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O czym będę mówił 

� Oscylacje neutrin 
� Neutrina reaktorowe 
� Eksperyment Daya Bay i jego odkrycie 
� Potwierdzenie z eksperymentu RENO 
� Spojrzenie w przyszłość 



Skąd się biorą neutrina 
Słońce Supernowe Reaktory 

Promieniowanie kosmiczne 



Oscylacje 
neutrin 

�  Przy założeniu oscylacji 
dwuzapachowych 
mamy dwa tzw. 
parametry oscylacji: kąt 
mieszania, kwadrat 
różnicy mas 
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rezultatów: 

‘atmosferyczne’ (małe 
L/E) i ’słoneczne’ (duże 

L/E) 

Oscylują 3 zapachy 

ATM 

SOL 



Oscylacje neutrin 
FLAVOR MASS 

„atmospheric”  
        SK, K2K, MINOS 

„solar”  
       SNO, KamLand 
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Co dotąd chcieliśmy zmierzyć 
� I etap 
� zwiększenie precyzji pomiarów uprzednio zmierzonych 

parametrów oscylacji 
� Pomiar θ13  

� II etap (potrzebny pomiar θ13>0) 
� Zbadanie symetrii CP w sektorze neutrinowym, hierarchii 

mas, efektów materii 
� Potrzebne neutrina i antyneutrina 

� Realizacja celów – 2 podejścia 
� Eksperymenty reaktorowe (Double Chooz – Francja, Daya 

Bay – Chiny) 
� Silne wiązki akceleratorowe (T2K – Japonia, Nova – USA), 

możliwość badania hierarchii mas (efekty materii) i CP 



Jak mierzymy θ13 

Eksperymenty reaktorowe:   
     Pee ≈ 1 - sin22θ13sin2 (1.27Δm2

13L/E)  - 

 cos4θ13sin22θ12sin2 (1.27Δm2
12L/E) 

 

Eksperymenty akceleratorowe z długą 
bazą: 

                             

Neutrina reaktorowe: 
Ø  Czysty sygnał bez wpływów δ  czy efektów materii 
Ø  Relatywnie tanie eksperymenty 

  e eν ν→

eµν ν→
Pvac (!µ !!e ) = sin2 2!13 !sin2!23 !sin2 1.27"m13

2 !L
E

                      + f (!CP ,sgn(!m13
2 ))



Antyneutrina reaktorowe 
�  Antyneutrina elektronowe emitowane w rozpadach 

beta minus materiałów promieniotwórczych w 
reaktorze (izotopy uranu i plutonu) 

�  Ok. 4.5% energii wyzwalanej w rozpadach ucieka w 
postaci neutrin 

�  Rejestrujemy spektrum o energiach rzędu kilku MeV 

1 PHYSICS 7

In general, the composite antineutrino energy spectrum is a function of the time-dependent contributions
of the various fissile isotopes to the fission process. The Bugey 3 experiment compared three different models
of the antineutrino spectrum with its measurement [32]. Good agreement was observed with the model that
made use of the ν̄e spectra derived from the β spectra [33] measured at the Institute Laue-Langevin (ILL).
The ILL derived spectra for isotopes 235U, 239Pu, and 241Pu are shown in Fig. 1.4. However, there is no data
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Fig. 1.4. Yield of antineutrinos per fis-
sion for the several isotopes. These are
determined by converting the corre-
sponding measured β spectra [33].

Fig. 1.5. Antineutrino energy spectrum
for four isotopes following the param-
eterization of Vogel and Engel [34].

for 238U; only the theoretical prediction is used. The possible discrepancy between the predicted and the
real spectra should not lead to significant errors since the contribution from 238U is never higher than 8%.
The overall normalization uncertainty of the ILL measured spectra is 1.9%. A global shape uncertainty is
also introduced by the conversion procedure.

A widely used three-parameter parameterization of the antineutrino spectrum for the four main isotopes,
as shown in Fig. 1.5, can be found in [34].

1.5.2 Inverse Beta-Decay Reaction

The reaction employed to detect the ν̄e from a reactor is the inverse beta-decay ν̄e + p → e+ + n.
The total cross section of this reaction, neglecting terms of order Eν/M , where Eν is the energy of the
antineutrino andM is the nucleon mass, is

σ(0)
tot = σ0(f

2 + 3g2)(E(0)
e p(0)

e /1MeV2) (5)

whereE(0)
e = Eν−(Mn−Mp) is the positron energy when neutron recoil energy is neglected, and p(0)

e is the
positron momentum. The weak coupling constants are f = 1 and g = 1.26, and σ0 is related to the Fermi
coupling constant GF , the Cabibbo angle θC , and an energy-independent inner radiative correction. The
inverse beta-decay process has a threshold energy in the laboratory frame Eν = [(mn + me)2 − m2

p]/2mp

= 1.806 MeV. The leading-order expression for the total cross section is

σ(0)
tot = 0.0952 × 10−42cm2(E(0)

e p(0)
e /1MeV2) (6)

Vogel and Beacom [35] have recently extended the calculation of the total cross section and angular distri-
bution to order 1/M for the inverse beta-decay reaction. Figure 1.6 shows the comparison of the total cross

Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 

Reactor Flux Expectation

Isotope fission rates vs. reactor burnup 

Antineutrino flux is estimated for 
each reactor core

Reactor operators provide:
 - Thermal power data: Wth

 - Relative isotope fission fractions: fi

Energy released per fission: ei
  V. Kopekin et al., Phys. Atom. Nucl. 67, 1892 (2004)

Antineutrino spectra per fission: Si(Eν)
 K. Schreckenbach et al., Phys. Lett. B160, 325 (1985)
  A. A. Hahn et al., Phys. Lett. B218, 365 (1989) 
  P. Vogel et al., Phys. Rev. C24, 1543 (1981)
  T. Mueller et al., Phys. Rev. C83, 054615 (2011)
  P. Huber, Phys. Rev. C84, 024617 (2011)

Flux model has negligible impact on
far vs. near oscillation measurement

18



Oscylacje neutrin 
reaktorowych 

�  Dwie częstości oscylacji, 
związane z Δm13

2 i Δm12
2 

�  Oscylacje o większym okresie 
zaobserwowane przez 
eksperyment KamLAND, bliższe 
minimum badane przez Chooz, 
Daya Bay, RENO 

�  Detektor bliski w celu redukcji 
błędów systematycznych 
związanych z niepewnością 
strumienia neutrin z reaktorów 

Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 

Oscillation Experiments with Reactors

Looking for non-1/r2 behavior of νe interaction rate
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for 3 active neutrinos, can study oscillation with two different oscillation 
length scales: Δm212, Δm213

Δm212 ~7.6 x 10-5 eV2

Δm213 ~2.4 x 10-3 eV2

L/E oscillation effect provides measurement of Δm2 
amplitude of oscillation provides measurement of θ  
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Looking for non-1/r2 behavior of νe interaction rate
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Daya Bay KamLand 

Daya Bay 

Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 

far

Measuring θ13 with Reactor Experiments

νe

distance L ~ 1.5 km

νe,x νe,x

Near-Far Concept

Absolute Reactor Flux
Largest uncertainty in 
previous measurements

Relative Measurement
Removes absolute 
uncertainties!
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Pomiary w przeszłości 
�  Palo Verde & Chooz: brak sygnału 

�  T2K: 2.5 σ  

�  Minos: 1.7 σ  

�  Double Chooz: 1.7 σ 

Allowed region 

Sin22θ13 < 0.15 @ 90%C.L.  
                         if  ΔM2

23 = 0.0024 eV2 

0 < Sin22θ13 < 0.12  @ 90%C.L.  NH 
0 < Sin22θ13 < 0.19  @ 90%C.L.  IH     

sin22θ13 = 0.086 ± 0.041(stat) ± 0.030(sys) 

0.03 < Sin22θ13 < 0.28 @ 90%C.L. for NH 
0.04 < Sin22θ13 < 0.34 @ 90%C.L. for IH 

August 9, 2011 Glenn Lopez - Stony Brook University 20

e Analysis Results
• Confidence intervals produced using the Feldman-Cousins method

• Probability of observing 6 events if sin2(2 13) = 0   0.7% (2.5 )

• Normal hierarchy, = 0   0.03 < sin2(2 13) < 0.28 at 90% C.L.

• Best fit: sin2(2 13) = 0.11

• Inverted hierarchy, = 0  0.04 < sin2(2 13) < 0.34 at 90% C.L.

• Best fit: sin2(2 13) = 0.14

Normal 
hierarchy

Inverted 
hierarchy



Elektrownie atomowe Dàyà Bay (大亚湾) i Lǐng ào (岭澳) 
�  3 elektrownie, w każdej 2 reaktory 
�  Razem do 17.4 GW mocy 
�  Usytuowane w sąsiedztwie gór – 

wygodne miejsce dla umiejscowienia 
detektorów pod ziemią, tak aby 
zminimalizować tło od mionów 
kosmicznych 

Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 

Daya Bay Nuclear Power Plant

5

• Among the top 5 most powerful reactor complexes 
in the world, producing 17.4 GWth  (6 x 2.95 GWth)

• Adjacent to mountains; convenient to 
construct tunnels and underground labs with 
sufficient overburden to suppress cosmic rays

• All 6 reactors are in commercial operation

Reactors produce ~2×1020 antineutrinos/sec/GW

A Powerful Neutrino Source

Daya Bay Lind Ao Ling Ao II

Hong Kong

Daya Bay

Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 

Daya Bay Nuclear Power Plant

5

• Among the top 5 most powerful reactor complexes 
in the world, producing 17.4 GWth  (6 x 2.95 GWth)

• Adjacent to mountains; convenient to 
construct tunnels and underground labs with 
sufficient overburden to suppress cosmic rays

• All 6 reactors are in commercial operation

Reactors produce ~2×1020 antineutrinos/sec/GW

A Powerful Neutrino Source

Daya Bay Lind Ao Ling Ao II

Hong Kong

Daya Bay



Eksperyment 
Daya Bay 

Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 

Daya Bay Experiment Layout

6 reactor cores
3 experimental halls
6 detectors 
(2 still under construction)

RPCs 

antineutrino detectors (AD)
concrete

outer and inner 
water shields
(IWS and OWS)

automated calibration units (ACU)
AD Gd-LS target

6Overburden
（MWE） 

Rµ	

（Hz/

m2） 

Eµ
（GeV） 

D1,2 
(m) 

L1,2 
(m) 

L3,4 
(m) 

EH1 250 1.27 57 364 857 1307 

EH2 265 0.95 58 1348 480 528 

EH3 860 0.056 137 1912 1540 1548 

Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 

Daya Bay Experiment Layout

6 reactor cores
3 experimental halls
6 detectors 
(2 still under construction)

RPCs 

antineutrino detectors (AD)
concrete

outer and inner 
water shields
(IWS and OWS)

automated calibration units (ACU)
AD Gd-LS target

6

Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 

Daya Bay Experiment Layout

Hall 3: began 3 AD operation on 
Dec. 24, 2011

Hall 1: began 2 AD operation on Sep. 
23, 2011

Hall 2: began 1 AD operation on Nov. 
5, 2011

7



Daya Bay: Cele i środki 

�  Jak obniżyć błędy 
systematyczne: 
�  Identyczne bliski i daleki 

detektor  
�  Wiele identycznych modułów 

detekcyjnych 
�  Trójstrefowe moduły 

detekcyjne 
�  Wystarczająco głębokie 

laboratorium i ekranowanie 
detektorów 

�  Dwa uzupełniające się 
systemy detekcji mionów  

�  Przenośne moduły detekcyjne 

Precyzja poprzednich 
eksperymentów: 

 
�  Moc reaktora: ~ 1% 
�  Widmo: ~ 0.3% 
�  Fission rate: 2% 

�  Tło: ~1-3% 

�  Masa tarczy: ~1-2% 
�  Wydajność: ~ 2-3% 

Cel eksperymentu Daya Bay：
precyzja rzędu ~ 0.4% 

Typowa 
precyzja: 3-6% 



Mechanizm detekcji 
�  Medium: scyntylator 

domieszkowany gadolinem 
�  Proces: odwrotny rozpad beta 
�  Sygnał natychmiastowy dawany 

przez pozyton 
�  Sygnał opóźniony – wychwyt 

neutronu  
�  dzięki domieszkowaniu Gd  

�  wyższy przekrój czynny na wychwyt 
�  krótszy czas wychwytu (ok. 30 µs) 
�  wyższa energia emitowanych fotonów – 8 

MeV (dzięki temu lepiej się to odróżnia od 
naturalnej radioaktywności) 

2 EXPERIMENTAL DESIGN OVERVIEW 21

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

10-40 keV 

++ +−++≅ epnne mMMTTE )(ν

1.8 MeV: próg 



Sygnał i tło 

�  Sygnał:   
�  Natychmiastowy (prompt):  e+,  1-10 MeV, 
�  Opóźniony (delayed): n,  2.2 MeV@H, 8 MeV @ Gd  
�  Wychwyt po 28 ms w 0.1% Gd-LS 

�  Tło: 
�  Nieskorelowane: przypadkowe koincydencje γγ, γn, nn 
○  γ  from U/Th/K/Rn/Co… in LS, SS, PMT, Rock, … 
○  n  from α-n, µ-capture, µ-spallation in LS, water & rock  

�  Skorelowane: 

○  Fast neutrons: prompt⎯n scattering, delayed ⎯n capture  
○  8He/9Li: prompt ⎯β decay, delayed ⎯n capture  
○  Am-C source: prompt ⎯γ rays, delayed ⎯n capture  
○  α-n: 13C(α,n)16O 

nepe +→+ +ν



Hale 
eksperymentalne 

�  W każdej hali 
�  2 lub 4 moduły detekcji 

antyneutrin (AD) 
�  wodny detektor Czerenkowa – 

tzw. osłona wodna (przynajmniej 
2.5 m wody w każdym kierunku) 
○  1200/1950 ton wody w dwóch 

wyseparowanych świetlnie 
przestrzeniach  

○  wykrywa miony które mogą 
produkować neutrony spalacyjne 
w AD 

○  spowalnia neutrony i pochłania 
gammy pochodzące ze skał 

�  płaszczyzna RPC 
○  komory RPC ułożone na 

zakładkę, nasuwane na basen z 
wodą i detektorami 

Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 

Daya Bay Detectors
6 “functionally identical” detectors
Gd-LS defines target volume, no position cut

target mass: 20 ton per AD
photosensors:       192 8”-PMTs
energy resolution:  (7.5 / √E  + 0.9)%

!e + p " e+ + n

Gd-doped 
liquid scintillator

liquid 
scintillator
γ-catcher

5 m

8

Two-zone ultrapure water Cherenkov detector

Dual tagging systems: 2.5 meter water 
shield and RPCs

mineral oil

Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 

Daya Bay Experiment Layout

Hall 3: began 3 AD operation on 
Dec. 24, 2011

Hall 1: began 2 AD operation on Sep. 
23, 2011

Hall 2: began 1 AD operation on Nov. 
5, 2011

7



Detektory i ich 
właściwości 
�  3 zagnieżdżone w sobie akrylowe 

pojemniki 
�  Tarcza:Scyntylator+0.1% Gd(20t)  
�  Łapacz gamm: Scyntylator (21t) 
�  Olej mineralny (37t) 

�  3 moduły kalibracyjne 
�  LED + źródełka promieniotwórcze 

�  192 8-calowych fotopowielaczy 

periment hall with respect to the reactor cores to a pre-
cision of a few centimeters. Based on these surveys,
the Daya Bay Experimental Hall (EH1) has an overbur-
den of 280 meter-water-equivalent (mwe) and is about
360 m from the center of the twin cores of the Daya
Bay NPP. The Ling Ao Experimental Hall (EH2) is 300
mwe deep and is about 500 m on average from the four
cores of the Ling Ao NPP and Ling Ao-II NPP. The Far
Hall (EH3) is 880 mwe deep, about 1910 m from the
cores of the Daya Bay NPP and about 1540 m from the
cores of the Ling Ao and the Ling Ao-II NPPs. These
approximate values are tabulated in Table 1. The pre-
cise locations will be used in the final analysis. At full
thermal power, each AD in EH1 is expected to observe
about 800 IBD events per day where the neutron is cap-
tured by a Gd nucleus.

Overburden D. B. L. A. L. A. II
EH1 280 360 860 1310
EH2 300 1350 480 530
EH3 880 1910 1540 1550

Table 1: Approximate values for the overburden above and distances
to the three experimental halls from the Daya Bay, Ling Ao, and Ling
Ao-II NPPs. The overburden is in meter-water-equivalent and the dis-
tances are in meters.

3. Detectors

In each experimental hall there are three different
kinds of detectors: the ADs, the water Cherenkov de-
tectors, and the RPC detectors. In total, there will be
eight 110-ton ADs, three water pools filled with 4400 t
of purified water, and three arrays of RPCs covering a
total of 800 m2.

3.1. Antineutrino detectors
Each AD has three nested cylindrical volumes sepa-

rated by concentric acrylic vessels as shown in Fig. 2.
The outermost vessel is constructed of stainless steel
and is known as the SSV. The innermost volume holds
20 t of 0.1% by weight Gd-LS that serves as the antineu-
trino target. The middle volume is called the gamma
catcher and is filled with 21 t of un-doped liquid scintil-
lator (LS) for detecting gamma-rays that escape the tar-
get volume. The gamma-catcher increases the contain-
ment of gamma energy thus improving the energy reso-
lution and reducing the uncertainties of the antineutrino
detection efficiency. The outer volume contains 37 t of
mineral oil (MO) to provide optical homogeneity and
to shield the inner volumes from radiation originating,

for example, from the photo-multiplier tubes (PMTs) or
SSV. Three automated calibration units (ACU-A, ACU-
B, and ACU-C) are mounted at the top of the SSV. Each
ACU contains a LED as well as two sealed capsules
with radioactive sources that can be lowered individu-
ally into the Gd-LS along either the centerline or inner
edge, or in the LS.

ACU-A 

stainless steel vessel 

bottom reflector 

4-m acrylic vessel 

3-m acrylic vessel 

PMTs 

overflow tank  
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calibration pipe 

top reflector 
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PMT cables 
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.
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.
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Figure 2: Schematic for a Daya Bay antineutrino detector.

The acrylic vessel holding the Gd-LS has a diame-
ter and height of 3.1 m and a wall thickness of 10 mm.
This inner acrylic vessel (IAV) is nested within an outer
acrylic vessel (OAV) with a diameter and height of 4
m and a wall thickness of 18 mm. Both the IAV and
OAV are made of UV-transparent acrylic [4, 5]. The
lids are cone-shapedwith a 3 degree tilt angle. There are
two calibration pipes made of Teflon bellows connect-
ing the IAV to the ACUs on the top of the AD. They are
nested within larger Teflon bellows attached to the OAV.
A third pipe located at the edge of the OAV provides ac-
cess for ACU-C to the gamma catcher. Gd-LS and LS
can flow along the calibration pipes to an overflow tank
located at the top-center of the SSV. The overflow tank
is a nested two-layer acrylic vessel. The mineral oil has
two separate overflow tanks also situated on the top of
the SSV. The SSV has a diameter and height of 5 m and
a wall thickness of 12 mm. It is reinforced with ribs
at the bottom, under the lid, and on the inner and outer
surfaces of the barrel to provide sufficient mechanical
strength for lifting after the AD is filled, to withstand
the water pressure, and maintain an accuracy of 2 mm
for the critical AD components and the location of cal-
ibration sources. Two 4.5-m diameter, 2-cm thick re-
flective panels are placed at the top and bottom of the
OAV to increase the photon-statistics and improve the

4



Instalacja bliskich detektorów 

Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2009 

Antineutrino Detector Installation - Near Hall



Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2009 

Liquid Scintillator Hall



Dane i wyniki 

Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 

Published Data Periods

Current Oscillation Analysis 
 - Dec. 24, 2011 – Feb. 17, 2012
 - All 3 halls (6 ADs) operating 
 - DAQ uptime: >97%
 - Antineutrino data: ~89% 
- observed 6% deficit in detected νe at far site   

Two Detector Side-by-Side Comparison
 - Sep. 23, 2011 – Dec. 23, 2011
 - Side-by-side comparison of 2 detectors
 - Demonstrated detector systematics 2x better than requirements
-  Detector-related relative uncertainty: 0.2%

Daya Bay Collab. 
arXiv:1202:6181 (2012)
accepted in NIMA
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EH1 (near)

EH2 (near)

EH3 (far)
Daya Bay Collab. 
Phys.Rev.Lett. 108 (2012) 171803 



Czy dobrze rozumiemy co się 
dzieje w detektorach? 

�  Wedle projektu:  ~50Hz 
powyżej 1 MeV 

�  Dane: ~60Hz powyżej 0.7 
MeV, ~40Hz powyżej 1 MeV 

�  Wkłady od poszczególnych 
źródeł: 
�  ~ 5 Hz z SSV 
�  ~ 10 Hz z LS 
�  ~ 25 Hz z PMT 
�  ~ 5 Hz ze skał 

�  Zgodność pomiędzy 
modułami detekcyjnymi 

Spektrum pojedynczych sygnałów w detektorach 

Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 

Singles Spectrum

Design 
50Hz above 1MeV

Measured: 
~65 Hz above 0.7 MeV, 40Hz above 1 
MeV

Sources
 Stainless Steel: U/Th chains
 PMTs: 40K, U/Th chains
 Scintillator: Radon/U/Th chains 

From sample purity and MC 
simulation:

~ 5 Hz from SSV 
~ 10 Hz from LS 
~ 25 Hz from PMT 
< 5 Hz from rock 

13

Daya Bay Collab. arXiv:
1202:6181 (2012)

A = 2× AD1−AD2
AD1 + AD2asymmetry

Understood, dominated by low-energy radioactivity

AD side-by-side comparison in EH1



Wybieramy sygnał 

Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 

Antineutrino Candidates  (Inverse Beta Decay)

Prompt + Delayed Selection

  - Reject Flashers
  - Prompt Positron: 0.7 MeV < Ep < 12 MeV
  - Delayed Neutron: 6.0 MeV < Ed < 12 MeV
  - Capture time: 1 μs < Δt < 200 μs
  - Muon Veto:

       Pool Muon:  Reject 0.6ms
       AD Muon (>20 MeV): Reject 1ms
       AD Shower Muon (>2.5GeV): Reject 1s

  - Multiplicity: 
      No other signal > 0.7 MeV in -200 μs to 200 μs of IBD.   

14
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�  Preselekcja 
�  Reject Flashers 
�  Reject Triggers within (-2 µs, 200 µs) to a tagged 

water pool muon 
�  Wybór przypadków neutrinowych 

�  Cięcie na krotność 
○  Prompt-delayed pairs within a time interval of 200 

µs  
○  No triggers(E > 0.7MeV) before the prompt signal 

and after the delayed signal by 200 µs 
�  Weto mionowe 

○  1s after an AD shower muon 
○  1ms after an AD muon   
○  0.6ms after an WP muon 

�  0.7MeV < Eprompt < 12.0MeV 
�  6.0MeV < Edelayed < 12.0MeV 
�  1µs < Δte+-n < 200µs 

Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 
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Dane - podsumowanie 

Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 

Daya Bay Data Set Summary

AD1 AD2 AD3 AD4 AD5 AD6

Antineutrino candidates 28935 28975 22466 3528 3436 3452

DAQ live time (day) 49.553049.5530 49.4971 48.947348.947348.9473

Veto time (day) 8.7418 8.9109 7.0389 0.8785 0. 8800 0.8952

Efficiency 0.8019 0.7989 0.8363 0.9547 0.9543 0.9538

Accidentals (/day) 9.82±0.06 9.88±0.06 7.67±0.05 3.29±0.03 3.33±0.03 3.12±0.03

Fast neutron (/day) 0.84±0.28 0.84±0.28 0.74±0.44 0.04±0.04 0.04±0.04 0.04±0.04

8He/9Li (/day) 3.1±1.63.1±1.6 1.8±1.1 0.16±0.110.16±0.110.16±0.11

Am-C corr. (/day) 0.2±0.20.2±0.20.2±0.20.2±0.20.2±0.20.2±0.2
13C(!, n)16O (/day) 0.04±0.02 0.04±0.02 0.035±0.02 0.03±0.02 0.03±0.02 0.03±0.02

Antineutrino rate (/day) 714.17
±4.58

717.86
±4.60

532.29
±3.82

71.78
±1.29

69.80
±1.28

70.39
±1.28
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consistent rates for side-by-side detectors
uncertainty dominated by statistics

rates  /day/AD

Tło 



Błędy systematyczne 

�  aa 

Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 

Uncertainty Summary

For near/far oscillation, 
only uncorrelated 
uncertainties are used.

Largest systematics are 
smaller than far site statistics 
(~1%)

Influence of uncorrelated reactor 
systematics (0.8%) is reduced to 
0.04% detector systematics 
uncertainty by far vs near 
measurement.

20

uncorrelated reactor 
uncertainty

uncorrelated detector 
uncertainty

Największe niepewności 
detektorowe 

Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 

Uncertainty Summary

For near/far oscillation, 
only uncorrelated 
uncertainties are used.

Largest systematics are 
smaller than far site statistics 
(~1%)

Influence of uncorrelated reactor 
systematics (0.8%) is reduced to 
0.04% detector systematics 
uncertainty by far vs near 
measurement.

20

uncorrelated reactor 
uncertainty

uncorrelated detector 
uncertaintyNieskorelowane 

niepewności detektorowe 

Nieskorelowane 
niepewności reaktorowe 

Przy pomiarze stosunku 
near/far używane są tylko 
niepewności 
nieskorelowane 



Porównanie 
ostatecznego widma 
�  Porównanie dwóch modułów 

detekcyjnych w hali numer 1 
�  Oczekiwana wartość 

stosunku liczby 
obserwowanych neutrin: R
(AD1/AD2) = 0.981 
�  mniej niż 1 bo: minimalne 

różnice w odległościach od 
reaktorów, masie, etc. 

�  Wartość zmierzona:  0.987 ± 
0.008(stat) ± 0.003(syst)  

�  Bardzo dobra zgodność 
pokazuje że dobrze 
kontrolujemy błędy 
systematyczne 



Przewidywany strumień neutrin vs. dane 

�  a 

Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 

Antineutrino Rate vs. Time
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Antineutrino Rate vs. Time
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Całkowita normalizacja przewidywań dopasowana do danych ze stacji bliskich 

Widzimy dobrą zgodność dla bliskich detektorów i efekt oscylacyjny dla dalekich 



Wyniki oscylacyjne 

6

uncertainties were not included in the analysis; the absolute
normalization ε was determined from the fit to the data. The
best-fit value is

sin2 2θ13 = 0.092± 0.016(stat)± 0.005(syst)

with a χ2/NDF of 4.26/4. All best estimates of pull parameters
are within its one standard deviation based on the correspond-
ing systematic uncertainties. The no-oscillation hypothesis is
excluded at 5.2 standard deviations.

The accidental backgrounds were uncorrelated while the
Am-C and (alpha,n) backgrounds were correlated among
ADs. The fast-neutron and 9Li/8He backgrounds were site-
wide correlated. In the worst case where they were correlated
in the same hall and uncorrelated among different halls, we
found the best-fit value unchanged while the systematic un-
certainty increased by 0.001.

Fig. 4 shows the measured numbers of events in each de-
tector, relative to those expected assuming no oscillation. The
6.0% rate deficit is obvious for EH3 in comparison with the
other EHs, providing clear evidence of a non-zero θ13. The
oscillation survival probability at the best-fit values is given
by the smooth curve. The χ2 versus sin22θ13 is shown in the
inset.
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FIG. 4. Ratio of measured versus expected signal in each detector,
assuming no oscillation. The error bar is the uncorrelated uncertainty
of each AD, including statistical, detector-related, and background-
related uncertainties. The expected signal is corrected with the best-
fit normalization parameter. Reactor and survey data were used to
compute the flux-weighted average baselines. The oscillation sur-
vival probability at the best-fit value is given by the smooth curve.
The AD4 and AD6 data points are displaced by -30 and +30 m for
visual clarity. The χ2 versus sin2 2θ13 is shown in the inset.

The observed νe spectrum in the far hall is compared to
a prediction based on the near hall measurements in Fig. 5.
The disagreement of the spectra provides further evidence of
neutrino oscillation. The ratio of the spectra is consistent with
the best-fit oscillation solution of sin2 2θ13 = 0.092 obtained
from the rate-only analysis [31].
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FIG. 5. Top: Measured prompt energy spectrum of the far hall (sum
of three ADs) compared with the no-oscillation prediction from the
measurements of the two near halls. Spectra were background sub-
tracted. Uncertainties are statistical only. Bottom: The ratio of mea-
sured and predicted no-oscillation spectra. The red curve is the best-
fit solution with sin2 2θ13 = 0.092 obtained from the rate-only anal-
ysis. The dashed line is the no-oscillation prediction.

In summary, with a 43,000 ton-GWth-day livetime expo-
sure, 10,416 reactor antineutrinos were observed at the far
hall. Comparing with the prediction based on the near-hall
measurements, a deficit of 6.0% was found. A rate-only anal-
ysis yielded sin2 2θ13 = 0.092± 0.016(stat) ± 0.005(syst).
The neutrino mixing angle θ13 is non-zero with a significance
of 5.2 standard deviations.

The Daya Bay experiment is supported in part by the Min-
istry of Science and Technology of China, the United States
Department of Energy, the Chinese Academy of Sciences, the
National Natural Science Foundation of China, the Guang-
dong provincial government, the Shenzhen municipal govern-
ment, the China Guangdong Nuclear Power Group, Shanghai
Laboratory for Particle Physics and Cosmology, the Research
Grants Council of the Hong Kong Special Administrative Re-
gion of China, University Development Fund of The Univer-
sity of Hong Kong, the MOE program for Research of Ex-
cellence at National Taiwan University, National Chiao-Tung
University, and NSC fund support from Taiwan, the U.S. Na-
tional Science Foundation, the Alfred P. Sloan Foundation, the
Ministry of Education, Youth and Sports of the Czech Repub-
lic, the Czech Science Foundation, and the Joint Institute of
Nuclear Research in Dubna, Russia. We thank Yellow River
Engineering Consulting Co., Ltd. and China railway 15th Bu-
reau Group Co., Ltd. for building the underground laboratory.
We are grateful for the ongoing cooperation from the China
Guangdong Nuclear Power Group and China Light & Power
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In summary, with a 43,000 ton-GWth-day livetime expo-
sure, 10,416 reactor antineutrinos were observed at the far
hall. Comparing with the prediction based on the near-hall
measurements, a deficit of 6.0% was found. A rate-only anal-
ysis yielded sin2 2θ13 = 0.092± 0.016(stat) ± 0.005(syst).
The neutrino mixing angle θ13 is non-zero with a significance
of 5.2 standard deviations.

The Daya Bay experiment is supported in part by the Min-
istry of Science and Technology of China, the United States
Department of Energy, the Chinese Academy of Sciences, the
National Natural Science Foundation of China, the Guang-
dong provincial government, the Shenzhen municipal govern-
ment, the China Guangdong Nuclear Power Group, Shanghai
Laboratory for Particle Physics and Cosmology, the Research
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Zaobserwowano：9901 neutrin w stacji 
dalekiej,   
Oczekiwano：10530 neutrin przy założeniu 
że nie ma oscylacji. 

R = 0.940 ±0.011 (stat) ±0.004 (syst)  

Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 

Rate Deficit & Spectrum Shape
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sin22θ13 = 
0.092 ± 0.016 (stat) ± 0.005 (syst)

sin22θ13 = 0 excluded at 5.2σ
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RENO 

�  Eksperyment reaktorowy w Korei Płd 
�  Elektrownia jądrowa Yeonggwang (영광), 6 

reaktorów, 5. pod względem mocy na świecie 

Total Reactor Detector Overburden Target Mass
Experiment Location Thermal Output Distance Near/Far (Near/Far)

(GWth) Near/Far (m) (mwe) (tons)
Double Chooz France 8.7 410/1067 115/300 10/10
Daya Bay China 11.6(17.4) 360(500)/1985(1613) 260/910 40× 2/10
RENO Korea 16.4 292/1380 110/450 16.1/16.1

Table 1.1: Planned reactor based neutrino oscillation experiments around the world. The
detector distance represents the distance of the detector from the center of the reactor group(s).

Figure 1.1: Yonggwang nuclear power plant. The power plant is located about 250 km south
of Seoul. Three other nuclear power plant sites in Korea are also shown.

and the reactor units 1 and 2 are of the Combustion Engineering (CE, now Westinghouse)
System 80 design. Units 3 to 6 are of the Korean Standard Nuclear Power Plant (KSNP)
design, which incorporates many improvements on the CE System 80. The first reactor, unit
1, became operational in 1986 and the last one, unit 6, in 2002. These reactors are lined up in
roughly equal distances and spans ∼ 1.3 km as shown in Fig. 1.2.

A reactor core is comprised of 177 fuel assemblies and 73 control element assemblies. The
fuel assemblies are arranged to form a cylinder with an equivalent diameter of 3.12 m and
an active length of 3.81 m. Reactor fuelling cycle varies from 12 months to 24 months and
refuellings are done with the plant shutdown. The fuel is a low enrichment UO2 type supplied
by Korea Nuclear Fuel Co., Ltd.

The average total thermal power output of the six reactor cores is 16.4 GWth with each
reactor core generating about equal power. The average cumulative operating factors for all
reactors are above 90%. The power plant is operated by Korea Hydro & Nuclear Power Co.
Ltd. (KHNP).
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Figure 1.3: Overall side view of RENO experiment. The near detector is under a 70 m hill

located within the perimeter of the power plant whereas the far detector is located under a

200 m mountain near the power plant.

1.2.3 Geographical Data

An interesting feature of RENO is having a sufficient overburden for the near detector due to

a 70 m hill of 2.8 g/cm3 rock which is quite close (290 m) to the center of the reactor array.

A detector close to the nuclear reactor is necessary for cancelling the systematic uncertainties

related to the nuclear reactors such as ambiguities of the anti-neutrino flux and spectrum, as

well as for reducing systematic uncertainties related to the detector and to the event selection.

The near detector laboratory will be located inside the restricted area of the Yonggwang nuclear

power plant.

1.2.4 Tunneling and Experiment Halls

The underground laboratories are constructed with two horizontal tunnels, 100 m long for

the near detector and 300 m long for the far detector, as shown in Fig. 1.3. The tunnels are

constructed using NATM (New Austrian Tunneling Method). The tunnel plan and schematic

of experimental hall are shown in Fig. 1.4

The access tunnels are 95 m and 272 m long for near and far detector sites, respectively. The

cross section of the access tunnel is shown in Fig. 1.4. The gradient toward the experimental

hall is 0.3% for both tunnels for natural drainage. It is designed to accommodate the passage

of a 10 ton truck.

1.3 Site Survey

To check the suitability of constructing experimental halls and access tunnels at the exper-

iment site, geological surveys were performed. The site surveys were conducted by Daewoo

Engineering Co., Ltd. in May, 2007.

The rocks at the experimental site are precambrian granite gneiss covered with Cretaceous

plutonic rocks forming unconformity between the layers. There are fault lines near the site

running north-south.

Two methods are used in the geophysical survey of the site; electrical resistivity survey

and seismic refraction imaging. Figure 1.5 shows the locations of the survey done at the

experimental site. The electrical resistivity survey results are shown in Fig. 1.6. The resulting

rock classification maps are shown in Fig. 1.7.
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Gd-loaded liquid scintillator, and a 229 day exposure to
six reactors with total thermal energy 16.5 GWth. In the
far detector, a clear deficit of 8.0% is found by compar-
ing a total of 17102 observed events with an expectation
based on the near detector measurement assuming no os-
cillation. From this deficit, a rate-only analysis obtains
sin2 2θ13 = 0.113 ± 0.013(stat.) ± 0.019(syst.). The neu-
trino mixing angle θ13 is measured with a significance of
4.9 standard deviation.
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θ13 – teraźniejszość i przyszłość 
�  Daya Bay 

�  Reno 

�  Przyszłość 
�  Upgrade Daya Bay 

○  2.5 raza więcej statystyki 
tego lata 

○  Instalacja dwóch 
pozostałych Ads 

○  560 dni zbierania danych 
aby bład statystyczny 
zrównał się z 
systematycznym 

�  Pomiar w eksp 
akceleratorowych (T2K, 
Nova) 

Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 

Global θ13 Measurements

23

Daya Bay precision surpasses 
existing estimates, RENO confirms

RENO, arXiv:1204.0626v2,  
sin22θ13 =0.113 ± 0.013(stat) ± 0.019(syst).

sin22θ13 = 0.092 ± 0.016 (stat) ± 0.005 (syst)

With ~3 years of Daya Bay running, feasible to reduce uncertainty from ~20% to ~4-5%.

Daya Bay Future
With no analysis or detector improvements, 
the statistical and systematic uncertainties 
become equal in 560 days.
2.5 times more statistics with 6 ADs this 
summer.
We expect improvements in analysis. Will 
deploy 2 more ADs in 2012 and perform 
additional calibrations 

DYB future5.2σ

Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 

Rate Deficit & Spectrum Shape
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Gd-loaded liquid scintillator, and a 229 day exposure to
six reactors with total thermal energy 16.5 GWth. In the
far detector, a clear deficit of 8.0% is found by compar-
ing a total of 17102 observed events with an expectation
based on the near detector measurement assuming no os-
cillation. From this deficit, a rate-only analysis obtains
sin2 2θ13 = 0.113 ± 0.013(stat.) ± 0.019(syst.). The neu-
trino mixing angle θ13 is measured with a significance of
4.9 standard deviation.
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Daya Bay II? 

Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 

Daya Bay II 
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Towards Measurement of the Mass Hierarchy see J. Cao, νTURN



Co nam pozostało do zmierzenia? 

�  Θ13>0! 
�  Łamanie symetrii 

CP? 
�  Efekty materii? 
�  Θ23=π/4? 
�  Coś innego 

(neutrina 
sterylne?) 

�  Warsztaty CERNowskie 
European Strategy for 
Neutrino Oscillation 
Physics. 14-16. maja 
2012 

�  Dyskusja nad 
przyszłością fizyki neutrin 
w Europie 

�  Następne spotkanie w 
Krakowie we wrześniu - 
Otwarte Sympozjum dot. 
Europejskiej Strategii dla 
Fizyki Czastek (dotyczące 
całej fizyki cząstek 
elementarnych) 



Neutrina sterylne 
Synthesis of reactor ν oscillations 
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Reactor 
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Anomaly (2011-) 
! ν-oscillation ?   

Atmospheric 
Neutrino Anomaly 
(1986-1998)  

! ν-oscillation  
Terra Incognita 
to be explored 

3 ν 
4 ν 

Solar Neutrino 
Anomaly 

(1968-2001)  
! ν-oscillation  

no oscillation 

"  New short-baseline neutrino oscillation experiments are needed 

Th. Lasserre - CERN - 05/2012 

Być może coś dzieje się przy Δm2~1eV2 (LSND, 
MiniBoone, eksp. reaktorowe o b. krótkiej bazie) 

Pomysły: 
•  eksperyment z krótką bazą na wiązce w CERNie 
•  źródełko radioaktywne w Borexino 



Krótka baza w CERNie 

�  „Icarus + Nessie” 
�  Odległości: 330/1100/1600m 
�  Wiązka – νµ, szukamy νµ i νe 

�  Ciekłoargonowy TPC + spektrometr 
magnetyczny do pomiaru mionów 

�  Neutrina sterylne, Δm2 rzędu 1 New T150 LAr-TPC!

Slide 16!

The present design of the T600 is extended 
to the basic structure of the T150 module. 
The module contains a high precision, high 
stability stainless steel structure independent 
of the container that supports two wire 
chambers, with three read-out planes each, 
the field shaping electrodes and one cathode, 
separating the two 1.5 m drift regions.  

Most of the solutions 
already successfully 
adopted for the T600 
at LNGS will be used. 
Existing equipment will 
be conveniently re-
used (wiring tables, 
cleaning tools, etc.). 

European Strategy for Neutrino Oscillations  May 2012 !

New Neutrino Facility in the CERN North Area!

Slide 12!

100 GeV primary beam fast extracted from SPS; target station 
next to TCC2; decay pipe l =100m, ø = 3m; beam dump: 15m of Fe 
with graphite core, followed by µ stations. 
Neutrino beam angle: pointing upwards; at -3m in the far detector 
~5mrad slope.                                 

Near position 
(330 m) 

Mid position 
(1100 m) 

Far position 
(1600 m) 

European Strategy for Neutrino Oscillations  May 2012 !

Water Tank: 
γ and n shield 
µ water Č 

detector 
208 PMTs in 

water 
2100 m3 

Scintillator: 
270 t PC+PPO in 

a 150 µm  
thick nylon 

vessel 

Stainless 
Steel 
Sphere: 

2212 
photomulti
pliers  

1350 m3 

Nylon vessels: 
Inner: 4.25 m 
Outer: 5.50 m 

Borexino 



Eksperymenty z długą bazą 
�  T2K/HyperK (295 

km) 
�  Improvement of significance of 

our electron appearance signal 
○  >3σ this summer 
○  Collecting 1021 POT till the 

summer of 2013 which will 
give us more than 
5σsignificance 

�  Analysis improvements 
�  Various cross-section 

measurements in the near detector 
�  Dokladne zmierzenie kanału 

zanikania neutrin mionowych 
�  Projekt HyperK w fazie (niepewnych) 

planów 

� NOvA (810 
km) 

05.09.2012 Gavin S. Davies, nuTURN workshop 20 

The NOvA Experiment�
Physics Goals: 

!  Measure the oscillation probabilities of 

!µ " !e and !µ " !e  

"  Measure the mixing angle !13 

"  Determine neutrino mass 
hierarchy 

"  Study the phase parameter for CP 
Violation "CP 

!  Precision measurements of #m2
32, !23 

!  As well as: 

"  $ cross sections 

"  Sterile neutrinos 

"  Supernova signals 

Fermila
b 

Ash 
Rive
r 



Hierarchia mas i CPV w Nova 

� Potrzebny pomiar neutrin i antyneutrin 



Laguna-LBNO 
�  Europejski eksperyment z długą 

bazą CERN->Pyhasalmi 
�  Wielki detektor ciekłoargonowy 

(bardzo dobra identyfikacja 
cząstek) 1.5km pod ziemią w 
kopalni 

�  Pomiar dwóch maksimów 
oscylacji pozwoli na rozsupłanie 
efektów materii i łamania CP 

�  Perpektywa czasowa: wczesne 
lata 20. XXI w. 

A. Rubbia European Strategy for Neutrino Oscillation Physics - May 2012 10

Layout of the LAGUNA-LBNO 
observatory at Pyhäsalmi 

(-1400m)

Feasibility Study for LAGUNA at PYHÄSALMI 
Underground infrastructures and engineering 
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Podsumowanie 
�  Daya Bay i RENO po raz pierwszy zmierzyły kąt 

θ13 za pomocą obserwacji antyneutrin 
elektronowych z reaktorów jądrowych 

�  Wynik ten jest zgodny z rezultatami uzyskanymi 
przez eksperymenty z długą bazą (T2K, Minos) 

�  W najbliższym czasie oczekujemy polepszenia 
precyzji pomiarów w obu typach eksperymentów 
(najbliższe nowości na konferencji Neutrino 2012 
w Kioto, jp) 

�  Interesujące perspektywy rozwoju fizyki oscylacji 
neutrin w najbliższych latach 



Zapasowe 



Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 
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Automatic Calibration System  
�  Three Z axis: 

�  One at the center 
○  For time evolution, energy scale, non-

linearity…  
�  One at the edge 
○  For efficiency, space response 

�  One in the γ-catcher 
○  For efficiency, space response 

�  3 sources for each z axis: 
�  LED  
○  for T0, gain and relative QE 

�  68Ge (2×0.511 MeV γ’s)  
○  for positron threshold & non-linearity…  

�  241Am-13C + 60Co (1.17+1.33 MeV γ’s) 
○  For neutron capture time, … 
○  For energy scale, response function, … 

�  Once every week: 
�  3 axis, 5 points in Z, 3 sources 

12-05-25 40 



Tło 

Karsten Heeger, Univ. of Wisconsin CERN, May 14, 2012 

Background Summary
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Accidentals Correlated  β-n decay

Fast neutrons
Eμ>4 GeV (visible)

uncorrelated

9Li

assign 100% error in EH3

error follows

B/S at EH1 B/S at EH3
Accidentals ~1.4% ~4.5%
fast neutrons ~0.1% ~0.06%
8He/9Li ~0.4% ~0.2%
Am-C ~0.03% ~0.3%
α-n ~0.01% ~0.04%

Sum 2.0% 5.2%
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TABLE I. Event rates of the observed candidates and the
estimated background.

Detector Near Far
Selected events 154088 17102
Total background rate (per day) 21.75±5.93 4.24±0.75
IBD rate after background 779.05±6.26 72.78±0.95

subtraction (per day)
DAQ Live time (days) 192.42 222.06
Detection efficiency (ε) 0.647±0.014 0.745±0.014
Accidental rate (per day) 4.30±0.06 0.68±0.03
9Li/8He rate (per day) 12.45±5.93 2.59±0.75
Fast neutron rate (per day) 5.00±0.13 0.97±0.06

event due to radioactivity and a delayed-like neutron cap-
ture. The remaining rate in the final sample is estimated
by measuring the rates of prompt- and delayed-like events
after applying all the selection criteria other than (6), and
calculating the probability of random association in the
∆t window for IBD selection, leading to 4.30±0.06 (near)
or 0.68±0.03 (far) events per day.
The 9Li/8He β-n emitters are mostly produced by en-

ergetic muons because their production cross sections in
carbon increase with muon energy [20−22]. The back-
ground rate is estimated from a sample prepared by a de-
layed coincidence between an energetic (Eµ > 0.5 GeV)
muon and the following IBD-like pair of events. The
9Li/8He β-n background rate in the final sample is ob-
tained as 12.45±5.93 (near) or 2.59±0.75 (far) events per
day from a fit to the delay time distribution with an ob-
served mean decay time of ∼250 ms.
An energetic neutron entering the ID can interact in

the target to produce a recoil proton before being cap-
tured on Gd. Fast neutrons are produced by cosmic
muons traversing the surrounding rock and the detector.
The background rate is estimated by extrapolating the
energy spectral shape of events with 12 MeV < Ep < 30
MeV, to the IBD signal region, assuming a flat spectrum
of the fast neutron background. The estimated fast neu-
tron background is 5.00±0.13 (near) or 0.97±0.06 (far)
events per day. The total background rate is estimated
to be 21.75±5.93 (near) or 4.24±0.75 (far) events per day
and summarized in Table I.
Both the prompt energy and flasher requirements are

almost fully (99.8%) efficient. The fraction of neutron
captures on Gd is evaluated to be (85.5±0.7)% using MC
and 252 Cf source data. The ∆te+n requirement efficiency
is determined to be (92.1±0.5)% from MC and data. The
fraction of neutron captures on Gd that satisfy the 6.0
MeV threshold requirement is (95.2±0.5)%. The overall
efficiency for finding a delayed signal as an IBD candidate
pair is (74.9±1.0)%. The spill-in IBD events result in a
net increase in the detection efficiency of 2.2%. The com-
mon detection efficiency is estimated to be (76.5±1.4)%
using a Monte Carlo simulation (MC) and data.

The fractional losses of IBD events due to the muon
veto are determined to be (11.30±0.04)% (near) or
(1.36±0.02)% (far), by summing the time spent in ve-
toing events after muons. The fractional losses of IBD
events due to the multiplicity cut is calculated to be
(4.61±0.04)% (near) or (1.22±0.07)% (far), based on the
ID trigger rate and the veto window from an IBD prompt
candidate. The efficiencies for detecting IBD events are
found to be (64.7±1.4)% (near) and (74.5±1.4)% (far).
The absolute uncertainties of the efficiencies are corre-

lated between the two detectors. Only differences be-
tween the two identical detectors are taken as uncor-
related uncertainties. The systematic uncertainties are
summarized in Table II.

TABLE II. Systematic uncertainties in the reactor neutrino
detection.

Reactor

Uncorrelated Correlated
Thermal power 0.5% −

Fission fraction 0.7% −

Fission reaction cross section − 1.9%
Reference energy spectra − 0.5%
Energy per fission − 0.2%
Combined 0.9% 2.0%

Detection

Uncorrelated Correlated
IBD cross section − 0.2%
Target protons 0.1% 0.5%
Prompt energy cut 0.01% 0.1%
Flasher cut 0.01% 0.1%
Gd capture ratio 0.1% 0.7%
Delayed energy cut 0.1% 0.5%
Time coincidence cut 0.01% 0.5%
Spill-in 0.03% 1.0%
Muon veto cut 0.02% 0.02%
Multiplicity cut 0.04% 0.06%
Combined (total) 0.2% 1.5%

Uncorrelated relative uncertainties are estimated by
comparing the two detectors. The IBD differential cross
section is taken from Ref. [23]. The total number of
free protons in the target is 1.189× 1030 with an uncer-
tainty of 0.5%, determined from measurements of the LS
weight and composition. The relative energy scale dif-
ference between the detectors is determined to be 0.2%
from comparison of the peak energy values for several
radioactive calibration sources, IBD delayed events, and
cosmic muon induced spallation-neutron captures on H
and Gd. The energy scale difference is found to corre-
spond to a relative uncertainty in the efficiency of the
delayed energy of 0.1% using data. The Gd-LS was com-
monly produced and then divided equally and filled into
the two detectors to ensure that the Gd concentration
and the target protons of the near and far detectors are
identical. This procedure for filling the targets results
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and 252 Cf source data. The ∆te+n requirement efficiency
is determined to be (92.1±0.5)% from MC and data. The
fraction of neutron captures on Gd that satisfy the 6.0
MeV threshold requirement is (95.2±0.5)%. The overall
efficiency for finding a delayed signal as an IBD candidate
pair is (74.9±1.0)%. The spill-in IBD events result in a
net increase in the detection efficiency of 2.2%. The com-
mon detection efficiency is estimated to be (76.5±1.4)%
using a Monte Carlo simulation (MC) and data.

The fractional losses of IBD events due to the muon
veto are determined to be (11.30±0.04)% (near) or
(1.36±0.02)% (far), by summing the time spent in ve-
toing events after muons. The fractional losses of IBD
events due to the multiplicity cut is calculated to be
(4.61±0.04)% (near) or (1.22±0.07)% (far), based on the
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Reactor
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Thermal power 0.5% −

Fission fraction 0.7% −

Fission reaction cross section − 1.9%
Reference energy spectra − 0.5%
Energy per fission − 0.2%
Combined 0.9% 2.0%
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Combined (total) 0.2% 1.5%

Uncorrelated relative uncertainties are estimated by
comparing the two detectors. The IBD differential cross
section is taken from Ref. [23]. The total number of
free protons in the target is 1.189× 1030 with an uncer-
tainty of 0.5%, determined from measurements of the LS
weight and composition. The relative energy scale dif-
ference between the detectors is determined to be 0.2%
from comparison of the peak energy values for several
radioactive calibration sources, IBD delayed events, and
cosmic muon induced spallation-neutron captures on H
and Gd. The energy scale difference is found to corre-
spond to a relative uncertainty in the efficiency of the
delayed energy of 0.1% using data. The Gd-LS was com-
monly produced and then divided equally and filled into
the two detectors to ensure that the Gd concentration
and the target protons of the near and far detectors are
identical. This procedure for filling the targets results

Parameter Value Description
Thermal Power (GW) 16.4(average)/17.3(peak) 6 reactor
Target Size (ton) 16 (near/far) Gd loaded Liquid Scintillator
PMT Coverage 14% (near/far) surface area
Baseline Distance(m) 292 (near)/1380 (far)
Overburden (mwe) 110 (near)/450 (far) Vertical
Number of Events per Year 2.6× 105 (near)/3.0× 104 (far) �total =56%(near)/72%(far)
90% CL Sensitivity (3 years) sin2(2θ13) ∼ 0.02− 0.03 ∆m2

13 = (2− 3)× 10−5 eV2

Table 1.3: Summary of RENO experimental parameters.

catcher is contained in a cylindrical acrylic vessel of 200 cm in radius, 440 cm in height, and
30 mm in thickness. The gamma catcher vessel should be chemically compatible with mineral
oil of the buffer region as well as the scintillating liquids inside. This scintillating volume is
necessary for efficient tagging of the gammas from neutron capture by Gd and from positron
annihilation, and for rejecting the backgrounds from the fast neutrons.

1.4.2 Non-Scintillating Buffer and Stainless Steel Vessel

A 70 cm thick non-scintillating liquid surrounds the gamma catcher to reduce the accidental
backgrounds coming from outside (mainly from radioactivity in the photomultiplier tubes), by
almost two orders of magnitude. A total of 76.5 m3 (64.2 tons) mineral oil is contained in a
stainless steel vessel of 270 cm in radius, 580 cm in height, and 6-12 mm in thickness. This
buffer is necessary for keeping the background single rate below 10 Hz in the neutrino target
and gamma catcher regions.

1.4.3 PMT

A total of 354 10-inch photomultipliers in a uniformly distributed array are mounted on the
inner surface of the buffer vessel, providing a 14% photo-sensitive surface area coverage. The
cylindrical stainless steel vessel optically isolates the inner detector part from the outer veto
system.

1.4.4 Veto System

A 1.5 m thick water layer of 353 tons surrounds the whole inner detector. A total of 67 10-
inch PMTs are mounted on a cylindrical concrete tank painted with Titanium Oxide (TiO2)
reflector. It is used for vetoing cosmic muons and reducing backgrounds coming from its
surrounding rock.

Some of detector parameters or design may be changed afterwards according to the result
of detection performance studies using a mock-up detector. A list of interesting parameters
for the RENO experiment is given in Table 1.3. Some of RENO experimental parameters are
compared with those of Double Chooz and Daya Bay experiments in Table 1.1.

1.5 Time Scale

An overall schedule of the RENO experiment is given in Fig. 1.10. The KHNP, the company
operating the Yonggwang nuclear power plant, has allowed us to carry out the experiment in
the Yonggwang’s restricted area. The local government and residents have also expressed their
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reactors were surveyed with GPS and total station to de-
termine the baseline distances between the detectors and
reactors to accuracies better than 10 cm. The reactor-
flux weighted baseline is 408.56 m for the near detector,
and 1443.99 m for the far detector.
The reactor ν̄e is detected via the inverse beta decay

(IBD) reaction, ν̄e + p → e+ + n. Detectors based on
hydrocarbon liquid scintillator (LS) provide free protons
as a target. The coincidence of a prompt positron signal
and a delayed signal from neutron capture by Gadolinium
(Gd) provides the distinctive IBD signature.

FIG. 1. A schematic view of a RENO detector. The near and
far detectors are identical.

Each RENO detector (Fig. 1) consists of a main inner
detector (ID) and an outer veto detector (OD). The main
detector is contained in a cylindrical stainless steel vessel
that houses two nested cylindrical acrylic vessels[18]. The
innermost acrylic vessel holds the 18.6 m3 (16 t) ∼0.1%
Gd-doped LS as a neutrino target. It is surrounded by a
γ-catcher region with a 60 cm thick layer of Gd-unloaded
LS inside an outer acrylic vessel. Outside the γ-catcher
is a 70 cm thick buffer region filled with 65 tons of min-
eral oil. Light signals emitted from particles interacting
in ID are detected by 354 10-inch Hamamatsu R7081
photomultiplier tubes (PMTs) that are mounted on the
inner wall of the stainless steel container. The 1.5 m
thick region of the OD that is external to the ID is filled
with highly purified water. The OD is equipped with 67
10-inch R7081 PMTs mounted on the wall of the veto
vessel. The LS is developed and produced as a mixture
of linear alkyl benzene (LAB), PPO, and bis-MSB. A
Gd-carboxylate complex using TMHA was developed for
the best Gd loading efficiency into LS and its long term
stability [19].

Event triggers are formed by the number of PMTs
with signals above a ∼0.3 photoelectron (p.e.) thresh-
old (NHIT). An event is triggered and recorded for an
IBD candidate if the ID NHIT is larger than 90, corre-
sponding to 0.5∼0.6 MeV and well below the 1.02 MeV
minimum energy of an IBD positron signal. The ID trig-
ger provides no loss of IBD candidates.
The detectors are calibrated using radioactive sources

and cosmic-ray induced background event samples. Ra-
dioisotopes of 137Cs, 68Ge, 60Co, and 252Cf are periodi-
cally deployed in the target and γ-catcher by a step mo-
torized pulley system in a glove box. The detectors’ en-
ergy response stability is continuously monitored using
cosmic-ray produced neutron captures on H and Gd.
The event energy is determined from the total p.e.-

charge (Qtot) that is collected by the PMTs, corrected
for gain variation. The energy calibration constant of
250 p.e. per MeV is determined from the peak ener-
gies of various radioactive sources deployed at the cen-
ter of the target. The obtained energy resolution is
(5.9/

√

E(MeV) + 1.1)%, common for both detectors.
In this analysis, an IBD event requires a delayed signal

from a neutron capture on Gd and, thus, the fiducial
volume naturally becomes the entire target vessel region
without any vertex position cuts. There is some spill-in
of IBD events that occur outside the target and produce
a neutron capture on Gd in the target, which enhances
the detection efficiency.
The following criteria are applied to select IBD can-

didate events: (1) Qmax/Qtot < 0.03 where Qmax is the
maximum charge of a PMT, to eliminate PMT flasher
events and external γ-ray events; (2) a cut rejecting
events that occur within a 1 ms window following a cos-
mic muon traversing the ID with an energy deposit (Eµ)
that is larger than 70 MeV, or with Eµ between 20 MeV
and 70 MeV for OD NHIT > 50; (3) events are rejected
if they are within a 10 ms window following a cosmic
muon traversing the ID if Eµ is larger than 1.5 GeV; (4)
0.7 MeV < Ep < 12.0 MeV; (5) 6.0 MeV < Ed < 12.0
MeV where Ep (Ed) is the energy of the prompt (de-
layed) event; (6) 2 µs < ∆te+n < 100 µs where ∆te+n is
the time difference between the prompt and delayed sig-
nals; (7) a multiplicity requirement rejecting correlated
coincidence pairs if they are accompanied by any preced-
ing ID or OD trigger within a 100 µs window before their
prompt candidate.
Applying the IBD selection criteria yields 17102

(154088) candidate events or 77.02±0.59 (800.8±2.0)
events/day for a live time of 222.06 (192.42) days in
the far (near) detector. In the final data samples, some
uncorrelated (accidentals) and correlated (fast neutrons
from outside of ID, stopping muon followers, and β-n
emitters from 9Li/8He) background events survive the
selection requirements.
The uncorrelated background is due to accidental co-

incidences from the random association of a prompt-like



LSND 

�  Mamy problem – trzy Δm2
, więcej niż 3 zapachy neutrin? 

�  Pomysł – zróbmy 
eksperyment o podobnym L/
E, żeby zweryfikować wynik 
LSND 

Podobny wynik dla wiązki neutrin 
mionowych (choć nadwyżka mniej 
znacząca). 



Anomalie MiniBoone/LSND 

�  a 

• 541m drogi oscylacji 
• Średnia energia wiązki 800MeV 
• 800t oleju mineralnego 
wewnątrz sfery o średnicy 12m 
• 1280 wewnętrznych 
fotopowielaczy 



Neutrina sterylne? 
�  Pomiary 

reaktorowe 

Slide 24!

Comparing LSND sensitivities!

Expected sensitivity for the proposed experiment: !µ beam (left) 
and anti-!µ (right) for 4.5 1019 pot (1 year) and 9.0 1019 pot (2 years) 
respectively.  LSND allowed region is fully explored in both cases. 

European Strategy for Neutrino Oscillations  May 2012 !

European Strategy for Neutrino Oscillations  May 2012 ! Slide#  : 9!

Anomalies: an unified approach ?!
Allowed regions in the plane for 
combined results: 
 
the !e disappearance rate (right) 
(reactors and Gallium sources)  
 
the LSND /MiniBooNE anti-!e 
accelerator driven anomaly (left). 
 
 While the values of  "m2

new may 
indeed have a common origin, the 
different values of sin2(2#new)   may 
reflect within the four neutrino 
hypothesis the structure of U(4,k) 
mass matrix, with k = ! and e.  
!

!"#$%&&'()#

Slide 26!

Sensitivity to  !e disappearance anomalies!

!   Oscillation sensitivity in sin2(2 new) vs. m2
new distribution for  

CERN-SPS neutrino beam (1 year).  A 3% systematic uncertainty 
on energy spectrum is included. See also combined “anomalies” 
from reactor neutrino, Gallex and Sage experiments.  

European Strategy for Neutrino Oscillations  May 2012 !

Pomiary 
wiązkowe (LSND/
MiniBoone) 

Kombinacja: 



USA 

� NOvA 

05.09.2012 Gavin S. Davies, nuTURN workshop 20 

The NOvA Experiment�
Physics Goals: 

!  Measure the oscillation probabilities of 

!µ " !e and !µ " !e  

"  Measure the mixing angle !13 

"  Determine neutrino mass 
hierarchy 

"  Study the phase parameter for CP 
Violation "CP 

!  Precision measurements of #m2
32, !23 

!  As well as: 

"  $ cross sections 

"  Sterile neutrinos 

"  Supernova signals 

Fermila
b 
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MINOS+ goals�
•  The overarching reason to run MINOS in the NuMI-NO!A beam is to 

look for new physics in a previously unexplored region �
•  Unique high statistics experiment with charge sign measurement �

–  different energy region 
–  different systematics (beam, x-sec comp ) 

•  3000 events/year between 4-10 GeV near oscillation maximum�

Ta sama wiązka dla 
obu eksperymentów, 
inny kąt off-axis 

� Minos+ 

Propozycja dodatkowego 
ciekłoargonowego detektra 
- GLADE 

MINOS+ goals�
•  The overarching reason to run MINOS in the NuMI-NO!A beam is to 

look for new physics in a previously unexplored region �
•  Unique high statistics experiment with charge sign measurement �

–  different energy region 
–  different systematics (beam, x-sec comp ) 

•  3000 events/year between 4-10 GeV near oscillation maximum�MINOS+ Goals�

!"

•  Verification of P(!µ->!µ)=1- P(!µ->!") + P(!µ->!e) �
•  Quantitative evidence for tau production hoped for �
•  MINOS has observed certain topologies�
•  80 tau events per year expected in MINOS+ �

MINOS+ �
•  Total 3.4 e20 P.O.T to be analyzed on top of 

existing 7.2e20 P.O.T. result from 2010 (almost 
50% more data) for Kyoto 

•  Odd dip will likely have to wait for MINOS+ 

Neutrina sterylne? 



Efekty materii 
�  Oddziaływanie neutrin elektronowych z elektronami 

materii powoduje pojawienie się potencjału, 
zależnego od lokalnej gęstości elektronów 

�  Ma to wpływ na prawdopodobieństwo oscylacji, tzn. 
niezależnie od fazy łamania CP 

�  Dodatkowo może pojawić się efekt rezonansowy, 
gdy 

�  Mamy wtedy czułość na absolutną skalę mas – 
hierarchia! 

Matter effects
The second consequence of the matter potential is that
there can be a resonant conversion – the MSW effect.
The condition for the resonance is

∆m2 ! A ⇔ EEarth
res = 6− 8GeV

Obviously the occurrence of this resonance depends
on the signs of both sides in this equation. Thus
oscillation becomes sensitive to the mass ordering

ν ν̄
∆m2 > 0 MSW -
∆m2 < 0 - MSW

P. Huber – VT-CNP – p. 7

From neutrinos....., DK&ER,  
lecture 7 

MSW effect 

The !e and !x neutrinos feel different potentials : 

Fermi 
constant 

local electron 
density 

The difference comes 
from this diagram: 

Matter effects
The charged current interaction of νe with the
electrons creates a potential for νe

A = ±2
√
2GF · E · ne

where + is for ν and − for ν̄.
This potential gives rise to an additional phase for νe
and thus changes the oscillation probability. This has
two consequences

P (να → νβ)− P (ν̄α → ν̄β) $= 0

even if δ = 0, since the potential distinguishes
neutrinos from anti-neutrinos.

P. Huber – VT-CNP – p. 6
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there can be a resonant conversion – the MSW effect.
The condition for the resonance is

∆m2 ! A ⇔ EEarth
res = 6− 8GeV

Obviously the occurrence of this resonance depends
on the signs of both sides in this equation. Thus
oscillation becomes sensitive to the mass ordering

ν ν̄
∆m2 > 0 MSW -
∆m2 < 0 - MSW

P. Huber – VT-CNP – p. 7
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CPV vs. efekty materii 
�  Efekty materii dominują w 1. maksimum, łamanie CP w dalszych 
�  Aby rozsupłać te efekty potrzeba pomiaru w wielu maksimach 
�  Potrzebne długie bazy, wiązki o szerokim spektrum 

A. Rubbia European Strategy for Neutrino Oscillation Physics - May 2012

 (GeV)
!

Neutrino Energy E
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Ba
se

lin
e 

(k
m

)

0

500

1000

1500

2000

2500

3000

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

4

CP-violation determination (CPV) 

si
n2

(2
θ 1

3
)

=
0.

09
N

or
m

al
 m

as
s 

hi
er

ar
ch

y

δCP = 270◦

Avac
CP (δCP ) ≡ abs

�
P vac(ν)− P vac(ν̄)
P vac(ν) + P vac(ν̄)

�

1s
t  m

ax

2n
d 

m
ax

3r
d 

m
ax

4Tuesday, May 15, 12

A. Rubbia European Strategy for Neutrino Oscillation Physics - May 2012

 (GeV)
!

Neutrino Energy E
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Ba
se

lin
e 

(k
m

)

0

500

1000

1500

2000

2500

3000

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

4

CP-violation determination (CPV) 

si
n2

(2
θ 1

3
)

=
0.

09
N

or
m

al
 m

as
s 

hi
er

ar
ch

y

δCP = 270◦

Avac
CP (δCP ) ≡ abs

�
P vac(ν)− P vac(ν̄)
P vac(ν) + P vac(ν̄)

�

1s
t  m

ax

2n
d 

m
ax

3r
d 

m
ax

4Tuesday, May 15, 12
A. Rubbia European Strategy for Neutrino Oscillation Physics - May 2012

 (GeV)
!

Neutrino Energy E
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Ba
se

lin
e 

(k
m

)

0

500

1000

1500

2000

2500

3000

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

5

Mass hierarchy determination (MH) 

si
n2

(2
θ 1

3
)

=
0.

09
N

or
m

al
 m

as
s 

hi
er

ar
ch

y

ρ = 2.8 g cm−3

ACP (ρ) ≡ abs

�
Pmat(ν)− Pmat(ν̄)
Pmat(ν) + Pmat(ν̄)

�

1s
t  m

ax

2n
d 

m
ax

3r
d 

m
ax

5Tuesday, May 15, 12

A. Rubbia European Strategy for Neutrino Oscillation Physics - May 2012

 (GeV)
!

Neutrino Energy E
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Ba
se

lin
e 

(k
m

)

0

500

1000

1500

2000

2500

3000

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

5

Mass hierarchy determination (MH) 

si
n2

(2
θ 1

3
)

=
0.

09
N

or
m

al
 m

as
s 

hi
er

ar
ch

y

ρ = 2.8 g cm−3

ACP (ρ) ≡ abs

�
Pmat(ν)− Pmat(ν̄)
Pmat(ν) + Pmat(ν̄)

�

1s
t  m

ax

2n
d 

m
ax

3r
d 

m
ax

5Tuesday, May 15, 12

A
. R

ubbia
European Strategy for N

eutrino O
scillation Physics - M

ay 2012

 (G
eV)

!
N

eutrino Energy E
0

0.5
1

1.5
2

2.5
3

3.5
4

4.5
5

Baseline (km)

0

500

1000

1500

2000

2500

3000

0 0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

4

C
P-violation determ

ination (C
PV) 

sin2 (2θ13) = 0.09
Normal mass hierarchy

δ
C

P
=

270
◦

A
v
a
c

C
P

(δ
C

P
)≡

abs �
P

v
a
c(ν)−

P
v
a
c(ν̄)

P
v
a
c(ν)+

P
v
a
c(ν̄) �

1 st m
ax

2nd max

3rd max

4
Tuesday, M

ay 15, 12

A. Rubbia European Strategy for Neutrino Oscillation Physics - May 2012 3

CP and Matter Asymmetries

• CP asymmetries are largest at the 2nd, 3rd, ... maxima.

• Matter asymmetry dominates around the 1st maximum.

• Long(er) baselines, wide-band beams to cover several 
maxima are needed to resolve degeneracies.

• Experimentally:

! CP-asymmetry in 
vacuum:

! Asymmetry due 
to matter effects:

ACP (ρ) ≡ abs

�
Pmat(ν)− Pmat(ν̄)
Pmat(ν) + Pmat(ν̄)

�

E2nd max
ν � 0.5 GeV =⇒ L � 1000 km

Avac
CP (δCP ) ≡ abs

�
P vac(ν)− P vac(ν̄)
P vac(ν) + P vac(ν̄)

�

(fluxes, cross-sections, ...)
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Nasza bieżąca wiedza o fizyce 
oscylacji neutrin 

Gianluigi Fogli European Strategy for Neutrino Oscillation Physics, CERN, May 13, 2012 22 

Adding SK atm data: 

Note: overall goodness of fit very similar in NH and IH. No hint about hierarchy yet… 

the preference for !23 in the 1st octant is clearly corroborated 

normal  
hierarchy 

inverted 
hierarchy 



Nasza bieżąca wiedza o fizyce 
oscylacji neutrin 

Gianluigi Fogli European Strategy for Neutrino Oscillation Physics, CERN, May 13, 2012 27 

Adding SK atmospheric data: 

We find a ~ 1! preference for " # $ as in the early analysis of hep-ph/0506083.  

normal  
hierarchy 

inverted 
hierarchy 



Sensitivity to oscillations 
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The νµ → νe appearance probability can be written using MNS matrix element as [18]

P (νµ → νe) = 4C2
13S

2
13S

2
23 sin2Φ31

+ 8C2
13S12S13S23(C12C23 cosδ − S12S13S23) cosΦ32 · sinΦ31 · sinΦ21

− 8C2
13C12C23S12S13S23 sinδ sinΦ32 · sinΦ31 · sinΦ21

+ 4S2
12C

2
13 (C2

12C
2
23 + S2

12S
2
23S

2
13 − 2C12C23S12S23S13 cosδ) sin2Φ21

− 8C2
13S

2
13S

2
23 (1 − 2S2

13)
aL
4Eν

cosΦ32 sinΦ31. (14)

The first term has the largest contribution. The second cosδ term is generated by the CP phase δ
but is CP conserving. The third sinδ term violates CP. The fourth term, which is the solar neutrino
term, is suppressed by sin2 ∆m2

21L
4Eν

. The matter effect is characterized by

a = 2
√

2GF neEν = 7.6 × 10−5ρ[g/cm3]Eν [GeV ] [eV 2], (15)

where GF is the Fermi constant, ne is the electron density and ρ is the earth density. The probability
P (ν̄µ → ν̄e) is obtained by the replacing a → −a and δ → −δ in eq. (14). As seen in eq. (15) the
matter effect is proportional to neutrino energy, so the lower the energy, the smaller the effect is.
The CP asymmetry in the absence of the matter effect is calculated as

ACP =
P (νµ → νe) − P (ν̄µ → ν̄e)

P (νµ → νe) + P (ν̄µ → ν̄e)
% ∆m2

12L

4Eν
· sin2θ12

sinθ13
· sinδ (16)

Because θ13 is small, the CP asymmetry can be large, especially for small Eν .

B Physics in the future extension with Hyper-Kamiokande

In the 2nd phase of the JHF-Kamioka neutrino experiment, the proton intensity is planned to go
up to 4 MW [19]. The pion (or neutrino) production target will also be upgraded to a liquid metal
target to accept the 4 MW beam. The shielding of the decay pipe will be designed to accommodate
such a beam.

As for the far detector, Hyper-Kamiokande detector is proposed as a next generation large water
Čerenkov detector [20] at Tochibora zinc mine in Kamioka, which is about 8 km south of the Super-
Kamiokande detector. A schematic view of one candidate detector design is shown in Figure 13. A
500 m long water tank is made from 10 sub-detectors, each one 50 m long. The tank will be filled
with pure water, and photomultiplier tubes (PMTs) are instrumented on all surfaces of sub-detectors.
The fiducial volume of the detector is about 0.54 Mt. The outer detectors, with thicknesses of at
least 2.0 m, completely surround the inner sub-detectors, and the outer region is also instrumented
with PMTs. The primary function of the outer detectors is to veto cosmic ray muons and to help
identify contained events. The Kamioka site satisfies the conditions required for constructing large
water Čerenkov detectors: easy access to underground, clean water, hard and uniform rock, and
infrastructure/technology for excavation. The overburden of the Hyper-Kamiokande is expected to
be about 1500 meter-water-equivalent.

With these upgrades in both accelerator (×5) and detector (×25), the statistics is expected to
increase by more than a factor of 100. The goal of the second phase is

• sin22θ13 sensitivity below 10−3

• CP phase δ measurement down to 10-20 degrees
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