


JUNO - where 
Jiangmen Underground Neutrino Observatory 
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JUNO reach 

u  Perform Fourier transform  (                             ) 

 
 
u  Δm2 32 as a reference 

ð  NH: Δm2
31  peak at the right of Δm2

32   
ð  IH :  Δm2

31  peak at the left   of Δm2
32   
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Δm2
32	
   

MH discrimination variable	


3	
  years,	
  2σ 6	
  years,3σ 

MH at 4σ with 
a 6-year run 
if Δm2

µµ  
known with  
< 1% 



JUNO Detector 

u  j 
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20 kt LS 

u  Default: acrylic tank (D~35m)                                         
+ SS structure 

u  Backup option:  SS tank (D~38m)                                               
+ acrylic structure + balloon 

u  20 kT of LAB+PPO+BisMSB:  
ð  Signal event rate: ~60/day 
ð  Need 30 m attenuation length 
ð  Small bkg with 700 m overburden 

u  Design & prototyping underway 
ð  Liquid scintillator R&D 
ð  PMT R&D (novel ideas) 

u  JUNO Schedule: 
ð  Civil, R&D --> 2018  
ð  Detector assembly & installation： 

 2018-2019   
ð  Filling & data taking：2020 



Far 
Detector 

Near 
Detector 

RENO-50 

o  47 km from Yonggwang reactors  

o  Mt. Guemseong (450 m)      
~900 m.w.e. overburden 

NEAR	
  Detector	
  

FAR	
  Detector:	
  

RENO-50 

o  $ 100M for 6 year construction:                           
Civil engineering:     $ 15 M                 
Detector:       $ 85 M 

o  Construction: 2015 ~ 2019  

o  Data taking: 2020 --> .. 

Need    σ E <
3%
E(MeV )
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PINGU 

IceCube 
o  78 Strings 
o  125m string spacing 
o  17m DOM spacing 
o  Ethreshold ~ 200 TeV 
DeepCore 
o  Add 8 strings 
o  75m string spacing 
o  7m DOM spacing 
o  Ethreshold ~ 10 GeV 
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20m

125m

75m

PINGU 
o  Add 40 strings (baseline target) 
o  ~20m string spacing 
o  3-5m DOM spacing 
o  ~20x higher photocathode density 
o  Ethreshold  ~ few GeV 



PINGU – mass hierarchy conceptually 

u  Statistical separation of 
neutrinos and antineutrinos 

u  Exploit differences in 
ð  Flux  
ð  Cross-section  
ð  Kinematics  

u  Rates for one year 
u  Combine counting of neutrinos 

and antineutrinos 
u  No detector “smearing” 
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PINGU  
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Preliminary

(a) Track-like events.

Preliminary

(b) Cascade-like events.

Figure 13: Distinguishability metric as defined in [43] for one year of simulated PINGU data with
reconstruction and particle identification applied. The left panel shows track-like events (mostly due to
CC ⌫µ) while the right shows cascade-like events (mostly ⌫e and ⌫⌧ CC events, as well as NC events from
any neutrino flavors).

• reconstructed vertex depth within PINGU or the IceCube instrumented volume
directly below PINGU

• ✓rec > 90� (all events are upward going)

In Fig. 13 we show the distinguishability metric evaluated for the track channel and cas-
cade channel, where the energy-dependent PID e�ciency for separating the two channels
is parametrized using Fig. 9, based on a full simulation and reconstruction of simulated
data.

4.1.2. Analysis Method

Three di↵erent independent analyses were employed in this study. Full details of the sta-
tistical methods are given in Appendix A, where we show that the approaches agree at
the 5% level. The most detailed method, using a library of simulated events to generate
the distribution of observables (E

⌫

and cos ✓

⌫

) expected from di↵erent possible combina-
tions of true oscillation parameters, generates ensembles of pseudo-experiments for these
scenarios and uses a likelihood ratio method to determine the degree to which one hier-
archy is favored. Although this approach is currently too computationally intensive to
incorporate the full range of systematics under investigation, it provides a benchmark to
ensure that the statistical approximations used in the other two methods are valid.

33
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Events ID’d as tracks (νµ CC) Events ID’d as cascades (νe or NC) 

o  Distinctive hierarchy-dependent signatures 
are visible in both the track and cascade 
channels 

o  Full MC for detector efficiency, 
reconstruction, and particle ID included 

o  PINGU is part of IceCube upgrade proposal 
o  NSF MREFC Proposal in the works 
o  Could be quick  (late this decade) 
o  Results early next decade 

NIH − NNH
NNH

= 
√∆

χ2



ORCA at KM3Net 
and ICAL at India-based Neutrino Observatory 

u  ORCA is a feasibility study for a 
measurement of the mass hierarchy of    
neutrinos with the KM3NeT research 
infrastructure 
ð  Investigated: 50 strings, 20 OMs each 
ð  20 m horizontal distance 
ð  6 m vertical distance 

u  Instrumented volume: 1.75 Mton water 
u  Time scale and sensitivity similar to PINGU 
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April 2013    KM3NeT@Antares 

o  31 x 3” PMTs 
o  Low power HV 
o  FPGA readout D=17” 

u  52 kt, contain 20 GeV muons 
u  RPC active readout 
u  1.5 T B field, 5.6 cm thick plates 
u  Operations will start in 2020’s 



Mass hierarchy and δCP experiments 
 
Accelerator ν’s:   Hyper-K, LBNO, LBNE 
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Hyper-Kamiokande 

u  2 x 0.5 Mt 
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Hyper-Kamiokande 
 

25 x Super-K fiducial mass  
as neutrino target and  
proton decay source 

J-PARC 
 

High intensity neutrino and  
anti-neutrino beam 

Super-Kamiokande 

SuperK	

 R&D	

 HyperK	



Dynode structure	


Venetian	



Blind	


Box & Line	

 APD	



quantum eff. (QE)	

 22%	

 30%	

 30%	



collection eff. (CE)	

 80%	

 93%	

 95%	



timing resolution 
(FWHM)	



5.5 nsec	

 2.7 nsec	

 1 nsec	





Hyper-K: δCP dependence of observables 
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Sensitive to all values of δ  
With counting + shape 

δ=0 
δ=90° 
δ=180° 
δ=-90° 

δ=90° 
δ=180° 
δ=-90° 

7.5MW×107s (1.56×1022 POT) ~ 10 years 

δ=0 
δ=90° 
δ=180° 
δ=-90° 



Hyper-K sensitivities 
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8°-19° depending on the true value of δ	

7.5MW×107s (1.56×1022 POT) 

Mass hierarchy assumed to be known 

u  Exclude of d=0 
ð  > 3 s for 76% of d 
ð  > 5 s for 58% of d 

u  Atmospheric measurements will 
be also conducted and will help. 



LAGUNA-LBNO 

u  CERN Neutrinos 2 PYhasalmi mine 

u  Phase 1 :  
ð  proton beam extracted beam from SPS 
ð  400 GeV, max  
ð  7.0 10 13 protons every 6 sec,  
ð  ~750 kW nominal beam power,  
ð  10 µs pulse 

u  Phase 2 :  
ð  use the proton beam from a new HP-PS 
ð  50(75) GeV, 1 Hz, 2.5 10 14 ppp,  
ð  2 MW nominal beam power, 4 µs pulse 
ð  alternative option: upgraded SPS 
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Pyhäsalmi	
  

CERN	
  



LBNO strategy 

u  (Very) Long baseline of 2300 km 

u  Determine neutrino MH 

u  Determine CPV by measuring 

u  Staged approach: Phase 1 and 2 

u  LBNO20: 
ð  24 kt LAr TPC (2 phase) + CERN SPS 
ð  Cover 46% of δCP and 3σ	


ð  Nucleon decay + neutrino astronomy 

u  LBNO70: 
ð  70 kt LAr TPC + HPPS (new) 
ð  Cover 80% % of δCP and 3σ	
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20
m

 
dr

ift 

37m (24kton)  
55m (50kton) 

o  Two caverns at -1400 m  
o  Phase 1: LBNO20  

ü  24 kton DLAr TPC 
o  Phase 2: LBNO70  

ü Addition of 50 kton det. 



LBNO spectra 
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SPS beam 

HPPS beam 

883 signal 
events 

2nd max 

1355 
signal 
events 

2nd max 

SPS  beam, 0.75 x 15E+20 POT 

HPPS  beam, 0.75 x 30E+21 POT 



LBNO sensitivities 
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Sharing:

: 

Sharing:
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LBNE 
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LBNE beam hill 

u  Novel approach to reduce the cost 
u  Beam features 

ð  Primary proton beamline 60 – 90 GeV 
ð  Initially power 1.2 MW  
ð  Upgradeable to 2.3 MW 

u  LAr TPC far detector – 34 kt 
u  Fine-grained near detector 
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LBNE 
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LBNE sensitivity 

 
u  34 kt LAr TPC, for 6 years 
u  Beam power 1.2 MW 
u  50% neutrinos 50% antineutrinos 
u  The CPV sensitivity  

ð  > 3.5 σ for 60% of  δCP  
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New initiative 1: Exploiting existing NuMI 

u  The CHIP idea:  
ð  Large Water Cherenkov in a deep 

water reservoir (here: a mine pit) – 
needs > 40 m overburden 

ð  Exploit 700 kW NuMI  beam available 
soon (late 2015) 

u  Inexpensive deployment (use fishing 
industry technique) – proposed early 
for LBNE 

u  No high-cost civil construction 
u  Only beam physics 
u  Fast and possibly $200k/kt 
u  First prototype submerged 
u  Simulations being developed 
u  Design of a 10kt underway 
u  In the future, can be re-deployed in 

the LBNF beam 
u  Green light for R&D from DOE and 

Fermilab 
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New initiative 2: Exploiting planned  
(non-hep) infrastructure ESS 
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European Spallation Source (ESS) o  5 MW average beam power in the linac 
o  125 MW peak power 
o  14 Hz repetition rate (2.86 ms pulse duration,  
     1015 protons)  

 upgrade à 28 Hz 
o  4% duty cycle 
o  2.0 GeV protons  

up to 3.5 GeV with linac upgrades 
         ν ~ 300 MeV 
         >2.7x1023 p.o.t/year 

2nd oscillation max. 
well covered by  
the ESS neutrino  
spectrum 

1st oscillation max. 
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Concluding remarks 

u  Vigorous world-wide effort to nail MH and δCP and neutrino mixing 
ð  Reactors 
ð  Atmospheric 
ð  Accelerators 

u   Technically challenging 
ð  Accelerator/beam frontier 
ð  Detector frontier 

u  Funding frontier 
ð World-wide optimization 
ð  International collaborations 
    (LBNE+LBNO) 
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From P5 
Steve Ritz @ Fermilab Users Meeting 

u  Increase investment in construction. 
ð  In constrained scenarios, this implies increased fraction of budget toward construction** 

u  Reformulate the long-baseline neutrino program as an internationally designed and funded 
program, with Fermilab as host. 

u  Upgrade the Fermilab proton accelerator complex to produce the world’s most powerful 
neutrino beam, redirecting former Project-X activities and temporarily redirecting some 
existing accelerator R&D toward this effort (a.k.a. PIP-II). 

u  Recommendation 13:  
ð  Form a new international collaboration to design and execute a highly capable Long-Baseline 

Neutrino Facility (LBNF) hosted by the U.S. To proceed, a project plan and identified resources 
must exist to meet the minimum requirements in the text. LBNF is the highest-priority large project 
in its timeframe. 

u  A change in approach is therefore required: The activity should be reformulated under the 
auspices of a new international collaboration, as an internationally coordinated and 
internationally funded program, with Fermilab as host. There should be international 
participation in defining the program’s scope and capabilities. The experiment should be 
designed, constructed, and operated by the international collaboration. The goal should be 
to achieve, and even exceed if physics eventually demands, the target requirements 
through the broadest possible international participation. 
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New initiative 1: Exploiting existing 
NuMI 

u  The CHIP idea:  
ð  Large Water Cherenkov in a 

deep water reservoir (here: a 
mine pit) – needs > 40 m 
overburden 

ð  Exploit 700 kW NuMI  beam 
available soon (late 2015) 

u  Inexpensive deployment (use 
fishing industry technique) – 
proposed early for LBNE 

u  No high-cost civil construction 
u  Only beam physics 
u  Fast and possibly $200k/kt 
u  First prototype submerged 
u  Simulations being developed 
u  Design of a 10kt underway 
u  In the future, can be re-deployed 

in the LBNF beam 
u  Green light for R&D from DOE 

and Fermilab 
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CHIPS reach 
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INTRODUCTION 
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JUNO and RENO 50 – the concept 
Jiangmen Underground Neutrino Observatory 

u  Interference effect à driven by Δm232 & Δm231 
u  Need stats    à 20 kT Liq. Scint. 

u  Need resolution à σE = 3% / √E(Mev)  
                                              σE =  Δm221 / | Δm232| 
u  Need optimum distance  --> 53 km  
u  CR suppression à 700 m overburden 

u  Rich physics program 
ð Mass hierarchy 
ð  Sterile neutrinos 
ð  Improve mixing of 4 par. 

o  sin2θ12  , sin2θ13  Δm221   Δm232 
ð  Supernovae 
ð  Atmospheric 
ð  Exotics 
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JUNO 

@
 4

 M
eV

 

Phys.Rev.D78:111103,2008 

Daya Bay 

o  Independent of  δ  and θ23 
o  Energy resolution is the key 



Key formulas 

u Muon-neutrino disappearance 

u  Electron-neutrino appearance 

u  Electron-neutrino disappearance 
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Atmospheric neutrinos 
oscillograms 
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Lines of 
constant L/E 

Increasing  
density Earth’s outer core 

Normal 
hierarchy 

Inverted 
hierarchy 

Neutrinos Antineutrinos 
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Neutrinos Antineutrinos 

P(να →νβ ) = sin
2(θ )sin2

Δm2L
4E

#

$

%
%

&

'

(
(

Δm32
2 = 2.32×10−3eV2

sin2(θ23) =
π
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Future LBL experiments: MH and CPV 

u  Mass hierarchy and CP modulate oscillation probability: 
ð  Need to measure as a function of L/E [measure E spectrum] 

u  MH sensitivity grows with L [matter effect] 
u  CP modulation grows with L/E [measure E spectrum] 
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Reactor medium baseline Accelerator long baseline 
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