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• JUNO is a « medium-baseline » (53 km) reactor neutrino experiment. 
• JUNO will be the largest Liquid scintillator detector ever built (20 ktonnes).
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• The neutrino mixing matrix can be parameterized as:
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Atmospheric Solar

• The non-zero value of θ13 opens 
the way for the measurement of 
the CP violation phase in the 
leptonic sector. 

• An addit ional goal for next 
generation neutrino experiment is 
the mass hierarchy determination.
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parameter best fit 2σ 3σ

∆m
2
21[10

−5eV2] 7.6 7.3-8.1 7.1-8.3

|∆m
2
32|[10

−3eV2] 2.4 2.1-2.7 2.0-2.8

sin2
θ12 0.32 0.28-0.37 0.26-0.40

sin2
θ23 0.50 0.38-0.63 0.34-0.67

sin2
θ13 0.007 ≤ 0.033 ≤ 0.050

TABLE I: Neutrino mixing parameters from a global fit, up-
dated in 2007, as the inputs to this study.

The leading-order expression for the cross section [17]
of inverse-β decay ( νe + p → e+ + n ) is

σ(0) = 0.0952 × 10−42cm2(E(0)
e p(0)

e /1MeV2) (3)

where E(0)
e = Eν − (Mn − Mp) is the positron energy

when neutron recoil energy is neglected, and p(0)
e is the

positron momentum. The survival probability of νe can
be expressed as [18]

Pee(L/E) = 1 − P21 − P31 − P32

P21 = cos4(θ13) sin2(2θ12) sin2(∆21)

P31 = cos2(θ12) sin2(2θ13) sin2(∆31)

P32 = sin2(θ12) sin2(2θ13) sin2(∆32) (4)

where ∆ij = 1.27∆m2
ijL/E, ∆m2

ij is the neutrino mass-
squared difference (m2

i − m2
j) in eV2, θij is the neutrino

mixing angle, L is the baseline from reactor to νe detector
in meters, and E is the νe energy in MeV.

Pee(L/E) has three oscillation components, P21, P31

and P32, corresponding to three oscillation frequencies
in L/E space, which are proportional to |∆m2

ij |, respec-
tively. Their relative amplitude(oscillation intensity), is
about 40 : 2 : 1 from a global fit [19] of mixing pa-
rameters as listed in Table I. The oscillation component
1−P21 dominates the Pee oscillation, while P31 and P32,
which are sensitive to the neutrino mass hierarchy, are
suppressed by the small value of sin2(2θ13).

The observed neutrino spectrum in L/E space, taking
the baseline L to be 60 km and all the other parame-
ters from Table I except sin2(2θ13), is shown in Fig.1,
together with that of no oscillation. For comparison, the
oscillation spectrum without P31 and P32 are also shown.
For a very small sin2(2θ13), a normal χ2 analysis on the
L/E spectrum with binned data, which requires accu-
rate knowledge on the neutrino energy spectra and much
smaller binning than the energy resolution, is difficult for
the mass hierarchy study.

Since neutrino masses all appear in the frequency do-
main as shown in Eq. 4, a Fourier transform of F (L/E)
shall enhance the sensitivity to the mass hierarchy. The
frequency spectrum can be obtained by the following
Fourier sine transform(FST) and Fourier cosine trans-
form(FCT):

FST (ω) =

! tmax

tmin

F (t) sin(ωt)dt

L/E (km/MeV)
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FIG. 1: Reactor neutrino spectra at a baseline of 60 km
in L/E space for no oscillation (dashed dotted line), 1 − P21

oscillation (dotted line) and Pee oscillation in the cases of NH
and IH, assuming sin2(2θ13) = 0.1.

FCT (ω) =

! tmax

tmin

F (t) cos(ωt)dt (5)

where ω is the frequency, ω = 2.54∆m2
ij; t = L

E
is the

variable in L/E space, varying from tmin = L
Emax

to

tmax = L
Emin

.
Since Pee is a linear combination of 1 − P21, P31 and

P32, FST and FCT spectra can be divided into three
components corresponding to 1 − P21, P31 and P32 re-
spectively. Fig.2 shows the three components of the FST
and FCT spectra together with full Pee oscillation for
both NH and IH cases. The oscillation frequency is pro-
portional to ∆m2

ij , so we can scale the frequency to be
δm2 and plot the spectra in axis of δm2 in the interested
frequency range of 1.8×10−3eV2 < δm2 < 3.0×10−3eV2.
From Fig.2, we know that:

1. P31 and P32 components dominate the FCT and
FST spectra in the interested frequency range of
1.8×10−3eV2 < δm2 < 3.0×10−3eV2 since |∆m2

31|
and |∆m2

32| are in this range, while 1− P21 is very
weak since its oscillation frequency is in a much
lower range. The FST and FCT spectra of Pee are
approximately the sum of P31 and P32 components
which are sensitive to mass hierarchy.

2. For NH, the P32 FCT and FST spectra are left-
shifted with respect to the P31 spectra because
|∆m2

32| < |∆m2
31|; while for IN, the P32 spectra

are right-shifted because |∆m2
32| > |∆m2

31|.

3. The peak of FCT spectrum corresponds to the zero
point of FST spectrum. This feature is helpful to
identify the position of |∆m2

32| and |∆m2
31|, without

knowing their accurate values a priori.

4. For FCT spectrum, P32 and P31 components have
similar shapes with the peak around |∆m2

32| and
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FIG. 1: Reactor neutrino spectra at a baseline of 60 km
in L/E space for no oscillation (dashed dotted line), 1 − P21

oscillation (dotted line) and Pee oscillation in the cases of NH
and IH, assuming sin2(2θ13) = 0.1.
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Since Pee is a linear combination of 1 − P21, P31 and

P32, FST and FCT spectra can be divided into three
components corresponding to 1 − P21, P31 and P32 re-
spectively. Fig.2 shows the three components of the FST
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weak since its oscillation frequency is in a much
lower range. The FST and FCT spectra of Pee are
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|∆m2

32| < |∆m2
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point of FST spectrum. This feature is helpful to
identify the position of |∆m2
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knowing their accurate values a priori.

4. For FCT spectrum, P32 and P31 components have
similar shapes with the peak around |∆m2

32| and

• According to the mass hierarchy, one 
oscillation frequency ω  is larger than the 
other:
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Determination of the Neutrino Mass Hierarchy at an Intermediate Baseline

Liang Zhan, Yifang Wang, Jun Cao, Liangjian Wen
Institute of High Energy Physics, Beijing, 100049

It is generally believed that neutrino mass hierarchy can be determined at a long baseline exper-
iment, often using accelerator neutrino beams. Reactor neutrino experiments at an intermediate
baseline have the capability to distinguish normal or inverted hierarchy. Recently it has been
demonstrated that the mass hierarchy could possibly be identified using Fourier transform to the
L/E spectrum if the mixing angle sin2(2θ13) > 0.02. In this study a more sensitive Fourier anal-
ysis is introduced. We found that an ideal detector at an intermediate baseline (∼ 60 km) could
identify the mass hierarchy for a mixing angle sin2(2θ13) > 0.005, without requirements on accurate
information of reactor neutrino spectra and the value of ∆m

2
32.

PACS numbers: 13.15.+g, 14.60.Pq, 14.60.Lm

Recent results from solar, atmospheric, reactor and ac-
celerator neutrino experiments all show that neutrinos
are massive and they can oscillate from one type to an-
other. Among all the six mixing parameters, three of
them are known, two unknowns, and one of them, the
mass-squared difference ∆m2

32, defined as m2
3 − m2

2, is
only known to be |∆m2

32| = (2.43±0.13)×10−3eV2 (68%
C.L.) from accelerator neutrino experiments [1]. The
question, if the mass hierarchy is normal (∆m2

32 > 0)
or inverted (∆m2

32 < 0), is not known now but is funda-
mental to particle physics.

For normal hierarchy (NH) or inverted hierarchy (IH),
the neutrino mass-squared difference has the following
relations:

∆m2
31 = ∆m2

32 + ∆m2
21

NH : |∆m2
31| = |∆m2

32| + |∆m2
21|

IH : |∆m2
31| = |∆m2

32|− |∆m2
21| (1)

In principle, the mass hierarchy can be determined by
precision measurements of |∆m2

31| and |∆m2
32|. In fact it

is extremely difficult since ∆m2
21 is only ∼ 3% of |∆m2

32|,
hence |∆m2

32| and |∆m2
31| have to be measured with a

precision much better than 3 %.
Effects of mass hierarchy can be amplified by matter

effects if the baseline is large enough, say several hun-
dreds to thousands of kilometers. Such experiments often
need accelerator-based neutrino beams and huge detec-
tors. Proposals such as T2K [2, 3], Nova [3, 4, 5] and
T2KK [6] have mass hierarchy sensitivity in the νµ → νe

channel if θ13 is large enough (i.e. sin2(2θ13) ≥ 0.03). In
addition, they are affected by the (δCP , sign(∆m2

32)) de-
generacy [7, 8]. At a magic baseline [9, 10], L ∼ 7000 km,
the degeneracy can be canceled but it requires a very in-
tensive source such as a neutrino factory or a beta-beam
which will not be available in the near future. A method
using atmospheric neutrinos [11, 12] with a baseline of
L ∼ 104 km and the neutrino energy of E ∼ 1 GeV is
sensitive to mass hierarchy for very small or even null
value of θ13, if the measurement precision of |∆m2

32| is
better than 2%.

Method using reactor neutrino based intermediate
baseline (40 − 65 km) experiments has been explored

based on precision measurement of distortions of the en-
ergy spectrum due to non-zero θ13 [13, 14]. Recently, a
study [15] shows a new method to distinguish normal or
inverted hierarchy after a Fourier transform of the L/E
spectrum of reactor neutrinos. It is observed that the
Fourier power spectrum has a small shoulder next to the
main peak, and their relative position can be used to
determine the mass hierarchy. Afilter method is used
to improve the sensitivity to the mass hierarchy up to
sin2(2θ13) > 0.02, if ∆m2

32 is known a priori. Compar-
ing to a normal L/E analysis, the Fourier analysis natu-
rally separates the mass hierarchy information from un-
certainties of the reactor neutrino spectra and other mix-
ing parameters, which is critical for very small sin2(2θ13)
oscillations.

In this paper, we report that if a proper Fourier trans-
form is applied and if all information is fully utilized,
the capability of an intermediate baseline reactor exper-
iment to determine the neutrino mass hierarchy can be
improved for a smaller mixing angle θ13 without know-
ing ∆m2

32 a priori. In the following, we will use a reactor
neutrino spectrum to illustrate the method, but such a
method can be generalized to other experiments.

For a reactor neutrino experiment, the observed neu-
trino spectrum at a baseline L, F (L/E), can be written
as

F (L/E) = φ(E)σ(E)Pee(L/E)

where E is the electron antineutrino (νe) energy, φ(E) is
the flux of νe from the reactor, σ(E) is the interaction
cross section of νe with matter, and Pee(L/E) is the νe

survival probability.
The νe flux φ(E) from the reactor can be parameter-

ized as [16],

φ(E) = 0.58Exp(0.870 − 0.160E − 0.091E2)

+ 0.30Exp(0.896 − 0.239E − 0.0981E2)

+ 0.07Exp(0.976 − 0.162E − 0.0790E2)

+ 0.05Exp(0.793 − 0.080E − 0.1085E2), (2)

where four exponential terms are contributions from iso-
topes 235U, 239Pu, 238U and 241Pu in the reactor fuel,
respectively.

ωP31 > ωP32

ωP31 < ωP32

νe

νµ

ντ

ν1

ν2

ν3

∆m2
atm

∆m2
sol

Normal Hierarchy (N.H.)

Δm2
31 > 0

νe

νµ

ντ

∆m2
sol

∆m2
atm

ν1

ν2

ν3

Inverted Hierarchy (I.H.)

Δm2
31 < 0

Introduction

• The electron antineutrino survival 
probability in vacuum can be written as:

sij = sin(θij)

cij = cos(θij)

δ = CP phase

ξ1, ξ2 = Majorana phases

5
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Mass hierarchy determination for reactor antineutrinos
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Figure 2-4: (left panel) The effective mass-squared difference shift ∆m2
φ [79] as a function of

baseline (y-axis) and visible prompt energy Evis ≃ Eν − 0.8MeV (x-axis). The legend of color
code is shown in the right bar, which represents the size of ∆m2

φ in eV2. The solid, dashed, and
dotted lines represent three choices of detector energy resolution with 2.8%, 5.0%, and 7.0% at 1
MeV, respectively. The purple solid line represents the approximate boundary of degenerate mass-
squared difference. (right panel) The relative shape difference [65, 66] of the reactor antineutrino
flux for different neutrino MHs.

explained in the models with the discrete or U(1) flavor symmetries. Therefore, MH is a
critical parameter to understand the origin of neutrino masses and mixing.

JUNO is designed to resolve the neutrino MH using precision spectral measurements of reactor
antineutrino oscillations. Before giving the quantitative calculation of the MH sensitivity, we shall
briefly review the principle of this method. The electron antineutrino survival probability in vacuum
can be written as [69,79,94]:

Pν̄e→ν̄e = 1− sin2 2θ13(cos
2 θ12 sin

2∆31 + sin2 θ12 sin
2 ∆32)− cos4 θ13 sin

2 2θ12 sin
2 ∆21 (2.1)

= 1− 1

2
sin2 2θ13

!
1−

"
1− sin2 2θ12 sin2 ∆21 cos(2|∆ee| ± φ)

#
− cos4 θ13 sin

2 2θ12 sin
2 ∆21,

where ∆ij ≡ ∆m2
ijL/4E, in which L is the baseline, E is the antineutrino energy,

sinφ =
c212 sin(2s

2
12∆21)− s212 sin(2c

2
12∆21)"

1− sin2 2θ12 sin2 ∆21

, cosφ =
c212 cos(2s

2
12∆21) + s212 cos(2c

2
12∆21)"

1− sin2 2θ12 sin2∆21

,

and [95,96]

∆m2
ee = cos2 θ12∆m2

31 + sin2 θ12∆m2
32 . (2.2)

The ± sign in the last term of Eq. (2.1) is decided by the MH with plus sign for the normal MH
and minus sign for the inverted MH.

In a medium-baseline reactor antineutrino experiment (e.g., JUNO), oscillation of the atmo-
spheric mass-squared difference manifests itself in the energy spectrum as the multiple cycles.
The spectral distortion contains the MH information, and can be understood with the left panel
of Fig. 2-4 which shows the energy and baseline dependence of the extra effective mass-squared
difference,

∆m2
φ = 4Eφ/L , (2.3)
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FIG. 3: Distribution of RL and PV values for different pa-
rameters of baseline and sin2(2θ13). For each parameter to
be scanned, the default baseline is 60 km and all the other
parameters are the values as in Table I. Two clusters of RL
and PV values are clearly seen for NH and IH cases.

For even smaller sin2(2θ13), the main peak becomes
less significant. For example, if the main peak is required
to be twice higher than that of noise, sin2(2θ13) must be
greater than 0.005 in order to clearly identify the main
peak, for a variety of neutrino energy spectra in a rea-
sonable range.

For a realistic experiment in the near future, the en-
ergy resolution and statistics are of the most concern. At
60 km, θ12 has the least impact to the mass hierarchy de-
termination. The energy resolution must be good enough
not to smear the difference between P31 and P32, which
requires the energy resolution be better than 3%/

√
E. A

detector with a mass at 10 kton level may be necessary,
depending on the size of θ13. If shortening the baseline,
the noise in the Fourier spectra from θ12 oscillation in-
creases, thus degrade the sensitivity. In the mean time
requirements to the energy resolution and the detector
size are relaxed. The optimization of the baseline as well
as the energy resolution and detector size for different θ13

assumptions are undergoing.
In summary, the method to discriminate the mass hier-

archy has been studied by using a Fourier sine(FST) and
cosine(FCT) transform to the observed reactor neutrino
L/E spectra. The FCT and FST spectra can separate P31

and P32 oscillation components from the large 1 − P21

component in a specific δm2 range. Features of mass
hierarchy are enhanced in this representation and more
sensitive than that of the Fourier power spectrum at very
small sin2(2θ13). We found that an ideal detector at an
intermediate baseline (∼ 60 km) could identify the mass

hierarchy for a mixing angle sin2(2θ13) > 0.005, without
requirements on accurate information of reactor neutrino
spectra and the value of ∆m2

32. A paper of a detailed
analysis of experimental errors will be released soon [20].
Similar methods can be applied to other experiments us-
ing different neutrino sources, such as accelerator-based
neutrino beams or atmospheric neutrinos.
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FIG. 4: The FCT and FST spectra and Fourier power spec-
trum for sin2(2θ13) = 0.005. The solid line is for NH and the
dashed line is for IH. The FCT and FST spectra have distinc-
tive features to identify the mass hierarchy, which looks more
sensitive than the Fourier power spectrum method.

[1] P. Adamson et al. [MINOS Collaboration],
arXiv:0806.2237 [hep-ex].

[2] Y. Itow et al. [The T2K Collaboration],

• The spectral distortion contains the MH 
information, thus the sensitivity is obtained 
constructing a 𝜒2 function. The discriminator of the 
MH is defined as:
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rameters as listed in Table I. The oscillation component
1−P21 dominates the Pee oscillation, while P31 and P32,
which are sensitive to the neutrino mass hierarchy, are
suppressed by the small value of sin2(2θ13).

The observed neutrino spectrum in L/E space, taking
the baseline L to be 60 km and all the other parame-
ters from Table I except sin2(2θ13), is shown in Fig.1,
together with that of no oscillation. For comparison, the
oscillation spectrum without P31 and P32 are also shown.
For a very small sin2(2θ13), a normal χ2 analysis on the
L/E spectrum with binned data, which requires accu-
rate knowledge on the neutrino energy spectra and much
smaller binning than the energy resolution, is difficult for
the mass hierarchy study.

Since neutrino masses all appear in the frequency do-
main as shown in Eq. 4, a Fourier transform of F (L/E)
shall enhance the sensitivity to the mass hierarchy. The
frequency spectrum can be obtained by the following
Fourier sine transform(FST) and Fourier cosine trans-
form(FCT):

FST (ω) =
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FIG. 1: Reactor neutrino spectra at a baseline of 60 km
in L/E space for no oscillation (dashed dotted line), 1 − P21

oscillation (dotted line) and Pee oscillation in the cases of NH
and IH, assuming sin2(2θ13) = 0.1.

FCT (ω) =

! tmax

tmin

F (t) cos(ωt)dt (5)

where ω is the frequency, ω = 2.54∆m2
ij; t = L

E
is the

variable in L/E space, varying from tmin = L
Emax

to

tmax = L
Emin

.
Since Pee is a linear combination of 1 − P21, P31 and

P32, FST and FCT spectra can be divided into three
components corresponding to 1 − P21, P31 and P32 re-
spectively. Fig.2 shows the three components of the FST
and FCT spectra together with full Pee oscillation for
both NH and IH cases. The oscillation frequency is pro-
portional to ∆m2

ij , so we can scale the frequency to be
δm2 and plot the spectra in axis of δm2 in the interested
frequency range of 1.8×10−3eV2 < δm2 < 3.0×10−3eV2.
From Fig.2, we know that:

1. P31 and P32 components dominate the FCT and
FST spectra in the interested frequency range of
1.8×10−3eV2 < δm2 < 3.0×10−3eV2 since |∆m2

31|
and |∆m2

32| are in this range, while 1− P21 is very
weak since its oscillation frequency is in a much
lower range. The FST and FCT spectra of Pee are
approximately the sum of P31 and P32 components
which are sensitive to mass hierarchy.

2. For NH, the P32 FCT and FST spectra are left-
shifted with respect to the P31 spectra because
|∆m2

32| < |∆m2
31|; while for IN, the P32 spectra

are right-shifted because |∆m2
32| > |∆m2

31|.

3. The peak of FCT spectrum corresponds to the zero
point of FST spectrum. This feature is helpful to
identify the position of |∆m2

32| and |∆m2
31|, without

knowing their accurate values a priori.

4. For FCT spectrum, P32 and P31 components have
similar shapes with the peak around |∆m2

32| and

2

parameter best fit 2σ 3σ

∆m
2
21[10

−5eV2] 7.6 7.3-8.1 7.1-8.3

|∆m
2
32|[10

−3eV2] 2.4 2.1-2.7 2.0-2.8

sin2
θ12 0.32 0.28-0.37 0.26-0.40

sin2
θ23 0.50 0.38-0.63 0.34-0.67

sin2
θ13 0.007 ≤ 0.033 ≤ 0.050

TABLE I: Neutrino mixing parameters from a global fit, up-
dated in 2007, as the inputs to this study.
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• Moreover, Fourier analysis can be applied to the 
reconstructed energy spectrum to discriminate 
between the two hierarchies.

Figure 2-7: The MH discrimination ability as the function of the baseline (left panel) and function
of the baseline difference of two reactors (right panel).

To obtain the MH sensitivity, we employ the least-squares method and construct a χ2 function
as 3,

χ2
REA =

Nbin!

i=1

[Mi − Ti(1 +
"

k αikϵk)]2

Mi
+
!

k

ϵ2k
σ2k

, (2.9)

where Mi is the measured neutrino events in the i-th energy bin, Ti is the predicted neutrino events
with oscillations, σk is the systematic uncertainty, ϵk is the corresponding pull parameter, and αik

is the fraction of neutrino event contribution of the k-th pull parameter to the i-th energy bin. The
considered systematic uncertainties include the correlated (absolute) reactor uncertainty (2%), the
uncorrelated (relative) reactor uncertainty (0.8%), the spectrum shape uncertainty (1%) and the
detector-related uncertainty (1%). We use 200 equal-size bins for the incoming neutrino energy
between 1.8 MeV and 8.0 MeV.

We fit the spectrum assuming the normal MH or inverted MH with the chisquare method and
take the difference of the minima as a measure of the MH sensitivity. The discriminator of the MH
can be defined as

∆χ2
MH = |χ2

min(N)− χ2
min(I)|, (2.10)

where the minimization process is implemented for all the relevant oscillation parameters. Note
that two local minima for each MH [χ2

min(N) and χ2
min(I)] can be located at different positions of

|∆m2
ee|.

2.3.2 Baseline Optimization

The discriminator defined in Eq. (2.10) can be used to obtain the optimal baseline, which are
shown in the left panel of Fig. 2-7. A sensitivity of ∆χ2

MH ≃ 16 is obtained for the ideal case with
identical baselines at around 50 km. The impact of the baseline difference due to multiple reactor
cores is shown in the right panel of Fig. 2-7, by keeping the baseline of one reactor unchanged and
varying that of another. A rapid oscillatory behavior is observed and demonstrates the importance
of reducing the baseline differences of reactor cores. The worst case is at ∆L ∼ 1.7 km, where the
|∆m2

ee| related oscillation is cancelled between two reactors.

3A different definition with the Poisson χ2 function yields the consistent MH sensitivity [79,80].
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• Two critical parameters have to be optimized: the baseline and the energy resolution.

Figure 2-7: The MH discrimination ability as the function of the baseline (left panel) and function
of the baseline difference of two reactors (right panel).
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T h e b a s e l i n e i s 
optimized to 53 km 
with a difference to 
reactor cores of less 
than 500 m. 

The energy resolution 
( p h o t o - e l e c t r o n 
statistics) is a critical 
parameter in the 
achievable sensitivity. 
The goal is to achieve 
3%/√E[MeV].
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Figure 2-7: The MH discrimination ability as the function of the baseline (left panel) and function
of the baseline difference of two reactors (right panel).
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where Mi is the measured neutrino events in the i-th energy bin, Ti is the predicted neutrino events
with oscillations, σk is the systematic uncertainty, ϵk is the corresponding pull parameter, and αik

is the fraction of neutrino event contribution of the k-th pull parameter to the i-th energy bin. The
considered systematic uncertainties include the correlated (absolute) reactor uncertainty (2%), the
uncorrelated (relative) reactor uncertainty (0.8%), the spectrum shape uncertainty (1%) and the
detector-related uncertainty (1%). We use 200 equal-size bins for the incoming neutrino energy
between 1.8 MeV and 8.0 MeV.

We fit the spectrum assuming the normal MH or inverted MH with the chisquare method and
take the difference of the minima as a measure of the MH sensitivity. The discriminator of the MH
can be defined as
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MH = |χ2
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min(I)|, (2.10)

where the minimization process is implemented for all the relevant oscillation parameters. Note
that two local minima for each MH [χ2

min(N) and χ2
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2.3.2 Baseline Optimization

The discriminator defined in Eq. (2.10) can be used to obtain the optimal baseline, which are
shown in the left panel of Fig. 2-7. A sensitivity of ∆χ2

MH ≃ 16 is obtained for the ideal case with
identical baselines at around 50 km. The impact of the baseline difference due to multiple reactor
cores is shown in the right panel of Fig. 2-7, by keeping the baseline of one reactor unchanged and
varying that of another. A rapid oscillatory behavior is observed and demonstrates the importance
of reducing the baseline differences of reactor cores. The worst case is at ∆L ∼ 1.7 km, where the
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ee| related oscillation is cancelled between two reactors.

3A different definition with the Poisson χ2 function yields the consistent MH sensitivity [79,80].
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Figure 1: The MH discrimination ability for the proposed reactor neutrino experiment
as functions of the baseline (left panel) and the detector energy resolution (right panel)
with the method of the least squares function in Eq. (11).

detector energy resolution 3%/
!

E(MeV) as a benchmark. A normal MH is assumed to
be the true one (otherwise mentioned explicitly) while the conclusion won’t be changed
for the other assumption. The relevant oscillation parameters are taken from the latest
global analysis [28] as ∆m2

21 = 7.54 × 10−5eV−2, (∆m2
31 +∆m2

32)/2 = 2.43 × 10−5eV−2,
sin2 θ13 = 0.024 and sin2 θ12 = 0.307. The CP-violating phase will be specified when
needed. Finally, the reactor antineutrino flux model from Vogel et al. [33] is adopted
in our simulation1. Because two of the three mass-squared differences (∆m2

21, ∆m2
31

and ∆m2
32) are independent, we choose ∆m2

21 and ∆m2
ee defined in Eq. (5) as the free

parameters in this work.
To obtain the sensitivity of the proposed experiment, we employ the least squares

method and construct a standard χ2 function as following:

χ2
REA =

Nbin
"

i=1

[Mi − Ti(1 +
#

k αikϵk)]2

Mi

+
"

k

ϵ2k
σ2
k

, (11)

where Mi is the measured neutrino events in the i-th energy bin, Ti is the predicted
reactor antineutrino flux with oscillations, σk is the systematic uncertainty, ϵk is the
corresponding pull parameter, and αik is the fraction of neutrino event contribution of
the k-th pull parameter to the i-th energy bin. The considered systematic uncertainties
include the correlated (absolute) reactor uncertainty (2%), the uncorrelated (relative)
reactor uncertainty (0.8%), the flux spectrum uncertainty (1%) and the detector-related
uncertainty (1%). We use 200 equal-size bins for the incoming neutrino energy between
1.8 MeV and 8.0 MeV.

We can fit both the normal MH and inverted MH with the least squares method
and take the difference of the minima as a measurement of the MH sensitivity. The

1We have tried both the calculated [33] and the new evaluations [34, 35] of the reactor antineutrino
fluxes. The discrepancy only influences the measurement of θ12. Both evaluations give consistent results
on the MH determination.
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Relative measurement: Δ𝜒2>9
Absolute measurement: Δ𝜒2>16

(or ∆m2
32) in the two solutions are different due to non-zero ∆m2

21. The value of ηα varies
for different oscillation channels due to the flavor-dependent amplitudes in the oscillation
probabilities, so the degeneracy of the neutrino MH can be removed by comparing the
effective mass-square differences of different neutrino flavors [25, 26].

Using the standard parametrization of the leptonic mixing matrix [7], we get the
effective mass-squared differences in Eq. (3) for different channels of neutrino oscillations

∆m2
ee ≃ cos2 θ12∆m2

31 + sin2 θ12∆m2
32 , (5)

∆m2
µµ ≃ sin2 θ12∆m2

31 + cos2 θ12∆m2
32 + sin 2θ12 sin θ13 tan θ23 cos δ∆m2

21 , (6)

∆m2
ττ ≃ sin2 θ12∆m2

31 + cos2 θ12∆m2
32 − sin 2θ12 sin θ13 cot θ23 cos δ∆m2

21 , (7)

where terms at the order of O(sin2 θ13∆m2
21) have been neglected for simplicity. We can

also calculate the differences of the effective quantities between different flavors as

|∆m2
ee|− |∆m2

µµ| = ±∆m2
21(cos 2θ12 − sin 2θ12 sin θ13 tan θ23 cos δ) , (8)

|∆m2
µµ|− |∆m2

ττ | = ±2∆m2
21 sin 2θ12 sin θ13 csc 2θ23 cos δ , (9)

where the positive and negative signs correspond to normal and inverted mass hierarchies,
respectively.

On the other hand, at the first oscillation maximum of the solar mass-squared dif-
ference, such as the reactor neutrino experiment at the medium baseline, we have the
approximation of sin∆21 ∼ 1 and cos∆21 ∼ 0. Therefore, we can separate the fast and
slow oscillation terms, if ηα fulfills the equation as

|Uα1|
2 cos[ηα∆21] cos[2∆32 + ηα∆21] + |Uα2|

2 sin[ηα∆21] sin[2∆32 + ηα∆21] = 0 . (10)

One should note that ηα depends on both the neutrino MH and the neutrino energy. The
MH sensitivity is encoded in the energy dependence of ∆m2

αα. Moreover, because of the
different definitions of ∆m2

αα in these two oscillation scenarios, the MH sensitivity of the
reactor neutrino experiment at the medium baseline can be improved by including the
extra measurements of ∆m2

ee in Eq. (5) and ∆m2
µµ in Eq. (6).

For a reactor neutrino experiment at the medium baseline, corrections to the mass-
squared differences from the terrestrial matter effect are around 1% and the induced
uncertainties are negligibly small (less than 0.1%). On the other hand, in the muon-
neutrino disappearance channel of long-baseline accelerator neutrino experiments, the
matter corrections are suppressed by the smallness of θ13 and only at the level of 0.2%
for the baselines of several hundreds kilometers (e.g., 295 km for T2K [31] and 735 km
for NOvA [32]). Moreover, the different signs in the matter potentials of neutrino and
antineutrino oscillations are also favorable to increase the discrepancy of different mass-
squared differences.

3 Statistical Analysis

The 20 kt liquid scintillator detector of Daya Bay II Experiment [20–22] will be located
at equal baselines of 52 km away from two reactor complexes (36 GW in total). In
this study we use nominal running time of six years, 300 effective days per year, and a
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for the baselines of several hundreds kilometers (e.g., 295 km for T2K [31] and 735 km
for NOvA [32]). Moreover, the different signs in the matter potentials of neutrino and
antineutrino oscillations are also favorable to increase the discrepancy of different mass-
squared differences.

3 Statistical Analysis

The 20 kt liquid scintillator detector of Daya Bay II Experiment [20–22] will be located
at equal baselines of 52 km away from two reactor complexes (36 GW in total). In
this study we use nominal running time of six years, 300 effective days per year, and a

4

Sensitivity for 100 k IBDs  
(20 kton×35 GW×6 years).

Figure 2-16: the reactor-only (dashed) and combined (solid) distributions of the ∆χ2 function in
Eq. (2.9) and Eq. (2.23), where a 1% (left panel) or 1.5% (right panel) relative error of ∆m2

µµ is
assumed and the CP-violating phase (δ) is assigned to be 90◦/270◦ (cos δ = 0) for illustration. The
black and red lines are for the true (normal) and false (inverted) neutrino MH, respectively.

of supernoca neutrino bursts, cosmological probe of neutrino properties, and model building of the
neutrino masses and flavor mixing.

Thanks to the relatively large θ13 discovered in recent reactor and accelerator neutrino exper-
iments, precise measurements of the reactor antineutrino spectrum at a medium baseline of about
50 km can probe the interference effect of two fast oscillation modes (i.e., oscillations induced by
∆m2

31 and∆m2
32) and sensitive to the neutrino MH. The corresponding sensitivity depends strongly

on the energy resolution, the baseline differences and energy response functions. Moreover, the MH
sensitivity can be improved by including a measurement of the effective mass-squared difference in
the long-baseline muon-neutrino disappearance experiment due to flavor dependence of the effective
mass-squared differences.

We have calculated the MH sensitivity at JUNO taking into account the real spatial distribution
of reactor complexes, reactor related uncertainties, detector related uncertainties and background
related uncertainties. We demonstrated that a median sensitivity of ∼ 3σ can be achieved with
the reasonable assumption of the systematics and six years of running. We emphasized that the
reactor shape uncertainty and detector non-linearity response, are the important factors to be dealt
with. In addition, we have studied the additional sensitivity by including precision measurements
of |∆m2

µµ| from long baseline muon (anti)neutrino disappearance. A confidence level of ∆χ2
MH ∼ 14

(3.7σ) or ∆χ2
MH ∼ 19 (4.4σ) can be obtained, for the |∆m2

µµ| uncertainty of 1.5% or 1%.
Besides the spectral measurement of reactor antineutrino oscillations, there are other methods

to resolve the MH using the matter-induced oscillation of accelerator or atmospheric neutrinos.
Worldwide, there are many ongoing and planed experiments designed in this respect. These in-
clude the long baseline accelerator neutrino experiments (i.e. NOνA and DUNE) and atmospheric
neutrino experiments (i.e., INO, PINGU, Hyper-K). Using different oscillation patterns, different
neutrino sources and different detector techniques, they are complementary in systematics and con-
tain a great amount of synergies. Therefore, the mass hierarchy, being one of the most important
undetermined fundamental parameters in neutrino physics, clearly deserves multiple experiments
with preferably different experimental techniques. A consistent resolution of the MH from all these
experiments will greatly increase our confidence in the MH determination.
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• Taking into account the true baseline and 3% 
energy resolution at 1 MeV, JUNO can achieve a 
relative measurement (no constraint on Δm231 or 
Δm232) of Δ𝜒2>9 for 100 kIBDs (20 kton×35 
GW×6 years). 

• JUNO can also perform an absolute measurement 
accounting for constraints from external 
experiments in particular on Δm2μμ from long 
baseline experiments.

Figure 2-9: The iso-∆χ2
MH contour plot as the function of the event statistics (luminosity) and the

energy resolution, where the vertical dash-dotted line stands for the nominal running of six years
with 80% signal efficiency.

parametrization for the detector energy resolution is defined as

σE
E

=
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where the visible energy E is in the unit of MeV.
Based on our numerical calculation of the MH sensitivity in terms of ∆χ2

MH , we find an
approximate relation for effects of non-stochastic terms (i.e., b, c) using the equivalent a term,
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which indicates that the influence of b is 1.6 times larger than the a term, and c is less significant
than a by a factor of 1.6. Therefore, a requirement for the resolution of a/

√
E better than 3% is

equivalent to the following requirement,
&

(a)2 + (1.6 × b)2 +
$ c

1.6

%2
≤ 3% . (2.13)

Using Fig. 2-9 and the approximation in Eq. (2.12), we can study different effects of detector design
parameters and optimize the corresponding requirements.

The energy resolution of the JUNO detector is projected in Appendix 13.2.2 with a full MC
simulation. Toy MC is also used to study the degradation due to the PMT charge resolution,
dark noise, quantum efficiency variation, and smearing from the vertex reconstruction, as shown
in Tab. 13-4. Besides the detector response and reconstruction, the variation of the neutron re-
coil energy also degrades the resolution of the reconstructed neutrino energy, which introduces a
degradation of ∆χ2

MH ≃ 0.1 on the MH sensitivity.
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iso-Δ𝜒2MH contour plot

nominal running 
(100 k IBDs)
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Physics program of a large LS detector at 53 km from nuclear cores
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Energy spectrum for 100k IBD
• Mass hierarchy determination by measuring 

the energy spectrum. Advantage of JUNO: 
no matter effect and no sensitive to CP 
phase. 

• Measurement of Δm212 and θ12 with the 
highest precision ever reached. 

• These precision measurements will permit to 
probe the unitarity of UPMNS up to ∼1%.

Current 
precision

JUNO  
goal

sin22θ12 6 % 0.7 %
Δm212 3 % 0.6 %
|Δm232| 5 % 0.5 %

MH N/A 3-4σ

sin22θ13 3 % 15 %

Additional Physics reach 
• H igh s tat i s t i cs supernova neut r ino 

observation: about 5000 IBD events and 
2000 events from other channels are 
expected for a SN explosion at 10 kpc. 

• Geo-neutrino observation: about 2 events 
per day expected. 

• Proton decay, solar and atmospheric 
neutrinos.
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Neutrino detection

8

• Neutrinos are observed via Inverse Beta 
Decay (IBD): 

• The energy spectrum is a convolution of flux 
and cross section (threshold at 1.8 MeV). 

• The signal signature is given by: 
• Prompt photons from e+ ionisation and 

annihilation (1-8 MeV). 
• Delayed photons from n capture on 

Hydrogen (2.2 MeV). 
• Time (Δt~200 μs) correlation.

NO-VE, Venezia 15/04/2008 A.Tonazzo - Double Chooz 4

" detection at reactor experiments

Detection by “inverse beta”
"e + p & e+ + n

in scintillator

Prompt photons from e+ annihilation

EVIS ' E" - (Mn-Mp) + me

Delayed photons from n capture

                           on H :     $t~200µs E~2MeV

on dedicated nuclei (Gd): $t ~30µs  E~8MeV

! 

N" s
#1( ) = 6N

Fiss
s
#1( ) $ 2 %1011P s

#1( )
P=8GW %N"~1021s-1 on all solid angle

Thr=1.8MeV

νe + p → e+ + n
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Detector design

9

20 kt LS

Top muon veto: plastic scintillator strips 

Water Cherenkov veto: 20 kton water

Buffer: water

PMTs: 17000 20” PMTs + 34000 3’’ 
PMTS for a ∼77.8% coverage

PMTs: 2000 20” veto PMTs

LS: 20 kton LAB based

LS container: acrylic. The maximum 
stress should be <35 MPa.

Buffer/PMT support: Stainless steel 
structure

• The experiment consists of a very large 20 kton liquid scintillator detector.

Acrylic Sphere - ∅=35.4 m

Central Detector - ∅=40.1 m

43.5 m

43
.5

 m
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Challenge of the JUNO detector
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Calibration

Top Tracker

Electronic

Central 
detector

Water 
Cherenkov

LS filling room

Experiment Daya Bay BOREXINO KamLAND JUNO
LS mass 20 ton ~300 ton ∼1 kton 20 kton

Coverage ∼12% ~34% ∼34% ∼80%
Energy resolution ∼7.5%/√E ∼5%/√E ∼6%/√E ∼3%/√E

Light yield ∼ 160 p.e. / MeV ∼ 500 p.e. / MeV ∼ 250 p.e. / MeV ∼ 1200 p.e. / MeV

Stainless steel 
latticed shell: 

ID=40.1 m

Acrylic Sphere: 
ID=35.4 m
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The energy resolution requirement
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• Given the energy resolution requirements of 3%/√(E), such a large detector would 
require particular attention to the scintillator attenuation length and on the detected p.e.

• To reach 1200 p.e./MeV, we should achieved 
a high light yield and transparency: 

• High light yield scintillator. 
• High photocathode coverage. 
• High detection efficiency of PMTs. 

• The response of the detector should be 
uniform (spherical geometry). 

• The PMTS should be clean and have a low 
dark current.

• Moreover, the energy scale requires calibration at the sub-percent level and it can be 
achieved with a comprehensive calibration program (cable loop system, remotely 
operated vehicle, guide tube) to address both the non-uniformity and non-linearity in 
the detector energy response.
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Best Fit to NH data
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Mass Hierarchy using Reactors, Invisibles’13Wei Wang W&M

The Energy Resolution Requirement

• In order to see the 
atmospheric scale oscillations 
in the survival spectrum, to 
the first order, the energy 
resolution should be at least 
the ratio between solar mass-
squared difference and the 
atmospheric one is ~3%

6

S.F. Ge et al, arXiv:1210.8141 

Figure 4. The example curves for the non-linear model. See text for more explanations.

assumed to be flat. A 50% rate uncertainty is adopted. For a-N background, we expects ⇠6300
events, which is scaled from the KamLAND numbers. The energy spectrum is assumed to be the
same as measured in Daya Bay. A 20% rate uncertainty is adopted. For geoneutrino, we expects
⇠3600 events, which is scaled from the KamLAND. A 10% rate uncertainty is assumed. We took
the theoretical spectrum. For all the backgrounds above, we currently neglect the spectrum shape
related uncertainties.

2.3 Impact of detector energy responses

In order to study the effect of non-linear energy scale uncertainties, we have assumed 3 types of
energy models:

1. Model I:
The non-linear model set by Eq. 2.1, also shown as the blue curve in Fig. 4

2. Model II:
An linear shift in absolute energy scale uncertainty of 1%, sscale = 1%.

3. Model III:
The current preliminary Daya Bay non-linear model.

With the above 3 different energy scale models, we first perform a baseline scan. Fig. 5 shows the
sensitivity evolution with respect to baselines. Depending on the particular energy response models,
best baselines vary between 40km and 60km, which is consistent with other groups’ findings.

Now, let us examine the effect of energy resolution. For energy resolution, we have set up the
following generic model,

DE
E

=

r
a2 +

b2

E
+

c2

E2 . (2.3)

Where DE is the energy resolution at total visible energy E, a is due to energy leakage and detector
non-uniformity, c is due to background and noises and b is the term that depends photo-electron

– 7 –

leakage & 
non-uniformity

Photon
statistics

(dominant). 
Needs <3%

NoiseEnergy leakage
+non-uniformity photon 

statistics
noise
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Central detector: liquid scintillator
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LAB Attenuation length 
(m) at 430 nm

RAW 14.2

Vacuum distillation 19.5

SiO2 column 18.6

Al2O3 column 25

20 kton of LS with high transparency and low 
background should be produced for a 6 years running 
experiment. 

• The chosen LS is a LAB+PPO+bisMSB (no Gd loading). 
• Increase of the light yield: optimisation of fluor 

concentration. 
• Increase of the transparency: 

• Good raw solvent LAB (improve production process). 
• Onsite handling/purification. 

•  Reduce radioactivity: 
• No Gd loading. 
• Intrinsic single rates <3 Hz above 0.7 MeV 
• 40K/U/Th <10-15 g/g.
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Central detector: PMTs

13

• Two sub-systems to increase the dynamic range and to improve the muon reconstruction 
in the central detector: 

• Large PMTs: 20’’, 75-80% coverage and 30% quantum efficiency at 420 nm. The high 
QE 20’’ PMTs are under development: 

• 15000 Micro Channel Plate PMT (MCP- PMT) using a 4𝜋 collection. 
• 5000 New Hamamatsu SBA High QE PMTs. 

• Small PMTs: 3’’ and faster time response. The idea is to have~34000 SPMTS (2 SPMTs 
for every LPMT). 

20”		PMT

3”	sPMT
Arranged	between	
20”	PMTs

Timothée Brugière February 19th - 14th Vienna Conference on Instrumentation 24

PMT arrangement

SE
LE

C
TE

D

20'' PMT

3'' sPMT

PMT arrangement

Super layer arrangement method: 
77.8% coverage SPMTs are in the gap between LPMTs.
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Central detector: PMTs
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• Characteristics of the PMTs (15000 MPC-PMT and 5000 Dynode PMT).

Characteristics unit MCP-PMT  
(IHEP)

R12860 
(Hamamatsu)

Electron Multiplier — MCP Dynode

Photocathode mode — reflection+transmission transmission

Quantum Efficiency (400 nm) % 26 (T), 30 (T+R) 30 (T)

Relativity Detection Efficiency % ~110% ~100%

P/V of SPE >3 >3

TTS on the top point ns ~12 ~3

Rise time/Fall time ns R~2, F~10 R~7, F~17

Anode Dark Count Hz ~30k ~30k

After Pulse Time Distribution μs 4.5 4, 17

After Pulse Rate % 3 10

Glass — Low-Potassium Glass Hario-32
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9Li

n

µµ
Top Tracker

Water Cherenkov Detector

Veto

15

• The veto will be critical to reduce all sources of 
background. 

• Cosmogenic isotopes rejection: good reconstruction of 
muon tracks and 1.2 s veto around them. 

• Neutrons rejection: passive shielding and possible 
tagging when multiple proton recoils are detected. 

• Gamma rejection: passive shielding. 
• To achieve the desired background reduction two sub-

detectors are used: a water Cherenkov veto and a Top 
Tracker veto.

Water Cherenkov Top Tracker

• Water pool containing the 
central detector. 

• 20 kton ultra pure water. 
• 2000 20’’ PMTs.

• OPERA Target Tracker (plastic scintillator strips) will be 
used on top of the detector. 

• It will permit to validate the muon tracking of the 
central detector. 

• Cosmogenic background studies.
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Selection cuts
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Selection IBD efficiency IBD Geo-νs Accidental 9Li/8He Fast n (α, n)
- - 83 1.5 ∼ 5.7× 104 84 - -

Fiducial volume 91.8% 76 1.4 77 0.1 0.05
Energy cut 97.8% 410
Time cut 99.1% 73 1.3 71
Vertex cut 98.7% 1.1
Muon veto 83% 60 1.1 0.9 1.6
Combined 73% 60 3.8

Table 2-1: The efficiencies of antineutrino selection cuts, signal and backgrounds rates.

2.2.2 Background estimation

Accidental background The rate of accidental backgrounds can be calculated as Racc = Rp ·Rd ·
∆T , where Rp and Rd are the rate of prompt and delayed signals, respectively, and ∆T is the time
coincidence window. A fiducial volume cut is essential to significantly suppress such background.
The accidental background consists of mainly three types of random coincidence: (radioactivity,
radioactivity), (radioactivity, cosmogenic isotope) and (radioactivity, spallation neutrons):

• (radioactivity, radioactivity): The singles rate obtained from MC simulation is about 7.6 Hz
after fiducial volume cut (see Sec. 13.4.4),in which the faction of neutron-like signals is ∼8%.
Thus the rate of prompt-delayed coincidence within 1.0 ms is ∼ 410/day. In addition, a toy
MC study gives a factor of 380 suppression by requiring Rp−d <1.5 m, where Rp−d is the
distance between the prompt-delayed pair, thus the accidental background rate is reduced to
1.1/day.

• (radioactivity, cosmogenic isotope): based on the rates of cosmogenic isotopes in Sec. 13.4.3,
the neutron-like singles from cosmogenic isotopes is estimated to be ∼340/day. The rate of
accidental coincidence between radioactivity and those isotopes is <0.01/day after ∆T < 1.0
ms and Rp−d <1.5 m cut.

• (radioactivity, spallation neutrons): Though the total rate of spallation neutrons is 1.8 Hz,
after 1.5 ms muon veto the rate is reduced to ∼45/day. The coincidence between radioactivity
and the residual spallation neutrons is negligible after the time and spatial cut.

Thus the total rate of accidental backgrounds is estimated to be 0.9/day, after taking into account
the efficiency of muon veto. During data taking, the rate of radioactivity can be precisely monitored,
so can the neutron-like events from muon spallation. So the uncertainty of accidental background
rate can be controlled within 1% and the uncertainty of spectrum shape is negligible due to the
large statistics of prompt-like singles.

9Li/8He As noted in Sec. 13.4.3, the β-n decays from cosmogenic 8He and 9Li can mimic IBD
interactions, thus are the most serious correlated background to reactor antineutrinos. The 9Li and
8He production cross section is often modelled empirically as being proportional to E0.74

µ , where
Eµ is the average energy of the muon at the detector. Considering the cross section measured in
the KamLAND detector [109], 2.2×10−7µ−1g−1cm2 for 9Li and 0.7×10−7µ−1g−1cm2 for 8He, the
predicted 9Li and 8He production rate at JUNO is 150 and 50 per day, respectively. The branching
ratio of the β-n decay is 51% for 9Li and 16% for 8He, thus the total rate of β-n decays is 84/day.
Taking into account the fiducial volume cut, the rate is reduced to 77/day. The delayed energy cut

40

Efficiency, signal and background rates after each selection criterion

Applying the different selection cuts, 
the signal rate will be 60 events/day 
and the background will be 3.8 events/
day.
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Figure 2-15: Spectra for the antineutrino signal and five kinds of main backgrounds, including the
accidental, 8He/9Li, fast neutron, and 13C(α, n)16O and geo-neutrinos.

2.4.3 Background related uncertainties

We further study the effects of background related uncertainties. From Tab. 2-4, the total back-
ground to signal (B/S) ratio is 6.3%, which contributes to a reduction of ∆χ2

MH ≃ 0.6. Second, the
rate uncertainties of backgrounds are negligible for the MH determination since they are nicely con-
strained in the precision spectral measurements. Finally, the expected energy spectra for five kinds
of main backgrounds are shown in Fig. 2-15. The total background shape uncertainties contribute
to a 0.4% bin-to-bin uncertainty, which can further reduce the MH sensitivity by ∆χ2

MH ≃ 0.1.

2.4.4 Systematics summary

To conclude, we summarize the decomposition of experimental systematics in the MH determination
in Tab. 2-5.

• Ideal distribution of reactor cores with the equal baseline of 52.5 km gives the MH sensitivity
of ∆χ2

MH ≃ 16.

• In reality, the real baseline distribution of reactor cores in Taishan and Yangjiang NPPs from
Tab. 1-2 induces a degradation of ∆χ2

MH ≃ 3.

• An additional reduction of ∆χ2
MH ≃ 1.7 is obtained due to inclusion of Daya Bay and Huizhou

NPPs.

• The reactor shape uncertainty of 1% will further degrade the ∆χ2
MH by 1.

• The statistical and shape uncertainties of backgrounds with the estimation of Tab. 2-4 con-
tribute to ∆χ2

MH ≃ −0.6 and ∆χ2
MH ≃ −0.1, respectively.

• As will be discussed in the next subsection, an increase of ∆χ2
MH ≃ +8 can be obtained by

including a measurement of |∆m2
µµ| at the 1% precision level.

52

Antineutrino signal spectra and 
five kinds of main background



C. Jollet - La Thuile 2016

Overall schedule of JUNO
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Start data 
taking

2013 2014 2015 2016 2017 2018 2019 2020

Complete 
conceptual 

design. 
Complete civil 

design and 
bidding

Start civil construction. 
Complete prototyping 

(PMT & detector). 
International 
collaboration 
established.

PMT 
production line 
manufacturing

Start PMT 
production. Start 

detector 
production or 

bidding.

Complete civil 
construction. 
Start detector 
construction 

and assembly.

Complete 
detector 
assembly, 
installation 

and LS filling

Start LS 
production
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Civil construction
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611 m  vertical shaft 
(245 m already completed)

1340 m  tunnel (42% slope)

Tunnel entrance

Cavern  
(50 m diameter, 80 m high)

• The civil construction started in 2014. 
• The detector will be installed 700 m 

underground.

Timothée Brugière February 19th - 14th Vienna Conference on Instrumentation 16

Civil construction

Slope tunnel � 1340 m (~ 4 m / day)
(~ 850 m completed) Vertical shaft � 611 m

(~ 245 m completed)

Slope tunnel  
(850 m already completed)

Timothée Brugière February 19th - 14th Vienna Conference on Instrumentation 16

Civil construction

Slope tunnel � 1340 m (~ 4 m / day)
(~ 850 m completed) Vertical shaft � 611 m

(~ 245 m completed)
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JUNO collaboration
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APC Paris
Charles University Prague

CPPM Marseille
FZ Julich

IKP FZI Julich
INFN Catania
INFN Frascati
INFN Ferrara

INFN Milano-Bicocca
INFN Milano
INFN Padova
INFN Perugia
INFN Roma3
INR Moscow

IPHC Strasbourg
JINR Dubna
LLR Paris

MSU 
RWTH Aachen

Subatech Nantes
TUM Munich

University of Hambourg
University of Mainz
University of Oulu

University of Tuebingen
Yerevan Physics Institute

Université libre de Bruxelles

EUROPE
Beijing Normal University

CAGS
ChongOing University 

CIAE
DGUT
ECUST

Guangxi University
Harbin Institute of Technology

IHEP
Jilin University
Jinan University

Nanjing University
Nankay University

Natl. Chiao-Tung University
Natl. Taiwan University
Natl. United University

NCEPU
Pekin University

Shandong University
Shanghai JT University

Sichuan University
SUT
SYSU

Tsinghua University
UCAS
USTC

University of South China
Wu Yi University
Wuhan University
Xi’an University

Xiamen University

ASIA 

PCUC Chile
BISEE Chile
UMD1 USA
UMD2 USA

America

JUNO is an international collaboration 
recently established. 

Several other observers are waiting for 
approval.
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Conclusions
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• The JUNO experiment was approved in February 2013 and the international 
collaboration was established in July 2014. 

• The civil construction has started and the laboratory should be ready end of next year. 

• JUNO is an unprecedented large (20 kton) and high precision calorimetry liquid 
scintillator requiring high transparency (20 m attenuation length), high light collection 
(1200 p.e./MeV) to reach a 3% energy resolution at 1 MeV. 

• JUNO has a rich physics program starting in 2020. 

• In 6 years a sensitivity of Δ𝜒2>9 (relative measurement) and Δ𝜒2>16 (absolute 
measurement with σµµ=1%) could be reached on the mass hierarchy discrimination.


