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OUTLINE 

�  Introduction: neutrinos and their sources 

�  Neutrino oscillations 

�  Current experimental status 

�  What we’d like to measure in near future 

�  Future experiments 
�  Long-baseline: LBNF,  T2HK, near detectors 

�  Gadzooks! 

�  km3net/Orca, IceCube/Pingu 

 



INTRODUCTION 
�  From sources to detectors (and in between) 

source detector 

something 
interesting happens 

here 



NEUTRINOS AND THEIR SOURCES 
Geonus Reactor Solar 

A byproduct of nuclear 
thermofusion in the Sun 
E<~10 MeV 

νeνe νe

Beta decays in nuclear 
reactors  
E<~6 MeV 

Beta decay, mainly 
uranium and thorium 
series in the Earth’s 
mantle  
E<~3 MeV 



NEUTRINOS AND THEIR 
SOURCES 

Beam 

Cosmic 

Atmospheric 

Artificial beams for long-
baseline experiments 
E<~ a few GeV 

Produced in cosmic ray 
interactions in upper layers of 
atmosphere 
Wide energy range, max~ 1GeV 

Astrophysical, cosmogenic 
(GZK) 
Very high E, TeV and above 

All 
flavors 
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T2K 

νµ

Mainly 

All 
flavors 



NEUTRINOS FROM NATURAL SOURCES 



OSCILLATIONS – EXCESSES AND 
DEFICITS 

�  If possible, it is worth to consider building a near 
detector in addition to a far one 

Studying the survival of original 
neutrinos – disappearance 
experiment – we are looking for a 
deficit 

Studying the oscillation of original 
neutrinos into another flavour– 
appearance experiment – we are 
looking for an excess 

�  Two-flavor oscillations -  
two oscillation 
parameters (mixing 
angle, difference of 
masses squared) 
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DETECTING NEUTRINOS - 
INTERACTIONS 

�  elastic scattering on electrons 
E>60 keV 

�  inverse beta decay (anti νe) 
E>1.8 MeV 

�  scattering on nuclei (nucleons, quarks)  
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only 200 m (520 m.w.e). At present, the distances from the far detector to the midpoint of the Daya Bay cores
and to the mid point of the Ling Ao—Ling Ao II cores are 1985 m and 1615 m, respectively. The overburden
is about 350 m (910 m.w.e). A summary of the distances to each detector is provided in Table 2.1.

Sites DYB LA Far
DYB cores 363 1347 1985
LA cores 857 481 1618
LA II cores 1307 526 1613

Table 2.1. Distances in meters from each detector site to the centroid of each pair of
reactor cores.

It is possible to install a mid detector hall between the near and far sites such that it is 1156 m from
the midpoint of the Daya Bay cores and 873 m from the center of the Ling Ao—Ling Ao II cores. The
overburden at the mid hall is 208 m (540 m.w.e.). This mid hall could be used for a quick measurement of
sin2 2θ13, studies of systematics and internal consistency checks.

There are three branches for the main tunnel extending from a junction near the mid hall to the near
and far underground detector halls. There are also access and construction tunnels. The length of the access
tunnel, from the portal to the Daya Bay near site, is 295 m. It has a grade between 8% and 12% [2]. A sloped
access tunnel allows the underground facilities to be located deeper with more overburden. The quoted
overburdens are based on a 10% grade.

2.2 Detector Design

As discussed above, the antineutrino detector employed at the near (far) site has two (four) modules
while the muon detector consists of a cosmic-ray tracking device and active water buffer. There are several
possible configurations for the water buffer and the muon tracking detector as discussed in Section 7. The
baseline design is shown in Fig. 2.3.

The water buffer in this case is a water pool, equipped with photomultiplier tubes (PMTs) to serve as a
Cherenkov detector. The outer region of the water pool is segmented into water tanks made of reflective PVC
sheets with a cross section of 1 m×1 m and a length of 16 m. Four PMTs at each end of the water tank are
installed to collect Cherenkov photons produced by cosmic muons in the water tank. The water tank scheme
first proposed by Y.F. Wang [3] for very long baseline neutrino experiments as a segmented calorimeter is a
reasonable choice as a muon tracking detector for reasons of both cost and technical feasibility. Above the
pool the muon tracking detector is made of light-weight resistive-plate chambers (RPCs). RPCs offer good
performance and excellent position resolution for low cost.

The antineutrino detector modules are submerged in the water pool that shields the modules from am-
bient radiation and spallation neutrons. Other possible water shielding configurations will be discussed in
Section 2.3.

2.2.1 Antineutrino detector

Antineutrinos are detected by an organic liquid scintillator (LS) with high hydrogen content (free pro-
tons) via the inverse beta-decay reaction:

ν̄e + p −→ e+ + n

The prompt positron signal and delayed neutron-capture signal are combined to define a neutrino event
with timing and energy requirements on both signals. In LS neutrons are captured by free protons in the
scintillator emitting 2.2 MeV γ-rays with a capture time of 180 µs. On the other hand, when Gadolinium

ν

Detection techniques – we 
look for products of neutrino interactions 
(electrons, muons, hadrons) utilising 
scintillation, Cherenkov radiation, 
ionisation, etc.  Cherenkov cone 

ν + N→ l + N '
NC : v+ N→ v+ r∗ → v+ N '+meson(s)
CC : v+ N→ l + r∗ → l + N '+meson(s)

νμ 

νe



NEUTRINO OSCILLATIONS – FULL PICTURE 

FLAVOR MASS 

„atmospheric”  
 SK, K2K, T2K, MINOS 

„solar”  
SNO, KamLand, SK, 

Borexino 

CHOOZ, 
DayaBay, Reno, 
DblChooz, T2K 
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PMNS mixing matrix 

mixing angles, squared mass differences, CP violation 
phase - fundamental parameters of nature 
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INTERESTING QUESTIONS WE’D LIKE TO 
ASK 
�  Is there a CP violation in neutrino 

sector? 
�  What is the neutrino mass ordering 

(hierarchy) 
�  What is the absolute scale of masses? 

�  Are neutrinos Majorana or Dirac?  

�  Are there only three neutrino types? 

�  What are the exact values of neutrino 
oscillation parameters (mixing angles, mass 
squared differences)? 

? 



THINGS TO LOOK FOR IN 
OSCILLATION EXPERIMENTS 

Changes the contribution from matter effects 
(important for neutrinos travelling through dense 
matter e.g through Earth) 

Differences in neutrino vs antineutrino 
oscillation probabilities 

Additional source of degeneracies 

CPV 

MH 

θ23 
octant 
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CURRENT STATUS  

�  Long-baseline experiments 
�  T2K - Numu dissapearance, 

nue appearance  

�  Anti numu expected this year! 

�  Minos – Numu and anti-numu 
dissapearance 

�  Minos+ - Numu dissapearance 

�  Nova – just started 

�  Reactor experiments 
�  Daya Bay, RENO, Double 

Chooz – nue dissapearance 



GLOBAL FITS 



CPV & MH: LONG BASELINE 
EXPERIMENTS 

�  Electron neutrino appearance 
�  Studying neutrinos vs antineutrinos 
�  The longer the baseline the better (matter effects!) 
�  Study more than one oscillation maximum to disentangle the effects 

E Detector calibration 35

III. PHYSICS POTENTIAL

A. Accelerator based neutrinos

1. CP asymmetry measurement in a long baseline experiment

If a finite value of ⇥13 is discovered by the ongoing and near-future accelerator and/or reactor

neutrino experiments [46–50], the next crucial step in neutrino physics will be the search for CP

asymmetry in the lepton sector. A comparison of muon-type to electron-type transition probabil-

ities between neutrinos and anti-neutrinos is one of the most promising methods to observe the

lepton CP asymmetry. Recent indication of a nonzero, rather large value of ⇥13 [1] makes this

exciting possibility more realistic with near-future experiments such as Hyper-Kamiokande.

In the framework of the standard three flavor mixing, the oscillation probability is written using

the parameters of the MNS matrix (see Sec. IA 1), to the first order of the matter e⇥ect, as [51]:

P (⇤µ ⌅ ⇤e) = 4C2
13S

2
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(1� 2S2

13) · sin2�31, (3)

where Cij , Sij , �ij are cos ⇥ij , sin ⇥ij , �m2
ij L/4E⇥ , respectively, and a[eV2] = 7.56 ⇤ 10�5 ⇤

⌅[g/cm3] ⇤ E⇥ [GeV]. The parameter � is the complex phase that violates CP symmetry. The

corresponding probability for ⇤µ ⌅ ⇤e transition is obtained by replacing � ⌅ �� and a ⌅ �a.

The third term, containing sin �, is the CP violating term which flips the sign between ⇤ and ⇤̄

and thus introduces CP asymmetry if sin � is non-zero. The last two terms are due to the matter

e�ect ; caused by coherent forward scattering in matter, they produce a fake (i.e., not CP -related)

asymmetry between neutrinos and anti-neutrinos. As seen from the definition of a, the amount

of asymmetry due to the matter e⇥ect is proportional to the neutrino energy at a fixed value of

L/E⇥ .

Figure 16 shows the ⇤µ ⌅ ⇤e and ⇤µ ⌅ ⇤e oscillation probabilities as a function of the true

neutrino energy for a baseline of 295 km. The parameters other than ⇥13 and � assumed in

this section are summarized in Table VII. The value of sin2 ⇥23 is set to the maximal mixing, as
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FIG. 16. Oscillation probabilities as a function of the neutrino energy for ⇤µ ⇤ ⇤e (left) and ⇤µ ⇤ ⇤e (right)

transitions with L=295 km and sin2 2⇥13 = 0.1. Black, red, green, and blue lines correspond to � = 0, 1
2⌅,⌅,

and � 1
2⌅, respectively. Other parameters are listed in Table VII. Solid (dashed) line represents the case for

a normal (inverted) mass hierarchy.
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2⌅ and normal hierarchy is assumed. Contribution from

each term of the oscillation probability formula is shown separately.

TABLE VII. Parameters other than ⇥13 and � assumed in this section.

Name Value

L 295 km

�m2
21 7.6⇥10�5 eV2

|�m2
32| 2.4⇥10�3 eV2

sin2 ⇥12 0.31

sin2 ⇥23 0.5

Density of the earth (⇧) 2.6 g/cm3

CPV & MH: LONG 
BASELINE 
EXPERIMENTS (2) 

�  Measurement by comparing oscillations 
of muon neutrinos and antineutrinos 

�  The contribution of some terms is 
different for neutrinos and 
antineutrinos, and the difference 
depends on CPV phase and MH 

�  More than one measurement needed to 
disentangle diffrent effects 

Example plot for T2HyperK (~300km)  

delta=1/2π, NH 

Oscillation curves for different baselines 
(and neutrino energies)  



CPV & MH: LONG BASELINE EXPERIMENTS (3) 

�  Another way of looking at it 
�  Remember of experimental errors and that 

we could see something unexpected! 



MH: REACTOR EXPERIMENTS  
�  Electron antineutrino dissapearance in the 

reactor flux („solar” dip) 
�  Θ13 is large, so we can look for small 

oscillations in the energy spectrum - 
interference between Δ31 and Δ32 terms 

�  They look different depending on the MH 

�  This is CP phase independent 



MH:  DISSAPEARANCE OF 
ATMOSPHERIC 
NEUTRINOS 
�  Difference in matter effect for 

neutrinos and antineutrinos 
�  MSW effect that enhances 

oscillation probability for νμ ->νe: 
for neutrinos (NH) and 
antineutrinos (IH) 

�  Additional effects coming from 
density transition on the border 
between core and mantle 

�  Can be studied in large future 
detectors 

K. Clark - ICHEP 2014

Neutrino Oscillograms
• The cross-

section and flux 
are different for 
!" and !"

• Counts will be 
derived from the 
essentially the 
addition of both 
graphs
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BEFORE WE BEGIN... 

�  (...) as we know, there are known knowns; 
there are things we know we know.  

�  We also know there are known unknowns; 
that is to say we know there are some things 
we do not know.  

�  But there are also unknown unknowns -- 
the ones we don't know we don't know.  

�  And if one looks throughout the history of 
our country and other free countries, it is the 
latter category that tend to be the difficult 
ones. 

Donald	  Rumsfeld,	  13th	  and	  
21st	  United	  States	  Secretary	  of	  
Defense	  



LONG BASELINE EXPERIMENTS 
LBNF/LBNE/DUNE,  T2HyperK 



LONG BASELINE 
FUTURE 

�  a 

LAGUNA A. Rubbia – LAGUNA-LBNO

The underground site
! LAGUNA search for the optimal site in Europe for 

next generation deep underground neutrino detector
- Very detailed investigations of seven potential sites with 

three different detector technologies: WCD, LAr and LSc
! Down-selection to top priority site where several 

optimal conditions satisfied simultaneously: 
Pyhäsalmi, Finland
- Infrastructure in perfect state because of current 

exploitation of the mine
- Unique assets available (shafts, decline, services, 

sufficient ventilation, water pumping station, pipes for 
liquids, underground repair shop...)

- Very little environmental water

- Could be dedicated to science activities after the mine 
exploitation ends (around 2018)

- One of the deepest location in Europe (4000 m.w.e.)
- The distance from CERN (2300 km) offers unique long 

baseline opportunities. It is 1160km from Protvino.

- The site has the lowest reactor neutrino background in 
Europe, important for the observation of very low energy 
MeV neutrinos. 

! Second priority: Fréjus, France. 
! All other sites are presently considered as backup 

options for LAGUNA.
8
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T2K (Tokai2Kamioka) Experiment 
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Kamioka Tokai 

April 27, 2012 

Hyper-K Overview

2

Total Volume       0.99 Megaton
Inner Volume      0.74 Mton
Fiducial Volume   0.56 Mton (0.056 Mton ! 10 compartments)                                        
Outer Volume     0.2 Megaton
Photo-sensors    99,000 20”Φ PMTs for Inner Det.
                         (20% photo-coverage)
                         25,000 8”Φ PMTs for Outer Det.

×25 of Super-K

12年11月7日水曜日



LONG BASELINE NEUTRINO EXPERIMENT/
FACILITY -> DUNE 

�  a 



�  a 





FAR 
DETECTOR: 
LIQUID 
ARGON TPC 



LBNF – TIME AND MONEY 



NEUTRINOS @ CERN (EUROPE) 
CERN Neutrino Platform: 
ü  CERN  offers a platform for Neutrino detectors R&D. This platform is now part of the CERN 

MTP.  We will support this platform in an active way and will help WA104, WA105 and others 
proposals in this initial phase 

ü  CERN will construct a large neutrino test area (EHN1 extension) with charged beams 
capabilities, available in 2016 

ü  CERN will assist the EU neutrino community in their long term common plans. For the moment 
CERN is not committing to any neutrino beam at CERN, in view of an agreed road map between 
all partners 

Preparation of 5 MOUs addenda in progress: 
WA104:  rebuild ICARUS T600 in bldg 185 and 
make it ready for a FNAL beam 
WA104:  R&D on an AIR core muon detector 
(NESSiE) or eventually integrate a solenoid in the 
main TPC 
WA105:  R&D on 2 phases large LAr TPC 
prototypes 
MIND   :  R&D on muon tracking detectors 
LBNF    :  Test of a LBNE module inside the 
WA105 cryostat 

LBNO – 
DEMO: 



HYPER-KAMIOKANDE – A HUGE  
SUPER-KAMIOKANDE-LIKE DETECTOR 

�  a 



T2K -> T2HK! 



�  a 



PHYSICS WITH LBNF AND T2HK 

�  DUNE 
�  Can study mass hierarchy 

(long baseline) as well as CPV 

�  Promising Lar TPC technique 
but lots of problems to 
overcome 

�  T2HK 
�  Short baseline – only CPV 

can be studied 

�  But – no need to disentangle 
the two effects (MH/CPV) 

�  Wery well known detection 
technique (SuperK!) 
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We need both - two independent measurements! 

LBNF 

T2HK 



TITUS 

�  a 

NUPRISM NEAR DETECTOR R&D 

Minimisation of 
systematic errors is 
crucial for future 
high-precision 
experiments! 





EGADS – GADOLINIUM TEST 

�  a 



GADZOOKS! – SK WITH GADOLINIUM? 

Decisions soon! 



REACTOR EXPERIMENTS 
Juno, Reno 50 



JUNO & RENO 50 

�  a 

We’ll get the results faster than 
for long baseline! 



REACTOR NEUTRINO MH 
MEASUREMENTS 

�  Proposed method – 
Fourier transform 
analysis 

�  Fourier cosine and sine 
transforms are 
employed to find the 
oscillation frequency 
�  Δm2

32 is a reference 

�  Then, Δm2
31 peak at 

the left or right of 
Δm2

32, depending on 
hierarchy 





TECHNOLOGICAL ASPECTS 

�  Very high energy resolution required 
�  Scintillator light yield and transparency 

improvements 

�  High quantum efficiency photomultipliers 
�  Scintillator’s non-linear energy response 

corrections 

Inverse beta decay 



SEA AND ICE EXPERIMENTS 
IceCube/Pingu, KM3Net/ORCA 



ICECUBE  VS KM3NET 



SIZE OF EVENTS 

muon 
1 2 3 4 5 

~  1 km 

~ 100 m 
neutrino 

interaction 



TYPES OF EVENTS 
�  Track 
�  Highest effective 

area, good 
angular 
resolution, but 
large cosmic 
muon 
background (look 
at events from 
below) 

�  Cascade/
shower 

�  Lower 
background, but 
worse directional 
resolution 

�  Tau double bang 

�  No backgrounds, but very 
difficult to identify 



KM3NET DESIGN 

Km3Net@Antares 



KM3NET: PLANS 

•  Phase 1.5 – two full blocks, goal: study IceCube signal in the north 
•  Phase 2 – three full blocks, neutrino astronomy (search for galactic point 

sources) 



MASS HIERARCHY– ORCA/PINGU 
�  Pingu@IceCube 

�  Orca@Km3Net 

A denser network of sensors to study lower 
energies of atmosheric neutrinos 





WHO’S GOING TO BE THE FIRST ONE? 



ALL THE CONTENDERS – MASS 
HIERARCHY 



SUMMARY 

�  A lot of competition in the neutrino oscillation world 

�  A few solid contenders for mass hierarchy and CPV measurements 
�  Most of the experiments at the R&D stage, some of them not sure of funding 

�  Many interesting measurements expected in the next 10-15 years 

�  Stay tuned. 



PRESENTATIONS USED 

�  All conferences in 2014, except where noted 

�  Nova: Musser/ICHEP, Coelho/Tau Workshop Aachen 

�  LBNE: Parke/TMEX, Nowak/ICHEP, Djurcic/HEP Valencia, Wilson/Neutrino 

�  LBL Europe: Bertolucci/TMEX 

�  T2HK: Kobayashi/TMEX, Hayato/Neutrino, Tanaka/ICHEP 

�  T2K, Titus, NuPrism: Wascko/Fermilab Wine&Cheese, Malek/TMEX, Kaboth/TMEX 

�  Gadzooks!: Fernandez/ICHEP 

�  Juno/RENO 50: Wen/Neutrino, Zhan/ICHEP 

�  Km3net, Orca, Pingu: James/TMEX, Bruner/IVICFA 2013, Clark/ICHEP 

�  Sterile:  Caccianiga/Neutrino 


