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Abstract
We investigate prospects of building a future accelerator-based neutrino oscillation experiment
in China, including site selection, beam optimization and tau neutrino physics aspects. CP
violation, non-unitary mixing and non-standard neutrino interactions are discussed. We simulate
neutrino beam setups based on muon and beta decay techniques and compare Chinese laboratory
sites by their expected sensitivities. A case study on the Super Proton–Proton Collider and the
China JinPing Laboratory is also presented. It is shown that the muon-decay-based beam setup
can measure the Dirac CP phase by about 14.2° precision at 1σ CL, whereas non-unitarity can be
probed down to |αij| 0.37 (i≠ j= 1, 2, 3) and non-standard interactions to ∣ ∣ℓℓ

m
¢ 0.11

(ℓ ℓ e¹ ¢ = , μ, τ) at 90% CL, respectively.

Keywords: neutrino oscillation, non-unitary mixing, non-standard interaction
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1. Introduction

The near-future of neutrino oscillation physics will be high-
lighted by precision measurements on the neutrino oscillation
parameters. The missing pieces of the mechanism that governs
the oscillations in the three-neutrino picture will be searched in a
variety of neutrino oscillation experiments. The next generation
of neutrino experiments, including the Jiangmen Underground
Neutrino Observatory (JUNO) [1], Tokai-to-Hyper-Kamiokande
(T2HK) [2] and deep underground neutrino experiment (DUNE)
[3], will look for the remaining unknowns in the Pontecorvo–
Maki–Nakagawa–Sakata (PMNS) matrix [4–8] and squared
differences1. These experiments will furthermore improve
the precision on the individual parameters and provide probes
to new physics2. It is especially important to conduct

measurements on the oscillations involving tau neutrinos in
order to improve the precision of unitarity tests on the PMNS
matrix [16]. Without answers are also the questions of
absolute scale of neutrino masses and whether neutrinos are
of Dirac or Majorana nature, which are studied in neutrinoless
double beta decay searches and cosmological probes as well
as in direct neutrino mass experiments such as the Karlsruhe
TRItium Neutrino experiment (KATRIN) [17].

China has been a major stage to reactor neutrino physics
for many years. The most notable accomplishments were
achieved in the Daya Bay reactor neutrino experiment, which
contributed to the discovery of the non-zero reactor mixing
angle θ13 [18]. In the next few years, the analysis of the reactor
neutrino data will be continued in JUNO, with the main goal
set in determining the neutrino mass ordering by at least 3σ
confidence level (CL) [1] within 6 years of data. At the same
time, the discovery of dark matter is being sought in the China
JinPing Laboratory (CJPL) [19] with PandaX [20] and CDEX
[21]. There are also a number of accelerator laboratories being
constructed in China, which offer an opportunity to consider an
accelerator-based experimental neutrino program. One pro-
mising example is the proposal of Muon-decay MEdium-
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baseline neutrino facility (MOMENT) [22], which presents a
novel concept of producing a high-intensity low-energy neu-
trino beam using muon decay as their source. The physics case
of MOMENT has been established in both the CP-violation
searches and in precision measurements of the standard neu-
trino oscillation parameters as well as in the searches for new
physics [23–29]. On the other end of the national research
planning in China are the next-generation collider experiments
of the Circular Electron–Positron Collider (CEPC) and its high-
energy upgrade Super Proton–Proton Collider (SPPC) [30–32].

We investigate the prospects of building a future accel-
erator-based neutrino oscillation experiment in China. In this
physics-driven study, we discuss the possibilities of the Chi-
nese landscape to study neutrino oscillations in a long-baseline
experiment. The neutrino detector, for example, could be
placed in an underground laboratory such as JUNO or CJPL.
The neutrino beamline on the other hand could be built in an
existing accelerator laboratory such as the China Spallation
Neutron Source (CSNS) [33] and China initiative for Accel-
erator Driven System (CiADS) [34], or in a planned facility
such as the one at the Institute of Modern Physics of the
Chinese Academy of Sciences (CAS-IMP) [35] or at the Proton
Linear Accelerator Institute in Nanjing University [36].
Another interesting option is to build a neutrino beam facility at
the SPPC accelerator complex, where the proton beam required
for neutrino production could be diverted from one of the
accelerator rings in the injector chain. In the present work, we
briefly review the available locations for the accelerator and
detector facilities and analyse their location-based physics
prospects in establishing the conservation or violation of the
CP symmetry, determining the value of the Dirac CP phase as
well as other standard oscillation parameters, and running
precision tests on Standard Model by searching for signs of
non-standard interactions and non-unitary neutrino mixing. We
study the experiment sensitivities for the available baselines by
simulating a hypothetical accelerator neutrino experiment with
GLoBES [37, 38]. In this regard, we consider two neutrino
beam techniques, where neutrino production is driven by either
muon decay or beta decay. We also present a case study on a
specific configuration where an accelerator neutrino facility
based on muon-decay-based neutrino production [39–43] is
established at the SPPC injector chain whereas neutrino
detector similar to magnetized iron and emulsion chamber
technologies is constructed at CPJL site, introducing a baseline
length of 1736 km. Noting also the prospects of studying tau
neutrinos in long-baseline neutrino experiments [12, 44–46],
we place emphasis on ντ appearance. We call this setup
PRecisiOn Measurements and Physics with Tau neutrinos
(PROMPT) and investigate its prospects as a future accelerator
neutrino experiment.

The article is organized as follows: we define the physics
scenarios to be considered in this work in section 2. In
section 3, we present an overview on several accelerator and
underground laboratories in China. In section 4 we discuss the
potential experiment setups that can be established in the
considered research infrastructure. We then compare their
physics prospects in section 5. We summarize our findings in
section 6.

2. Review of theoretical formalism

In this section, we briefly examine the theoretical formalism
for neutrino oscillations relevant for long-baseline experi-
ments. We begin with the standard scenario with the PMNS
matrix and Mikheyev–Smirnov–Wolfenstein (MSW) effect in
section 2.1, extend the discussion to non-unitary mixing in
section 2.2 and non-standard interactions in section 2.3.

2.1. The standard paradigm

In the standard parameterization of neutrino oscillations, the
mixing between the three active neutrinos νe, νμ and ντ is
described by the PMNS matrix [4–8], which is a unitary 3× 3
matrix that decomposes into three parts:
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where s sinij ijq= and c cosij ijq= are defined by the mixing
angles θ12, θ13 and θ23, and δCP is the Dirac CP phase. In
addition to the PMNS matrix, the oscillation probabilities
depend on the three neutrino mass states m1, m2 and
m3, which can be arranged in either normal ordering,
m3>m2>m1, or inverted ordering, m2> m1>m3. The
oscillation frequencies are defined by the mass-square dif-
ferences m m m21

2
2
2

1
2D º - and m m m31

2
3
2

1
2D º - . Toge-

ther these parameters are known as the standard oscillation
parameters.

Neutrino oscillations become subject to matter effects
when neutrinos traverse in a medium. This phenomenon is
known as the MSW effect [47, 48]. The effective Hamiltonian
responsible for the neutrino propagation in matter can be
written as:
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where Eν is the neutrino energy, U is the PMNS matrix and
ACC is the charged current matter potential arising from
exchanges of W bosons with the medium. For neutrinos, the
matter potential is defined as A G N2CC F e= , with GF

denoting the Fermi constant and Ne the electron number
density in the medium. For antineutrinos, the matter potential
is obtained from the transformation ACC→−ACC.
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The oscillation probabilities can be calculated from the
effective Hamiltonian (2.2) as ∣ ∣P eℓ

HL
ℓ

i
ℓ ℓ

n n= á ñn n ¢
-

¢ . In the
leading order, when sin 13q and m m21

2
31
2a = D D are taken to

be small, neutrino oscillations corresponding to νe→ νμ and
νe→ ντ channels can be approximated with [44]:
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where the superscript SO stands for standard oscillations,
Â A mCC 31

2= D , L m E431
2D = D n , and L denotes the dis-

tance neutrinos have traversed. As one can see from the
analytic expressions presented in equations (2.3) and (2.4),
the appearance channels corresponding to νe→ νμ and
νe→ ντ oscillations are both sensitive to the standard oscil-
lation parameters θ23, δCP as well as m31

2D .

2.2. Oscillations with a non-unitary mixing matrix

As the existence of the neutrino oscillations itself is a direct
evidence of physics beyond the Standard Model, it is
worthwhile to consider whether there could be non-standard
physics present in the neutrino mixing itself. One popular
form of new physics manifests itself as non-unitarity in the
neutrino mixing matrix, as is the case with theoretical models
featuring Type-I and Type-III Seesaw mechanism [49].

When one studies a model where the neutrino mixing
matrix might not be unitary, the mixing between the active
and sterile states can be presented in the block form [50]:

( ) ( )N V
S T

, 2.5=

where  is the unitary 3+ n× 3+ n matrix describing the
mixing between the three active neutrinos and n sterile neu-
trinos. The mixing between the active states is described by
N, whereas active-sterile, sterile-active and sterile-sterile
mixing are represented by V, S and T, respectively. In this
particular scenario the matrix N may not necessarily be uni-
tary, which has several implications on the fit values of the
standard oscillation parameters in the global neutrino oscil-
lation data. In absence of νμ→ ντ oscillations in the con-
ventional superbeam experiments, for example, the matrix
element |Uτ3|

2 is only present as a sub-leading term in
νμ→ νμ oscillations, whereas the information on |Uτ1|

2 and
|Uτ2|

2 is lost in such scenario. One therefore needs either
excellent statistics from the νμ→ νμ channel or access to

νμ→ ντ channel to recover the sensitivities to |Uτ1|, |Uτ2| and
|Uτ3| in presence of non-unitary mixing.

Non-unitary mixing can also affect neutrino propagation in
matter. The non-unitarity of N alters the effective Hamiltonian
describing three-neutrino oscillations, where the neutral currents
can no longer be ignored:
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Here ANC corresponds to the matter potential arising from neu-
tral current interactions. The neutrino oscillation probabilities are
hence computed from ∣ ∣ ∣ ∣P eℓ

HL
ℓ

i 2
ℓ ℓ

n n= á ñn n ¢
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¢ where H
respects equation (2.6).

There are multiple ways to parameterize the non-unitarity
of the mixing between the three active neutrinos. The
corresponding non-unitary matrix N can be decomposed into
unitary and non-unitary parts [51, 52]:
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where α11, α22 and α33 are real parameters and retain values
close to unity, while the off-diagonal parameters α21, α31 and
α32 are small and may attain complex values3. Note that
UPMNS stands for the PMNS matrix. Present constraints on
the non-unitarity parameters can be found in [52, 53], for
example.

Non-unitarity of neutrino mixing can be tested in accel-
erator neutrino experiments with various oscillation channels.
The implications of non-unitarity parameters in neutrino
oscillation probabilities have been discussed extensively in
the literature, see e.g. [54–59]. The probability for the muon
neutrino disappearance channel νμ→ νμ is known to have
sensitivity to parameters α22, α21 and α32, whereas the
probability for νe→ νe is mainly affected by α11. The prob-
abilities associated with the appearance channels νe→ νμ and
νe→ ντ on the other hand can be used to probe the third row
parameters α31 and α33.

The analytic expressions to the oscillation probabilities
P

en n m and P
en n t can be derived in the same manner as

what is done in the case of standard oscillations in
section 2.1. Expanding P

en n m and P
en n t in powers of α and

sin 13q in presence of non-unitary mixing gives rise to the

3 Parameters αij (i, j = 1, 2, 3) can also be expressed in terms of matrix
elements: ∣ ∣1ii k ki

1

2
2a = - å  and *ij k ik jka = å   . Here k runs over the

matrix elements which are not included in N.
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following expressions:
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where PSO
en n m

and PSO
en n t

denote the standard oscillation
probabilities in the corresponding channels. The analytic
expressions given in equations (2.8) and (2.9) present the
oscillation probabilities under non-unitary neutrino mixing up
to first order of α. The expressions show that the probabilities
are driven by parameters 31a and 33a . It is noteworthy that the
second and third term in PNU

en n m
have opposite signs, whereas

the corresponding terms in PNU
en n t

have the same sign.
Depending on the values of CPd and 31j this structure could
lead to cancellations in one oscillation channel and
enhancements in the other. One can therefore expect com-
plementarity from the two appearance channels.

2.3. Non-standard neutrino interactions

In addition to the standard precision tests on three-neutrino
mixing, future neutrino experiments are also able to look for
new physics in neutrino interactions. In the quantum
mechanical description of neutrino oscillations, this form of
new physics is typically described with the non-standard
interaction (NSI) parameters, which parameterize new inter-
actions in terms of the Fermi coupling constant GF. The
incoherent production and detection of neutrinos give rise to
NSI in the source and detection, which are expressed by the
source and detection NSI parameters ℓℓ

s
¢ and ℓℓ

d
¢ , where ℓ,

ℓ e¢ = , μ and τ stand for the neutrino flavour [60–62]:
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where the diagonal elements of the òm matrix are real, whereas
the off-diagonal parameters can be complex numbers. The
probability for a neutrino of flavour ℓto oscillate into a neutrino
of flavour ℓ¢ is then given by ∣ ∣ ∣ ∣P eℓℓ ℓ

d HL
ℓ
si 2n n= á ñ¢ ¢

- .
Source and detection NSI parameters are strictly con-

strained by experimental data from short-baseline experi-
ments [63], whereas bounds on matter NSI parameters are
relatively large [64]. Future experiments with long baseline
lengths are most suitable to study NSI effects in neutrino
propagation. Especially tau neutrino physics is known to be
beneficial in the measurement of ℓℓ

m
¢ parameters in the third

row of equation (2.11) [40, 44].
The phenomenological consequences of the NSI para-

meters have been discussed in the literature, see e.g.
[44, 53, 55, 65]. The oscillation probabilities in νe→ νμ and
νe→ ντ channels can be expressed with the following ana-
lytical expressions [44]:
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where the probabilities have been expressed up to the first
order of α. We have neglected the NSI parameters corresp-
onding to the source and detection processes, as the present
constraints to both ò s and ò d are more than an order of
magnitude lower than the ones associated with matter NSI
effects [64]. As one can see, the appearance probabilities
PNSI

en n m
and PNSI

en n t
are influenced by the matter NSI para-

meter e
m
t .

It is interesting to note that the oscillation probabilities
derived for the matter NSI case are similar to the ones that
were obtained for non-unitary neutrino mixing. A comparison
between equations (2.12) and (2.13) and equations (2.8) and
(2.9) shows that ∣ ∣e

m
t makes a stronger contribution to the

appearance probabilities in νe→ νμ and νe→ ντ channels
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than |α31|, as the leading terms in the corresponding prob-
abilities are different by a factor of 2. It can therefore be
expected that experiments with sensitivities to channels
νe→ νμ and νe→ ντ can lead to more stringent bounds on the
NSI parameter e

m
t than on the non-unitarity parameter α31.

We finally note that long-baseline neutrino experiments
can display significant sensitivities to new physics such as
non-unitary mixing and non-standard interactions with matter.
As we have shown in this section, the oscillation probabilities
that are relevant for long baseline lengths can be used to
probe non-unitarity and NSI parameters. It has furthermore
been shown in the literacy that near detectors can also be very
sensitive to such effects via the zero-distance effect [57, 66].
Future studies are needed to understand the full interplay of
the near and far detectors.

3. Overview of the accelerator and underground
laboratories in China

There are a number of large-scale experimental research
laboratories that are currently underway in China. In this
section, we present a survey on seven notable laboratories that
could be considered as candidates for a neutrino source or
detector site.

3.1. Accelerator laboratories

At the moment, there are five different laboratories and
institutes with the capability to host a proton accelerator
center. Three of them, CSNS, CiADS and CAS-IMP, are
already in operation and underway to reach their full poten-
tial. Two other laboratories, Nanjing University and SPPC,
are going through the planning phase.

3.1.1. CSNS. China Spallation Neutrino Source (CSNS) is an
accelerator-based neutron source commissioned to conduct
experiments with neutrons [33]. It is one of the largest on-
ground research facilities in China and its primary purpose is to
develop novel methods for material characterization using
neutron scattering techniques. CSNS is stationed in Dongguan,
Guangdong, and includes linear proton accelerator, rapid circling
synchrotron and a target station with three neutron instruments.
The accelerator facility in CSNS is home to a 1.6 GeV proton
driver with 100 kW beam power in its first stage (CSNSI), which
will be upgraded to 500 kW for its second stage (CSNS II). The
CSNS accelerator facility has ultimately the prospects to reach
4MW beam power and 128GeV proton energy, when a post-
acceleration system is added (CSNS+). In addition to its primary
goal of serving neutron science, the CSNS accelerator laboratory
also provides opportunities to conduct fundamental research.
Applications to use the post-accelerated protons of the CSNS+
phase have been studied in a neutrino superbeam experiment
[67]. In such case, extracting only roughly 10% of the CSNS
protons from the neutron source would allow to generate 4MW
proton beam of 128GeV energy, which could be used to produce
neutrinos via pion decay. It is also possible to consider further

prospects in producing neutrinos via muon beams, with the
Experimental Muon Source (EMuS) currently in place in CSNS.

CSNS could make an attractive location for a future
accelerator neutrino facility, with its location of 162 km from
JUNO and 1329 km from CJPL. It could therefore be used in
medium-baseline oscillation experiments as well as in long-
baseline neutrino experiments.

3.1.2. CiADS. China initiative for Accelerator Driven System
(CiADS) is a strategic plan to solve the nuclear waste and
resource problems concerning the future nuclear power industry
in China [34]. The initiative entails a long-term experimental
program where an accelerator-driven sub-critical demonstration
facility is built and operated over a staged 20-year plan. The first
stage of the program involving a proton beam of 100 kW power
and 1.5 GeV energy is presently operational. The facility
delivers a 10mA beam and runs entirely continuous-wave
mode. The second stage, where the system is to be upgraded to
500 kW beam power, is already funded. At the end of its
program, the facility is expected to reach proton beam energies
as high as 15MW in continuous-wave mode. The technology
developed in the CiADS program and even the facility itself can
also be used in a neutrino physics program. The idea of building
a neutrino experiment has previously been reported in the
MOMENT proposal [22].

CiADS is located in the city of Huizhou in Guangdong,
approximately 221 km from the JUNO detector site and
1389 km from CJPL. Whereas the distance to JUNO is suitable
for a low-energy neutrino beam facility like MOMENT, the
longer baseline involved in the CJPL site could be used to
study higher neutrino energies, including the beam energies
that are currently being planned for DUNE.

3.1.3. CAS-IMP. Institute of Modern Physics of the Chinese
Academy of Sciences (CAS-IMP) is a major research institute
located in the city of Lanzhou in central China. The institute was
founded in 1957 and it has developed into the most important
Chinese research center focusing on heavy ion physics. The
institute has a long-running tradition in accelerator physics,
employing many experts in heavy ion physics while operating
the Heavy Ion Research Facility in Lanzhou [35]. CAS-IMP is
also in charge of establishing the next major Chinese heavy ion
physics laboratory High Intensity Heavy-ion Accelerator [68] in
the southern province of Guangdong, not far from the CiADS
laboratory. Whereas the accelerator facility in Lanzhou is able to
propel ions up to 1GeV, the accelerator in Huizhou operates
with proton energies up to 800MeV.

The CAS-IMP site in Lanzhou is located approximately
894 km from CJPL and 1759 km from JUNO, making it a
viable candidate for long-baseline neutrino oscillation
physics. In this work, we consider CAS-IMP in Lanzhou as
one of the potential sites for an accelerator neutrino facility in
a future experiment.

3.1.4. Nanjing. Nanjing University is one of the major public
universities in China. Several years ago, the university initiated
a new technology development program in the field of
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high-energy charged particle beam applications and fundamental
sciences [36]. A key part of the program is the Proton Linear
Accelerator Institute where plans to build a high-current proton
linear accelerator were recently unveiled. The proton accelerator
will serve for a variety of purposes, ranging from radio-isotopes
and medical applications to nuclear physics and material
sciences. The original plan for the accelerator aims at energy
range of [10, 1000]MeV with a 26mA current. The operation
module may be chosen from either the continuous-wave or
pulsed beam technique, with operation frequencies of 403MHz
and 806MHz. In future upgrades the accelerator laboratory
could potentially host additional programs dedicated to
fundamental sciences.

The Proton Linear Accelerator Institute of Nanjing
University is suitable for an accelerator neutrino facility in a
long-baseline oscillation experiment, being located roughly
1261 km from JUNO and 1693 km from CJPL.

3.1.5. SPPC. Super Proton–Proton Collider (SPPC) is a
future high-energy collider and the second stage of Circular
Electron–Positron Collider (CEPC) currently in planning in
China [31, 32]. The experimental program of SPPC includes
the measurements on the Higgs couplings, with an aim to
measure several rare decay processes and probing the Higgs
self-coupling and Htt coupling. Knowledge on these coupling
strengths is considered to be crucial in understanding the form
of the Higgs potential, and a direct measurement on the HHH
coupling could help to understand whether the electroweak
phase transition is of the first order or second order.

The SPPC complex consists of a large collider ring of
100 km circumference, with two interaction points and a
nominal luminosity of 1.0× 1035 cm−2 s−1 in each. The collider
is expected to reach 75 TeV center of mass energy in its initial
stage, with a prospect to ultimately reach 125–150 TeV. 4 SPPC
also includes a four-stage injector chain, which comprises a
proton linac and three synchrotron rings. The injector chain
delivers 2.1 TeV proton beam to the SPPC ring. The duty
cycle of the injector chain also allows to consider non-collider
physics programs, with the potential to divert high-energy
protons at 3.2MW average beam power [31].

In the present work, we investigate the feasibility of
realizing a future neutrino source in the SPPC accelerator facility
near Beijing. The neutrino source would be located about
1736 km from CJPL and 1871 km from JUNO, respectively.

3.2. Underground laboratories

There are presently two major underground laboratories in
China. While CJPL is already in place and ready for exten-
sions, the civil construction in JUNO is underway.

3.2.1. CJPL. China JinPing Laboratory (CJPL) is one of the
two underground laboratories currently in operation in China,
built under the Jinping mountain in Sichuan. Located more

than 2400 meters underground, CJPL is currently the deepest
underground laboratory in the world. It has relatively low
cosmic muon flux and muon-induced background. The
laboratory is also far from the major nuclear power plants,
giving it low reactor neutrino background. CJPL is therefore
an optimal location to study the physics of solar neutrinos,
dark matter and supernova neutrinos. The laboratory currently
hosts two dark matter experiments, PandaX and CDEX, and
there are aspirations to build a neutrino detector to study low-
energy neutrinos of solar and astrophysical origin [70].

3.2.2. JUNO. Jiangmen Underground Neutrino Observatory
(JUNO) is a reactor neutrino experiment designed to study
reactor neutrinos from the Taishan and Yangjiang nuclear power
plants in the province of Guangdong in China. The main goal of
JUNO is to determine the neutrino mass ordering by at least 3σ
CL. The experiment hosts an underground laboratory located
53 km from both Taishan and Yangjiang. The civil construction
began in 2015 and the experiment is expected to be operational
in 20235. The laboratory provides the facilities for a highly
transparent liquid scintillator detector of 20 kton fiducial mass
and it is planned to be operational for 20 years. The central
detector filled with liquid scintillator in JUNO is located
underground, surrounded by a water pool as a Cherenkov
detector and covered by the plastic scintillator as a top tracker.
This leads to the relatively low backgrounds from cosmic ray
muons and makes JUNO suitable for low-energy neutrino
physics.

Choosing location for accelerator and detector facilities

The compatibility of the source and detector locations can be
evaluated with the position on the oscillation maximum.
Oscillation maximum defines the neutrino energy for which
the conversion ℓ ℓn n ¢, ℓ ℓ¹ ¢ occurs at its local maximum.
Focusing the neutrino beam on one or more oscillation
maxima is therefore preferred in an oscillation experiment. In
accelerator neutrino experiments with medium and long
baseline lengths, the oscillations in the channels νμ→ νe,
νe→ νμ and νμ→ ντ reach their maximum when the fol-
lowing condition is satisfied:

( ) · ( )L m

E

n

4

2 1

2
, 3.131

2 pD
=

+
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where n= 0 for the first maximum and n= 1 for the second
maximum6. Using the geographical locations of the labora-
tories discussed in this section, we present the baseline
lengths as well as the approximate neutrino energies for the
first and second oscillation maxima in table 1. The available
baseline lengths are calculated from the geographical

4 High-luminosity upgrades and non-collider physics can also be considered
for SPPC. In a recent study [69], for example, the SPPC accelerator was
studied as a host for a lepton-proton collider.

5 Owing to several setbacks, it is not yet known when JUNO will begin to
take data.
6 It should be noted that equation (3.1) defines oscillation maximum for

m31
2D -driven neutrino oscillations. In a similar manner, one may derive the

relation for m21
2D -driven oscillation mode. An important yet largely

unexplored topic is the interference of m21
2D and m31

2D -driven frequencies
in neutrino oscillation experiments and their effect on the oscillation
maximum.
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coordinates and range from 162 to 1871 km. In the following
sections, we investigate physics prospects of the laboratory
combinations mentioned in this section.7

It is now appropriate to comment on the timelines that
have been expected for the various accelerator and detector
programs discussed in this section. CSNS concluded its
Phase-I installation in 2018 and the very early user instru-
ments were finished in early 2021. CiADS began its first two
stages in 2011 and 2016 respectively, whereas the third stage
is expected to begin operations in 2030. SPPC will follow
after CEPC, which in turn is projected to start taking data in
2034–2036. At the same time, JUNO and CJPL can be
expected to be available for upgrades after about 2030s, when
the present experimental programs have been completed. The
schedules of the potential CAS-IMP and Nanjing University
are still unclear. It could be, therefore, predicted that any
future accelerator neutrino program could take place after the
present accelerator programs are complete in 2040–2060.

4. Description of the experimental configuration

In order to understand which of the available experimental
sites provide favourable conditions for a future accelerator-
based neutrino oscillation experiment, we perform a simula-
tion study of hypothetical neutrino oscillation experiment
utilizing muon-decay and beta beam technologies. In this
section, we define the key parameters of the experimental
configurations that are considered in our study. The general
setup for the simulated neutrino experiment is discussed in
section 4.1. Methods for the statistical analysis are summar-
ized in section 4.2.

4.1. General configuration for an accelerator neutrino
experiment in China

As the numerical part of this work, we investigate the prospects
of the neutrino experiment configurations that could be estab-
lished using accelerator and underground laboratories in China.
In this subsection, we briefly review the available neutrino beam
and detector options which could be considered for such a

neutrino oscillation experiment. We furthermore discuss what
could be a concrete proposal for a future accelerator-based
neutrino oscillation experiment based in China.

Accelerator neutrino experiments operating over long
baseline lengths can be divided into three stages: neutrino
production, propagation and detection. Each of these stages
play an important role in determining the success of any
future experiment. The neutrino production method could be
based on the pion decay-in-flight, muon decay-in-flight or ion
decay-in-flight neutrino beam technologies [71]. Neutrino
detectors on the other hand could be constructed using any of
the presently established technologies, which include Water
Cherenkov (W.C.), Magnetized Iron (M.I.) and Liquid Scin-
tillator (L.Sc.) neutrino detector concepts. Hybrid detectors
combining one or more detection methods could also be
considered. Successful examples of neutrino detectors utiliz-
ing the aforementioned techniques are found in NO ν A [72],
T2K [73] and MINOS [74]. There are also new types of
detector technologies currently under investigation, the most
notably example being the liquid argon time projection
chamber (LArTPC) [75] currently being developed for DUNE
[76]. Emerging neutrino detector technologies are also under
active R&D in various collaborations, including projects such
as the W.C. and L.Sc. hybrid THEIA [77] and opaque
detector concept LiquidO [78]. As the potential accelerator
neutrino oscillation experiment in China would presumably
take place in the not-so-near future, any of the beam and
detector technologies mentioned above could be considered
for its experimental setup.

One of the key questions in the development of future
neutrino detectors is their capability to detect tau neutrinos.
Tau neutrino appearance channels such as νμ→ ντ and
νe→ ντ are reported to have a notable potential to increase the
sensitivity to many physics-driven goals, such as the precision
measurements on standard oscillation parameters, testing
unitarity of PMNS matrix as well as searching non-standard
effects in neutrino interactions [46]. Prospects of using ντ
events to improve prospects to new physics have previously
been studied in experiments like OPERA [45] and DUNE
[12, 46]. The main challenges related to ντ detection are the
relatively high threshold, around 3.5 GeV, as well as short τ
lifetime. Successful tau neutrino detection furthermore
requires advances in detector technology, as hadronic decays
of τ can easily dilute the sensitivity to tau neutrinos. If these
challenges can be addressed, the inclusion of the silver

Table 1. The distances between the planned and existing accelerator and underground laboratories in China. Geographical coordinates with
latitude and longitude in degrees are provided in parentheses. Also provided are the approximate energies for the first and second oscillation
maxima, assuming m31

2D ; 2.517× 10−3 eV2.

JUNO (22.12°, 112.51°) CJPL (28.15°, 101.71°)

Accelerator facility Baseline 1st maximum 2nd maximum Baseline 1st maximum 2nd maximum

CAS-IMP (36.05°, 103.68°) 1759 km 3.6 GeV 1.2 GeV 894 km 1.8 GeV 600 MeV
CiADS (23.08°, 114.40°) 221 km 450 MeV 150 MeV 1389 km 2.8 GeV 940 MeV
CSNS (23.05°, 113.73°) 162 km 330 MeV 110 MeV 1329 km 2.7 GeV 900 MeV
Nanjing (32.05°, 118.78°) 1261 km 2.6 GeV 850 MeV 1693 km 3.4 GeV 1.1 GeV
SPPC (39.93°, 116.40°) 1871 km 3.8 GeV 1.3 GeV 1736 km 3.5 GeV 1.2 GeV

7 Two proposals for accelerator facilities have already been produced. Post-
accelerated protons from CSNS [67] and CiADS-type accelerator [22] have
been considered as potential neutrino sources utilizing pion and muon
decays, respectively.
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channel νe→ ντ could lead to significant improvements in the
sensitivity to new physics in neutrino experiments driven by
muon decay [44]. The prospects of studying silver channel in
beta beam experiments on the other hand have not yet been
studied in detail.

In the present work, we consider the accelerator neutrino
beams based on the muon decay-in-flight and beta beam
techniques for the future accelerator neutrino experiment.
Neutrino beams generated by muon decay have been inves-
tigated in great detail in previous studies. The most general
study on the prospects and limits of beam technologies based
on high-energy muon decay are presented in the International
Scope Study for the Neutrino Factory (ISS-NF) [42, 43].
Similar setups with lower muon beam energies have pre-
viously been considered for shorter baselines in ν STORM
and MOMENT proposals [22, 79]. Accelerator neutrino
experiments using beta beam technique is a less investigated
option due to their relatively high cost. In beta beams, neu-
trino beams of electron flavour are produced via beta decays
of charged ions. This production mechanism is well-known
and it is able to produce a very clean neutrino beam with low
beam-related backgrounds. Using beta beams in neutrino
oscillation experiments have previously been discussed in
[80–82]. In this work, we study the physics potential of a
neutrino beam driven by beta decays of accelerated 6He and
18Ne isotopes. In contrast to previous studies on beta beam,
we also include tau neutrino appearance in the beta beam
option.

The most favourable neutrino detector technology for a
neutrino beam based on decay-in-flight muons is deemed to
be M.I. detector, which provides excellent prospects to study
νe→ νμ and ¯ ēn nm oscillations [39–41]. Such detector setup
is often studied together with an emulsion cloud chamber (E.
C.C.) detector, which provides the ability to reconstruct tau
neutrinos from νe→ ντ oscillations [44]. Beta beams on the
other hand have mainly been studied in large W.C. and L.Sc.
detectors, though other technologies can also be considered as

well. In the present work, we assume the M.I. and E.C.C.
hybrid detector in the muon beam option and L.Sc. detector in
the beta beam option, respectively.

In China, a promising location for a future neutrino beam
facility is the injector chain of the SPPC accelerator complex
[31], which is illustrated in figure 1. In the SPPC injector,
protons are at first accelerated to 1.2 GeV energy in p-Linac
and continue their way to p-RCS and MSS beamlines8 at
10 GeV and 180 GeV proton energies, respectively. The final
stage before injecting to SPPC is the SS accelerator ring,
where the protons reach 2.1 TeV energy. A neutrino beam
facility could be built either adjacent to p-RCS or MSS rings,
which both could divert a 3.2 MW proton beam for a non-
collider physics program such as neutrino beams [31]. Once
the collider begins taking data, it will remain operational for
at least 10 years. The p-RCS and MSS rings could also be
used for non-collider physics several years prior to the launch
of the collider program [31]. This gives an opportunity to
consider various configurations for a potential neutrino beam.

In this work, we divide the physics-driven study of a
future accelerator experiment into two parts. In the first part,
we discuss the suitability of the experimental sites described
in this work in the muon beam and beta beam configurations.
In the second part, we demonstrate the physics potential of an
SPPC-based neutrino beamline in such experiment. As the
scope of this study is focused on the precision measurement
of standard oscillation parameters and physics with tau neu-
trinos, we call this SPPC-based configuration PROMPT
(PRecisiOn Measurements and Physics with Tau neutrinos),
for which we adopt a neutrino detector based at CJPL. This
gives rise to a baseline length of 1736 km.

Figure 1. A schematic illustration of the SPPC injector chain complemented with a neutrino production beamline. The injector chain consists
of four stages, three of which could be used for proton extraction for a neutrino beam. The accelerated proton energies at the end of each stage
is 1.2 GeV, 10 GeV, 180 GeV and 2.1 TeV, respectively. The MSS ring appears the most suitable for a neutrino program with its 180 GeV
proton beam energy and opportunity to divert 3.2 MW to non-collider programs.

8 The individual parts of SPPC injector are named as follows: proton linac
(p-Linac), rapid cycling synchrotron (p-RCS), medium-stage synchrotron
(MSS) and final stage synchrotron (SS) [32]. The option to use p-RCS and
MSS in neutrino beams is first mentioned in [83].
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The simulation study is carried out with General Long-
Baseline Experiment Simulator [37, 38] and its New Physics
package [84]. We begin this study by analysing the prospects
of all available baseline setups while considering muon
energies between 15 and 50 GeV, which have previously been
considered in e.g. [85–87]. We test the available beam con-
figurations for Eμ= 15, 25 and 50 GeV. As for the neutrino
detector, we adopt the M.I. and E.C.C. hybrid detector setup
assuming 50 kton fiducial mass and 10 years of data taking.
The operational time is divided evenly between the positively
and negatively charged muon modes. We also study the beta
beam option with ion acceleration factors γ= 200, 500 and
1000. Neutrino detector of L.Sc. technology and 50 kton
fiducial mass are chosen for this option. The key details
regarding the simulated configurations are summarized for the
muon and beta beam options in table 2.

The channel compositions of the considered neutrino
beam setups are shown in table 3. In the muon beam option,
signal events in the appearance channels consist of neutrinos
undergoing charged current (CC) interactions in the gold
channels νe→ νμ and ¯ ¯en n m or the silver channel νe→ ντ.
The efficiencies for these channels are 45%, 35% and 9.6%,
respectively. Main backgrounds to the gold channels are the
neutral currents (NC) and charge mis-identifications (mis-id.),
where acceptance rates are taken to be 5× 10−6 for each. The
silver channel on the other hand acquires backgrounds from a
number of CC and NC channels, the largest component being
CC events from ¯ ¯n nm t with 0.1% acceptance. The dis-
appearance channels νμ→ νμ and ¯ ¯n nm m are analysed while
no charge-identification is assumed9, increasing the efficiency
to 90% in both channels. Disappearance channels gain
backgrounds from νμ and n̄m NC events at 10−5 rate. In the
beta beam option, signal events consist of νe→ νμ, ¯ ¯en n m
and νe→ ντ CC events as well as νe→ νe and ¯ ¯e en n CC
events. The efficiencies for νμ, n̄m and ντ events in the
appearance channels are 80%, 20% and 3.56%, respectively.
The efficiencies for νe and ēn in the disappearance channels

are both 20%. The main backgrounds to the beta beam option
are NC events, which are treated with 0.1% acceptance rate.

4.2. Simulation methods

In this subsection, we describe the numerical methods used in
the analysis of the simulated neutrino oscillation data. The
simulated data is analysed with the following χ2 function:
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where Oi and Ti are the number of simulated events for the
reference and test data in ith energy bin, computed from the
true and test values respectively. The systematic uncertainties
are taken into account with the pull method [88] by using the
pull parameters ζsg and ζbg, which describe the systematic
uncertainties in the signal and background events. The sys-
tematic uncertainties are uncorrelated between the oscillation
channels. In the muon beam option, the systematic uncer-
tainty treatment is as follows: muon appearance channels
νe→ νμ and ¯ ¯en n m are characterised with 2.5% normal-
ization uncertainty on the signal events, whereas 15%
uncertainty is assumed for the tau neutrino appearance signal
νe→ ντ. An overall 20% uncertainty is adopted for the ana-
lysis of background events. In the analysis of the beta beam
facility, a uniform 2.5% normalization uncertainty is imposed
on the signal events and 5% on the background events. Tau
neutrino appearance is treated with 2.5% signal and 20%
background uncertainties in the beta beam option.

In the analysis of the simulated data, we make use of the
neutrino oscillation data that has been obtained in previous
experiments. We adopt priors from the global three-neutrino
best-fit values presented by the NuFit group [89]. The approx-
imate values for the central values and relative errors at 1σ and
3σ confidence levels (CL) are shown in table 4. In our analysis,
we adopt the prior values as Gaussian distributions defined by
the central values and 1σ CL errors as given in the table.
Without loss of generality, we carry out our analysis assuming
normally ordered neutrino masses, that is, m3?m2>m1.

The simulated data is analysed in the CP violation search,
precision measurements of θ23, δCP and m31

2D as well as
sensitivities to non-unitarity parameters αij and NSI para-
meters ℓℓ

m
¢ . Standard oscillation probabilities are calculated

numerically with GLoBES, while the non-unitarity and NSI
effects are evaluated with self-developed probability code and
New Physics package, respectively. It is also useful to com-
pare the expected prospects in PROMPT and other simulated
configurations with those of T2HK and DUNE. For this
reason, we simulate DUNE and T2HK by following config-
urations and techniques described in [10, 91].

5. Physics prospects

In this section, we present the numerical result of this work.
We begin this study in section 5.1 by calculating the potential

Table 2. Benchmark details of the simulated neutrino oscillation
experiments. The studied configuration consists of the muon and
beta beam options, where useful parent decays are reported for
muons and 6He (18Ne) ions and energy resolution for νe/¯en (νμ/n̄m)
candidates.

Parameter Muon beam Beta beam

Production method Muon decay-in-flight Ion decay-in-flight
Detection method Hybrid detector Liquid scintillator
Useful parent
decays

2.5× 1020 year−1 2.2(5.8) × 1018

year−1

Detector mass 50 kton 50 kton
Detection threshold 1 GeV 0.5 GeV
Energy resolution 15%(15%)/Eν 6%(5%)/ En

Energy bins 45 20
Running time 5+ 5 years 5+ 5 years

9 An alternative to the joint analysis is to introduce charge identification. In
such case, efficiencies to νμ and n̄m events drop to 45% and 35%, respectively.
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to discover CP violation and measure the standard oscillation
parameters θ23, δCP and m31

2D . The muon and beta beam
options are simulated with various baseline lengths and
neutrino beam properties. We also examine the prospects to
study non-unitarity in neutrino mixing and non-standard
neutrino interactions. The study is continued in section 5.2
where projections are presented for the PROMPT setup.

5.1. Optimization of the neutrino beam and baseline length

The accelerator and detector laboratories discussed in this
work give access to a variety of baseline lengths between
162 km and 1871 km. In order to determine the most suitable
beam properties, we simulate the muon beam option with
three different muon beam energies Eμ= 15 GeV, 25 GeV
and 50 GeV. The beta beam option is correspondingly studied
with three different ion acceleration factors γ= 200, 500
and 1000.

In figure 2, the expected sensitivities to CP violation (top
left), δCP precision (top right), θ23 precision (bottom left) and

m31
2D precision (bottom right) are shown as function of baseline

length within [200, 2000] km range. In the CP violation panel,
the discovery potential is expressed as a fraction of theoretically

allowed δCP values for which discovery could be reached by at
least 3σ CL. In the δCP, θ23 and m31

2D precision panels, the
achievable uncertainty for each parameter is presented at 1σ CL.
The expected sensitivities to each observable is presented with
black curves for muon beam option and with red curves for the
beta beam option, respectively. The baseline length that corre-
spond to the various accelerator-detector laboratory pairs repre-
sented by the vertical dashed lines. The laboratory pairs can be
divided into two groups, which are indicated by the shaded
rectangles. The medium-baseline group at the center of the
parameter space covers the laboratory pairs with baseline lengths
894 km...1389 km. This region contains four configurations:
CAS-IMP→CJPL, Nanjing→ JUNO CSNS→CJPL and
CiADS→CJPL. The long-baseline group on the other
hand consists of laboratory pairs with baseline lengths
1693 km...1814 km. The long-baseline region includes config-
urations Nanjing→CJPL, SPPC→CJPL, CAS-IMP→ JUNO
and SPPC→ JUNO respectively.

The sensitivities shown in figure 2 suggest that the beta
beam option is generally more sensitive to CP violation and
the relative precision on δCP than the muon beam option. The
muon beam option on the other hand performs better with the
precision measurements of θ23 and m31

2D . Regarding the
considered baseline lengths, the interesting region is where
the turning point occurs. After the turning point, any incre-
ment in baseline length leads to insignificant improvements or
even decrease in the expected sensitivity. For the muon beam
option, the turning point is located within the long-baseline
group in the CP violation panel and within the medium-
baseline group in the precision measurement panels. For the
beta beam option, the turning point occurs at baseline lengths
much shorter than the medium-baseline and long-baseline
groups. We found no notable contribution from the tau neu-
trino appearance channel in the sensitivities. If one considers
baseline lengths in the medium-baseline group, a muon beam
of either 15 GeV or 25 GeV and a beta beam of γ= 500 or
1000 yield the best sensitivities.

Table 3. The full composition of the signal and background channels considered in the two neutrino beam options described in this work. The
simulated configurations for the muon and beta beam options are adapted from the experimental setups described in [39–41] and [80–82],
respectively. Note that no charge identification is assumed in disappearance channels in the muon beam option.

Appearance channels Muon beam option

Signal: νe → νμ Background: n̄m NC and ¯ ¯n nm m mis-id.

¯ ¯en n m n̄m NC and νμ → νμ mis-id.
νe → ντ νe → νe, νe → νμ, ¯ ¯n nm m,

¯ ¯n nm t , n̄m NC and νe NC

Disappearance channels Muon beam option
Signal: ¯ ¯n nm m and νe → νμ Background: n̄m NC

νμ → νμ and ¯ ¯en n m νμ NC
Appearance channels Beta beam option
Signal: νe → νμ Background: νe NC

¯ ¯en n m ¯en NC
νe → ντ νe NC

Disappearance channels Beta beam option
Signal: νe → νe Background: νe NC

¯ ¯e en n ¯en NC

Table 4. The best-fit values of the standard oscillation parameters
presented with 1σ and 3σ CL relative errors [89, 90]. The values are
shown for normal mass ordering.

Parameter
Central
value

Relative
error (1σ)

Relative
error (3σ)

θ12 (°) 33.4 2.3% 13.7%
θ13 (°) 8.6 1.4% 8.5%
θ23 (°) 49.2 2.1% 25.3%
δCP (°) 197.0 12.9% unconstrained

m21
2D (10−5 eV2) 7.4 2.8% 16.4%

m31
2D (10−3 eV2) 2.5 1.1% 6.5%
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The enhanced precision on the standard oscillation para-
meters also gives an opportunity to test unitarity of the PMNS
mixing matrix. In this work, we parameterize deviations from
unitarity paradigm with parameters αij (i, j= 1, 2, 3) introduced
in section 2.2. In the experiment configurations considered in
this work, the constraints on the magnitudes of off-diagonal
parameters α21, α31 and α32 are presented in figure 3. In each
panel, the sensitivity to each parameter is shown while keeping
other non-unitarity parameters fixed at the value that corresponds
to the unitarity paradigm. The results are shown at 90% CL. The
sensitivities obtained in this method show good prospects to
study non-unitarity in the medium-baseline and long-baseline
groups. In the muon beam option, the turning point occurs at
baseline lengths around 500 km for parameters α21 and α31,

whereas for parameter α32 the turning point is not visible in the
considered parameter space. In the beta beam option, the turning
point is achieved about 700 km...800 km for γ= 200 and
1000 km...1200 km, for γ= 500 and 1000. The highest sensi-
tivities to study non-unitarity parameters are found with the
muon beam option, where laboratory pairs in the long-baseline
group appear to yield the most stringent constraints. Regarding
the effect of tau neutrino appearance, we found modest
improvements in the sensitivities to α31 and α32 in both beam
options.

The final physics topic to be discussed in this work is the
search for non-standard interactions in the neutrino sector. In
the considered experiment configurations, the most relevant
form of neutrino NSI is formed in the propagation. For this

Figure 2. Sensitivities to CP violation and precision on the mixing parameters θ23, m31
2D and δCP in the considered neutrino beam setup with

baseline lengths 100 km...2000 km. Projections are based on experiment setups driven by muon beams (black curves) and beta beams (red
curves). Muon beam energies Eμ = 15, 25, 50 GeV and gamma factors γ= 200, 500, 1000 are shown.
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purpose, we leave out potential neutrino NSI attributed to
the neutrino production and detection processes and focus
on the constraining ability of the matter NSI parameters

∣ ∣eℓℓ
m

ℓℓ
m i ℓℓ

m
= f

¢ ¢
- ¢  where ℓ, ℓ e¢ = , μ and τ. The sensitivities to

the off-diagonal matter NSI parameters e
m
m , e

m
t and m

mt are
calculated assuming only one matter NSI parameter to be
non-zero at a time. Focusing only on the magnitudes of the
matter NSI parameters, we take each parameter to be real. The
sensitivities to ∣ ∣e

m
m , ∣ ∣e

m
t and ∣ ∣m

mt are shown in figure 4. The
turning points in the muon beam configurations occur at
baseline lengths of about 300 km...500 km for ∣ ∣e

m
m and ∣ ∣e

m
t

and at baseline lengths much longer than 2000 km for ∣ ∣m
mt .

This makes the long-baseline group more favourable for
studying the matter NSI parameters. In the beta beam option,
the medium-baseline group is favoured over the long-baseline
group for acceleration factor γ= 200, whereas the long-
baseline group is preferred for γ= 500 and 1000. The most
stringent constraints are achieved with high muon beam
energies and high ion acceleration factors.

We also investigated the effect of the tau neutrino
appearance channel νe→ ντ in the sensitivities to the off-
diagonal matter NSI parameters. We found significant
improvement in the sensitivity to α31 and modest improve-
ment to the sensitivity to α32 in the muon beam option. In the
beta beam option, we found little or no effect arising from the
νe→ ντ channel.

We finally comment on the accelerator-detector labora-
tory pairs investigated in figures 2–4. Basing on the obtained
results, we find the setups both in the medium-baseline and
long-baseline groups able to offer competitive choices for a
future accelerator-based neutrino beam experiment in China.
In the muon beam option, we find the baseline lengths

enclosed in the long-baseline group more sensitive to CP
violation, non-unitarity parameter α32 and matter NSI para-
meter m

mt , whilst the differences between the two baseline
groups are similar for the other parameters. The sensitivity to
non-unitarity and matter NSI parameters increase linearly
along with the muon beam energy. In the beta beam option,
we find a mild preference for the medium-baseline group for
ion acceleration factors γ= 200 and for the long-baseline
group for γ= 500 and 1000. We therefore find the experiment
configurations represented in the long-baseline group suitable
for a balanced physics program. We also analysed sensitiv-
ities in alternative setups where muon beam energies Eμ= 20
and 100 GeV as well as ion acceleration factors γ= 300 and
400 were considered, finding consistent results. Higher values
of Eμ and γ generally lead to higher statistics near the relevant
oscillation maxima, meaning also higher sensitivities to the
oscillation parameters. As one can see from the figures, sta-
tistics plays an important role in the muon beam setup for the
majority of parameters, while a careful selection of muon
beam energy is necessary to achieve the largest fraction of δCP
in CP violation discovery. The beta beam option on the other
hand benefits from higher ion acceleration factors up to about
γ= 500 with all parameters except e

m
m , where γ= 1000

yields a significantly higher sensitivity.

5.2. Sensitivities in PROMPT

We now present a case study on PROMPT, where a high-power
neutrino beam facility based on decay-in-flight muons is pro-
posed to the SPPC injector chain and hybrid detector based on
magnetized iron and emulsion cloud chamber techniques to the
CJPL site. Based on the results obtained in the previous

Figure 3. Sensitivities to the non-unitarity parameters αij (i, j= 1, 2, 3) in the considered neutrino beam setups with baselines between
100 km and 2000 km. Configurations based on muon beam energies Eμ = 5, 25 and 50 GeV are shown with black curves and ion
acceleration factors γ= 200, 500 and 1000 are shown with red curves, respectively.
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subsection, we simulate PROMPT with the muon beam setup of
25GeV parent energy and with the SPPC→CJPL baseline.

5.2.1. Precision measurements on standard oscillation
parameters. We begin by simulating PROMPT in the
standard three-neutrino oscillation picture. Discovery potential
to CP violation and expected precision on parameters δCP, θ23
and m31

2D are presented for the 25 GeV muon beam setup in
figure 5. The top left panel shows the CP violation discovery
potential within theoretically allowed δCP values, whereas other
panels present the absolute precision on parameters δCP (top
right), θ23 (bottom left) and m31

2D (bottom right). In each panel,
sensitivities are shown for DUNE, T2HK and PROMPT
configurations as well as for their combination. We also
display the discovery potentials in the case where the
sensitivity to ντ in PROMPT is either turned off (no ντ) and
when it is significantly increased (high ντ). For the latter, we
adopt a ντ efficiency that differs from the baseline setup by a
factor of 10. Finally, we depict the experimentally allowed
values at 1σ CL from the recent global fit [90]. The currently
allowed values are indicated with the shaded regions, whereas
the vertical grey lines represent the corresponding best-fit values.

As one can see from the obtained results, the sensitivities
obtained for the PROMPT setup are comparable with the
sensitivities projected for the future long-baseline neutrino
experiments T2HK and DUNE. Figure 5 reveals that CP
violation can be discovered in T2HK at 6.2σ CL when the
true value of δCP is 282◦. Similar discovery reach can be
achieved in PROMPT when δCP; 248◦. The lowest sensi-
tivity is obtained in DUNE, where CP violation can be
discovered at about 5.2σ CL when δCP; 97◦. In the precision
measurement of δCP, the most stringent constraints are
achieved in the PROMPT setup, whereas the next-stringent

constraints are obtained for the T2HK and DUNE configura-
tions, respectively. In the PROMPT setup, δCP can be
measured by as low as 14.2◦ uncertainty at 1σ CL, whereas
the corresponding number is 18.3◦ for T2HK and 23.0◦ for
DUNE. In case of θ23, 0.7

◦, 1.0◦ and 1.1◦ uncertainties are
obtained respectively for PROMPT, T2HK and DUNE. For

m31
2D , the precisions are 1.0, 0.4 and 0.9× 10−5 eV2. The

effect of ντ sample in PROMPT is relatively small in all four
panels of figure 5.

The true potential of PROMPT becomes evident when
the PROMPT setup is simulated together with the T2HK and
DUNE configurations. In figure 5, the combined sensitivities
are indicated with the solid red curves. In the precision
measurement of δCP, the combined run of PROMPT, T2HK
and DUNE results in 8.7° precision at 1σ CL.

In summary, we find the sensitivities obtained with the
PROMPT setup very promising for the measurement of the
standard oscillation parameters δCP, θ23 and m31

2D . The most
significant contributions to the sensitivities of the PROMPT
setup are found in the golden channels νe→ νμ and ¯ ¯en n m.
The silver channel νe→ ντ is also found to have a noticeable
effect, although its impact is relatively small.

5.2.2. Non-unitarity of the neutrino mixing matrix. We now
simulate the PROMPT setup in case of non-unitary mixing. We
consider both the off-diagonal parameters α21, α31 and α32 and
the diagonal parameters α11, α22 and α33. The exclusion limits
these parameters are presented for the PROMPT setup in
figure 6. The top row of the panels represents the sensitivities to
the off-diagonal parameters, while the sensitivities to the diagonal
parameters are shown in the bottom row. The sensitivities are
provided for the PROMPT setup both with and without the

Figure 4. Sensitivities to the non-standard interaction parameters ℓℓ
m
¢ , where ℓ, ℓ e¢ = , μ, τ in the neutrino beam setup with baselines between

100 km and 2000 km. Muon beam setups of 15 GeV, 25 GeV and 50 GeV parent energies are shown with black curves and beta beam setups
of 200, 500 and 1000 acceleration factors with red curves, respectively.
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sensitivity to tau neutrino appearance. The corresponding sens-
itivities are also shown for the T2HK and DUNE configurations.

As one can see from figure 6, the most sensitive probes to
the off-diagonal parameters are provided respectively by the
PROMPT, DUNE and T2HK configurations. In case of α21,
the T2HK, DUNE and PROMPT setups result in 0.62, 0.40
and 0.31 upper limits, respectively. In case of α31, the
corresponding sensitivities are 0.62, 0.40 and 0.31, whereas in
case of α32 the sensitivities are 0.29, 0.15 and 0.07.
The contribution from the tau neutrino appearance channel
in the PROMPT setup results in small improvements in the
sensitivities to α31 and α32, where the expected ντ sample
tightens the constraints on |α31| and |α32| near the maximally
CP-violating values j31, j32;± 90°. The sensitivities to the

diagonal parameters show only little difference. For the
diagonal parameters, notable differences between the sensi-
tivities are observed only for α11.

The relatively low contribution from the tau neutrino
appearance channel νe→ ντ can be traced back to the detector
efficiency to tau neutrinos. The present challenges in the
reconstruction of τ− set limit to the ντ statistics that can be
acquired in the neutrino detector. Owing to the lower
efficiency, the sensitivities that can be obtained from the
νe→ ντ channel are comparatively lower than the ones
corresponding to νe→ νμ. For comparison, sensitivities for
the PROMPT setup are also shown without ντ sensitivity as
well as with enhanced ντ sensitivity.

Figure 5. Expected sensitivities to CP violation (top left) and precision on δCP (top right), θ23 (bottom left) and m31
2D (bottom right). Also

shown are the expected sensitivities for the configuration without ντ appearance (no ντ) and with elevated ντ efficiency (high ντ) as well as
for DUNE and T2HK setups. The sensitivities are given at 1σ CL while the global fit result with 1σ CL uncertainties are indicated by the
shaded regions.
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We find PROMPT to have altogether a very good ability
to probe the non-unitarity parameters. The expected con-
straints on the three off-diagonal parameters are notably
stricter than those predicted for the T2HK and DUNE
configurations.

5.2.3. Non-standard neutrino interactions. We finally discuss
the sensitivities to the matter NSI parameters in PROMPT. As
before, we ignore the effects from the source and detection
NSI and focus only on the matter NSI parameters10. We
furthermore consider only one matter NSI parameter at a time.

The sensitivities to the NSI parameters are presented in
figure 7. The top three panels represent the exclusion limits
for the off-diagonal parameters òeμ, òeτ and òμτ. All
sensitivities are projected at 90% CL. In case of e

m
m ,

PROMPT has clear advantage over T2HK and DUNE setups.
As is indicated in the top left panel, the parameter space of
|òeμ| is constrained below 0.02 in the PROMPT setup. The
corresponding sensitivities for the DUNE and T2HK setups
are 0.04 and 0.16, respectively. The tau neutrino appearance
makes no visible contribution, and the sensitivity of the
configuration where tau neutrinos are neglected in PROMPT
overlaps with the baseline configuration. In case of e

m
t ,

differences between PROMPT, DUNE and T2HK become
more apparent with respective sensitivities 0.03, 0.10 and
0.40. The ντ appearance in PROMPT has a significant effect
in this case: whereas the sensitivity in the baseline
configuration is about ∣ ∣e

m
t  0.03, the sensitivity in the

configuration without ντ is 0.10 at 90% CL11. Regarding the
final off-diagonal parameter m

mt , the tau neutrino appearance
channel has no effect in the sensitivity to PROMPT. The
expected sensitivities in the PROMPT, DUNE and T2HK
setups to |òμτ| are 0.11, 0.17 and 0.53, respectively.

We study the diagonal NSI parameters ee
m , m

mm and m
tt

through the quantities ee
m m- tt  and m m-mm tt  . The sensitiv-

ities to ee
m m- tt  and m m-mm tt  in the T2HK, DUNE and

PROMPT setups are shown in the bottom row of figure 7. At
90% CL, the T2HK setup can be expected to yield the least
constraining sensitivity, −2.21  ee

m m- tt  2.29. In the
PROMPT and DUNE setups, the corresponding sensitivities
are −0.29  ee

m m- tt  0.26 and −0.34  ee
m m- tt  0.27,

respectively. On the other hand, the constraints on m m-mm tt 
are found to be [−0.11, 0.12], [−0.19, 0.16] and [−0.34, 0.27] in
DUNE, PROMPT and T2HK, respectively. The tau neutrino
appearance in PROMPT bears no significant effect on the
sensitivities to ee

m m- tt  or m m-mm tt  .

Figure 6. The sensitivity to the non-unitarity parameters ∣ ∣eij ij
i ija a= j- (i, j= 1, 2 and 3) in PROMPT. The projections of PROMPT are

presented for the baseline setup (solid), without sensitivity to tau neutrinos (dashed) and with elevated ντ efficiency (colour dashed),
respectively. The expected sensitivities for the T2HK (dotted) and DUNE (dotted–dashed) are also shown. Sensitivities to off-diagonal
parameters are presented at 90% CL.

10 It is safe to ignore source and detection NSI effects in long-baseline
neutrino experiments up to the point where sensitivity to matter NSI becomes
comparable with source and detection NSI parameters, which are currently
constrained to percent level [63]. Beyond this point, correlations with source
and detection NSI parameters must be taken into account to attain a more
realistic estimate on sensitivities, as was done in e.g. [64].

11 It is interesting to notice that the sensitivity to e
m
t in matter NSI case is

higher than it is to parameter α31 in the non-unitary mixing case. The
difference between the sensitivities can be explained at least partially by the
analytical probabilities for νe → ντ discussed in sections 2.2 and 2.3.

15

Commun. Theor. Phys. 74 (2022) 035201 J Tang et al



6. Summary

In this work, we studied the prospects of building an accel-
erator-based neutrino oscillation experiment in China. We
presented a survey of five accelerator laboratories and two
underground laboratories capable of hosting neutrino beam
and detector facilities. The physics potential of the considered
laboratories were investigated according to their geographical
locations by simulating a long-baseline neutrino experiment.
The study presented in this work focuses on four aspects of
neutrino oscillations: (1) CP violation and precision mea-
surement of Dirac CP phase δCP, (2) precision measurement
of the oscillation parameters θ23 and m31

2D , (3) unitarity of the
neutrino mixing matrix and (4) sensitivity to non-standard
interactions in the neutrino sector.

In the center of our work is discussion on the design of
future accelerator neutrino experiment that could be realized in
China. Focusing on long-baseline neutrino oscillations, we
presented a comparative study of the baseline lengths that could
be accessible in the considered laboratories. For the neutrino
beam, we studied two alternative scenarios, where one is driven
by muon decay and the other by beta decays. Our results show
configurations with baseline lengths 800–1400 km provide
favourable conditions for nearly all measurement goals in both
beam configurations. Three of the considered laboratory pairs
(Nanjing→ JUNO, CiADS→CJPL and CSNS→CJPL) fall

into this category. Exceptions are found with the non-unitarity
parameter α32 and non-standard interaction parameter m

mt where
baseline lengths 1600–1800 km are more beneficial. Three
configurations (Nanjing→CJPL, SPPC→CJPL and CAS-
IMP→ JUNO) belong to the latter category.

As a concrete example of what could be a future accel-
erator neutrino experiment in China, we present case study on
a configuration where a muon-decay-based neutrino beam is
used over at the SPPC→ CJPL baseline. The baseline length
of this configuration is 1736 km. We found that 25 GeV muon
beam and 50 kton neutrino detector based on the magnetized
iron and emulsion cloud chamber technologies provide
competitive sensitivities to all physics goals. A summary of
the expected sensitivities is provided in table 5, where sen-
sitivities obtained for the baseline setup of PROMPT are
presented. The expected sensitivities are also provided for
DUNE and T2HK. We note that the sensitivity to tau neutrino
appearance channel νe→ ντ in the PROMPT setup con-
tributes significantly to the sensitivity to e

m
t but its effect is

only modest in other measurements. The effects of tau neu-
trino appearance channels are presently limited by the rela-
tively low statistics allowed by the existing technologies.

We find altogether very promising prospects for an accel-
erator neutrino experiment in China. Our survey reveals a very
promising landscape for future neutrino beam and detector
facilities thanks to the growing research infrastructure.

Figure 7. The sensitivities to the matter NSI parameters m
ab (α, β= e, μ, τ) as function of the magnitude and phase. The sensitivities to the

diagonal elements are shown for ( ee
m m- tt  ) and ( m m-mm tt  ). The projections are presented for PROMPT with the baseline setup (solid),

without sensitivity to tau neutrinos (dashed), and with enhanced ντ sensitivity (colour dashed). Sensitivities are also shown for DUNE
(dotted–dashed) and T2HK (dotted). All sensitivities are presented at 90% CL.
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