44% (50%) even for a nominal run of 2 years for the 540 km
(360 km) baseline. This increases to around 130 (15¢0) and
76% (80%) respectively when the run-time is increased to
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20 years for the baseline option of 540 km (360 km). Then
we have also checked how the sensitivity varies when the
systematic uncertainty is varied. We have found that even for
large systematic errors of 10% signal and 20% background,
the CP violation discovery sensitivity is always greater than
50 for écp = —90° in 10 years. Regarding CP precision, the
lo error associated with cp = 0° is around 5° for both of the
baseline options and the error associated with §cp = —90°
is around 14° (7°) for the baseline option of 540 km (360
km). For neutrino mass hierarchy, one can achieve 3o sen-
sitivity for the 540 km baseline except for the true values of
dcp = £90° and S0 sensitivity for the 360 km baseline for
all values of §cp. The values of 6,3 for which the octant can
be determined at 30 is 6h3 > 51° (623 < 42° and 03 > 49°)
for the baseline of 540 km (360 km). Regarding the preci-
sion of the atmospheric mixing parameters, the allowed val-
ues at 30 are: 40° < 63 < 52° (42° < 63 < 51.5°) and
2.485x1073eV? < Am%; < 2.545x1073eV? (2.49x 1073
eV2 < Am3, < 2.54 x 1073 eV?) for the baseline of 540
km (360 km). To summarise, ESSnuSB is a powerful exper-
iment to measure §cp with an unprecedented precision com-
pared with all currently planned long-baseline experiments.
This experiment also provides the possibility to measure the
hierarchy and Am%1 with good precision. Among the two
baseline options, 360 km provides the better sensitivity.

Note that the results presented in this work are provi-
sional since the implementation of the systematics is sim-
plistic and the detector response has been determined using
the Hyper-K geometry. In the final analysis we will incor-
porate the near detector which will enable us to implement
a more realistic treatment of systematics. This will include
correlated systematics between the far and the near detec-
tors, bin-to-bin correlations and shape uncertainties among
the other improvements. The full simulation of the ESSnuSB
Far Detector response using their exact geometry is currently
underway, which will result in an updated migration matri-
ces. We do not expect them to differ much since the foreseen
geometry of the ESSnuSB far detector tank does not dif-
fer much with respect to that of Hyper-K. Further, as the
far detector of this experiment will be underground, there is
also the possibility of including the atmospheric data sam-
ple in the analysis. This will further improve the hierarchy
sensitivity, octant sensitivity and precision sensitivity of the
atmospheric mixing parameters.
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