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Project JUNO
Introduction
Current status of neutrino mixing

Our current knowledge of neutrino mixing matrix

VPMNS =
 1 0 0

0 c23 s23
0 −s23 c23

 c13 0 ŝ∗13
0 1 0

−ŝ13 0 c13

 c12 s12 0
−s12 c12 0
0 0 1


where cij ≡ cos θij, sij ≡ sin θij, ŝ13 ≡ e+iδ sin θ13.
sin2 θ12 = 0.307± 0.017

sin2 θ23 = 0.398± 0.03

sin2 θ13 = 0.0228± 0.0029

δ/π ≈ 1.08± 0.37 Fogli et al. arxiv:1205.5254
2012

Angle θ13 - is the discovery of 2012! (Daya Bay, Reno, Double Chooz,
T2K, MINOS)
Indication on non-zero value for δCP from a global fit of the data
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Project JUNO
Introduction
Current status of neutrino mixing

Neutrino mixing matrix:

|VPMNS| ∼
 0.8 0.5 0.15

0.4 0.6 0.7
0.4 0.6 0.7

 .

is sharply different from the quark mixing matrix:

|VCKM| ∼
 1 0.2 0.001

0.2 1 0.01
0.001 0.01 1

 ,

This could be a guideline for theorists...
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Project JUNO
Introduction
Current status of neutrino mixing

Neutrino is massive!
The mass of the heaviest is in quite narrow interval:

0.05 eV < mh < 0.36 eV

From neutrino oscillations:
∆m2

21 = (7.65+0.23
−0.20)× 10−5 eV2,

|∆m2
µµ| = (2.44+0.10

−0.10)× 10−3 eV2

From tritium decays:

mβ =

[∑
i

|Vei|2m2
i

]1/2

< 2.2 eV

From cosmology (model dependent):∑
i
mi < 0.36 eV
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Project JUNO
Introduction
Open questions

Dirac or Majorana?
Neutrino mass hierarchy (MH)
CP -violation phase δ
Unitarity of neutrino mixing matrix or do exist sterile neutrinos?
The mass of the lightest neutrino
Presence of non standard interactions? (NSI)
octant of θ23
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Project JUNO
How to measure the mass hierarchy?
With reactors

What is the mass hierarchy?

Sometimes people erroneously say: “Just sign of ∆m2
31,∆m2

31”
↪→ If this were right, then how to observe it? The survival probability is
invariant under the change ∆m2

31 → −∆m2
31, ∆m2

32 → −∆m2
32

Pee = 1− 4s213c213
(c212 sin2 ∆31 + s212 sin2 ∆32

)
− 4c413s212c212 sin2 ∆21,

where
∆ij =

∆m2
ijL

4Eν , ∆m2
ij = m2

i − m2
j .

Fortunately, the right answer would be: “Both the sign and the value of
∆m2

31,∆m2
31 are different for normal (NH) and inverted (IH)

hierarchies”:
NH: ∆m2

31 ≥ 0,∆m2
32 ≥ 0, |∆m2

31| = |∆m2
32|+∆m2

21

IH: ∆m2
31 ≤ 0,∆m2

32 ≤ 0, |∆m2
31| = |∆m2

32| −∆m2
21.
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Project JUNO
How to measure the mass hierarchy?
With reactors

How the oscillation probability differs for two MH?
1 Assume what we have measured
with accelerators and
atmospheric neutrinos is ∆m2

32.
Then,
PNHee −PIHee = −4s213c213c212sin 2∆32 sin 2∆21

2 Assume what we have measured
with accelerators and
atmospheric neutrinos is ∆m2

31.
Then,
PNHee −PIHee = +4s213c213s212sin 2∆31 sin 2∆21

The maximum is at L/E ≃ 7.5
km/MeV. Reactors with
⟨E⟩ ≃ 4 MeV would need a
baseline L ≃ 30 km

5 10 15 20 25 30 35 40
L/E, km/MeV

0.2

0.0

0.2

0.4

0.6

0.8

1.0

P
d
is

νe  disappearance probability

normal
inverted
difference

Similar assumptions on what was
measured (∆m2

31 or ∆m2
32) the

“effect” is different: both sign and
amplitude. This is disturbing...
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Project JUNO
How to measure the mass hierarchy?
With reactors

What do we measure with accelerators, atmosphere and (recently) reactors
like Daya Bay?

Since |∆m2
31,32|/∆m2

21 ≃ 30 all current neutrino oscillation experiments
are degenerate in ∆m2

31,32 — can not measure ∆m2
31 AND ∆m2

32

What do they measure? They measure some effective values
(H.Minokata et al. Phys.Rev.D76:053004,2007):

∆m2
αα ≡ ηα∆m2

31 + (1− ηα)∆m2
32

= ∆m2
32 + ηα∆m2

21 = ∆m2
31 − (1− ηα)∆m2

21,

where
ηα ≃ |Vα1|2

|Vα1|2 + |Vα2|2

and thus
∆m2

ee ≃ c212∆m2
31 + s212∆m2

32

∆m2
µµ ≃ s212∆m2

31 + c212∆m2
32 + 2∆m2

21s12c12s13 tan θ23 cos δ
∆m2

ττ ≃ s212∆m2
31 + c212∆m2

32 − 2∆m2
21s12c12s13 cot θ23 cos δ
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Project JUNO
How to measure the mass hierarchy?
With reactors

∆Pee = PNHee − PIHee = −4s213c213 sin2 2∆ee
(c212 sin 2s212∆21 − s212 sin 2c212∆21

)
If c212 = s212 — no way to measure MH with vaccuum oscillations
For ∆m2ee = 2.44 · 10−3 eV2 the maximum of ∆Pee is atL/E ≃ 10π km/MeV
↪→ L = 60(120) km for E = 2(4) MeV
↪→ The amplitude of the effect is sin2 2θ13 = 0.09 (9% of amplitude
modulation due to MH)

0 10 20 30 40 50
L/E, km/MeV

0.10

0.05

0.00

0.05

0.10

P
ee

NH - IH
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Project JUNO
How to measure the mass hierarchy?
With accelerators.

With accelerators and ⟨E⟩ ≃ 1 GeV one would need a baseline
L ≃ 30000 km≫ D⊕ km in vacuum.
However at long distances neutrino propagate in the matter (Earth).
This changes a lot because of matter effect!

How matter matters?
νe gets an additional phase shift relative to νµ,τ because of W exchange
in reactions:

νe + e → νe + e(W, Z), νµ,τ + e → νµ,τ + e(Z)

The characteristic length in the Earth with ρ ≃ 5.5g/cm3 is
Lm = (

√
2GFne)−1 ≃ 1000 km

The effect is that νe becomes heavier in matter:
Normal Hierarchy Inverted Hierarchy
νe → νm3 → ντ νe → νm2 → νµ
ντ → νm2 → νµ νµ → νm1 → ντ
νµ → νm1 → νe ντ → νm3 → νe
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Project JUNO
How to measure the mass hierarchy?
A list of proposals

Due to matter effect Pµe is enhanced for NH and suppressed for IH.
The difference could be as large as 30% (!) for E = 6 GeV and
L = 6000 km.

Therefore, a number of proposals:
Project ν Source Detector Goal Problem
Nova LBL (810 km) 14 kt tracking

calorimeter 2σ (2020) Parameter
degeneracy

JUNO Reactor (58 km) 20 kt LS 3σ (2025) Energy
resolution

PINGU/ORCA Atmosphere 1-10 Mt Ice 3− 5σ (?)
Energy
resolution,
systematics

INO Atmosphere 50 kt mag. cal. 3σ (2030) Low stat
(10 years)

T2HK LBL (295 km) 1 Mt water 3σ (2030) Parameter
degeneracy

LBNE LBL (1300 km) 10 kt LAr 2− 5σ
(2030)

Parameter
degeneracy

LAGUNA/Glacier LBL (2300 km) 20 kt LAr 5σ (2030) Beam line
from CERN

LAGUNA/LENA LBL (2300 km) 50 kt LS 5σ (2030) Beam line
from CERN
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Project JUNO
JUNO project
Optimization: distance, σE , background ...

Number of IBD events assuming no oscillations. For Pth = 35 GWt and
L = 52 km, assuming mH/mLS = 0.12 one gets

NIBD = 8.3 · 104
( Pth
35GWt

)( mdet
20ktons

)( t
year

)(
52km
L

)2

About 60 IBD events per day with energy spectrum (include
geo-neutrinos) below

1 2 3 4 5 6 7 8 9 10

Evis, MeV

5000

0

5000

10000

15000

20000

25000

30000

35000

40000

d
N

d
E
vi
s
, 
M

e
V
−

1

NH
IH
NH-IH
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Project JUNO
JUNO project
Optimization: distance, σE , background ...

Distance optimization (Y.F. Li et al. PRD 88 (2013) 013008)

0 20 40 60 80 100 120 140 160
0

5

10

15

20

25

30

6 years
Ideal distribution
E_res = 3%

 (M
H
)

 

 

L Km

↪→ L = 52 km 14 / 32
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Project JUNO
JUNO project
Optimization: distance, σE , background ...

Energy reconstruction (Y.F. Li et al. PRD 88 (2013) 013008)

2.0 2.5 3.0 3.5 4.0
0

5

10

15

20

25

30
 (M

H
)

 

 

E_res (%)

6 years
Ideal distribution
L = 52 km

↪→ σE = 3%/√Evis = (2.6%/√Evis + 0.3%) 15 / 32
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Project JUNO
JUNO project
Optimization: distance, σE , background ...

Baseline requirements (Y.F. Li et al. PRD 88 (2013) 013008)

-5 -4 -3 -2 -1 0 1 2 3 4 5
0

5

10

15

20

25

6 years
L = 52 km
E_res = 3%

 (M
H
)

 

 

L km

↪→ ∆L < 200 m 16 / 32
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Project JUNO
JUNO project
Optimization: distance, σE , background ...

IBD events and background (slide borrowed from J.Cao’s talk)

17 / 32



.....
.
....
.
....
.
.....
.
....
.
....
.
....
.
.....
.
....
.
....
.
....
.
.....
.
....
.
....
.
....
.
.....

.
....

.
.....
.
....
.
....
.

Project JUNO
JUNO project
Detector design

Juno detector (current design) (slide borrowed from J.Cao’s talk)
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Project JUNO
JUNO project
Detector design

Challenges on 3% energy resolution
JUNO geometry and 80% PMT coverage
↪→ 75-76% current engineering PMT layout
High QE PMTs: from 25% to 35%
↪→ (a nontrivial) work in progress
Increase light yield of LS by 13%
↪→ Could be tested in 2016 with Daya Bay
LS attenuation length:

from 15 m = 24 m (absorption) + 40 m (Rayleigh) to
20 m = 40 m (absorption) + 40 m (Rayleigh)
↪→ Rayleigh scattering could be 27 m (further measurements ongoing)

19 / 32
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Project JUNO
JUNO project
Detector design

Liquid Scintillator without Gd
Better attenuation length→ better energy resolution
Less risk in synthesis and long-term stability
Lower irreducible accidental backgrounds from LS, important for large
detector. Without extensive purification:

With Gd: ∼ 10−12 g/g (Daya Bay Gd Cl3 U/Th ∼ 1 ppb)
Without Gd: ∼ 10−16 g/g

Default Recipe: LAB + 3g/L PPO + 15mg/L bis-MSB (Daya Bay: safe, very
good transparency)

20 / 32
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Project JUNO
JUNO project
Detector design

Background summary
Assumptions

Overburden is 700 m
↪→ Eµ ≃ 211 GeV, Rµ ≃ 3.8 Hz
↪→ Single rates from LS and PMT
are 5Hz, respectively

↪→ Good muon tracking
↪→ Similar muon efficiency as DYB

DYB JUNO
Mass (tons) 20 20k
Eµ (GeV) 57 211
Lµ (m) 1.3 23
Rµ (Hz) 21 3.8
Rsingles (Hz) 50 10

B/S, % (DYB) B/S, % (JUNO) Techniques

Accidentals 1.4 10
Low PMT radioactivity;
LS purification;
prompt-delayed
distance cut

Fast neutron 0.1 0.4
High muon detection
efficiency (similar as
DYB)

9Li/8He 0.4 0.8

Muon tracking; If good
track, distance to muon
track cut (<5m) and
veto 2s; If shower
muon, full volume veto
2s
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Project JUNO
JUNO project
Detector design

Detector options (slide borrowed from J.Cao’s talk)
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Project JUNO
JUNO project
Detector design

Non trivial features of detector design (slide borrowed from J.Cao’s talk)
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JUNO project
Detector design

LS recycling (slide borrowed from J.Cao’s talk)
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Project JUNO
JUNO project
Detector design

DAQ rate (slide borrowed from J.Cao’s talk)
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Project JUNO
JUNO project
Detector design

Electronics and trigger (slide borrowed from A.Stahl talk)

No hardware trigger. Write everything. Intelligent PMT
26 / 32
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Project JUNO
JUNO project
Detector design

Other systems
Veto system:
↪→ RPC planes?
↪→ OPERA plastic scintillators?
Readout & trigger:
↪→ FADC for all PMTs
↪→ Need complicated trigger schemes for different physics (or software trigger)
DAQ & slow control:
↪→ Handle KHz supernova events with 15K ch. FADC
Offline software & computing
↪→ A new framework for neutrino exp. ?
Calibration system
↪→ Sub-marine
↪→ 4π – robes
↪→ Others ?

27 / 32
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JUNO project
JUNO in space and time

Time schedule:
end of 2014 — final decision
2015 — engineering design, PMT production line manufacturing
2016 — Start PMT production, detector production or bidding
2017 — Complete civil construction, start detector construction
2018 — Start LS production
2019 — Complete detector assembly, installation, LS filling
2020 — Start data taking

in space (South of China, Kaiping county, Jiangmen city):

28 / 32
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Project JUNO
JUNO project
Challenges

Brief summary of Daya Bay II (=JUNO) proposal (Demanding requirements
but doable):

20 kt of LS (35.4 m diameter)
Energy resolution 3%/√E

LAB based, non-doping liquid scintillator, attenuation length > 20m
(depends on Rayleigh scattering length)
PMT photocathode coverage > 75%
PMT quantum efficiency >35%

Thermal power 36 GWt
Baseline 53 km, equal baselines
Detector diameter 39m (depends on PMT radioactivity)
Detector with recycling piping for online handling of LS
LS radioactivity U/Th/K < 10−15 g/g (for reactor ν). Total singles
(>0.7 MeV) in fiducial volume < 20 Hz
Vertex and muon tracking (PMT timing requirements need be worked
out)
60 neutrinos per day
Sensitivity: ≃ 3σ in 6 years
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JUNO project
Physics program

Rich physics goals
measure CKM matrix to 1% level similar to the quark sector!

Current JUNO
∆m2

12 3% 0.6%
∆m2

23 5% 0.6%
sin2 θ12 6% 0.7%
sin2 θ23 7.5% N/A
sin2 θ13 10%→ 4% 15%

Supernova neutrinos (less than 20 events so far)
ν̄e + p → n+ e+, ∼ 3000 correlated events
ν̄e + 12C→ 12B∗ + e+, ∼ 10-100 correlated events
νe + 12C→ 12N∗ + e−, ∼ 10-100 correlated events
νx + 12C→ 12C∗ + νx, ∼ 600 correlated events
νx + p → νx + p, single events
νx + e− → νx + e−, single events

Geoneutrinos
10 times more than recorderded by BOREXINO and KamLAND
Difficult on systematics
Background to reactor antineutrinos

30 / 32
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Project JUNO
Summary

Summary

Mass hierarchy will likely be measured within next 10-15 years.
Accelerator, atmosphere and reactor experiments will be crucial. None
of them alone is able to unanimously discover it with a sensitivity better
then 5σ. Join efforts are needed
JUNO has a rich physics program: PMNS matrix and ∆m2

ij precision
measurements (reaching the quark level precision within next 10 years)
Collaborators are welcome!
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Project JUNO
Bonus: Can we (even) do better?

Disclaimer: These are not official results (yet). This is a preliminary result
from our study (D.Taichenachev, D.Naumov).

The current design baseline seems to be nearly optimal for 20 ktons
detector. But not optimal for free detector mass
A better 3 → 3.8σ sensitivity can be achieved at L ≃ 85 km. 20 ktons→
≃ 53 ktons detector mass increase. FV diameter increases from 35.4 m
to 49.1 m
less strict energy resolution requirements
New cite investigation...

40 50 60 70 80 90 100 110 120 130
L, km
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