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Fig. 5. PID likelihood functions for electrons (blue solid histogram) and u (red dashed histogram) with
500 MeV/c momentum. A negative (positive) value indicates an electron-like (u-like) particle.

Table S. Comparison of the performance of SK-II (20% photo-coverage), SK-IV (40% photo-coverage), and
the expected performance of the Hyper-Kamiokande baseline design (20% photo-coverage) with preliminary
Hyper-K simulation and reconstruction.

SK-II SK-1V Hyper-K
Particle type (p = 500 MeV/c) e m e n e I
Vertex resolution 28 cm 23cm 25cm 17 cm 27cm 30cm
Particle identification 98.5% 99.0% 98.8% 99.5% >99.9% 99.2%
Momentum resolution 5.6% 3.6% 4.4% 2.3% 4.0% 2.6%

We have been careful to keep the possibility of gadolinium loading in mind when designing the
overall Hyper-Kamiokande water system.

We have evaluated the expected performance of the Hyper-K detector using the MC simula-
tion and reconstruction tools under development. We have been developing a detector simulation
dedicated to Hyper-K based on “WCSim” [70], which is an open-source water Cherenkov detec-
tor simulator based on the GEANT4 library [71,72]. A new reconstruction algorithm developed for
Super-K/T2K [11], named “fiTQun,” has been adopted for the Hyper-K analysis. It uses a maxi-
mum likelihood fit with charge and time probability density functions constructed for every PMT
hit assuming several sets of physics variables (such as vertex, direction, momentum, and particle
type) [11,73].

As an example of the evaluation, electrons and muons with 500 MeV/c are generated with a fixed
vertex (at the center of the tank) and direction (toward the barrel of the tank) in the Hyper-K detector
simulation. Figure 5 shows the likelihood function for the particle identification. A negative (posi-
tive) value indicates an electron-like (u-like) particle. It demonstrates a clear separation of electrons
and muons. The obtained performance of Hyper-Kamiokande is compared with the performance of
SK-II (20% photo coverage, old electronics) and SK-IV (40% photo coverage, new electronics) in
Table 5. The vertex resolution for muon events will be improved to the same level as Super-K with
an update of the reconstruction program. From the preliminary studies, the performance of Hyper-K
is similar to or possibly better than SK-II or SK-IV with the new algorithm. In the physics sensitiv-
ity study described in Sect. 4, a Super-K full MC simulation with the SK-IV configuration is used
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because it includes the simulation of new electronics and is tuned with real data, while giving a
similar performance to Hyper-K, as demonstrated above.

4. Physics sensitivities
4.1. Overview

As discussed in Sect. 2.2, a comparison of muon-type to electron-type transition probabilities
between neutrinos and anti-neutrinos is one of the most promising methods to observe the lepton
C P asymmetry. Recent observation of a nonzero, rather large value of 613 [10,14,41,42] makes this
exciting possibility more realistic.

Figure 6 shows the v, — v, andv,, — V. oscillation probabilities as a function of the true neutrino
energy for a baseline of 295 km. The Earth matter density of 2.6 g/cm? is used in this analysis. The
cases for §cp = 0, %n, 7, and —%JT are overlaid. Also shown are the cases of normal mass hierarchy
(Am%2 > () with solid lines and inverted mass hierarchy (Am%2 < 0) with dashed lines. The oscil-
lation probabilities depend on the value of §¢ p, and, by comparing the neutrinos and anti-neutrinos,
one can see the effect of C P violation.

There are sets of different mass hierarchy and values of §¢ p that give similar oscillation probabili-
ties. This is known as the degeneracy due to unknown mass hierarchy and may introduce an ambiguity
if we do not know the true mass hierarchy. Because there are a number of experiments planned to
determine mass hierarchy in the near future, it is expected that the mass hierarchy will be determined
by the time Hyper-K starts to take data. If not, Hyper-K itself has a sensitivity to the mass hierarchy
by the atmospheric neutrino measurements, as shown in Table 1. Furthermore, a combined analysis
of the accelerator and atmospheric neutrino data in Hyper-K will enhance the sensitivity, as shown in
Sect. 4.7. Thus, the mass hierarchy is assumed to be known in this analysis, unless otherwise stated.

Figure 7 shows the contribution from each term of the v, — v, oscillation probability formula,
Eq. (7), for L = 295 km, sin? 2013 = 0.1, sin? 26,3 = 1.0, §cp = /2, and normal mass hierarchy.
For E, ~ 0.6 GeV, which gives sin A3y >~ sin A3y >~ 1,

P(vy — ve) — P9 — 7c) N —16Jcp sin Ayy + 16cf3s123s%3ﬁ%1(1 —2s%) "
P(vy = ve) + P(hy — Vo) 8c135135%

= —0.28siné + 0.07. (1)

The effect of the C P-violating term can be as large as 28%, while the matter effect is much smaller.

The uncertainty of Earth density between Tokai and Kamioka is estimated to be at most 6%
[74]. Because the matter effect contribution to the total appearance probability is less than 10%
for a 295 km baseline, the uncertainty from matter density is estimated to be less than 0.6% and is
neglected in this analysis.

Due to the relatively short baseline and thus lower neutrino energy at the oscillation maximum, the
contribution of the matter effect is smaller for the J-PARC to Hyper-Kamiokande experiment com-
pared to other proposed experiments, like LBNE in the United States [75] or LBNO in Europe [76].
Thus the C P asymmetry measurement with the J-PARC to Hyper-K long-baseline experiment has
less uncertainty related to the matter effect, while other experiments with >1000 km baseline have
much better sensitivity to the mass hierarchy with accelerator neutrino beams!. The sensitivities for

!'Note that Hyper-K has sensitivity to the mass hierarchy using atmospheric neutrinos, as shown in Table 1.
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Fig. 6. Oscillation probabilities as a function of the neutrino energy for v,, — v, (left) and v,, — v, (right)
transitions with L = 295 km and sin® 26,3 = 0.1. Black, red, green, and blue lines correspond to §¢p = 0, %n,
mw,and — %n, respectively. Solid (dashed) line represents the case for a normal (inverted) mass hierarchy.
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Fig. 7. Oscillation probability of v, — v, as a function of the neutrino energy with a baseline of 295 km.

sin? 2613 = 0.1, 8cp = %n, and normal hierarchy are assumed. The contribution from each term of the

oscillation probability formula is shown separately.

C P violation and mass hierarchy can be further enhanced by combining measurements with different
baselines.

The analysis method is based on a framework developed for the sensitivity study by T2K reported
in Ref. [77]. A binned likelihood analysis based on the reconstructed neutrino energy distribution
is performed using both v, (v.) appearance and v, (v,,) disappearance samples simultaneously. In
addition to sin’ 2013 and écp, sin’ 63 and Am%2 are also included as free parameters in the fit. Table 6
shows the nominal oscillation parameters used in the study presented in this paper, and the treatment
during the fitting. Systematic uncertainties are estimated based on the experience and prospects of
the T2K experiment, and implemented as a covariance matrix that takes into account the correlation
of uncertainties.

An integrated beam power of 7.5MW x 10”s is assumed in this study. It corresponds to
1.56 x 10%2 protons on target with a 30 GeV J-PARC beam. We have studied the sensitivity to C P
violation with various assumptions of neutrino mode and anti-neutrino mode beam running time ratio
for both normal and inverted mass hierarchy cases. The dependence of the sensitivity on the v:V ratio
is found to be not significant between v:v = 1:1 to 1:5. In this paper, the v:V ratio is set to be 1:3
so that the expected number of events is approximately the same for the neutrino and anti-neutrino
modes.
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Table 6. Oscillation parameters used for the sensitivity analy-
sis and treatment in the fitting. The nominal values are used for
the figures and numbers in this section, unless otherwise stated.

Parameter Nominal value Treatment
sin® 263 0.10 Fitted
1) cpP 0 Fitted
sin’ 63 0.50 Fitted
Am3, 2.4 x 1073 eV? Fitted
Mass hierarchy Normal or Inverted Fixed
sin® 26, 0.8704 Fixed
Am3, 7.6 x 1073 eV? Fixed
Hyper-K Flux for Neutrino Mode Hyper-K Flux for Anti-neutrino Mode
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Fig. 8. The predicted Hyper-K neutrino fluxes from the J-PARC beam without oscillations. The neutrino
enhanced beam is shown on the left and the anti-neutrino enhanced beam is shown on the right.

4.2. Neutrino flux

The neutrino flux is estimated by the T2K Collaboration [78] by simulating the J-PARC neutrino
beamline while tuning the modeling of hadronic interactions using data from NA61/SHINE [79,
80] and other experiments measuring hadronic interactions on nuclei. To date, NA61/SHINE has
provided measurements of pion and kaon production multiplicities for proton interactions on a 0.04
interaction length graphite target, as well as the inelastic cross section for protons on carbon. Since
“thin" target data are used, the secondary interactions of hadrons inside and outside the target are
modeled using other data or scaling the NA61/SHINE data to different center-of-mass energies or
target nuclei. NA61/SHINE also took data with a replica of the 90 cm-long T2K target, which will
reduce the uncertainties related to the secondary interactions inside the target.

For the studies presented in this document, the T2K flux simulation has been used with the horn
currents raised from 250 kA to 320kA. The flux is estimated for both polarities of the horn fields,
corresponding to neutrino enhanced and anti-neutrino enhanced fluxes. The calculated fluxes at
Hyper-K, without oscillations, are shown in Fig. 8.

The sources of uncertainty in the T2K flux calculation include:

o Uncertainties on the primary production of pions and kaons in proton-on-carbon collisions.

o Uncertainties on the secondary hadronic interactions of particles in the target or beamline
materials after the initial hadronic scatter.

o Uncertainties on the properties of the proton beam incident on the target, including the absolute
current and the beam profile.
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Fig. 9. The predicted uncertainty on the neutrino flux calculation assuming that replica target hadron
production data are available.

o Uncertainties on the alignment of beamline components, including the target and magnetic
horns.

o Uncertainties on the modeling of the horn fields, including the absolute field strength and
asymmetries in the field.

The uncertainties on the hadronic interaction modeling are the largest contribution to the flux uncer-
tainty and may be reduced by using the hadron production data with a replica of the T2K target.
A preliminary analysis using a subset of the replica target data from NA61/SHINE has shown that
it can be used to predict the T2K flux [81]. Since it is expected that replica target data will be
available for future long-baseline neutrino experiments, the Hyper-K flux uncertainty is estimated
assuming the expected uncertainties on the measurement of particle multiplicities from the replica
target. Hence, uncertainties related to the modeling of hadronic interactions inside the target are no
longer relevant; however, uncertainties for interactions outside the target are considered. The uncer-
tainties on the measured replica target multiplicities are estimated by applying the same uncertainties
that NA61/SHINE has reported for the thin target multiplicity measurements.

The total uncertainties on the flux as a function of the neutrino energy are shown in Fig. 9. In oscil-
lation measurements, the predicted flux is used in combination with measurements of the neutrino
interaction rate from near detectors. Hence, it is useful to consider the uncertainty on the ratio of the
flux at the far and near detectors:

(12)

SN (Ey) = 8 (¢HK(Ev)> .

oND(E))

Here ¢ppx (E,) and ¢np(E)) are the predicted fluxes at Hyper-K and the near detector, respectively.
T2K uses the ND280 off-axis detector located 280 m from the T2K target. At that distance, the
beamline appears as a line source of neutrinos, compared to a point source seen by Hyper-K, and the
far-to-near ratio is not flat. For near detectors placed further away, at, e.g., 1 or 2 km, the far-to-near
flux ratio becomes flatter and there is better cancellation of the flux uncertainties between the near
and far detectors. Figure 10 shows how the uncertainty on the far-to-near ratio evolves for baselines
of 280m, 1km, and 2 km. While this extrapolation uncertainty is reduced for near detectors further
from the production point, even the 280 m to Hyper-K uncertainty is less than 1% near the flux peak
energy of 600 MeV.
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Fig. 10. The uncertainty on the far-to-near flux ratio for near detectors at 280 m, 1 km, and 2 km. Left: neutrino
enhanced beam. Right: anti-neutrino enhanced beam. Top: the focused component of the beam. Bottom: the
defocused component of the beam.

4.3. Expected observables at Hyper-K

Interactions of neutrinos in the Hyper-K detector are simulated with the NEUT program library
[82—84], which is used in both Super-K and T2K. The response of the detector is simulated using the
Super-K full Monte Carlo simulation based on the GEANT3 package [85]. The simulation is based
on the SK-IV configuration with upgraded electronics and DAQ system. Events are reconstructed
with the Super-K reconstruction software. As described in Sect. 3.3, the performance of the Hyper-
K detector for neutrinos with the J-PARC beam energy is expected to be similar to that of Super-K.
Thus, the Super-K full simulation gives a realistic estimate of the Hyper-K performance.

The criteria for selecting v, and v, candidate events are based on those developed for and estab-
lished with the Super-K and T2K experiments. Fully contained (FC) events with a reconstructed
vertex inside the fiducial volume (FV) and visible energy (Ey;s) greater than 30 MeV are selected
as FCFV neutrino event candidates. In order to enhance charged-current quasi-elastic (CCQE,
v +n— 1"+ porv; + p — [T + n) interaction, a single Cherenkov ring is required.

Assuming a CCQE interaction, the neutrino energy (E[°) is reconstructed from the energy of
the final-state charged lepton (E;) and the angle between the neutrino beam and the charged lepton
directions (6¢) as

2(mn — V)Eg —I—m% — (mn — V)2 — m%

Erec —
2(my — V — E¢ + pgcosby)

v

: (13)

21/35

STOZ ‘vZ feIN Uo (OAMOL 40 AINN) NeBNex B USYOH resnxo e /Bio'sfeulnolpioxo-deidy/:.dny woi) pspeojumoq


http://ptep.oxfordjournals.org/

PTEP 2015, 053C02

K. Abe et al.

Appearance v mode

Appearance V mode

5 350 ? — Total 2 300 — Total
= 3000 — Signal vV, >V, | = TTE — signal v, >V,
3 E —— Signal v, =V, Q 250 — signal V, &7,
E 250 E —— Beam V +V, E E —— Beam ve+Ve
E v 200 — 2
g 2000 — Beam: V,+V, 5 = —— Beam: V,+V,
3 F 3 150
5 150 ? 5 g
@ 100 g 100
i :
5 s0¢ 5 S0
z 0 E i T I < 0 £ 1 —r—t
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 12

Reconstructed Energy E'*° (GeV)

Reconstructed Energy E'*° (GeV)

Fig. 11. Reconstructed neutrino energy distribution of the v, candidate events. Normal mass hierarchy with

sin’ 2013 = 0.1 and 8¢ p = 0 are assumed.

Table 7. The expected number of v, candidate events. Normal mass hierarchy with sin’ 2613 = 0.1 and
3cp = 0 are assumed. Background (BG) is categorized by the flavor before oscillation.

Signal BG

vy—>Vv Vv,—>v. py,CC yp,C »,CC V,CC NC

BG total Total

v mode 3016 28 11 0 503 20 172
v mode 396 2110 4 5 222 396 265

706 3750
891 3397

where m,,, m,, m, are the masses of the neutron, proton, and charged lepton, respectively, py is the

charged lepton momentum, and V is the nuclear potential energy (27 MeV).
Then, to select v, /v, candidate events, the following criteria are applied:

o The reconstructed ring is identified as electron-like (e-like).
o The visible energy (Eyis) is greater than 100 MeV.

o There is no decay electron associated to the event.

o The reconstructed energy (E[°) is less than 1.25 GeV.

o In order to reduce the background from mis-reconstructed 7° events, additional criteria using a

reconstruction algorithm recently developed for T2K (fiTQun; see Sect. 3.3) is applied. With a
selection based on the reconstructed 7° mass and the ratio of the best-fit likelihoods of the 7°
and electron fits as used in T2K [11], the remaining 7° background is reduced to about 30%

compared to the previous study [15].

Figure 11 shows the reconstructed neutrino energy distributions of v, events after all the selections.

The expected number of v, candidate events is shown in Table 7 for each signal and background

component. In the neutrino mode, the dominant background component is intrinsic v, contamina-

tion in the beam. The mis-identified neutral-current 77 production events are suppressed thanks to

the improved 70 rejection. In the anti-neutrino mode, in addition to v, and v, the v, and v, com-

ponents have non-negligible contributions due to larger fluxes and cross sections compared to their

counterparts in the neutrino mode.
For the v, /v,, candidate events, the following criteria are applied:

o The reconstructed ring is identified as muon-like (u-like).
o The reconstructed muon momentum is greater than 200 MeV/c.
o There is at most one decay electron associated to the event.
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Fig. 12. Reconstructed neutrino energy distribution of the v, candidate events.

Table 8. The expected number of v, candidate events.

v, CC v, CC v, CC v, CC NC vy = Ve Total
v mode 17225 1088 11 1 999 49 19372
v mode 10066 15597 7 7 1281 6 26964

Figure 12 shows the reconstructed neutrino energy distributions of the selected v, /v, events. Table 8
shows the number of v, candidate events for each signal and background component. For the neutrino
mode, most of the events are due to v, while in the anti-neutrino mode the contribution from wrong-
sign v, components is significant.

The reconstructed neutrino energy distributions of v, events for several values of §¢ p are shown
in the top plots of Fig. 13. The effect of 8¢ p is clearly seen using the reconstructed neutrino energy.
The bottom plots show the differences in reconstructed energy spectra from §¢cp = 0° for the cases
8 =90°, —90°, and 180°. The error bars correspond to the statistical uncertainty. By using not only
the total number of events but also the reconstructed energy distribution, the sensitivity to §¢ p can be
improved, and one can discriminate all the values of §¢ p, including the difference between dcp = 0
and 7. Figure 14 shows the reconstructed neutrino energy distributions of the v, sample for several
values of 8¢ p. As expected, the difference is very small for v, events.

4.4. Analysis method

The sensitivity of a long-baseline experiment using Hyper-K and the J-PARC neutrino beam is
studied using a binned likelihood analysis based on the reconstructed neutrino energy distribu-
tion. Both v, appearance and v, disappearance samples, in both neutrino and anti-neutrino runs,
are simultaneously fitted.

The x? used in this study is defined as

x>=-2InL+ P, (14)
where In £ is the log likelihood of a Poisson distribution,

—2mL =" = M+ )+ N [NE L+ ] (15)
k

Here, N{™ (N**!) is the number of events in the kth reconstructed energy bin for the true (test) oscil-
lation parameters. The index k runs over all reconstructed energy bins for muon and electron neutrino
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Fig. 13. Top: Reconstructed neutrino energy distribution for several values of 8¢p. sin” 26,3 = 0.1 and normal
hierarchy is assumed. Bottom: Differences in the reconstructed neutrino energy distributions from the case
with §cp = 0°. The error bars represent the statistical uncertainties of each bin.
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Fig. 14. Reconstructed neutrino energy distribution of v, candidates for several values of ¢ p.

samples and for neutrino and anti-neutrino mode running. The parameters f; represent systematic
uncertainties. For anti-neutrino mode samples, an additional overall normalization parameter with
6% prior uncertainty is introduced to account for a possible uncertainty in the anti-neutrino interac-
tion, which is less known experimentally in this energy region. This additional uncertainty is expected
to decrease as we accumulate and analyze more anti-neutrino data in T2K, but we conservatively
assign the current estimate for this study. A normalization weight (1 + frg)rm) is multiplied to N;**
in the anti-neutrino mode samples.

The penalty term P in Eq. (14) constrains the systematic parameters f; with the normalized
covariance matrix C:

P = Zf,-(c—l)l.’jfj. (16)
L
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In order to reduce the number of the systematic parameters, several reconstructed energy bins that
have similar covariance values are merged for f;.

The size of the systematic uncertainty is evaluated based on the experience and prospects of the
T2K experiment, as it provides the most realistic estimate as the baseline. We estimate the sys-
tematic uncertainties assuming the T2K neutrino beamline and near detectors, taking into account
improvements expected with future T2K running and analysis improvements. For Hyper-K, a further
reduction of systematic uncertainties will be possible with upgrade of the beamline and near detec-
tors, improvements in detector calibration and analysis techniques, and improved understanding of
neutrino interaction with more measurements. In particular, as described in Sect. 3.2, studies of near
detectors are ongoing with a goal of further reducing systematic uncertainties. The sensitivity update
is expected in the near future as the near-detector design studies advance.

There are three main categories of systematic uncertainties. We assume improvement from the
current T2K uncertainties for each category as follows.

i) Flux and cross-section uncertainties constrained by the fit to current near-detector data: These
arise from systematics of the near detectors. The understanding of the detector will improve
in the future, but this category of uncertainties is conservatively assumed to stay at the same
level as currently estimated.

ii) Cross-section uncertainties that are not constrained by the fit to current near-detector data:
Errors in this category will be reduced as more categories of samples are added to the near-
detector data fit, which constrains the cross-section models. We assume that the uncertainties
arising from different target nuclei between the near and far detectors will become negligible
by including the measurement with the water target in the near detector.

iii) Uncertainties on the far-detector efficiency and reconstruction modeling: Because most of
them are estimated by using atmospheric neutrinos as a control sample, errors in this category
are expected to decrease with the statistics available with Hyper-K, which is more than an order
of magnitude larger than that currently used for T2K. Uncertainties arising from the energy
scale are kept the same because they are not estimated by the atmospheric neutrino sample.

The flux and cross-section uncertainties are assumed to be uncorrelated between the neutrino and
anti-neutrino running, except for the uncertainty in the v, /v, cross-section ratio, which is treated
as anti-correlated considering the theoretical uncertainties studied in Ref. [86]. Because some of
the uncertainties, such as those from the cross-section modeling or near-detector systematics, are
expected to be correlated and give more of a constraint, this is a conservative assumption. The far-
detector uncertainty is treated as fully correlated between the neutrino and anti-neutrino running.

Figures 15 and 16 show the fractional systematic uncertainties for the appearance and disap-
pearance reconstructed energy spectra in neutrino and anti-neutrino mode, respectively. Black lines
represent the prior uncertainties and bin widths of the systematic parameters f;, while colored lines
show the contribution from each uncertainty source. Figure 17 shows the correlation matrix of the
systematic uncertainties between the reconstructed neutrino energy bins of the four samples. The
systematic uncertainties (in %) of the number of expected events at the far detector are summarized
in Table 9.

4.5. Expected sensitivity to CP violation

Figure 18 shows the 90% CL allowed regions on the sin? 2013—6¢ p plane. The results for the true val-
uesofdcp = ( —90°, 0, 90°, 1800) are overlaid. The top (bottom) plot shows the case for the normal
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Fig. 15. Fractional error size for the appearance (left) and disappearance (right) samples in the neutrino mode.
Black: total uncertainty, red: flux and cross section constrained by the near detector, magenta: near-detector
non-constrained cross section, blue: far-detector error.
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Fig. 16. Fractional error size for the appearance (left) and disappearance (right) samples in the anti-neu-
trino mode. Black: total uncertainty, red: flux and cross section constrained by the near detector, magenta:
near-detector non-constrained cross section, blue: far-detector error.
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Fig. 17. Correlation matrix between reconstructed energy bins of the four samples due to the systematic
uncertainties. Bins 1-8, 9-20, 21-28, and 2940 correspond to the neutrino-mode single-ring e-like, the neutri-
no-mode single-ring p-like, the anti-neutrino-mode single-ring e-like, and the anti-neutrino-mode single-ring
u-like samples, respectively.
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Table 9. Uncertainties (in %) for the expected number of events at Hyper-K from the systematic
uncertainties assumed in this study. ND: near detector.

Flux & ND-constrained =~ ND-independent

cross section cross section Far detector ~ Total

vmode  Appearance 3.0 1.2 0.7 33
Disappearance 2.8 1.5 1.0 33
vmode  Appearance 5.6 2.0 1.7 6.2
Disappearance 42 1.4 1.1 4.5
e} F L B S 55~ B B LR
’;.f 1505_ Normal mass hierarchy
3; 1001 3
o r ]
=S E
0F & E
= —— Hyper-K 3
_1005 @ —— Hyper-K + reactor J
-150F =
P BRI S et o NN BRI PR B
0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
sin221913
- c —
L — —
E" 1505 Inverted mass hierarchy 3
E 100F =
& E ]
< s0f E
0 <o ;
o = Hyper-K 7
-100 - @ —— Hyper-K + reactor
-150 =
E. . 1m0 d
0.04  0.06 0.08 0.1 0.12 0.14  0.16 0.18
sin’26,,

Fig. 18. The 90% CL allowed regions in the sin’ 260,3—8¢cp plane. The results for the true values of
dcp = (—90°, 0,90°, 180°) are overlaid. Top: normal hierarchy case. Bottom: inverted hierarchy case. Red
(blue) lines show the result with Hyper-K only (with a sin® 26,3 constraint from reactor experiments).

(inverted) mass hierarchy. Also shown are the allowed regions when we include a constraint from
the reactor experiments, sin? 2613 = 0.100 = 0.005. With reactor constraints, although the contour
becomes narrower in the direction of sin” 26,3, the sensitivity to §c p does not significantly change
because §¢ p is constrained by the comparison of neutrino and anti-neutrino oscillation probabilities
by Hyper-K and not limited by the uncertainty of 6;3.

Figure 19 shows the expected significance to exclude sin §cp = 0 (the C P conserved case). The
significance is calculated as \/TXZ, where A x2 is the difference in x2 for the frial value of ¢ p
and for cp = 0° or 180° (the smaller value of difference is taken). We have also studied the case
with a reactor constraint, but the result changes only slightly. Figure 20 shows the fraction of 6¢ p for
which sin §¢ p = 0 is excluded with more than 3 o and 5 o significance as a function of the integrated
beam power. The ratio of integrated beam power for the neutrino and anti-neutrino modes is fixed to
1:3. Normal mass hierarchy is assumed. The results for the inverted hierarchy are almost the same.
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Fig. 19. Expected significance to exclude sin §¢p = 0. Top: normal hierarchy case. Bottom: inverted hierarchy

case.
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Fig. 20. Fraction of §¢p for which sindcp = 0 can be excluded with more than 3 ¢ (red) and 5o (blue)
significance as a function of the integrated beam power for the normal hierarchy case. The ratio of the neutrino

and anti-neutrino modes is fixed to 1:3.

C P violation in the lepton sector can be observed with more than 3(5) o significance for 76(58)%

of the possible values of §cp.

Figure 21 shows the 68% CL uncertainty of §¢ p as a function of the integrated beam power. With
7.5MW x 107 s of exposure (1.56 x 10?2 protons on target), the value of ¢ p can be determined to

better than 19° for all values of ¢ p.
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Fig. 21. Expected 68% CL uncertainty of ¢ p as a function of integrated beam power.
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Fig. 22. Fraction of §¢p for which sindcp = 0 can be excluded with more than 3 o (red) and 5o (blue)
significance as a function of the true value of sin’ 6,3, for the normal hierarchy case. Vertical dashed lines
indicate 90% confidence intervals of sin” 6,3 from the T2K measurement in 2014 [38].
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Fig. 23. The 90% CL allowed regions in the sin? 9237Am§2 plane. The true values are sin® 6,3 = 0.5 and
Am3, = 2.4 x 1073 eV? (red point). The effect of systematic uncertainties is included. The red (blue) line
corresponds to the result with Hyper-K alone (with a reactor constraint on sin® 26;3). The dotted line is the
90% CL contour from the T2K experiment [38] with the best-fit values indicated by a black point.

As a nominal value, we use sin” 6»3 = 0.5, but the sensitivity to C P violation depends on the value
of 6>3. Figure 22 shows the fraction of §¢p for which sin§cp = 0 is excluded with more than 3 o
and 5 o significance as a function of the true value of sin” 63 with the current best knowledge of the
possible sin” 623 range from the T2K Collaboration [38].
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Fig. 24. 90% CL allowed regions in the sin?6,3~Am3, plane. The true values are sin®6; = 0.45 and
Am3, = 2.4 x 1073 eV?. The effect of systematic uncertainties is included. Top: Hyper-K only. Bottom: With
a reactor constraint.

Table 10. Expected 1o uncertainty of Am%2 and sin® 6,3 for true sin’ 6,3 = 0.45, 0.50, 0.55. A reactor
constraint on sin® 26,3 = 0.1 % 0.005 is imposed. NH: normal hierarchy, IH: inverted hierarchy.

0.45 0.50 0.55

True sin’ 63

Parameter Am3, (eV?) sin? 63 Am2, (eV?) sin? 63 Am3, (eV?) sin? 03
NH 1.4 x 1073 0.006 1.4 x 1073 0.015 1.5 x 1073 0.009
H 1.5 x 1073 0.006 1.4 x 1073 0.015 1.5 x 1073 0.009

4.6. Sensitivity to Am%2 and sin® 653

The result shown above is obtained with sin® 6,3 and Am%2 as free parameters as well as sin® 20,3
and éc p, with nominal parameters shown in Table 6. The use of the v, sample in addition to v,
enables us to also precisely measure sin” 623 and Am%z. Figure 23 shows the 90% CL allowed
regions for the true value of sin® 63 = 0.5 together with the 90% CL contour by the T2K v, dis-
appearance measurement [38]. Hyper-K will be able to provide a precise measurement of sin” 623
and Am%z. Figure 24 shows the 90% CL allowed regions on the sin? 923—Am%2 plane, for the true
values of sin’ 6r3 = 0.45 and Am%2 = 2.4 x 1073 eV2. For the determination of 63, a v, disappear-

ance measurement provides a precise measurement of sin? 26,3. However, when 63 £ %

, there are
two possible solutions (623 and 7 — 6,3), which give the same sin” 26>3. This is known as the octant
degeneracy. As seen from Eq. (7), the v, appearance measurement can determine sin? 6,3 sin” 26;3.

In addition, the reactor experiments provide an almost pure measurement of sin’ 2013. Thus, the
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Fig. 25. Atmospheric neutrino sensitivities for a 10 yr exposure of Hyper-K assuming that the mass hierarchy
is normal. Top: the A x? discrimination of the wrong hierarchy hypothesis as a function of the assumed true
value of sin’63. Bottom: the discrimination between the wrong octant for each value of $in%6y3. The uncertainty
from 8¢ p is represented by the thickness of the band. Vertical dashed lines indicate 90% confidence intervals
of sin” 63 from the T2K measurement in 2014 [38].

combination of these complementary measurements is known to be able to resolve this degeneracy
if 623 is sufficiently away from 7 [87-89]. As shown in Fig. 24, with a constraint on sin® 26,3 from
the reactor experiments, Hyper-K measurements can resolve the octant degeneracy and precisely
determine sin® 6r3.

The expected precision of Am%2 and sin® 6»3 for true sin? 6>3 = 0.45, 0.50, 0.55 with a reactor
constraint on sin? 2013 is summarized in Table 10.

4.7.  Combination with atmospheric neutrino data

Atmospheric neutrinos can provide independent and complementary information to the accelerator
beam program on the study of neutrino oscillation. For example, through the matter effect inside the
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Fig. 26. Combination of the accelerator and atmospheric data. Top: Expected A x? values for accelerator and
atmospheric neutrino measurements assuming that the mass hierarchy is unknown. The true mass hierarchy is
normal hierarchy and the true value of 6¢p = 0. Bottom: By combining the two measurements, the sensitivity
can be enhanced. In this example study, A x? is simply added.

Earth, a large-statistics sample of atmospheric neutrinos by Hyper-K will have a good sensitivity to
the mass hierarchy and 6,3 octant.

Assuming a 10 yr exposure, Hyper-K’s sensitivity to the mass hierarchy and the octant of 6,3 by
atmospheric neutrino data are shown in Fig. 25. Depending on the true value of 6,3, the sensitivity
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changes considerably, but for all currently allowed values of this parameter the mass hierarchy sen-
sitivity exceeds 3 o independent of the assumed hierarchy. If 6,3 is non-maximal, the atmospheric
neutrino data can be used to discriminate the octant at 3 o if sin? 63 < 0.46 or sin? 6r3 > 0.56.

In the previous sections, the mass hierarchy is assumed to be known prior to the Hyper-K mea-
surements. This is a reasonable assumption considering the increased opportunities, thanks to a large
value of 63, of ongoing and proposed projects for mass hierarchy determination. However, even if the
mass hierarchy is unknown before the start of experiment, Hyper-K itself will be able to determine
it with the atmospheric neutrino measurements.

Because Hyper-K will observe both accelerator and atmospheric neutrinos with the same detector,
the physics capability of the project can be enhanced by combining two complementary measure-
ments. As a demonstration of such a capability, a study has been done by simply adding A x? from
two measurements, although in a real experiment a more sophisticated analysis is expected. Assum-
ing the true mass hierarchy of normal hierarchy and the true value of §¢c p = 0, the values of expected
Ax? as a function of 8¢ p for each of the accelerator and atmospheric neutrino measurements, with-
out assumption of prior mass hierarchy knowledge, are shown in the top plot of Fig. 26. For the
accelerator neutrino measurement, there is a second minimum near §¢c p = 150° because of a degen-
eracy with mass hierarchy assumptions. On the other hand, the atmospheric neutrino measurement
can discriminate the mass hierarchy, but the sensitivity to the C P-violating phase éc p is worse than
the accelerator measurement. By adding the information from both measurements, as shown in the
bottom plot of Fig. 26, the fake solution can be eliminated and a precise measurement of §cp will
be possible.

5. Conclusion

The sensitivity to leptonic C P asymmetry of a long-baseline experiment using a neutrino beam
directed from J-PARC to the Hyper-Kamiokande detector has been studied based on a full simulation
of beamline and detector. With an integrated beam power of 7.5 MW x 10 s, the value of §cp can
be determined to better than 19° for all values of §¢ p, and C P violation in the lepton sector can be
observed with more than 3 o (5 o) significance for 76% (58%) of the possible values of ¢ p.

Using both v, appearance and v,, disappearance data, a precise measurement of sin® 63 will be
possible. The expected 1 o uncertainty is 0.015(0.006) for sin® 023 = 0.5(0.45).

Acknowledgements

This work was supported by a MEXT Grant-in-Aid for Scientific Research on Innovative Areas Number
25105004, titled “Unification and Development of the Neutrino Science Frontier.” In addition, the partici-
pation of individual researchers has been further supported by funds from JSPS, Japan; the European Union
ERC-207282, H2020 RISE-GA644294-JENNIFER, and H2020 RISE-GA641540-SKPLUS; RSE, RFBR, and
MES, Russia; and JSPS and RFBR under the Japan—Russia Research Cooperative Program.

Funding
Open Access funding: SCOAP3.

References
[1] Y. Fukuda et al., Phys. Rev. Lett. 81, 1562 (1998).
[2] P. Minkowski, Phys. Lett. B 67, 421 (1977).
[3] M. Gell-Mann, P. Ramond, and R. Slansky, Conf. Proc. C790927, 315 (1979).
[4] T. Yanagida, Conf. Proc. C7902131, 95 (1979).

33/35

STOZ ‘vZ feIN U0 (OAMOL 40 AINN) NEBNex B USXYOH esnxo e /Bio'sfeulnolpioxo-deidy/:.dny woi) pepeojumod


http://dx.doi.org/10.1103/PhysRevLett.81.1562
http://dx.doi.org/10.1016/0370-2693(77)90435-X
http://ptep.oxfordjournals.org/

PTEP 2015, 053C02 K. Abe et al.

[5]

[6]

[7]

(8]

[%]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
(23]
[24]
[25]
[26]
[27]
(28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]

[53]

[55]
[56]

R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980).

M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 (1986).

M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652 (1973).

S. Fukuda et al., Phys. Rev. Lett. 86, 5656 (2001).

Q. R. Ahmad et al., Phys. Rev. Lett. 87, 071301 (2001).

K. Abe et al., Phys. Rev. Lett. 107, 041801 (2011).

K. Abe et al., Phys. Rev. Lett. 112, 061802 (2014).

F. P. An et al., Phys. Rev. Lett. 112, 061801 (2014).

Y. Abe et al., Phys. Lett. B 735, 51 (2014).

J. K. Ahn et al., Phys. Rev. Lett. 108, 191802 (2012).

K. Abe et al., [arXiv:1109.3262] [Search INSPIRE].

Z. Maki, M. Nakagawa, and S. Sakata, Prog. Theor. Phys. 28, 870 (1962).

B. Pontecorvo, Sov. Phys. JETP 26, 984 (1968).

K. A. Olive et al., Chin. Phys. C 38, 090001 (2014).

J. Schechter and J. W. F. Valle, Phys. Rev. D 22, 2227 (1980).

S. M. Bilenky, J. Hosek, and S. T. Petcov, Phys. Lett. B 94, 495 (1980).

M. Doi, T. Kotani, H. Nishiura, K. Okuda, and E. Takasugi, Phys. Lett. B 102, 323 (1981).
V. D. Barger, K. Whisnant, and R. J. N. Phillips, Phys. Rev. Lett. 45, 2084 (1980).

S. Pakvasa, AIP Conf. Proc. 68, 1164 (1980).

C. Jarlskog, Phys. Rev. Lett. 55, 1039 (1985).

F. Capozzi et al., Phys. Rev. D 89, 093018 (2014).

S. Pascoli, S. T. Petcov, and A. Riotto, Phys. Rev. D 75, 083511 (2007).

S. Pascoli, S. T. Petcov, and A. Riotto, Nucl. Phys. B 774, 1 (2007).

Q. R. Ahmad et al., Phys. Rev. Lett. 89, 011301 (2002).

K. Abe et al., Phys. Rev. D 83, 052010 (2011).

K. Eguchi et al., Phys. Rev. Lett. 90, 021802 (2003).

T. Araki et al., Phys. Rev. Lett. 94, 081801 (2005).

S. Abe et al., Phys. Rev. Lett. 100, 221803 (2008).

Y. Ashie et al., Phys. Rev. D 71, 112005 (2005).

Y. Ashie et al., Phys. Rev. Lett. 93, 101801 (2004).

M. H. Ahn et al., Phys. Rev. D 74, 072003 (2006).

P. Adamson et al., Phys. Rev. Lett. 106, 181801 (2011).

K. Abe et al., Phys. Rev. D 85, 031103 (2012).

K. Abe et al., Phys. Rev. Lett. 112, 181801 (2014).

P. Adamson et al., Phys. Rev. Lett. 107, 181802 (2011).

K. Abe et al., Phys. Rev. D 88, 032002 (2013).

Y. Abe et al., Phys. Rev. Lett. 108, 131801 (2012).

F. P. An et al., Phys. Rev. Lett. 108, 171803 (2012).

J. Arafune, M. Koike, and J. Sato, Phys. Rev. D 56, 3093 (1997).

P. Adamson et al., Phys. Rev. Lett. 112, 191801 (2014).

A. Himmel, AIP Conf. Proc. 1604, 345 (2014).

S. F. King and C. Luhn, Rept. Prog. Phys. 76, 056201 (2013).

C. H. Albright, A. Dueck, and W. Rodejohann, Eur. Phys. J. C 70, 1099 (2010).

G. Altarelli and F. Feruglio, Rev. Mod. Phys. 82, 2701 (2010).

H. Ishimori et al., Prog. Theor. Phys. Suppl. 183, 1 (2010).

C. H. Albright and M. C. Chen, Phys. Rev. D 74, 113006 (2006).

R. N. Mohapatra and A. Y. Smirnov, Ann. Rev. Nucl. Part. Sci. 56, 569 (2006).

Y. Yamazaki et al., Accelerator technical design report for J-PARC (2003), KEK-REPORT-2002-13,
JAERI-TECH-2003-044, J-PARC-03-01.

T. Koseki, J-PARC Accelerator —status, capacity and future plan— (July 2014), Talk presented at the
2nd international symposium on science at J-PARC (J-PARC 2014), Tsukuba, Japan.
S. Igarashi, H. Harada, H. Hotchi, T. Koseki, and Y. Sato, Accelerator Concepts for the Beam Power of
Multi MW with J-PARC MR (July 2014), Talk presented at the 2nd international symposium on
science at J-PARC (J-PARC 2014), Tsukuba, Japan.

K. Abe et al., Nucl. Instrum. Meth. A 659, 106 (2011).

T. Sekiguchi, Prog. Theor. Exp. Phys. 2012, 02B005 (2012).

34/35

STOZ ‘vZ feIN U0 (OAMOL 40 AINN) NEBNex B USXYOH esnxo e /Bio'sfeulnolpioxo-deidy/:.dny woi) pepeojumod


http://dx.doi.org/10.1103/PhysRevLett.44.912
http://dx.doi.org/10.1016/0370-2693(86)91126-3
http://dx.doi.org/10.1143/PTP.49.652
http://dx.doi.org/10.1103/PhysRevLett.86.5656
http://dx.doi.org/10.1103/PhysRevLett.87.071301
http://dx.doi.org/10.1103/PhysRevLett.107.041801
http://dx.doi.org/10.1103/PhysRevLett.112.061802
http://dx.doi.org/10.1103/PhysRevLett.112.061801
http://dx.doi.org/10.1016/j.physletb.2014.04.045
http://dx.doi.org/10.1103/PhysRevLett.108.191802
http://arxiv.org/abs//1109.3262
http://inspirehep.net/search?p=find+EPRINT+arXiv:1109.3262
http://dx.doi.org/10.1143/PTP.28.870
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1103/PhysRevD.22.2227
http://dx.doi.org/10.1016/0370-2693(80)90927-2
http://dx.doi.org/10.1016/0370-2693(81)90627-4
http://dx.doi.org/10.1103/PhysRevLett.45.2084
http://dx.doi.org/10.1103/PhysRevLett.55.1039
http://dx.doi.org/10.1103/PhysRevD.89.093018
http://dx.doi.org/10.1103/PhysRevD.75.083511
http://dx.doi.org/10.1016/j.nuclphysb.2007.02.019
http://dx.doi.org/10.1103/PhysRevLett.89.011301
http://dx.doi.org/10.1103/PhysRevD.83.052010
http://dx.doi.org/10.1103/PhysRevLett.90.021802
http://dx.doi.org/10.1103/PhysRevLett.94.081801
http://dx.doi.org/10.1103/PhysRevLett.100.221803
http://dx.doi.org/10.1103/PhysRevD.71.112005
http://dx.doi.org/10.1103/PhysRevLett.93.101801
http://dx.doi.org/10.1103/PhysRevD.74.072003
http://dx.doi.org/10.1103/PhysRevLett.106.181801
http://dx.doi.org/10.1103/PhysRevD.85.031103
http://dx.doi.org/10.1103/PhysRevLett.112.181801
http://dx.doi.org/10.1103/PhysRevLett.107.181802
http://dx.doi.org/10.1103/PhysRevD.88.032002
http://dx.doi.org/10.1103/PhysRevLett.108.131801
http://dx.doi.org/10.1103/PhysRevLett.108.171803
http://dx.doi.org/10.1103/PhysRevD.56.3093
http://dx.doi.org/10.1103/PhysRevLett.112.191801
http://dx.doi.org/10.1063/1.4883450
http://dx.doi.org/10.1088/0034-4885/76/5/056201
http://dx.doi.org/10.1140/epjc/s10052-010-1492-2
http://dx.doi.org/10.1103/RevModPhys.82.2701
http://dx.doi.org/10.1143/PTPS.183.1
http://dx.doi.org/10.1103/PhysRevD.74.113006
http://dx.doi.org/10.1146/annurev.nucl.56.080805.140534
http://dx.doi.org/10.1016/j.nima.2011.06.067
http://dx.doi.org/10.1093/ptep/pts020
http://ptep.oxfordjournals.org/

PTEP 2015, 053C02 K. Abe et al.

[57] D. Beavis et al., Long Baseline Neutrino Oscillation Experiment at the AGS(Proposal E889), Physics
Design Report, BNL-52459 (1995).

[58] T.Ishida, [arXiv:1411.5540] [Search INSPIRE].

[59] M. Otani et al., Nucl. Instrum. Meth. A 623, 368 (2010).

[60] S. Assylbekov et al., Nucl. Instrum. Meth. A 686, 48 (2012).

[61] N. Abgrall et al., Nucl. Instrum. Meth. A 637, 25 (2011).

[62] P. A. Amaudruz et al., Nucl. Instrum. Meth. A 696, 1 (2012).

[63] D. Allan et al., J. Instrum. 8, P10019 (2013).

[64] S. Aoki et al., Nucl. Instrum. Meth. A 698, 135 (2013).

[65] T2K Collaboration, Physics potential and sensitivities of T2K (2013). (Available at:
http://www.t2k.org/docs/pub/015, date last accessed April 20, 2015) T2K Report to 17th J-PARC PAC,
September 2013.

[66] M. Yeh et al., Nucl. Instrum. Meth. A 660, 51 (2011).

[67] K. Abe et al., 4 letter of intent to extend T2K with a detector 2 km away from the JPARC neutrino source
(2007). (Available at: http://j-parc.jp/researcher/Hadron/en/pac_0707/pdf/2km-loi-final-070628.pdf,
date last accessed April 20, 2015).

[68] A. A. Aguilar-Arevalo et al., Nucl. Instrum. Meth. A 599, 28 (2009).

[69] J. F. Beacom and M. R. Vagins, Phys. Rev. Lett. 93, 171101 (2004).

[70] GitHub repository for WCSim. (Available at: https://github.com/WCSim/WCSim, date last accessed
April 20, 2015).

[71] S. Agostinelli et al., Nucl. Instrum. Meth. A 506, 250 (2003).

[72] J. Allison et al., IEEE Trans. Nucl. Sci. 53, 270 (2006).

[73] R.B. Patterson et al., Nucl. Instrum. Meth. A 608, 206 (2009).

[74] K. Hagiwara, N. Okamura, and K. Senda, J. High Energy Phys. 1109, 082 (2011).

[75] C. Adams et al., [arXiv:1307.7335] [Search INSPIRE].

[76] S.K. Agarwalla et al., [arXiv:1412.0593] [Search INSPIRE].

[77] K. Abe et al., Prog. Theor. Exp. Phys. 2015, 043C01 (2015).

[78] K. Abe et al., Phys. Rev. D 87, 012001 (2013).

[79] N. Abgrall et al., Phys. Rev. C 84, 034604 (2011).

[80] N. Abgrall et al., Phys. Rev. C 85, 035210 (2012).

[81] N. Abgrall et al., Nucl. Instrum. Meth. A 701, 99 (2013).

[82] Y. Hayato, Nucl. Phys. Proc. Suppl. 112, 171 (2002).

[83] G. Mitsuka, AIP Conf. Proc. 967, 208 (2007).

[84] G. Mitsuka, AIP Conf. Proc. 981, 262 (2008).

[85] R. Brun, F. Carminati, and S. Giani: GEANT Detector Description and Simulation Tool,
CERN-W5013 (1994).

[86] M. Day and K. S. McFarland, Phys. Rev. D 86, 053003 (2012).

[87] G.L. Fogli and E. Lisi, Phys. Rev. D 54, 3667 (1996).

[88] H. Minakata, H. Sugiyama, O. Yasuda, K. Inoue, and F. Suekane, Phys. Rev. D 68, 033017 (2003).

[89] K. Hiraide et al., Phys. Rev. D 73, 093008 (2006).

35/35

STOZ ‘vZ feIN U0 (OAMOL 40 AINN) NEBNex B USXYOH esnxo e /Bio'sfeulnolpioxo-deidy/:.dny woi) pepeojumod


http://arxiv.org/abs//1411.5540
http://inspirehep.net/search?p=find+EPRINT+arXiv:1411.5540
http://dx.doi.org/10.1016/j.nima.2010.02.251
http://dx.doi.org/10.1016/j.nima.2012.05.028
http://dx.doi.org/10.1016/j.nima.2011.02.036
http://dx.doi.org/10.1016/j.nima.2012.08.020
http://dx.doi.org/10.1088/1748-0221/8/10/P10019
http://dx.doi.org/10.1016/j.nima.2012.10.001
http://www.t2k.org/docs/pub/015
http://dx.doi.org/10.1016/j.nima.2011.08.040
http://j-parc.jp/researcher/Hadron/en/pac_0707/pdf/2km-loi-final-070628.pdf
http://dx.doi.org/10.1016/j.nima.2008.10.028
http://dx.doi.org/10.1103/PhysRevLett.93.171101
https://github.com/WCSim/WCSim
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1109/TNS.2006.869826
http://dx.doi.org/10.1016/j.nima.2009.06.064
http://dx.doi.org/10.1007/JHEP09(2011)082
http://arxiv.org/abs//1307.7335
http://inspirehep.net/search?p=find+EPRINT+arXiv:1307.7335
http://arxiv.org/abs//1412.0593
http://inspirehep.net/search?p=find+EPRINT+arXiv:1412.0593
http://dx.doi.org/10.1093/ptep/ptv031
http://dx.doi.org/10.1103/PhysRevD.87.012001
http://dx.doi.org/10.1103/PhysRevC.84.034604
http://dx.doi.org/10.1103/PhysRevC.85.035210
http://dx.doi.org/10.1016/j.nima.2012.10.079
http://dx.doi.org/10.1016/S0920-5632(02)01759-0
http://dx.doi.org/10.1063/1.2834480
http://dx.doi.org/10.1063/1.2898954
http://dx.doi.org/10.1103/PhysRevD.86.053003
http://dx.doi.org/10.1103/PhysRevD.54.3667
http://dx.doi.org/10.1103/PhysRevD.68.033017
http://dx.doi.org/10.1103/PhysRevD.73.093008
http://ptep.oxfordjournals.org/

