PHYSICAL REVIEW D 106, 073006 (2022)

Extracting the best physics sensitivity from T2HKK:
A study on optimal detector volume

Papia Panda®,"” Monojit Ghosh S Priya Mishra®,"* and Rukmani Mohanta®"*

ISchool of Physics, University of Hyderabad, Hyderabad 500046, India
*Center of Excellence for Advanced Materials and Sensing Devices,
Ruder Boskovi¢ Institute, 10000 Zagreb, Croatia

® (Received 8 July 2022; accepted 23 September 2022; published 19 October 2022)

T2HK is an upcoming long-baseline experiment in Japan which will have two water Cherenkov detector
tanks of 187 kt volume each at a distance of 295 km from the source. An alternative project, T2ZHKK is also
under consideration where one of the water tanks will be moved to Korea at a distance of 1100 km. The flux
at 295 km will cover the first oscillation maximum and the flux at 1100 km will mainly cover the second
oscillation maximum. As physics sensitivity at the dual baseline relies on variation in statistics, the
dependence of systematic uncertainty, the effect of the second oscillation maximum and matter density,
187 kt detector volume at 295 km and 187 kt detector volume at 1100 km may not be the optimal
configuration of T2HKK. Therefore, in this work we have tried to optimize the ratio of the detector volume
at both the locations by studying the interplay between the above mentioned parameters. For the analysis of
neutrino mass hierarchy, octant of 6,5 and CP precision, we have considered two values of 5-p as 270° and
0° and for CP violation we have considered the value of §-p = 270°. These values are motivated by the
current best-fit values of this parameter as obtained from the experiments T2K and NOvA. Interestingly we
find that if the systematic uncertainty is negligible then the T2HK setup i.e., when both the detector tanks
are placed at 295 km gives the best results in terms of hierarchy sensitivity at 5. = 270°, octant sensitivity,
CP violation sensitivity, and CP precision sensitivity at 5. = 0°. For current values of systematic errors,
we find that neither T2HK, nor T2HKK setup is giving better results for hierarchy, CP violation and CP
precision sensitivity. The optimal detector volume which is in the range between 255 kt to 345 kt at
1100 km gives better results in the above mentioned parameters.

DOI: 10.1103/PhysRevD.106.073006

I. INTRODUCTION

The phenomenon of neutrino oscillation in which
neutrinos change their flavor over a macroscopic time
and distance established the fact that neutrinos are massive
particles. Mathematically, in the standard three-flavor
scenario, neutrino oscillation can be described by three
mixing angles; 63, 615, and 6,3, two mass-squared
differences Am3, = m3 —m? and Am3, = m3 —m? with
my, n,, and m5 being the masses of the neutrinos and one
Dirac type CP phase dcp. Among the above mentioned
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parameters, the parameters 6,,, 613, Ams3,, and |Am3, | have
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already been measured with very good precision [1-4]. At
present, the unknowns are (i) the sign of Am3, which can
give rise to two possible hierarchy of the neutrino masses
ie., Am%1 > (0 corresponding to normal hierarchy (NH)
and Am3; < 0 corresponding to inverted hierarchy (IH),
(ii) the octant of the mixing angle 8,53 which can give rise to
two possible octants i.e., 0,3 > 45° corresponding to higher
octant (HO) and 6,53 < 45° corresponding to lower octant
(LO), and (iii) the unknown phase d-p. The global analysis
of world neutrino data shows a mild preference towards
normal hierarchy [1]. For the octant, if the atmospheric data
sample is added to the rest of the data sample then the best-
fit values of 0,3 appears in the lower octant, otherwise the
best-fit of 6,3 occurs in the higher octant [1]. Regarding
Ocp, currently there is a mismatch in the best-fit values
obtained from the ongoing long-baseline experiments T2K
[5] and NOvA [6]. The best-fit value of 6.p is around 270°
for T2K [7] and it is around 0°/180° for NOvA [8].
Therefore, the aim of next generation experiments will
be to establish the nature of the above mentioned unknowns
in a firm footing. One of the example of such experiments is
T2HK/T2HKK [9,10]. T2HK is a proposed long-baseline
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experiment in Japan. In long-baseline experiments, the
accelerated protons hit a target to produce pions and these
pions decay to produce an intense beam of muon neutrinos
(v,). These neutrinos are then detected at the far detector.
T2HK and T2HKK are the two alternative proposals to
detect the neutrinos coming out from the J-PARC accel-
erator. Under the T2HK project, the proposal is to place two
water Cherenkov detector tanks having volume of 187 kt
each at a distance of 295 km from the neutrino source.
However, the alternative idea is to put one tank at a distance
of 295 km in Japan and the other tank at a distance of
1100 km in Korea. The motivation of this alternative idea is
to have excellent CP sensitivity coming from the detector at
295 km due to large statistics, and at the same time obtain
enhanced hierarchy sensitivity coming from the detector at
1100 km due to large matter effect. In the last few years
there are several studies exploring the idea of T2HK
and T2HKK in terms of the standard three-flavor scenario
[11-29]. In this paper, we consider the idea of taking a
variable detector volume for the T2HKK setup. We define a
variable x (ranging from 0 kt to 374 kt) which is basically
the volume of detector at the baseline of 1100 km having
(374 — x) kt volume at 295 km. We study the sensitivity of
this setup in the standard three-flavor scenario as a function
of x. This is motivated by the following facts. As we
increase our baseline from 295 km to 1100 km, the number
of events become less and this reduction can decrease the
sensitivity. On the other hand, due to the reduction in
statistics, systematic uncertainty becomes less dominant on
sensitivity which can improve the measurement of oscil-
lation parameters. Further, as the flux corresponding to the
1100 km baseline covers mainly the second oscillation
maximum, the effect of matter density becomes less
prominent at the 1100 km baseline, so the improvement
in the hierarchy sensitivity in this particular case is
compromised. However, at the second maximum, the
CP sensitivity becomes better than the first oscillation
maximum [9]. Therefore, when one moves one detector
tank from 295 km to 1100 km, the sensitivity is affected by
the interplay of statistics, systematics, second oscillation
maximum, and matter density. Therefore, the 187 kt
detector volume at 295 km and the 187 kt detector volume
at 1100 km may not be the optimal configuration for the
T2HKK setup. In our study we show that for current
estimated systematic uncertainty, higher detector volume at
1100 km is better for hierarchy and J.p sensitivity.
Interestingly, hierarchy sensitivity at 6-p = 270°, CP vio-
lation sensitivity and CP precision sensitivity at §-p = 0°
become better when a higher detector volume is placed at
295 km if the estimated systematic uncertainties for this
setup becomes negligible. For octant sensitivity a higher
volume at 295 km is better irrespective of the dependence
of systematic errors. In arriving at these conclusions, we
will point out in detail how the interplay among statistics,
systematic errors, the second oscillation maximum, and

matter density affect the optimal detector volume for
T2HKK experiment.

The paper is organized as follows. In the next section we
will describe the configuration of the T2ZHK/T2HKK setup
which we consider in our calculation. In Sec. III we will
present our numerical results and finally in Sec. IV we will
summarize and conclude.

II. SIMULATION DETAILS

The experiment T2HK/T2HKK is simulated using the
software GLoBES [30,31]. In our calculation we use the
configuration as given in [9]. The neutrino source is located
at J-PARC having a beam power of 1.3 MW with a total
exposure of 27 x 10! protons on target (POT), correspond-
ing to ten years of running. We have divided the total run
time into five years in the neutrino mode and five years in
the antineutrino mode (1:1 ratio on v:7). To generate the
results at 295 km, we considered a 2.5° off-axis flux and for
1100 km, we have considered a 1.5° off-axis flux. We have
matched the total event rates and event spectrum for both
295 km and 1100 km with respect to Tables III and IV, and
Fig. 13, 14, and 15 of Ref. [9]. We have considered
systematic uncertainties corresponding to red overall nor-
malization errors as given in Table VI of Ref. [9]. We list
them here in Table I for reference. In our sensitivity
estimation, we have considered two cases of the systematic
errors. In one case, all the systematic errors are completely
switched off, i.e., there is no effect of systematic errors in
the calculation and in the second case, all the systematics
are turned on with the values as mentioned in Table I. In our
analysis, the event rate in each bin is altered by the overall
normalization factors and they are uncorrelated among
different channels. For 295 km setup, we have taken 19 bins
each for neutrino and antineutrino modes, with neutrino
energies E;, as 0.15 GeV and E,, as 2.05 GeV, making
100 MeV energy per bin. For 1100 km setup, 29 bins (each
for neutrino and antineutrino modes) have been taken with
Ein as 0.15 GeVand E,, as 3.05 GeV, making 100 MeV
energy per bin. We have checked that our results success-
fully reproduce the physics sensitivities as presented in
Ref. [9]. For our work, we have considered a total detector
volume of 374 kt which is distributed in both the locations
of 295 km and 1100 km at different ratios.

TABLEI. The values of systematic errors that we considered in
our analysis. The systematic errors are same for signal and
background.

Systematics 295 km 1100 km
v, 4.71% 3.84%
Uy 4.13% 3.83%
U, 4.47% 4.11%
7 4.15% 3.81%

=
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III. RESULTS

For the estimation of the sensitivity, we use the Poisson
log-likelihood,

n thst
Pa=2> [N — Nf = NI log (N)} ()
i=1 i

where N'! is the number of events expected for the values
of the oscillation parameters tested for, N"™¢ is the number
of events expected for the parameter values assumed to be
realized in nature (Asimov dataset) and i is the number of
energy bins. The values of the oscillation parameters are
taken from Nufit v5.1 [1] and is given in Table II. In
Table II, the rightmost column gives the 30 ranges of the
oscillation parameters sin® 6,3, cp, and Am3, which we
have minimized in the test spectrum, keeping the other
oscillation parameters fixed. We will present all our results
for the normal hierarchy only.

A. Hierarchy sensitivity

Let us first discuss the hierarchy sensitivity of the
T2HKK setup by considering a variable detector volume.
Hierarchy sensitivity of an experiment is defined by its
capability to exclude the wrong hierarchy. In Fig. 1, we
have plotted the hierarchy sensitivity as function of x,
where x is the detector volume at the 1100 km baseline. The
left panel corresponds to the case when systematic errors
are switched off whereas the right panel corresponds to the
case when the systematic errors are turned on as per given
in Table I. These panels are generated for true 6,3 = 42°,
which is the current best-fit value of the parameter
according to Nufit 5.1. For é-p, we have considered the
true values as 270° and 0°, motivated by the current best-fit
of this parameter as obtained from T2K and NOvA
respectively. For each value of 6-p, we have considered
two cases; one for octant known referred as ‘OK’ and
another for octant unknown referred as ‘OU’. We have
done this to see the effect of octant degeneracy in the
hierarchy measurement [32—35]. In these panels, the point
x = 0 kt corresponds to the T2HK setup, where basically
both the two detector tanks are placed at a baseline of
295 km, the point x = 187 kt corresponds to the T2ZHKK

TABLE II. The values of the oscillation parameters that we
considered in our analysis.

Parameters True values Test value range
sin” 0, 33.45° Fixed
sin” 6,5 8.62° Fixed
sin? 0,5 42°/48° 39°-51°
dcp 270°/0° 0°-360°
Am?, 742 x 107 eV? Fixed

-3 o2
Am?, 2.51 x 1073 eV? (NH) 243 107" eV

—2.60 x 1073 eV?

setup where one tank is placed at a distance of 295 km and
another tank is placed at a distance of 1100 km and the
point x = 374 kt corresponds to the setup where both the
detector tanks are located at a distance of 1100 km. The first
thing that we notice from Fig. 1 is that the sensitivity in the
right panel is lower as compared the left panel as far as the
value of x is not very large. This shows the fact that when
the sensitivity is dominated by the statistics (as x increases
the overall number of events of this setup decreases)
systematic errors play a huge role in the overall sensitivity.
At 295 km, number of events are very large and as
systematic error directly depends on number of events,
the effect of systematic uncertainty on sensitivity is very
large at that baseline, resulting a reduced sensitivity at great
extent as compared to the sensitivity in absence of
systematic errors. However, when we go towards
1100 km, as the number of events decrease, the effect of
systematic errors on sensitivity becomes less, resulting a
small amount of decrease in sensitivity.

Further, from the Fig. 1, we see that as x increases from
0 kt, the hierarchy sensitivity corresponding to 6-p = 270°
decreases and the sensitivity corresponding to §-p = 0°
increases when the systematic errors are switched off.
However, when we switch on the systematic errors with the
current values, sensitivity for both the curves increases
when x increases from O kt. This shows a striking feature
which was not pointed out earlier that if the systematic
errors of T2HK are negligible, then moving a part of the
detector to longer baseline does not increase the sensitivity
if the true value of 6-p is 270°. However, if the true value of
dcp is 0° then moving a part of the detector to a longer
baseline can improve the sensitivity irrespective of the
value the systematic uncertainty. In these panels we see that
for each value of §-p, octant known and octant unknown
curves exhibit same sensitivity implying the octant degen-
eracy does not affect the hierarchy sensitivity in this setup.
From this figure we conclude that if the systematic errors
are reduced to very small number (negligible) then T2HK
gives best hierarchy sensitivity for 6-p is 270°. However, if
the systematic errors remain around the current values
then the best sensitivity can be obtained if the detector
volume is around 255-345 kt (which we call “optimized
T2HKK”) at 1100 km which is different from the standard
T2HKK setup.

To understand the underlying physics of Fig. 1, in Fig. 2
we have plotted the appearance channel probability
(P,,~,,) as a function of energy. For long-baseline experi-
ments, the hierarchy sensitivity comes from the appearance
channel [36]. The top row is for 295 km and the bottom row
is for 1100 km. These panels are generated for 6,3 = 42° In
each row the left panel is for neutrinos and the right panel is
for antineutrinos. In each panel, the pink shaded region
corresponds to the flux at that baseline and polarity. The
area covered by the shaded region reflects the energy region
to which the experiment is sensitive to. In these panels, the
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FIG. 2. Upper (lower) row shows oscillation probabilities at 295 km (1100 km). Left (right) column depicts the probabilities for (anti)
neutrino mode. In each plot, the pink shaded area represents corresponding fluxes, the green shaded region is for inverted hierarchy
band, and the red (blue) solid line shows the probability for §cp = 0°(270°) in normal hierarchy.

red and blue curves are for normal hierarchy for two
different values of 6. = 0° and 270° respectively and the
green band is for inverted hierarchy. The width of the green
band is due to the variation of §-p in its full range.
Therefore, the separation between the red curve and the
green band is proportional to the hierarchy sensitivity at
Scp = 0° and the separation between blue curve and green

band is proportional to the hierarchy sensitivity at
dcp = 270°. From the panels it is clear that the baseline
295 km mainly covers the first oscillation maximum
whereas the baseline 1100 km covers mainly the second
oscillation maximum.
(i) Firstlet us discuss the case for §.p = 270°. From the
panels we note that the separation between the blue
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curve and green band is much higher for the baseline
of 295 km as compared to 1100 km in the energy
region that is covered by the corresponding fluxes.
This is the reason why when systematic errors are
off, increasing the value of x from 0 kt causes a
reduction in the sensitivity (cf. Fig. 1). However, if
the flux at 1100 km would have covered the first
oscillation maximum, then the separation between
the blue curve and green band would have been
much higher for 1100 km as compared to 295 km.
Note that the separation of the oscillation proba-
bilities in normal hierarchy and inverted hierarchy
depend on the matter effect. For a given baseline, the
matter effect is proportional to the energy of the
neutrinos. The first maximum occurs at a higher
energy as compared to the second maximum; there-
fore, the separation of the curves corresponding to
different hierarchies are higher in the first maximum
as compared to the second maximum. When the
systematic errors are on, we see that the sensitivity
increases as we increase x. This is because as we
increase x, the total number of events gets reduced
and hence the sensitivity becomes less dominant on
the systematic uncertainties which causes the sensi-
tivity to rise as we increase x. In other words, in
presence of systematic errors, the reduction in the
sensitivity is higher when x is small and lower when
x is large. Here it is important to note that the best
sensitivity does not come at x = 374 kt. After a
certain value of x, the sensitivity starts to decrease;
we will see this feature in the other figures too. This
is because after a certain value of x, the statistics
reduces so much that even the improvement in the
effect of systematic errors could not improve the
sensitivity. From the above discussion, we under-
stand that the improvement in hierarchy sensitivity at
1100 km is not due to the matter effect, and is totally
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FIG. 3.

due to the interplay between statistics and systematic
errors.

(i1) For é6-p = 0°, we see that the red curve overlaps with
the green band for 295 km. But for 1100 km, there is
some finite separation between the red curve and the
green band. This is the reason why the sensitivity
increases as we increase x from 0 kt even when the
systematic errors are switched off. For the case when
the systematic errors are switched on, the reason for
the improvement in the sensitivity is two fold;
(1) sensitivity coming from the 1100 km and (ii) im-
provement in the effect of systematic errors due to
less statistics.

Now we will try to see what would have happened if the
flux at 1100 km covers the first oscillation maximum
instead of second oscillation maximum. As we do not have
the flux at 1100 km which covers the first oscillation
maximum, we tried to adjust the baseline such that the
existing flux at 1100 km coincides with the first maximum.
We find that baseline to be 430 km. In Fig. 3 we plot the
same as that of Fig. 1 except the fact that here we assume
that the Korean detector is placed at a hypothetical distance
of 430 km. From this figure we see that the hierarchy
sensitivity for 5-p = 270° increases as x increases from 0 kt
when the systematic errors are switched off. This is the
stark contrast as compared to the case when the flux covers
the second maximum at 1100 km. As in this case the
sensitivity also comes from the first maximum, moving
the detector volume from 295 km to 430 km increases the
hierarchy sensitivity even when the systematic errors are
switched off. Regarding the rest of the curves the behavior
is same as that of Fig. 1 and can be explained in the similar
fashion.

B. Octant sensitivity

Now let us discuss the octant sensitivity of the T2ZHKK
setup with respect to x. In Fig. 4, we have plotted the octant
sensitivity as a function of x. Here x is the detector volume
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Hierarchy sensitivity as a function x. Here x is the detector volume at a hypothetical distance of 430 km. The left (right) panel

corresponding to the case when systematic errors are switched off (on). ‘OK’ and ‘OU’ refer to octant known and octant unknown,

respectively. True value of 0,3 is 42°.
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FIG. 4. Octant sensitivity as a function of x (detector volume at 1100 km). Upper (lower) row shows octant sensitivity when
0534 = 42°(48°). Left (right) column reflects the same without (with) systematic error. In each plot, ‘HK (HU)—0°[270°) stands for

hierarchy known (unknown) with 6% = 0°[270°].

at 1100 km. In this figure, the left column is for the
case when systematic errors are switched off and the
right column is for the case when systematic errors are
switched on. The top row refers to the true lower octant
corresponding to 8,3 = 42° and the bottom row refers to the
true higher octant corresponding to 8,3 = 48°. For 6.p, we
have considered the true values as 270° and 0°. For each
value of 6-p, we have considered two cases; one for
hierarchy known referred as ‘HK’ and another for hierarchy
unknown referred as ‘HU’. We have done this to see the
effect of hierarchy degeneracy in the octant measurement.
From this figure we note that except the case of
true higher octant with systematic off, the octant sensitivity
corresponding to §cp = 270° and 0° are same. Further, we
also see that hierarchy degeneracy does not play any
role in the determination of the true octant. In all the four
panels we see that as x increases from 0 kt, the sensitivity
decreases. This is true for both of the true octants,
both the values of §-p, and irrespective of the fact that
systematic errors are turned off or on. Therefore, from this
figure, we conclude that for octant sensitivity, the
best sensitivity comes from the T2HK setup i.e., the
setup when both the detectors are placed at a distance
of 295 km.

To understand the physics of the above figure, in Fig. 5,
we have plotted the appearance channel probability as a
function of energy E. The top row is for 295 km and the
bottom row is for 1100 km. In each row the left panel is for
neutrinos and the right panel is for antineutrinos. In each
panel, the pink shaded region corresponds to the flux at that
baseline and polarity. In these panels, the red and blue
curves are for lower octant i.e., 6,3 = 42° for two different
values of 6-p = 0° and 270°, respectively, and the green
band is for higher octant i.e., 8,5 = 48°. The width of the
green band is due to the variation of dp in its full range.
Therefore, the separation between the red curve and
the green band is proportional to the octant sensitivity
for 6,3 = 42° at 5-p = 0° and the separation between blue
curve and green band is proportional to the octant sensi-
thlty for 923 = 42° at 5CP = 270°.

(1) Let us first discuss the scenario for §.p = 270°. For
both 295 km and 1100 km, we see that the blue curve
is overlapping with the green band in the neutrino
probabilities but it is separated in the antineutrino
probabilities. Therefore, we understand that at this
value of dp, the octant sensitivity mainly comes from
the antineutrino mode. However, the separation
between the blue curve and green curve is much
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FIG. 5.
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Upper (lower) row shows oscillation probabilities at 295 km (1100 km). Left (right) column gives the probabilities for (anti)
neutrino mode. In each plot, the pink shaded area represents corresponding fluxes, the green shaded region is for the higher octant band
(HO band), and the red (blue) solid line shows the probability for §cp = 0°(270°) in the lower octant.

higher in the case of 295 km as compared to 1100 km
in the energy region that is covered by the pink
shaded region. That is why when we shift the detector
volume to 1100 km, the sensitivity decreases
(cf. upper panels of Fig. 4). Here also we note that
if the flux at 1100 km would have covered the first
oscillation maximum, then the separation between the
blue curve and green band would have been much
higher for 1100 km as compared to 295 km.

For 6.-p = 0°, we see that the red curve and the green
band are overlapping for both neutrinos and anti-
neutrinos and for both 295 km and 1100 km. At this
point, it may seem strange that though 6-p = 0° in
lower octant is degenerate with higher octant for
both neutrinos and antineutrinos, the octant sensi-
tivity is still comparable with §.-p = 270°. Actually
in 295 km it so happens that the degeneracy occurs
at a different values of 6cp for neutrinos and
antineutrinos. Therefore when these channels are
combined, one obtains finite octant sensitivity.
However, for 1100 km, the degeneracy occurs at
the same value of d.p and therefore does not offer a
better sensitivity than 295 km at the region covered
by the flux. Therefore increasing x from O kt, does

not improve the sensitivity. This can be more clear
from Fig. 6.

In Fig. 6 we have plotted the octant sensitivity as a
function of §¢p (test) for Scp (true) = 0° Oy3 (true) = 42°
and for the case when the systematic errors are on. The left
panel is for the 295 km i.e., when both the detectors are
placed at Japan and the right panel is for 1100 kmi.e., when
both the detectors are at Korea. In these panels the blue
curve is for neutrinos, the red curve is for the antineutrinos,
and the pink curve corresponds to the case when neutrino
and antineutrinos are combined. In these panels, the Ay?
minimum corresponds to the octant sensitivity at §-p = 0°
for that particular baseline. From the left panel we see that
for 295 km, the octant sensitivity of the individual neutrino
and antineutrino channels are very small. For the neutrino
mode, the Ay? minimum comes around ¢p (test) 50° and
for the antineutrino mode, the Ay? minimum comes around
Scp (test) 270°. Therefore, when Ay? for neutrino and
antineutrino mode is added, the combined minimum Ay?
occurs around 0° with octant sensitivity around 6c.
Whereas for 1100 km (right panel), we see that for both
the neutrino and the antineutrino mode, the Ay?> minimum

comes around S¢cp (test) = 0° with the value of \/Ay?
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FIG. 6. Octant sensitivity with respect to test values of d-p in the case of hierarchy known (HK). Left (right) panel describes the

variation of octant v/ Ay? when both the detectors are placed at 295 km (1100 km) with true §¢p = 0°. In each plot, red (blue) [pink]
solid line stands for the octant sensitivity in (anti)neutrino [neutrino + antineutrino] mode. Both the panels are generated in presence of

current values of systematic errors.

around 3. That is why for the combined case, the octant
sensitivity remains very small.

Note that we have explained the physics of Fig. 4 for the
lower octant. The physics for the upper octant can be
explained in the similar manner.
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Now we will try to see what would have happened if the
flux at 1100 km covered the first oscillation maximum in
spite of the second oscillation maximum for the octant.
Similar like hierarchy sensitivity analysis, we will consider
the flux corresponding to 1100 km and use the baseline of
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FIG. 7. Octant sensitivity as a function of x (detector volume at 430 km). Upper (lower) row shows the octant sensitivity when
053¢ = 42°(48°). Left (right) column reflects the same without (with) systematic error. In each plot, ‘HK (HU)—0°[270°) stands for

hierarchy known (unknown) with 6% = 0°[270°].
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430 km. This is presented in Fig. 7 which is same as that of
Fig. 4 except for the fact that here x is the detector volume
at 430 km. In these panels we see that for the lower octant,
the sensitivity increases as x increases from 0 kt when
systematic errors are turned off (top left panel). This
implies the fact that unlike the case of 1100 km, in this
case additional sensitivity comes from the 430 km. When
the systematic errors are turned on (top right panel), octant
sensitivity increases up to a certain value of x (up to 345 kt)
because of the improvement in the systematic and the
additional sensitivity from the 430 km. For x > 345 kt,
the sensitivity starts to decrease. For the higher octant, the
situation is similar as that of 1100 km and this can be
attributed to the fact that 430 km, does not provide any
additional sensitivity for higher octant.

C. CP violation sensitivity and CP precision sensitivity

Now let us discuss the sensitivity of our setup with respect
to ¢p. CP violation discovery sensitivity is defined as the
capability of an experiment to distinguish a CP violating
value of §¢p from the CP conserving values 0° and 180°. In
Fig. 8, we have plotted the CP violation discovery sensitivity
as function of x where x is the volume of the detector at
1100 km. The left panel corresponds to the case when
systematic errors are switched off whereas the right panel
corresponds to the case when the systematic errors are turned
on. These panels are generated for true 8,3 = 42° and true
bcp = 270°. To see the effect of hierarchy degeneracy and
octant degeneracy in CP violation, we have considered
four cases: (i) hierarchy known—octant known (HK-OK),
(i) hierarchy known—octant unknown (HK-OU),
(iii) hierarchy unknown—octant known (HU-OK), and
(iv) hierarchy unknown—octant unknown (HU-OU).
From this figure we see that when we switch off the
systematic uncertainties, the sensitivity decreases as we
increase x from O kt. This is also a striking feature where we
see that going from first maximum to second maximum does
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e e
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5 --- HU-OK n
—— HK-OU b
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FIG. 8.

not increase the CP violation sensitivity if systematic errors
are negligible. However, when the systematic errors are
turned on, we see that initially the sensitivity increases as we
increase x from O kt, reaches a maximum and then it falls.
Regarding degeneracy, we see that, hierarchy degeneracy
does not affect the sensitivity, but octant degeneracy reduces
the CP violation sensitivity to some extent. From this figure
we conclude that if the systematic errors are negligible then
the best CP violation sensitivity can be obtained from the
T2HK setup and for the current estimated systematic
uncertainties, the best CP violation sensitivity can be
obtained for a volume of 255-345 kt at the 1100 km, i.e.,
the optimized T2HKK which is different that the original
T2HKK setup.

To understand the physics behind the CP violation
sensitivity at 295 km and 1100 km, in Fig. 9, we have
plotted the appearance channel probability as a function of
energy E in GeV. The top row is for 295 km and the bottom
row is for 1100 km. In each row the left panel is for
neutrinos and the right panel is for antineutrinos. In each
panel, the pink shaded region corresponds to the flux at that
baseline and polarity. In these panels, the red, green and
blue curves are for §-p = 0°, 180°, and 270°, respectively.
All the panels are generated for 0,3 = 42°. The separation
between the blue curve and the curves corresponding to CP
conserving values i.e., the red and green curves are
proportional to the CP violation sensitivity. From this
figure we understand that the separation between the blue
curve and the CP conserving curves are higher for 1100 km
as compared to 295 km. This is because at the second
maximum, separation between the different §-p curves are
higher as compared to the first oscillation maximum, but
we still see that the CP violation sensitivity decreases as x
increases from 0 kt. This can be attributed to the fact that as
we shift the detector volume from 295 km to 1100 km, the
total number of events gets reduced. Hence, the improve-
ment of the CP violation sensitivity at the second oscil-
lation maximum cannot compensate the loss of sensitivity

CPV:-SYS-ON

[ T LA L L B B
20 7
- HK-OK -

C --- HU-OK ]
151 —— HK-0U 7]
} : -=-- HU-OU :
0 e n
- Y
51 .
0: L P T (TSI NS ST NS SR S I:
0 60 120 180 240 300 360

x (kt) at 1100 km

CP violation as a function of x (volume of detector at 1100 km) at 6%} = 270°. Left (right) panel shows the CP violation

variation without (with) systematic error. In each plot, ‘HK (HU)-OK [OU]’ stands for hierarchy known (unknown)-octant known

[unknown].
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FIG. 9. Upper (lower) row shows the oscillation probabilities at 295 km (1100 km) with respect to energy E in GeV. Left (right)
column gives the probabilities for (anti) neutrino mode. In each plot, the pink shaded area represents corresponding fluxes, the red,
green, and blue solid lines show the probability for §.p = 0°, 180°, and 270°, respectively.

due to the reduction in statistics. However, when the
systematic errors are turned on, it reduces the sensitivity
drastically for x = 0 kt. This is because at this value of x,
the sensitivity is dominated by statistics and the systematic
error has a huge effect on the sensitivity. Now as we
increase x from O kt, the statistics get reduced and so is the
effect of systematic errors. This causes the sensitivity to
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improve. Basically the drop in the sensitivity due to
systematic errors is large at x = 0 kt and it decreases as
x increases. After a value of x the improvement in the effect
of systematic errors cannot compensate the loss of statistics
and therefore the sensitivity decreases.

Now let us try to see what would happen if we place the
Korean detector at a hypothetical distance of 430 km, for
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FIG. 10. CP violation sensitivity (CPV) as a function of x, detector volume at 430 km. Left (right) panel plots the variation of CPV

\/Ay? for four different conditions in absence (presence) of current values of systematic errors. In each figure, ‘HK-OK’ represents
‘hierarchy known-octant known’, ‘HK-OU’ stands for ‘hierarchy known-octant unknown’, ‘HU-OK’ depicts ‘hierarchy unknown-
octant known’ and ‘HU-OU” gives ‘hierarchy unknown-octant unknown’.

073006-10



EXTRACTING THE BEST PHYSICS SENSITIVITY FROM ...

PHYS. REV. D 106, 073006 (2022)

which the flux of 1100 km would cover the first oscillation
maximum. We have plotted this in Fig. 10 which is same as
that of Fig. 8 except the fact that here x is the detector
volume at 430 km. In this figure, we see that the behavior of
the curves is same as that of Fig. 8. This is obvious because,
the shifting of flux to the first oscillation maximum from
the second oscillation maximum does not provide a better
CP violation sensitivity which can compensate the loss of
sensitivity due to the reduction of statistics when systematic
errors are turned off. Also, when the systematic uncertain-
ties are turned on it gives similar effect as of Fig. 8.

Finally let us discuss the CP precision sensitivity of our
setup. The CP precision sensitivity of an experiment is
defined by its capability to measure a particular value of
Ocp. In Fig. 11, we have plotted the red half of the
lo error associated with a value of d-p as a function of
x where x is the detector volume at 1100 km. red Therefore,
in these panels the CP precision can be read as
Ocp £ Adcp = Ocp T 0.

In this figure, the left column is for the case when
systematic errors are switched off and the right column is
for the case when systematic errors are switched on. The
top row corresponding to §-p = 0° and the bottom row
corresponding to 6-p = 270°. For 6,3, we have considered
the true value as 42°. To see the effect of hierarchy
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FIG. 11.

degeneracy and octant degeneracy in CP precision, we
have considered four cases: (i) hierarchy known—
octant known (HK-OK), (ii) hierarchy known—octant
unknown (HK-OU), (iii) hierarchy unknown—octant
known (HU-OK) and (iv) hierarchy unknown-octant
unknown (HU-OU). From this plot we see that when the
systematic uncertainties are switched off, the sensitivity
does not vary much as x varies. Here we see that for
bcp = 0°, the best sensitivity can be obtained for the T2ZHK
setup i.e., when both the detectors are placed in Japan and
for 6cp = 270° the best sensitivity can be obtained when
both the detectors are in Korea. For the case when
systematic errors are turned on we notice that the best
sensitivity is obtained when both the detectors are placed in
Korea for both values of 6-p. Here we note that the
degeneracies does not affect the CP precision at lo.

For completeness, let us also discuss the case for 430 km
by taking the flux corresponding to 1100 km. In Fig. 12 we
have plotted the same as Fig. 11, but here x corresponds to
the detector volume at 430 km. In this figure we see almost
same behavior of the curves as that of Fig. 12. But the
sensitivity in presence of systematic uncertainties in general
becomes poorer when the Koran detector is shifted to the
first oscillation maximum.
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CP precision sensitivity as a function of x (volume of the detector placed at 1100 km). Left (right) column shows the variation

when systematic error is off (on). Upper (lower) panel depicts the CP precision sensitivity for 6 = 0°(270°). In each plot, ‘HK (HU)’
represents ‘hierarchy- known (unknown)’ and ‘OK (OU)’ stands for ‘octant known (unknown)’.
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CP precision sensitivity as a function of x (volume of the detector placed at 430 km). Left (right) column shows the variation

when the systematic error is off (on). Upper (lower) panel depicts the CP precision sensitivity for 57 = 0°(270°). In each plot,
‘HK (HU)’ represents ‘hierarchy known (unknown)’ and ‘OK (OU)’ stands for ‘octant known (unknown)’.

Note that curves in Figs. 11 and 12 are jagged. This is
because in generating the CP precision plots, we have
considered the steps of the test values of §.p as 0.5° and the
steps of the detector volume as 2 kt. Therefore, the
minimum change in the precision of é¢p is 0.25° over a
x-axis distance of 2 kt.

IV. SUMMARY AND CONCLUSION

In this paper we discuss on the optimal detector volume
of the T2HKK experiment to measure the unknowns in the
standard three-neutrino oscillation. T2HK is an upcoming
accelerator based long-baseline experiment in Japan. Under
the T2HK proposal the idea is to put two water Cherenkov
detectors of 187 kt each in Japan at a distance of 295 km
from the neutrino source. As an alternative option, moving
a detector tank to Korea at a baseline of 1100 km is also
under consideration. The flux at 295 km will cover the first
oscillation maximum whereas the flux at 1100 km will
cover the second oscillation maximum. The sensitivity of
an experiment having a dual baseline depends upon various
parameters; for example, variation of statistics, effect of
systematic errors, physics at the second oscillation maxi-
mum, and ramifications of matter density. Therefore, one

needs to take these effects into consideration before
choosing an optimal detector volume. In this work, we
considered a variable detector volume of T2HKK consi-
dering a total detector volume of 187 kt x 2 = 374 kt and
distributed it in different ratios in both the detectors to find
an optimal volume for which T2HKK achieves the best
sensitivity. For hierarchy and CP precision measurement,
we choose the value of 6,5 to be 42° and choose the value of
dcp to be 270° and 0°. For octant measurement we choose
two values of 6,3 which are 42° and 48° belonging
to the lower and the higher octant, respectively. In this
case the value of §-p is 270° and 0°. For CP violation
measurement we have chosen the value of 0,3 as 42° and
Scp as 270°.

In our analysis we find that the optimal volume of T2ZHK
depends upon the value of systematic error, true value of
Ocp, flux at the 1100 km and the sensitivity under
consideration. For hierarchy, we find that if the systematic
errors are reduced to a negligibly small number then the
T2HK setup i.e., when both the detectors are placed at a
distance of 295 km, gives the best sensitivity for 5-p is 270°
unless the flux of the 1100 km is optimized for the first
oscillation maximum. However, for dcp is 0° and if the
systematic errors remain around the current values then the
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TABLE IIL

Optimal detector configuration for hierarchy, octant and §p sensitivity. Optimal (not optimal) configuration is expressed

as v/(x) sign. T2HK setup implies when two detectors with 187 kt each are placed at 295 km. T2HKK setup implies when one of the
detector with 187 kt is at shifted to Korea. The optimal T2ZHKK is the setup where one tank with the range of (29-119) kt volume placed
at 295 km and the other detector with the range of (255-345) kt volume placed at 1100 km from the source.

Hierarchy Octant(LO, HO) CP violation CP precision
Setup Sys off Sys on Sys off Sys on Sys off Sys on Sys off Sys on
0° (270°) 0° (270°) 0° (270°) 0° (270°) 270° 270° 0° (270°) 0° (270°)
T2HK x (V) x(X) V() v (V) v X V(%) x(X)
T2HKK X (X) x(x) X (x) x(x) X X X () x(X)
Optimal T2HKK v (x) v (V) x(x) x(X) X v x(vV) /()

best sensitivity can be obtained if the detector volume is
around 255-345 kt. For the octant, we find that the best
sensitivity comes from the T2HK setup irrespective of the
value of the systematic errors unless the flux of the
1100 km is optimized for the first oscillation maximum.
For the case where we can have the effect of the first
oscillation maximum with 1100 km flux (equivalent to a
hypothetical distance of 430 km from the source J-PARC),
one has better sensitivity for the lower octant if the detector
volume at 430 km is around 255-345 kt. For CP violation,
we find that if the systematic errors are negligible then the
best CP violation sensitivity can be obtained from the
T2HK setup and for the current estimated systematic
uncertainties, the best CP violation sensitivity can be
obtained for a volume of 255-345 kt at 1100 km. For
CP precision, we find that best sensitivity obtained when
both the detectors are placed in Korea except for §-p = 0°
and systematic errors are switched off. For that particular
case best sensitivity will be obtained when both the
detectors are placed in Japan. We have summarized our

findings in Table III corresponding to the current baselines
and current flux options of T2HKK experiment.

In conclusion we want to state that finding an optimal
volume for the T2ZHKK setup is a nontrivial task and simply
putting 187 kt in Japan and 187 kt in Korea does not
provide the best sensitivity. Depending upon the true value
of 6cp, values of systematic errors and the unknown
parameters under consideration, one needs to decide the
detector volume at Korea.
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