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Neutrino Mass Hierarchy Must be Resolved

2

MSW Effect tells m2 from m1;  
No clue for the sign of Δm232

➡Our familiar tool that has 

helped us telling the m2 

state from m1 using solar 

neutrino data: Matter Effect 

➡Interference between the 

solar and the atmospheric 

oscillation terms: JUNO 

➡Cosmological data 

➡Supernova neutrinos
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Global Efforts Resolving 𝛎 Mass Hierarchy
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Known θ13 Enables Neutrino Mass Hierarchy at Reactors
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Figure 2: The reactor ν̄e energy spectrum at distance L = 20 km from the source, in the absence of
ν̄e oscillations (double-thick solid line) and in the case of ν̄e oscillations characterized by ∆m2

31 =
2.5 × 10−3 eV2, sin2 2θ⊙ = 0.8 and sin2 θ = 0.05. The thick lines are obtained for ∆m2

⊙ = 2 × 10−4

eV2 and correspond to NH (light grey) and IH (dark grey) neutrino mass spectrum. Shown is also the
spectrum for ∆m2

⊙ = 6 × 10−4 eV2 in the NH (dotted) and IH (dashed) cases.

Applying eq. (17) with ∆m2 = ∆m2
31, one sees that for the ranges of L which allow to probe

∆m2
⊙ from the LMAMSW solution region, the total event rate is not sensitive to the oscillations driven

by ∆m2
31 ∼> 1.5 × 10−3 eV2. Thus, the total event rate analysis would determine ∆m2

⊙ which would
be the same for both the normal and inverted hierarchy neutrino mass spectrum.

4.2 Energy Spectrum Distortions

An unambiguous evidence of neutrino oscillations would be the characteristic distortion of the
ν̄e energy spectrum. This is caused by the fact that, at fixed L, neutrinos with different energies reach
the detector in a different oscillation phase, so that some parts of the spectrum would be suppressed
more strongly by the oscillations than other parts. The search for distortions of the ν̄e energy spectrum
is essentially a direct test of the ν̄e oscillations. It is more effective than the total rate analysis since it
is not affected, e.g., by the overall normalization of the reactor ν̄e flux. However, such a test requires a
sufficiently high statistics and sufficiently good energy resolution of the detector used.

Energy spectrum distortions can be studied, in principle, in an experiment with L ∼= (20 − 25)
km. In Fig. 2 we show the comparison between the ν̄e spectrum expected for ∆m2

⊙ = 2 × 10−4 eV2

and ∆m2
⊙ = 6 × 10−4 eV2 and the spectrum in the absence of ν̄e oscillations. No averaging has been

performed and the possible detector resolution is not taken into account. The curves show the product
of the probabilities given by eqs. (9) and (13) and the predicted reactor ν̄e spectrum [36]. As Fig.
2 illustrates, the ν̄e spectrum in the case of oscillation is well distinguishable from that in the absence
of oscillations. Moreover, for ∆m2

⊙ lying in the interval 10−4 eV2 < ∆m2
⊙ ∼< 8.0 × 10−4 eV2, the

shape of the spectrum exhibits a very strong dependence on the value of ∆m2
⊙. A likelihood analysis

of the data would be able to determine the value of ∆m2
⊙ from the indicated interval with a rather good

precision. This would require a precision in the measurement of the e+−spectrum, which should be
just not worse than the precision achieved in the CHOOZ experiment and that planned to be reached in

8

Petcov&Piai, Phys. Lett. B533 (2002) 94-106

L~20km

∝sin22θ

• Recall that reactor neutrinos 
helped solving the solar sector 

• Recall that Daya Bay measures 
the most precise atmospheric 
mass-squared splitting
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Challenges for the Interference Method using Reactors

• Energy resolution: ~3%/sqrt(E) 

- Bad resolution leads to smeared spectrum 
and the MH signal practically disappears 

• Energy scale uncertainty: <1% 

- Bad control of energy scale could lead to 
no answer, or even worse, a wrong 
answer 

• Statistics (who doesn’t like it?) 

- ~36GW thermal power, a 20kt detector 
plus precise muon tracking to get the best 
statistics 

• Reactor distribution: <~0.5km 

- If too spread out, the signal could go away 
due to cancellation of different baselines 

- JUNO baseline differences are within half 
kilometer.

5

Figure 2: The variation (left panel) of the MH sensitivity as a function of the baseline
difference of two reactors and the comparison (right panel) of the MH sensitivity for the
ideal and actual distributions of the reactor cores.

Figure 3: Two classes of typical examples for the residual non-linear functions in our
simulation.

and baseline distribution of each core of the Yangjiang (YJ) and Taishan (TS) nuclear
power plant, shown in Table 1. The remote reactors in the Daya Bay (DYB) and the
possible Huizhou (HZ) power plant are also included. The reduction of sensitivity due to
the actual distribution of reactor cores is shown in the right panel of Figure 2, which gives
a degradation of ∆χ2

MH ≃ 5. In all the following studies, the actual spacial distribution
of reactor cores for the Daya Bay II Experiment is taken into account.

4 Energy Non-Linearity Effect

The detector energy response is also crucial for Daya Bay II since a precise energy spec-
trum of reactor neutrinos is required. Assuming the energy non-linearity correction is
imperfect, we study its impact to the sensitivity by including in our simulation a residual
non-linearity between the measured and expected neutrino spectra. Assume the detector

6

Y.F. Li et al 
PRD88(2013)013008
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Jiangmen Underground Neutrino Observatory
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Idea of the Daya Bay-II Experiment 
Daya Bay 

60 km 
Daya Bay II 

KamLAND 

� 20 kton LS detector 
� 3% energy resolution 
� Rich physics possibilities 

Ö Mass hierarchy 
Ö Precision measurement of 

4 mixing parameters 
Ö Supernovae neutrinos 
Ö Geoneutrinos 
Ö Sterile neutrinos 
Ö Atmospheric neutrinos 
Ö Exotic searches  

Talk by Y.F. Wang at ICFA seminar 2008, Neutel 2011;  by J. Cao at Nutel 2009, NuTurn 2012 ;  
Paper by L. Zhan, Y.F. Wang, J. Cao, L.J. Wen,  PRD78:111103,2008;  PRD79:073007,2009 

JUNO
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Go 700m Underground

7

Groundbreaking on Jan 10, 2015 
• Both tunnels are close to completion

Slope tunnel 
1340m

Vertical shaft 
581m

Underground lab 
space: ~5600 m2
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The JUNO Detector Design

8

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 –
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Generate Light  Collect Light  Convert Light

9

20”  
PMT(~17000)

3” sPMT(~25000) 
Arranged between 20” PMTs

• LAB-based liquid scintillator 10k photon/MeV 

• LS transparency reaches ~20m 

• High detection efficiency PMT: ~75% coverage 

➡ ~3%/√E energy resolution plausible

Hamamatsu R12860-50
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More Light: PMT and Photocathode Coverage

10

• Large PMTs: 20” MCP-PMT, ~75% 

• Large PMTs: 20” SBA Hamamatsu, ~25% 

• Small PMTs: 3” PMTs 

➡ to further increase the photocathode coverage 

➡ to provide a semi-independent calorimetry 
system for timing 

➡ to extend energy dynamic range to avoid 
saturation, important for high energy events 
and cosmic muons

¾ 3.  The performance of  the MCP‐PMT prototypes

20‐inch Hamamatus PMT
Dynode

Ellipsoidal  Glass

20‐inch IHEP MCP‐PMT
Horizontal MCPs
Ellipsoidal  Glass

HQE 1#, 2#, 3#  76#, 77#, 78#, 79#

¾ 3.  The performance of  the MCP‐PMT prototypes

20‐inch Hamamatus PMT
Dynode

Ellipsoidal  Glass

20‐inch IHEP MCP‐PMT
Horizontal MCPs
Ellipsoidal  Glass

HQE 1#, 2#, 3#  76#, 77#, 78#, 79#

  8

3inch PMT (1)
Xinying Li, Doc 781
Miao He, Doc 788, 864

Anatael Cabrera (CNRS-IN2P3 & APC)

SPMT: full dynamic range (up to μ’s) 
⇒ natural dynamic range extension

   •stochastic resolution [10,13]% 
   •SPMT resolution ≲4% @10MeV

LPMT focus on IBD & SN physics 
•on high energy resolution  
•maximise FADC sensitivity

   →stochastic resolution: a~3% 

•SPMT is MUCH lighter than LPMT⇒ major simplification (cheaper) of Electronics/DAQ

natural dynamic range extension… 53

Visible Energy (MeV)0 10 100 1000

IBD 
physics

SPMT range

LPMT range

SN 
physics

μ (→BG) 
physics

LPMT data
SPMT data

saturation level cartoon*

muons deposition (cartoon)… FADC saturated data is less useful, but still very heavy!

time (ns)

Complementary Roles by SPMTs and LPMTs
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“Meticulous” PMT Quality Control and Characterization
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Container Testing

Scanning Station Testing

Visual Inspection

Receiving PMTs

An Earth Magnetic Field (EMF) shielded 
36-slot container testing all PMTs

A scanning device in an EMF compensated dark room 
checking ~10% PMTs photocathode uniformity

Magnetic field study
❖ Magnetic field presented as % of primary magnetic field of 45 µT

@ Zhongshan testing site

doorway
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Preliminary PMT Detection Efficiency Performance 

• Detection Efficiency is the most essential factor

12

• Other numbers are not as essential to the energy response performance

JUNO PRELIMINARY Delivered Tested Prelim. 
Results

滨松 ~3000 1354
27.3%
±1%

北北⽅方夜视 ~7000 1229 28.6%
±1%

The lower limit on PMT detection efficiency: 24%
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Can One Calibrate Energy to 1%?

13

Absolute Energy Scale
9

Validation:
- Michel electron at 53 MeV
- β and γ spectra of 12B and Tl

Eobs/Etrue is known to <1% for 
1 MeV < Ee+ < 10 MeV 

Also use electrons from Compton 
scattering to determine energy non-
linearity of liquid scintillator in labs

Daya Bay by Luk, Erice 2017
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Multiple Calibration Approaches

14

Four units designed

•Regular deployment (every week) 
Scan center axis

 

Remotely Operated Vehicle(ROV)

 

Scan the whole CD if needed

Cable Loop System (CLS) 

The source is driven with rope pulled 
by step motors

Guide Tube (GT)

 

Scan outer surface of CD
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Veto System Considerations and Designs

• Veto has tracking capability to better understand 
and remove cosmogenic backgrounds in both 
space&time 

- A water Cherenkov detector + A Top Tracker 
(TT, OPERA scintillator calorimeters) 

• Earth magnetic field compensation coils 

• Radon removal, control and monitoring

15

Muon track
Top tracker

Water Pool

Water Pool

Water Pool muon

AD

Rock muon

Rock

n

Central Detector muon
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The Detector Performance Goals

16

Daya Bay BOREXINO KamLAND JUNO

Target Mass 20t ~300t ~1kt ~20kt 

Photocathode 
Coverage

~12% ~34% ~34% ~80%

PE Collected
~160  

PE/MeV
~500  

PE/MeV 
~250  

PE/MeV
~1200  

PE/MeV

Energy 
Resolution

~7.5%/√E ~5%/√E ~6%/√E 3%/√E

Energy 
Calibration

~1.5% ~1% ~2% <1%

➡ An unprecedented LS detector is under development for the JUNO 
project —> a great step in detector technology
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Expected Significance to Mass Hierarchy

• Reactor neutrino survival spectrum can tell MH to ~3σ  

• JUNO can use help: If T2K+NOvA tells Δm2μμ  ~1%, ~4σ 

• T2K+NOvA Δm2μμ  ~1%, S.K. Agarwalla, S. Prakash, WW, arXiv:1312.1477

172.6. Conclusions

The determination of the neutrino MH is of great importance in neutrino physics, since the
MH provides a crucial input for future searches of neutrinoless double beta decays, obser-
vation of supernoca neutrino bursts, cosmological probe of neutrino properties, and model
building of the neutrino masses and flavor mixing.

Thanks to the relatively large 13q discovered in recent reactor and accelerator neutrino
experiments, 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., oscilla-
tions induced by m31

2D and m32
2D ) 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 mea-
surement of the effective mass-squared difference in the long-baseline muon-neutrino dis-
appearance 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 3s~ can
be achieved with the reasonable assumption of the systematics and six years of running. We
emphasized that the reactor shape uncertainty and detector nonlinearity response, are the
important factors to be dealt with. In addition, we have studied the additional sensitivity by
including precision measurements of m2D mm from long baseline muon (anti)neutrino dis-

appearance. A CL of 14MH
2cD ~ (3.7 s) or 19MH

2cD ~ (4.4s) can be obtained, for the

m2D mm 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 include 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 contain a great amount of synergies. Therefore, the MH,

Figure 20. The reactor-only (dashed) and combined (solid) distributions of the 2cD
function in equations (2.9) and (2.23), where a 1% (left panel) or 1.5% (right panel)
relative error of m2D mm is assumed and the CP-violating phase (δ) is assigned to be
90 270 (cos 0d = ) for illustration. The black and red lines are for the true (normal)
and false (inverted) neutrino MH, respectively.

J. Phys. G: Nucl. Part. Phys. 43 (2016) 030401 Technical Report

41
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Other Potential: Precision Oscillation Warranted

• Subpercent 
precision  oscillation 
measurements 
warranted @ JUNO

18

Figure 3-5: The precision of sin2 θ12 with the rate plus shape information (solid curve) and rate-
only information (dashed curve).

Figure 3-6: Dependence of the precision of sin2 θ12, ∆m2
21 and ∆m2

ee with the neutrino energy
resolution.

61

Nominal + B2B (1%) + BG + EL (1%) + NL (1%)
sin2 θ12 0.54% 0.60% 0.62% 0.64% 0.67%
∆m2

21 0.24% 0.27% 0.29% 0.44% 0.59%
|∆m2

ee| 0.27% 0.31% 0.31% 0.35% 0.44%

Table 3-2: Precision of sin2 θ12, ∆m2
21 and |∆m2

ee| from the nominal setup to those including
additional systematic uncertainties. The systematics are added one by one from left to right.

In the following a study of the effects of important systematic errors, including the bin-to-bin (B2B)
energy uncorrelated uncertainty, the energy linear scale (EL) uncertainty and the energy non-linear
(NL) uncertainty, will be discussed and the influence of background (BG) will be presented. As a
benchmark, 1% precision for all the considered systematic errors is assumed. The background level
and uncertainties are the same as in the previous chapter for the MH determination. In Table 3-
2, we show the precision of sin2 θ12, ∆m2

21 and |∆m2
ee| from the nominal setup to those including

additional systematic uncertainties. The systematics are added one by one. Note the energy-related
uncertainties are more important because the sensitivity is mostly from the spectrum distortion
due to neutrino oscillations.

In summary, for the precision measurements of oscillation parameters, we can achieve the preci-
sion level of 0.5%−0.7% for the three oscillation parameters sin2 θ12, ∆m2

21 and |∆m2
ee|. Therefore,

precision tests of the unitarity of the lepton mixing matrix in Eq. (3.1), and the mass sum rule in
Eq. (3.4) are feasible at unprecedented precision levels.

3.3 Tests of the standard three-neutrino paradigm

In this section, the strategy for testing the standard three-neutrino paradigm including the unitarity
of the lepton mixing matrix and the sum rule of the mass-squared differences will be discussed.
As only the lepton mixing elements of the electron flavor are accessible in reactor antineutrino
oscillations, we here focus on testing the normalization condition in the first row of U as shown in
Eq. (3.1). It should be noted that the θ12 measurement in JUNO is mainly from the energy spectrum
measurement, and θ13 in Daya Bay is from the relative rate measurement. Therefore, an absolute
rate measurement from either reactor antineutrino experiments or solar neutrino experiments is
required to anchor the total normalization for the first row of U . For the test of the mass sum rule,
an additional independent mass-squared difference is needed, where the most promising one is that
from the long-baseline accelerator muon-neutrino disappearance channel, i.e., ∆m2

µµ.
To explain non-zero neutrino masses in new physics beyond the Standard Model (SM), a large

class of models introduces additional fermion singlets to mix with the SM neutrinos. Thus the full
neutrino mixing matrix will be enlarged, and an effective 3× 3 non-unitary mixing matrix emerges
when one integrates out all those heavy fermion singlets (i.e., sterile neutrinos). The distinct effects
within this class of SM extensions are well described by an effective field extension of the SM, called
the Minimal Unitarity Violation (MUV) scheme. The MUV extension of the SM, characterized by
two non-renormalizable effective operators, is defined as

LMUV = LSM + δLd=5 + δLd=6

= LSM +
1

2
cd=5
αβ

(
Lc

αφ̃
∗
)(

φ̃† Lβ

)
+ cd=6

αβ

(
Lαφ̃

)
i ∂̸

(
φ̃†Lβ

)
+H.c. , (3.9)

where φ denotes the SM Higgs field, which breaks the electroweak (EW) symmetry spontaneously
after acquiring the vacuum expectation value (vev) vEW ≃ 246GeV, and Lα represents the lepton
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∆m2
21 |∆m2

31| sin2 θ12 sin2 θ13 sin2 θ23
Dominant Exps. KamLAND MINOS SNO Daya Bay SK/T2K
Individual 1σ 2.7% [121] 4.1% [123] 6.7% [109] 6% [122] 14% [124,125]
Global 1σ 2.6% 2.7% 4.1% 5.0% 11%

Table 3-1: Current precision for the five known oscillation parameters from the dominant experi-
ments and the latest global analysis [69].

required by the MH measurement, antineutrinos from different reactors generate nearly identical
energy spectra without smearing the oscillation patterns. This represents an important advantage
for extracting the oscillation parameters with high precision. Fig. 3-1 shows the predicted prompt
energy spectrum for the IBD events. Multiple oscillation patterns corresponding to the solar and
atmospheric ∆m2 scales are clearly visible.

Current precision for five known oscillation parameters are summarized in Table 3-1, where
both the results from individual experiments and from the latest global analysis [69] are presented.
Most of the oscillation parameters have been measured with an accuracy better than 10%. The
least accurate case is for θ23, where the octant ambiguity hinders a precision determination. Among
the four oscillation parameters accessible by JUNO, θ13 can not be measured with a precision better
than the Daya Bay one, which is expected to reach a 4% precision for this smallest mixing angle
after 5 years of running. Therefore, we only discuss the prospect for precision measurements of
θ12,∆m2

21, and |∆m2
ee|1.

With the nominal setup [60] described in the MH measurement, the expected accuracy for the
three relevant parameters is shown in Fig. 3-4, where the solid lines show the accuracy with all
the other oscillation parameters fixed and the dashed lines show the accuracy with free oscillation
parameters. The precision (dashed lines) of 0.54%, 0.24% and 0.27% can be obtained for sin2 θ12,
∆m2

21 and ∆m2
ee, respectively, after 6 years of running.

Several comments are listed as follows:

• Although only one single detector is considered, the precision on θ12 at the sub-percent level
is achievable because most of the sensitivity is from the spectral information. This property
is illustrated in Fig. 3-5, showing the θ12 accuracy with both the rate and shape information
and with only the rate information.

• A precision of |∆m2
ee| similar to ∆m2

21 is obtained because each fast oscillation cycle gives
a statistically independent measurement of |∆m2

ee|. The combined result from the whole
spectrum has a high statistical accuracy.

• The baseline differences may affect significantly the precision of θ12 because different baselines
can smear the oscillation pattern. For comparison, the precision of θ12 could be improved
from 0.54% to 0.35% if the baselines were identical for JUNO.

• The energy resolution impacts mainly |∆m2
ee| because the relevant information is contained

in the fine structure of fast oscillations. A quantitative dependence on the energy resolution
for all the three oscillation parameters is shown in Fig. 3-6 with energy resolution ranging
from 2% to 5%.

1There will be two degenerated solutions for |∆m2
ee| in case of undetermined MH.

59

JUNO Yellow Book 
arXiv:1507.05613

JUNO: 100k evts, arXiv:1507.05613
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JUNO Major Milestones and Progresses

19

2014: 
International 
collaboration 
established 
•start civil 
construction

2015: PMT 
production 
line setup; 
CD parts 
R&D

2016: Start 
PMT and 
CD parts 
production

2017: Start 
PMT 
testing; TT 
arrived 

2018: PMT 
potting 
starts; 
Electronics 
production 
starts

2019 - 2020: 
Civil work 
and lab 
preparation 
completed; 
Detector  
Constructing

2021:  
Detector 
Ready; 
DATA!
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Do We Need A Near Detector?

• We do not believe that periodic fine structures could exist. 
However, a near detector with resolution better than 3%/sqrt(E) 
could remove the doubts completely from the community 

– GasTPC or LXe (scattering) do not have enough statistics. 

– LS with Gd-doping could be a better choice (PMTs vs SiPM) 

• Basic parameters of a Gd-LS near detector:  

– Fiducial Volume: 1 ton 

• Event rate 400k/year @ 50m 

• 3 years data taking yields 10x JUNO 6-year data 

– Additional 28 cm to contain the event 

• Two-layer detector:  

– 2.9 t target in spherical acrylic vessel 

– Oil buffer in stainless steel vessel, size ~ 2mx2m. 

20
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Summary

• Exciting and steady progresses have been made in the past 20 years 
in neutrino physics — Neutrino Mass is beyond the Standard Model 

• JUNO provides great potential in resolving the neutrino mass 
hierarchy, unique and complementary to other efforts 

➡Pure e-flavor and free of matter effect 

• JUNO also provides great potential in precision oscillation 
measurements, geoneutrino and extraterrestrial neutrino 
detections, and other non-neutrino physics like nucleon decay and 
indirect dark matter searches 

• The JUNO project has been making steady progresses and data 
taking is expected in 2021
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JUNO thanks you all for your attention!
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Mass Hierarchy by Comparing 𝞓m2𝜇𝜇 and 𝞓m2ee
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FIG. 5: The ratio of Erec to Ereal for the case of IH based
on Eq. (8) (solid line) is shown w.r.t the visible energy Evis.
The dotted line shows the ratio of Erec to Ereal for the case
of NH.

from Eq. (1). In this case the analysis of the spectrum
would lead to an obviously wrong MH. Since the exact
value of |∆m2

32| is not known, we must consider in Eq. (8)
all allowed values of |∆′m2

32| including those that mini-
mize the ratio Erec/Ereal.

Fig. 5 shows the ratio Erec/Ereal versus the visible
energy (solid line) with the energy scale distortion de-
scribed by Eq. (8) where |∆′m2

32| was chosen so that this
ratio is one at high Evis. Comparing the medium en-
ergy region (2 MeV < Evis < 4 MeV) with the higher
energy region (Evis > 4 MeV), the average Erec/Ereal

is larger than unity by only about 1%. In addition, the
same argument similar to Eq. (8) applies to the NH case
as well. The ratio Erec/Ereal versus the visible energy
(dotted line) of NH is also shown in Fig. 5. Therefore,
to ensure the MH’s discovery potential from such an ex-
periment, the non-linearity of energy scale (Erec/Ereal)
needs to be controlled to a fraction of 1% in a wide range
of Evis. This requirement should be compared with the
current state-of-art 1.9% energy scale uncertainty from
KamLAND [31]. Therefore, nearly an order of magni-
tude improvement in the energy scale determination is
required for such a measurement to succeed.

UNCERTAINTIES IN |∆m2
32|

The current primary method to constrain |∆m2
32| is

the νµ disappearance experiment. However, similar to
the ν̄e disappearance case as in Eq. 1, the νµ disappear-
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FIG. 6: The dependence of effective mass-squared difference
∆m2

eeφ (solid line) and∆m2
µµφ (dotted line) w.r.t. the value of

δCP for ν̄e and νµ disappearance measurements, respectively.

ance measurement in vacuum 3 would also measure an
effective mass-squared difference rather than |∆m2

32| di-
rectly. The corresponding effective mass-squared differ-
ence is smaller than that in the ν̄e case, basically since
in the Eq. (2) the cosine squared of θ12 is replaced by
the sine squared. Also, in this case, the effective mass-
squared difference will depend not only on ∆21, θ12, but
also on θ13, θ23, as well as on the unknown CP viola-
tion phase δCP . The effective mass-squared differences
from νµ and νe disappearance w.r.t. the value of δCP are
shown in Fig. 6. The difference in ∆m2

φ between the νµ
and νe channels actually opens a new path to determine
the MH. This possibility was discussed earlier in Refs.
[32, 33]. It was stressed there that the difference in fre-
quency shifts 2∆32 ± φ has opposite signs for the ν̄e and
νµ disappearance in the normal or inverted hierarchies.
Such a measurement would require that 2∆32±φ is mea-
sured to a fraction of∆m2

eeφ−∆m2
µµφ level (5×10−5 eV 2)

in both channels. In the current ∼ 60 km configuration,
the knowledge of |∆m2

32| enters through the penalty term
in Eq. (5). Therefore, in order for knowledge of |∆m2

32|
to have a significant impact to the determination of MH,
the ∆32 ± φ in νµ channel should also be measured to a
fraction of ∆m2

eeφ − ∆m2
µµφ level, which is well beyond

the reach of T2K [34] and NOνA [35] νµ disappearance
measurements 4.

3 In practice, the uncertainty in the matter effect would introduce
only a systematic uncertainty. The strength of the effect in νµ
disappearance is close to that of changing |∆m2

32
| by a few times

of 10−6eV 2.
4 The projected 1-σ uncertainties on |∆m2| = |∆m2

32
±∆m2

µµφ/2|

from T2K and NOνA are about 5.3× 10−5 eV2.

Qian et al, PRD87(2013)3, 033005

84% CL. Even though they overlap the mass hierarchy can
be determined to the extent that one can discriminate if
!e! ! !m2"ee# $ !m2"!!# is positive (normal hier-
archy) or negative (inverted hierarchy). Throughout this
section we use the following values for the solar oscillation
parameters: !m2

21 % 8:0 & 10$ 5 eV2 and sin2"12 % 0:31
[15], unless stated otherwise.

A few remarks are in order:
(1) The dependence of the fractional uncertainty of

!m2"ee# which is proportional to "sin22"13#$ 1 [23]
is clearly visible in Fig. 1.

(2) !m2"!!# varies as a function of sin22"13 because
of the three-flavor effect in the disappearance proba-
bility P"#! ! #!#, see Eq. (4). Note, however, that
the relative uncertainty with respect to its central
value is independent of "13.

(3) The three panels in Fig. 1, which correspond to
different values of $, indicate that the discriminating
sensitivity of the mass hierarchy depends upon $ in
an interesting way. The sensitivity is highest (low-
est) at $ % % (0 or 2%), see Eq. (4).

To quantify the sensitivity region for the resolution of
the mass hierarchy we define the probability distribution
function Pdiff"&# of the difference & ! !m2"ee# $
!m2"!!#. Then the region of parameter which gives
positive & at >90%,>95%, and>99% CL are determined
by the condition

 

Z 1
0
d&Pdiff"&# % 0:9; 0:95; 0:99: (9)

Assuming that !m2"ee# and !m2"!!# are Gaussian dis-
tributed,4 Pe"!m2"ee## and P!"!m2"!!##, with the aver-

age values !m2"ee# and !m2"!!# and widths 'e and '!,
respectively, Pdiff is also a Gaussian distribution with

average value !m2"ee# $ !m2"!!# and width
!!!!!!!!!!!!!!!!!!!
'2

e ' '2
!

q
.

Using the precision for the determination of !m2"!!#
and !m2"ee# obtained in Secs. II and III, it is straightfor-
ward to determine the sensitivity regions. In Fig. 2 we
present the sensitivity regions in the space spanned by
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FIG. 2 (color online). Sensitivity regions in the sin22"13-$
plane in which the mass hierarchy can be resolved at >90%
(outer shaded region),>95% (middle shaded region), and>99%
(inner shaded region) CL by the method of comparing the two
disappearance measurements. The uncertainty on !m2"ee# is
roughly given by "0:3=sin22"13#% under the assumed 0.2%
systematic error and the uncertainty on !m2"!!# is assumed
to be 0.5%. Here the current best fit value sin2"12 % 0:31, is
used.
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FIG. 1 (color online). Allowed regions for !m2"ee# (shaded area) and !m2"!!# (bands delimited by two solid and dashed curves)
by measurement using the recoilless resonant "#e absorption reaction and the T2K II experiment, respectively, are plotted as functions
of sin22"13. The input value of !m2"ee# % 2:5 & 10$ 3 eV2 is assumed. The solid (dashed) curve for !m2"!!# denotes the case of
normal (inverted) mass hierarchy. The left, the middle, and the right panels are for the input values of $ % %, $ % %=2 or 3%=2, and
$ % 0 or 2%, respectively.

4In good approximation, the (2 distribution of !m2"ee# is
Gaussian as far as we exploit the setting discussed in [23].
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Mass Hierarchy Resolution in Reactor Anti-neutrino Experiments:
Parameter Degeneracies and Detector Energy Response

X. Qian,1, ∗ D. A. Dwyer,1 R. D. McKeown,2, 3 P. Vogel,1 W. Wang,3 and C. Zhang4

1Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, CA
2Thomas Jefferson National Accelerator Facility, Newport News, VA

3College of William and Mary, Williamsburg, VA
4Brookhaven National Laboratory, Upton, NY

(Dated: February 1, 2013)

Determination of the neutrino mass hierarchy using a reactor neutrino experiment at ∼60 km
is analyzed. Such a measurement is challenging due to the finite detector resolution, the absolute
energy scale calibration, as well as the degeneracies caused by current experimental uncertainty of
|∆m2

32|. The standard χ2 method is compared with a proposed Fourier transformation method. In
addition, we show that for such a measurement to succeed, one must understand the non-linearity
of the detector energy scale at the level of a few tenths of percent.

PACS numbers:

INTRODUCTION AND DEGENERACY CAUSED

BY THE UNCERTAINTY IN ∆m2
atm

Reactor neutrino experiments play an extremely im-
portant role in understanding the phenomenon of neu-
trino oscillation and the measurements of neutrino mix-
ing parameters [1]. The KamLAND experiment [2] was
the first to observe the disappearance of reactor anti-
neutrinos. That measurement mostly constrains solar
neutrino mixing ∆m2

21 and θ12. Recently, the Daya
Bay experiment [3] established a non-zero value of θ13.
sin2 2θ13 is determined to be 0.092 ± 0.016 (stat) ± 0.005
(sys). The large value of sin2 2θ13 is now important in-
put to the design of next-generation neutrino oscillation
experiments [4, 5] aimed toward determining the mass
hierarchy (MH) and CP phase.

It has been proposed [6, 7] that an intermediate L∼20-
30 km baseline experiment at reactor facilities has the
potential to determine the MH. Authors of Ref. [8] and
Ref. [9, 10] studied a Fourier transformation (FT) tech-
nique to determine the MH with a reactor experiment
with a baseline of 50-60 km. Experimental considerations
were discussed in detail in Ref. [10]. On the other hand,
it has also been pointed out that current experimental
uncertainties in |∆m2

32| may lead to a reduction of sensi-
tivity in determining the MH [11–13]. Encouraged by the
recent discovery of large non-zero θ13, we revisit the fea-
sibility of intermediate baseline reactor experiment, and
identify some additional challenges.

The disappearance probability of electron anti-
neutrino in a three-flavor model is:

P (ν̄e → ν̄e) = 1− sin2 2θ13(cos
2 θ12 sin

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

2 2θ12 sin
2 ∆21

= 1− 2s213c
2
13 − 4c413s

2
12c

2
12 sin

2 ∆21 + 2s213c
2
13

√

1− 4s212c
2
12 sin

2 ∆21 cos(2∆32 ± φ) (1)

where ∆ij ≡ |∆ij | = 1.27|∆m2
ij|

L(m)
E(MeV ) , and

sinφ =
c212 sin 2∆21

√

1− 4s212c
2
12 sin

2 ∆21

cosφ =
c212 cos 2∆21 + s212

√

1− 4s212c
2
12 sin

2 ∆21

. (2)

In the second line of Eq. (1), we rewrite the formula us-
ing the following notations: sij = sin θij , cij = cos θij ,
and using ∆31 = ∆32 + ∆21 for normal mass hierar-
chy (NH), ∆31 = ∆32 − ∆21 for inverted mass hierar-

chy (IH), respectively. Therefore, the effect of MH van-
ishes at the maximum of the solar oscillation (∆21 =
π/2 1), and will be large at about ∆21 = π/4. Fur-
thermore, we can define ∆m2

φ(L,E) = φ
1.27 · E

L
as the

effective mass-squared difference, whose value depends
on the choice of neutrino energy E and baseline L. Since
|∆m2

32| is only known with some uncertainties (|∆m2
32| =

(2.43 ± 0.13) × 10−3eV 2 [14] or more recently |∆m2| =

1 This is true for ∆21 = nπ/2, with n being an integer.

1

P⌫µ!⌫µ = 1� Pµ
21 � cos2 ✓13 sin

2 2✓23 sin
2 (�m2

32 ± �)L

4E

Minakata et al PRD74(2006), 053008
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Civil Layout and Status

24

竖井⼊入⼝口
Slope Tunnel：1266 meters @ slope of 42%

Vertical shaft: 564 meters

Experimental hall 
Overburden: 680 m meters 
Width: 49 meters 
Length:55 meters

already constructed

already constructed
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Details of the JUNO Central Detector
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Stainless Steel Truss 
Inner Diameter:40.1m

PMT Arrangement 
~18,000 (20”)+~25,000 (3.1”)

Acrylic Sphere 
Inner Diameter: 35.4m

Acrylic sphere 
• ID: Ø35.4m 
• Thickness:120mm 
• Weight: ~600t

Stainless steel truss 
• ID: Ø40.1m 
• OD: Ø41.1m 
• Weight: ~600t

20” PMT array 
• Distance to LS: ~1.6m 
• Gap: ~250mm (extremely 

challenging)
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HEP 2018, ValparaisoV. Vorobel

Veto System
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Top Tracker 

• Re-using the OPERA’s Target Tracker 
(plastic scintillators) 

• Three (x-y) layers to ensure good 
muon tracking (3 muons/s) 

• Muon rejection studies 

• Cosmogenic background study (9Li, 
8He)  

• Delivered to China already

Top Tracker 
(3 x-y layers)

neutron

8He

9Li

12C

m
uo

n
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The Electronic Readout Scheme
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• PMT: photomultiplier tubes 

• HV: High Voltage units 

• ADU: Analog to Digital Unit 

• GCU: Global Control Unit 

• CAT cable: Category 5e cable 

• High reliability needed 

• Severe constraints by power consumption

1F3 scheme
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Why Precise Solar Mixing Angle Measurements
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• Best solar angle in the 
foreseeable future 

• Valuable input to the 
neutrinoless double 
beta decay

Direct unitarity test of |Ue1|2+|Ue2|2+|Ue3|2=1

Qian, X. et al. arXiv:1308.5700

• Three-neutrino paradigm test

M. Lindner, A. Merle, W. Rodejohann, Phys.Rev. D73 (2006) 053005

https://arxiv.org/find/hep-ph/1/au:+Lindner_M/0/1/0/all/0/1
https://arxiv.org/find/hep-ph/1/au:+Merle_A/0/1/0/all/0/1
https://arxiv.org/find/hep-ph/1/au:+Rodejohann_W/0/1/0/all/0/1
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JUNO Physics Program
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• Reactor neutrinos 

• Mass Hierarchy 

• Precision measurements of oscillation 
parameters 

• Geoneutrinos 

• Solar neutrinos 

• Atmospheric neutrinos 

• Supernovae neutrinos 

• Exotic searches

JUNO Yellow Book 
J. Phys. G 43, 030401 (2016)
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Expected IBD Spectrum of JUNO (MC)
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JUNO Sensitivity to DSNB
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10 year data 
17 kt fiducial

 

Fast Neutrons

 

Sum backgrounds


