
Pierwsze 
dane z T2K 
Paweł Przewłocki 
Warszawska Grupa Neutrinowa 
Instytut Problemów Jądrowych 
 
 
18.02.2011 



O czym będę mówił 

�  Oscylacje neutrin 
�  Eksperyment T2K i związana z nim fizyka 

neutrin 
�  Układ eksperymentu 
�  Jaka pomiary nas interesują? 
�  Detektory i pierwsze zebrane przy ich pomocy 

dane 
�  Strategia analizy 
�  Czego spodziewamy się w najbliższych 

tygodniach 
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Wyniki 
dotychczasowych 
eksperymentów 
oscylacyjnych 
�  Przy założeniu oscylacji 

dwuzapachowych 
mamy dwa tzw. 
parametry oscylacji: kąt 
mieszania, kwadrat 
różnicy mas 
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Dwa zestawy 
rezultatów: 

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

L/E) 

oscylują 3 zapachy 
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Masy neutrin 

log m2 

νe  νµ	
 ντ	


10-2 eV 

10-1 eV 

1 eV log m 

Δm2
23 <0 Δm2

23 >0 

|Δm2
23|=2.4 x 10-3 eV2 

Δm2
12  = 7.6 x 10-5 eV2 

40 meV < mi
i=1

3

! < 2 eV

Hierarchia mas 
Skala mas 

Summary of the Important Issues:

• Confirming ν’s are Majorana

(seesaw → tiny masses, Leptogenesis)
0νββ decays

• Absolute ν Mass: quasi-degenerate OR hierarchical

Tritium decay, 0νββ decays, cosmology

• If hierarchical What is Mass of Lightest ν?

• Is the Spectrum Normal or Inverted ?

• How close is the Mixing Matrix to Tri-Bi-Maximal???

νe component in ν3: sin2 θ13 ⇐
νµ component in ν3: (sin2 θ23 − 1

2)
νe component in ν2: (sin2 θ12 − 1

3)

• What is the size and sign of CPV? sin δ · · · Long Baseline Experiments

– Typeset by FoilTEX – 20
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Oscylacje neutrin 
ZAPACH MASA 

„atmosferyczne”  
        SK, K2K, MINOS 

„słoneczne”  
       SNO, KamLand 
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Schwetz et al. arXiv:0808.2016v3 [hep-ph] 
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Nowa faza w rozwoju fizyki 
neutrin 

�  I etap 
�  zwiększenie precyzji pomiarów uprzednio zmierzonych 

parametrów oscylacji 
�  Pomiar θ13  

�  II etap 
�  Zbadanie symetrii CP w sektorze neutrinowym 

(potrzebny pomiar θ13) 

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

– Chiny) – wyznaczenie θ13 gdy odpowiednio duże 
�  Silne wiązki akceleratorowe (T2K – Japonia, Nova – USA) – niskie 

wartości θ13 , możliwość badania hierarchii mas (efekty materii) 
i CP 
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Eksperyment T2K (Tokai2Kamioka) 

p!"

120m 0m280m295 km

on-axis
off-axis

2.5o

#-mon

target and horns
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Kamioka Tokai 
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p!"

120m 0m280m295 km

on-axis
off-axis

2.5o

#-mon

target and horns

Tokai, J-Parc

Linac

p!"

120m 0m280m295 km

on-axis
off-axis

2.5o

#-mon

target and horns

Neutrino 
beam

3GeV 
synchrotron

30GeV 
Main 
ring

T2K          (schemat eksperymentu) 

J-PARC ND280 
Super-
Kamiokande 
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Akcelerator w J-PARC 
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�  Budowa: 2004-2009 
�  Przyspieszanie: LINAC, RCS 

(3GeV), główny pierścień 
(30GeV) 

�  6 pakietów (bunches) na 
impuls wiązki (spill), od 
jesieni 2010 – 8 

�  Tarcza grafitowa (91cm dł.) 
�  3 rożki magnetyczne @ 

250kA (320kA od jesieni 
2010) 

�  Rura rozpadowa 
wypełniona helem (96m) 

�  Na końcu rury rozpadowej 
- absorber hadronów i 
monitor mionów (mierzy 
kierunek i intensywność 
mionów) 

�  280m od źródła wiązki – 
kompleks bliskich 
detektorów 

February 25, 2011 

Chapter 4 T2K experiment  42 

grows larger (Fig. 17, right).  

How this situation looks in the case of T2K experimental setup is shown in Fig. 18, left. Three 

energy profiles are shown for three off-axis angles. It is worth to notice that one cannot 

increase the off-axis angle too much – numbers of events recorded in detectors are smaller for 

larger angles.  

As it was mentioned, beam will be contaminated with µv  and ev . Muon antineutrinos’ 

abundance is expected to be at the level of a few percent. Electron neutrinos, though less 

numerous (they consist 1% of the whole beam neutrinos and 0.2% at the peak energy around 

0.7 GeV [H03]), are much more dangerous, as they constitute a background to neutrino 

appearance measurements. Fig. 18, right shows the beam energy profile for 2 deg. off-axis 

angle and contribution from electron neutrino background originating from kaon and muon 

decays. 

Ultimately the angle of 2.5 degrees was chosen and the Super-Kamiokande flux for this 

option is presented in Fig. 19. 

 

4.1.3 T2K beam structure 

The design intensity of the PS is 3.3 × 1014 protons/pulse at a repetition rate of 0.285 Hz (3.5 

second period), resulting in a beam power of 0.75 MW (2.64 MJ/pulse). The spill structure is 

shown in Fig. 20. A typical one-year operation is 1021 protons on target (POT), which 

corresponds to about 130 days of operation [H03]. 

 

 

Fig. 20. T2K beam time structure. A spill contains 8 bunches. From [M09]. 

 

4.2 Near detectors - 280m station 

The near detector complex is a three-floor pit, a 36 m deep concrete structure in the ground. It 

is located 280m away from the beam source and consists of two parts: on-axis and off-axis. 

On-axis part is a collection of detectors monitoring stability of the beam; off-axis detector will 

 



Pozaosiowość 
l  Wiązka protonowa uderza w tarczę. 

Produkowane są hadrony, głównie 
piony 

l  Piony się rozpadają: 

l  Zanieczyszczenie wiązki: 

l  Detektory są ustawione poza osią 
wiązki aby dostać korzystny kształt 
widma 

Neutrino energy 

T2K beam 
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! + ! µ+ +"µ

µ+ ! e+!µ!e

K + ! " 0e+!e

MC 

February 25, 2011 



Wiązka 
protonowa – stan 
obecny i plany 

Beam group, 
Masahiro Shibata 
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Wiązka w roku 2010 

Plany na 
przyszłość 

8.02.2011 – 
1020 POT! 

February 25, 2011 

(Bieżąca moc wiazki: 125kW) 



Główne pomiary: 
Obserwacja 
zanikania νµ→νµ  

�  Zanikanie neutrin 
mionowych – precyzyjny 
pomiar θ23 i Δm2

23 

�  Pomiar przez porównanie 
strumienia 
zaobserwowanego (@SK) 
do wyemitowanego 
(@ND280) w funkcji energii 

#evts 
MC 

( )
)(

/27.1sincos2sin
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� Obserwacja νµ→νe ⇒ θ13 >0 
�  Szukamy elektronów z reakcji 

�  Tło #1 – zanieczyszczenie  
wiązki neutrinami elektronowymi  
(~1%, 0.2% w maksimum wiązki) 

�  Tło #2 – tło z oddziaływań  
neutrin mionowych 

Główne pomiary: Obserwacja 
transformacji νµ→νe  

NeNve ʹ′→

0πµµ NvNv →

5 lat T2K 

NeNve ʹ′→

MC 

Liczba przypadków 
0.35-0.85 GeV 

sin22θ13 0.1 0.01 

Sygnał 143 14 

Tło νe 16 16 

Tło π0 10 10 

( )ELmP e /27.1sinsin2sin)( 2
23

2
23

2
13

2 Δ=→ θθνν µ
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Czułość 
eksperymentu 
T2K na θ13  
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Strategia analizy 

�  Przewidywanie strumienia i widma wiązki 
�  Symulacja jnubeam 

�  symulacja za pomocą modeli 
odzwierciedlających 
wcześniejsze dane 

�  Dane o produkcji hadronów z 
NA61/SHINE 

�  Pomiary w ND280 
�  Poznanie własności oddziaływań 

neutrin (przekroje czynne, pomiary 
ekskluzywne w różnych kanałach) 

�  Pomiar strumienia i widma wiązki 

 

�  Pomiary w detektorze dalekim 
�  Pomiar liczby przypadków/spektrum 

16 

Weryfikacja przewidywań MC 
wiązki 
Ekstrapolacja do SK przy 
użyciu Far To Near Ratio 
uzyskanego z MC wiązki – 
uzyskanie spodziewanej 
liczby przypadków, 
zależności od energii 

Porównanie z 
przewidywaniami -> 
dopasowanie danych, 
uzyskanie parametrów 
oscylacji   

Far To Near Ratio 

February 25, 2011 



Far to near ratio 
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NA61 (SHINE) 
Ø   Large Acceptance 

Spectrometer for charged 
particles 

Ø   TPCs as main tracking devices 

Ø   2 dipole magnets – 1.5T max 

Ø   New ToF-F to cover T2K 
acceptance 

Ø   High momentum resolution  σp/
p2 = 10-4 (GeV/c)-1 

Ø   Good particle identification 
(PID) :     σ(dE/dx)~4% 

Ø   Good ToF resolution:  σ(ToF-L/R)
=60 ps, σ(ToF-F)<=120 ps 

February 25, 2011 

Akceptacja T2K 



NA61/SHINE – wyniki dla T2K 

19 

For each point total error is plotted . In addition the total normalization uncertainty is 2.3%.  

Krotności w przedziałach pędu i kąta względem osi wiązki – π+ 

February 25, 2011 



p!"

120m 0m280m295 km

on-axis
off-axis

2.5o

#-mon

target and horns
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Stacja bliska 
�  Bliska stacja eksperymentu 
�  Dwie części: osiowa (INGRID) 

i pozaosiowa (ND280) 
�  Funkcje: 

�  Monitorowanie wiązki 
�  Pomiary przekrojów 

czynnych na węglu i 
wodzie 

�  Pomiary wiązki 
nieoscylowanej i jej 
zanieczyszczeń (wkład od 
neutrin elektronowych 
istotny dla pomiaru 
pojawiania się νe)  

�  Pomiary w ND280 pozwolą 
na kasowanie niektórych 
błędów systematycznych z 
pomiarami w SK 

Na osi 

Poza osią 

Wiązka 

February 25, 2011 



INGRID 

21 

�  16 modułów – przekładańców 
scyntylatora i żelaza na osi wiązki 
(1x1x1m3) 

�  Mierzy profil wiązki neutrinowej, 
monitoruje jej kierunek (z 
dokładnością do 1 mrad) 

�  Statystyka wystarczająca do 
codziennej kontroli 

February 25, 2011 
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INGRID – struktura czasowa, liczba 
przypadków 

22 

�  Obserwowana 
struktura czasowa 
�  Zastosowana 

selekcja 
przypadków 
neutrinowych  

�  Czerwone paski – 
oczekiwany czas 
nadejścia 
pakietów wiązki 

�  Stabilność w 
czasie 
obserwowanej 
liczby 
przypadków 
neutrinowych 

February 25, 2011 



INGRID – profil i stabilność 
wiązki 
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ND280 = TOAD 

§  Magnes i cewka (pole 0.2 T), 
§  Detektory FGD – tarcza dla 

oddziaływań, identyfikacja 
protonów 

§  Komory TPC – identyfikacja i 
rekonstrukcja pędu mionów, 
naładowanych pionów i 
elektronów 

§  Detektor P0D – detekcja 
neutralnych pionów 

§  Detektor wewnętrzny otoczony 
kalorymetrami 
elektromagnetycznymi – pomiar 
gamm które nie skonwertowały 
wewnątrz 

§  W jarzmie magnesu detektor 
mionów SMRD (Side Muon Range 
Detector) do pomiaru energii 
mionów wychodzących z 
detektorów wewnętrznych 

! !

!"#$%&$"'&%()*%$+"%
,-./%!010%.2345&6&

78)$$%-&"*
!010%9*":;""$62<
/"8%=>%?@A@ ,)B36%-((%.#6&%/"$"8$)*
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Instalacja: 2009 
(oprócz bocznego 
ECALa 
zainstalowanego w 
lecie 2010) 

February 25, 2011 



Pomiary w ND280 
�  Pomiary 

�  Zawartość νe w wiązce 
�  Przekroje czynne 
�  Spektrum wiązki 

�  Za pomocą 
�  Najlepiej przez łatwo rekonstruowalne zdarzenia quasi-

elastyczne CC  
�  Do wyznaczenia energii neutrina wystarcza nam tylko 

znajomość właściwości wychodzącego mionu 
�  Poniższa formuła zaniedbuje rozmycie z powodu pędu 

Fermiego nukleonu 

µ 

p 
ν θ
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Detektor ND280 w 
działaniu 
Mion kosmiczny 

26 February 25, 2011 



Galeria przypadków w ND280 

27 27 February 25, 2011 



Tracker: Detektory Dużej 
Rozdzielczości (FGDs) 

28 

�  Detektor 
scyntylacyjny – 
paski scyntylatora 
ze światłowodem 
w środku, 
jednostronny 
odczyt światła 
sensorami MPPC 

Kalorymetry 
elektromagnetyczne 
(ECALs) 
�  8 modułów otaczających 

P0D i Tracker (zamontowane 
w lecie 2010) 

�  Plus jeden na końcu 
detektora – ‘Downstream 
ECAL’ (zamontowany w 
2009) 

�  Pomiar cząstek 
wychodzących z detektorów 
wewnętrznych, w tym 
pomiar fotonów z π0èγγ  
które nie skonwertowały 
wewnątrz – wspomaganie 
P0Da; także veto dla cząstek 
wchodzących z zewnątrz 

�  Warstwy scyntylacyjne 
przekładane folią ołowianą 

February 25, 2011 

�  Dwa FGD – jeden 
zawierający 
pojemniki z wodą 
(tarcza dla 
oddziaływań) 



Tracker: Komory Projekcji Czasowej (TPCs) 

29 

�  3 TPC w Trackerze 
�  Cele: pomiar pędu, 

identyfikacja cząstek 
�  Długość robocza 

modułu: 720mm, 
maksymalna długość 
dryfu: 897mm 

�  Odczyt: detektory 
Micromegas (3*24 
moduły takie jak na 
zdjęciu) 

�  Gaz: 95% Ar, 3%CF4, 
2% iC4H10 

Wymagania: 
Rozdzielczość pędowa<10% 
Rozdzielczość dE/dx<10% 

February 25, 2011 



Identyfikacja cząstek w TPC 
�  Wzorzec starty energii (dE/dx) – metoda „średniej obciętej” 

�  Najniższe 70% wartości używane do obliczenia średniej 
straty energii 

�  Rozdzielczość dE/dx: 7.8% 

30 

Z: Edoardo Mazzucato, "Fifth Symposium on Large TPCs for Low Energy Rare Event Detection", Paris, France  

February 25, 2011 



Pi zero detector (P0D) 

31 

�  Detektor scyntylacyjny, poprzekładany 
folią ołowianą/mosiężną 

�  Folia ołowiana – konwersja π0 na pary γγ
�  W środkowej części detektora 

dodatkowe pojemniki z wodą (pomiar 
przekrojów czynnych na wodzie) 

February 25, 2011 



Widać że detektor faktycznie 
jest poza osią wiązki! 
� Zrekonstruowane wierzchołki w FGD i P0D 
 

32 

FGD P0D 
Z: Fanny Dufour, DISCRETE 2010 

February 25, 2011 
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90cm 

70cm 

SMRD (Side Muon Range 
Detector, boczny detektor 
zasięgu mionów) 
� Moduły 

scyntylacyjne 
umieszczone w 
szczelinach 
magnesu 

� Cele: 
�  Pomiar mionów o 

dużej energii z 
oddziaływań neutrin 
mionowych z wiązki 
ν N → µ N’ 

�  Wybieranie mionów 
kosmicznych do 
kalibracji  

Jeden 
pierścień 
magnesu ze 
szczelinami 

Licznik scyntylacyjny 

February 25, 2011 
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�  Selekcja oparta na informacjach z detektora śladowego 
(Trackera) – TPC i FGD 

�  Potrzebne do weryfikacji przewidywań symulacji, istotne w 
analizie oscylacyjnej (czynnik normalizacyjny) 

�  Dane: 2.88*1019 POT (2010, do wakacji) 
�  Cięcia: 
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Run period POT (1019)
31 March 2010 0.13
32 April 2010 0.70
33 May 2010 1.16
34 June 2010 0.89
Total 2.88

Table 1. POT for the used neutrino runs.

For simulated data we used the MCP1 production with NEUT [4] and GENIE [5] startup
configuration. The Monte Carlo (MC) corresponds to 4.98 · 1020 POT and 4.94 · 1020 POT for NEUT
and GENIE respectively. The flux files used for this Monte Carlo production are the 10a fluxes. The
Monte Carlo expectation is then reweighted using the 10d-tuned-v2 fluxes: the effect of the reweighting
is shown in Sect. 13. The Monte Carlo contribution for all the plots in Sec. 6 and 7 have already been
reweighted for the 10d-tuned-v2 flux.
Data and Monte Carlo were reconstructed with the same software version: the tpcRecon package
contained in the v7r19p1 of the ND280 software was run on the OaCalib output from RDP2 (for the
data) and MCP1 (for the MC). We will use NEUT as a standard term of comparison and will defer
the comparison with GENIE to the appendix. The horn currents, fixed at 250 kA for the first data, are
correctly simulated.

3. Reconstruction and analysis objects
One of the main features of this analysis is to use only low-level reconstruction objects. In this way,
a simple and robust selection of neutrino interactions is obtained and this can, among other purposes,
be used as an interesting validation of the performances of higher level algorithms, like for instance the
global reconstruction that associates objects across several subdetectors [6].
Therefore, we have used a minimal subset of the ND280 detectors, that is simply TPC tracks (here

a TPC track is a track reconstructed in a single TPC, without combining TPC tracks into longer tracks)
and FGD hits.
As we will explain later, one feature of this analysis is that we consider only forward going tracks.

Backward going tracks pose a difficult reconstruction problem (precise timing information among
different detectors) and can be neglected without a serious loss of efficiency.

3.1. FGD-TPC matching
FGD hits were associated to the TPC tracks with a simple algorithm. TPC2 (TPC3) tracks were
extrapolated back to FGD1 (FGD2), using a linear extrapolation in the x-z plane, a circle in the y-z
plane. For each hit the distance from the track was computed and the hit considered to be associated to
the track if ∆x (or ∆y) were less that 3 cm in absolute value. In this way, we defined for each track
a starting point in the FGD, that is the associated FGD hit with the lowest z. Specifically, the x and
y coordinates of the starting point in the FGD correspond to the coordinate of the most upstream FGD
point measuring x or y. To define a time of the event, we considered the minimum time of all the FGD
hits associated to the candidate muon track. It must be noticed that the T0 was assigned to each track at
the level of tpcRecon, i.e. before performing this algorithm: for this reason the TPC tracks already had
the x-coordinate defined and so it was possible to associate them to the FGD hits also in the x− z plane.

4. The selection criteria
The definition of the selection criteria has been guided by these considerations:

• the need to use only low-level information;
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Figure 4. Distribution of the differences ∆x, ∆y and ∆z (from left to right) between the generated and
reconstructed vertex in FGD1 (top row) and FGD2 (bottom row).

Cut Selected events (%)
Total n of spills 870003 100

At least one TPC track 74097 8.52
No track in TPC1 26437 3.04

At least one track in TPC2 16706 1.92
Within the FGD FV 1866 0.21

Negative and p >50 MeV/c 1036 0.12
PID cut 796 0.09

At least one track in TPC3 9731 1.12
Within the FGD FV 1890 0.22

Negative and p >50 MeV/c 1049 0.12
PID cut 733 0.08
Total n 1529 0.18

Table 3. Reduction table for the data.

Dimensions 2 FGD vol. Events data MC
(x y z) (m) (m3) evts/ton/1019 POT evt/ton/1019 POT

1.6 × 1.6 × 0.31 1.59 1529 319 ± 8 304 ± 2
1.4 × 1.4 × 0.31 1.22 1210 330 ± 10 320 ± 2
1.0 × 1.0 × 0.31 0.62 636 340 ± 13 331 ± 3
0.6 × 0.6 × 0.31 0.22 226 335 ± 22 321 ± 5

Table 4. Number of events selected for an increasingly tight definition of the fiducial volume.
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Cut Selected events (%)
Total n of spills 6683955 100

At least one TPC track 794722 11.89
No track in TPC1 370343 5.54

At least one track in TPC2 215835 3.23
Within the FGD FV 29484 0.44

q < 0 and p >50 MeV/c 16887 0.25
PID cut 13081 0.20

At least one track in TPC3 154508 2.3
Within the FGD FV 28240 0.42

q < 0 and p >50 MeV/c 15743 0.24
PID cut 12146 0.18
Total 25227 0.38

Table 2. Reduction table for the Monte Carlo (NEUT)

The study was done separately for these three samples, namely:

(i) all interactions in the FGD both CC and Neutral Current (NC);

(ii) CC only interactions;

(iii) CC interactions in the FGD FV.

After all the selection cuts we retain 25227 events (Tab. 2). Out of these 22708 are νµ charged current
interactions in the FGD. The rest of the reconstructed events comes from neutrino interactions outside
the FGD, neutral current interactions and ν̄µ interactions (more details will be given in Tab. 5).
The selection efficiency, computed as a fraction of the CC interactions in the FV, is (38.2 ± 0.3) %. The
efficiencies for sample i) and ii) are (18.0 ± 0.1) % and (26.3 ± 0.2) % respectively2. The quoted error
for the efficiencies is statistical only. Notice that to get three efficiencies we keep the numerator constant
(the number of events selected in the analysis) while the denominator is changed and is larger for sample
i) than for sample iii).

The efficiency is shown in Fig. 2 as a function of the neutrino energy and the coordinates of the
neutrino vertex with red, black and blue markers for categories i), ii) and iii) respectively. The true
information was used at the level of reconstructed events to avoid migrations between bins due to
resolution effects. The residual efficiency outside of the FV for categories i) and ii) is due to events
in which the vertex is generated outside of the FV but reconstructed inside because of the effect of the
resolution in the vertex reconstruction (see Sect. 5.3).
We see how at high energy (Eν > 1.5 GeV) the efficiency with respect to CC vertices in the FGD

FV reaches a plateau and gets larger than 50%. A small structure at intermediate values of the x co-
ordinate might be associated to the reconstruction of cathode crossing tracks. We also notice that the
efficiency decreases with increasing depth of the vertex in the FGD mainly because of a reduction of the
TPC geometrical acceptance (especially at low energy). This was checked by calculating the efficiency
corresponding to a small FV (30× 30 cm) at the center of the FGD. In this case the dependence on z is
strongly reduced.

2 We find similar efficiencies with GENIE: 18.3%, 27.2%, 39.3% for samples i), ii) and iii) respectively. See also the appendix
for plots.
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Figure 2. Efficiency versus Eν , xvtx, yvtx and zvtx evaluated using the NEUT Monte Carlo for the three
different samples described in the text. The lines indicate the FGD physical and fiducial volume limits
in z.

5.2. Neutrino energy resolution
The energy resolution was also studied for true CCQE interactions. The correlation of the true and
reconstructed energy is shown in the left panel of Fig. 3. The distribution of the ratio (Etrue

ν −
Erec

ν )/Etrue
ν is shown in the right panel of the same Fig. 3. Energy was reconstructed with this formula

ECCQE
ν =

(mp − EB)Ecorr
µ − (E2

B − 2mpEB + m2
µ)/2

(mp − EB) − Ecorr
µ + pcorr

µ cos θµ
(2)

assuming a binding energy EB = 27 MeV. Ecorr
µ and pcorr

µ indicate the muon energy and momentum
measured at the TPC entrance corrected for the energy loss in the FGD. The simple energy loss correction
assumes a constant energy loss rate of 1.997 MeV/cm.3 This value is multiplied by the linearized track
length between the reconstructed vertex and the end of the FGD. The angle θµ has not been corrected for
the small variation due to the magnetic field during propagation from the vertex to the TPC entrance.

5.3. Vertex resolution
Fig. 4 shows the difference between the generated and reconstructed vertex in FGD1 (top row) and
FGD2 (bottom row). The residuals in the transverse coordinates x and y have a larger tail at positive
values corresponding to a lower value for the reconstructed quantity with respect to the generated one.
The reason for this asymmetry is under study. The r.m.s. of the distribution of the residuals is ∼ 1.2 cm

3 We used a density of 1.032 g/cm3 and a constant energy loss at minimum of ionization of 1.936 MeV g−1 cm−2

corresponding to polystyrene scintillator according to the Particle Data Group tables.
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Figure 59. True neutrino energy spectrum for the selected events in the FGD divided by interaction
modes: on the left plot the spectrum is shown on a linear scale, on the right plot it is shown on a
logarithmic scale.

15. Conclusions
In this note we have presented a study of neutrino charged current interaction in the ND280 tracker. A
method to select neutrino interaction that uses a minimum subsets of low-level reconstruction objects
(TPC tracks, FGD hits) has been developed. It has high efficiency (∼ 38%) and purity (90%). A control
sample obtained requiring muon like positive tracks has been used providing useful information on some
backgrounds. The selection has been validated also through an extensive campaign of visual scans.
The results obtained with the first physics run of the ND280 detector have been compared to the MCP1
simulated data reweighted for the 10d-tuned-v2 flux, and the first informations about the T2K off-axis
neutrino beam have been extracted.
A complete study of the systematical uncertainties related to the detector and the reconstruction has been
presented. The data to Monte Carlo ratio of the total number of selected events (mainly CC interactions)
has been evaluated for NEUT with an associated systematical uncertainty.
Also the systematical uncertainties related to the neutrino interaction models have been evaluated. The
final result for the ratio between data and Monte Carlo is:

Rdata/MC = 1.061 ± 0.028(stat.)+0.044
−0.038(det. sys.) ± 0.039 (phys. model). (25)
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Ostateczny rezultat wykorzystywany 
do wykorzystania w analizie: 

Rozkład energii neutrin przy 
założeniu oddziaływań 
CCQE: 

Jakość rekonstrukcji: 

Efektywność selekcji – 38% 
Czystość próbki – 90% 
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Wodny detektor 
wykorzystujący technikę 
Czerenkowa 

50 kton wody, 22.5 kton w 
przestrzeni roboczej detektora 

>11,000 fotopowielaczy w 
ścianach 

Technika detekcji doskonale 
opanowana (SuperK zbiera dane 
od wielu lat), błędy systematyczne 
znane i rozumiane  

Detektor został odnowiony razem z  
systemem zbierania danych 

Wiązka jest impulsowa, selekcja 
przypadków za pomocą systemu 
GPS  

 

p!"

120m 0m280m295 km

on-axis
off-axis

2.5o

#-mon
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February 25, 2011 



Super-Kamiokande  
�  Dwa rodzaje pierścieni 

�  Mionowy – miony i piony 
naładowane 

�  Elektronowy – elektrony i 
gammy 
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�  Dwie klasy przypadków 
�  Fully Contained (FC) – cała 

energia zdeponowana w 
detektorze wewnętrznym (ID) 

�  Partially Contained (PC) – tory 
wychodzące – niemożliwa 
pełna rekonstrukcja energii 

February 25, 2011 
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FIG. 21: An example event display of a single-ring µ-like event. In
this event the boundary of the Cherenkov light is sharp as the muon
travels relatively straight as it comes to a stop. Distant hit PMTs
come from scattered light and Cherenkov light from delta-rays.
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FIG. 22: The distribution of particle identification likelihood for
sub-GeV (top) and multi-GeV (bottom) FC single-ring events, com-
paring SK data (points) and atmospheric neutrino Monte Carlo
(histograms). The Monte Carlo includes neutrino oscillation with
(sin2 2! = 1.00, "m2 = 2.1× 10−3 eV2). The hatched histograms
show the #µ charged current interactions.

analyses, electrons in the time interval 800 ns to 1200 ns after
the primary trigger are excluded, owing to this splitting effect
as well as a reduced efficiency due to electrical reflection on
the PMT cables. The contamination level for these criteria
is very good, with no events out of 32000 stopping cosmic
ray muons having more than one decay electron. The effi-
ciency for fully-contained sub-GeV neutrino interactions was
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FIG. 23: Particle ID likelihood distribution for sub-GeV (top) and
multi-GeV (bottom) FC multi-ring events and the brightest ring of
the multi-ring events. Points show the data and the histograms show
the Monte Carlo results. The Monte Carlo includes neutrino oscil-
lation with (sin2 2! = 1.00, "m2 = 2.1× 10−3 eV2). The hatched
histograms show the #µ charged current interactions.

estimated by Monte Carlo to be 80% for µ+ and 63% for µ−,
where the lower efficiency is due to µ− capture on 16O.

3. Background and Efficiency

The main sources of the background for the FC sample are
cosmic ray muons, neutrons generated by high energy cos-
mic ray muons and PMT flasher events. The contamination of
the background events was estimated for lower energy (visible
energy lower than 1.33 GeV, called sub-GeV) and higher en-
ergy (visible energy higher than 1.33 GeV, called multi-GeV)
samples separately, since the contamination could have an en-
ergy dependence. The cosmic ray muon background contam-
inations to the final FC sample were estimated to be 0.07%
for sub-GeV and 0.09% for multi-GeV µ-like events. They
were estimated using the distribution of the distance of the
vertex position from the inner detector wall along the particle
direction. The neutron background contamination was esti-
mated to be 0.1% for sub-GeV e-like events and multi-GeV
e-like events. This was estimated using the distribution of the
distance of the vertex position from the inner detector wall
(Dwall). The contaminations from PMT flasher events were
estimated to be 0.42% for sub-GeV e-like events and 0.16%
for multi-GeV e-like events using the goodness of the vertex
fitting and the Dwall distributions.
The reduction efficiency was estimated using the atmo-

spheric neutrino MC. The detection efficiency for events
which satisfy the data reduction conditions (i)-(iv) was
99.15% for events which have a true vertex in the fiducial vol-
ume, Evis > 30 MeV, and less than 10 hits in the largest OD
cluster. The systematic error in the event reduction was esti-

1-ring, subGeV/multiGeV 
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[ 1st ring + 2nd ring ]
Invariant mass: 133.8 MeV/c2 
(close to !0 mass)
Momentum: 148.3 MeV/c

Pierwszy zarejestrowany przypadek! (24.02.2010) 

Masa niezmiennicza z dwóch dominujących 
pierścieni: 
133.8 MeV/c2 (blisko masy neutralnego pionu) 
 
Ped: 148.3 MeV/c 

Przypadek z jednym pierścieniem typu mionowego 

Pęd mionu: 1061 MeV/c 
 
Widoczny pierścień od elektronu powstałego w 
rozpadzie 

February 25, 2011 
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Vertex  X vs Y	 Vertex  R vs Z	 

Points :  Reconstructed event vertex 
Arrow :  1st-ring direction (with max number of photoelectrons) 

February 25, 2011 



Struktura czasowa w SK 
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�  6/8 pakietów (bunchy) 
�  GPS działa bez zarzutu 

LE 

OD 

FC 

Z: Kate Scholberg, Slides for talk at the "Fifth Symposium on Large TPCs for Low Energy Rare Event Detection", Paris, France  

Synchronizacja GPS: dokładność 
rzędu dziesiątek ns 

44 February 25, 2011 



System GPS 

Pozycjonowanie 
�  Precyzyjne ustalanie 

położenia elementów 
generujących wiązkę neutrin 
– geodezja (miernictwo) przy 
pomocy GPS  

�  Kierunek wiązki ustalony z 
precyzją większą niż 10-4 rad 
(wymagana: 10-3 rad). 

�  Coroczna weryfikacja pozycji 
elementów eksperymentu 
(rożki, tarcza, monitory, 
ND280) 

Synchronizacja 
�  Serce systemu: LTC (Local Time 

Clock), sprzężony z dwoma 
odbiornikami GPS 

�  Zegar atomowy na wypadek 
straty kontaktu z systemem GPS 

�  Za każdym razem gdy następuje 
ekstrakcja wiązki z MR impuls jest 
rejestrowany przez LTC  

�  Następnie informacja wysyłana 
jest do SK oraz używana jako 
wyzwalanie monitorów wiązki 

�  Dokładność czasowa rzędu 10ns 

February 25, 2011 45 

0.98ms 



Stabilność w skali energii 
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RMS/MEAN 
T2K period :  0.31%	 
(SK-IV all :  0.39%) 

RMS/MEAN 
T2K period :  0.28%	 
(SK-IV all :  0.45%) 

Stopping µ (momentum/range)	 

Decay-e (momentum)	 

February 25, 2011 



Przykładowa strategia 
analizy: νµ→νe  
�  Dla każdej kombinacji parametrów oscylacji 

obliczamy spodziewaną liczbę przypadków 
elektronowych (bez uwzględnienia systematycznych 
przesunięć) 

�  Skalujemy wynik współczynnikiem uzyskanym w 
analizie νμ CC) 

�  Uwzględniamy rozmycie przewidywania 
spowodowane przesunięciami pochodzącymi od 
niepewności systematycznych  

�  Uwzględniamy błąd statystyczny aplikując rozkład 
Poissona do uprzednio uzyskanego rozkładu 

47 February 25, 2011 

∆Nexp = Nexp(fi = 1 + δfi)−Nexp(fi = 1) (19)

where δfi shows 1 σ error of the systematic parameter fi. All other systematic parameters are
set to one ( fj=1 for j "= i ). The total systematic error is calculated by adding the parameters
in quadrature, and is estimated to be +21.8

−21.7% for the backgrounds only, and +18.4
−18.2% for the signal

plus background events at a typical oscillation parameter.

Error source N sig
SK N bkg

SK N s+b
SK NND N bkg

SK/NND N s+b
SK /NND

SK Norm. fSKnorm ± 1.41 ± 1.41 ± 1.41 ± 0.0 ± 1.41 ± 1.41
SK Energy Scale fEnergy ± 0.30 ± 0.50 ± 0.35 ± 0.0 ± 0.50 ± 0.35
SK Ring Counting fNring ± 2.10 ± 6.20 ± 3.13 ± 0.0 ± 6.20 ± 3.13
SK PID Muon fPIDµ ± 0.0 ± 1.00 ± 0.25 ± 0.0 ± 1.00 ± 0.25
SK PID Electron fPIDe ± 2.00 ± 5.90 ± 2.98 ± 0.0 ± 5.90 ± 2.98
SK POLfit Mass fPOLfit ± 4.00 ± 6.70 ± 4.68 ± 0.0 ± 6.70 ± 4.68
SK Decay Electron fNdcy ± 0.10 ± 0.30 ± 0.15 ± 0.0 ± 0.30 ± 0.15

SK π0 Efficiency fπ0eff ± 0.00 ± 5.50 ± 1.39 ± 0.0 ± 5.50 ± 1.39
CC QE shape fCCQEshape ± 4.91 ± 2.62 ± 4.33 ± 0.0 ± 2.72 ± 4.33
CC 1π fCC1π ± 4.28 ± 3.76 ± 4.15 ± 5.93 ± 2.10 ± 1.78
CC Coherentπ fCCcoh ± 0.32 ± 0.23 ± 0.30 ± 3.29 ± 3.06 ± 2.99
CC Other fCCother ± 0.07 ± 0.35 ± 0.14 ± 4.77 ± 4.43 ± 4.63

NC 1π0 fNC1π0
± 0.00 ± 5.86 ± 1.48 ± 0.05 ± 5.56 ± 1.43

NC Coherentπ fNCcoh ± 0.00 ± 2.48 ± 0.63 ± 0.00 ± 2.37 ± 0.62
NC Other fNCother ± 0.00 ± 3.83 ± 0.97 ± 1.14 ± 2.53 ± 0.17
σ(νe) fσ(νe) ± 6.00 ± 3.17 ± 5.29 ± 0.01 ± 3.28 ± 5.28
FSI fFSI ± 3.83 ± 10.34 ± 5.47 ± 0.00 ± 10.32 ± 5.47

Beam Norm. fφ
SK/ND ± 21.97 ± 18.12 ± 20.49 ± 19.83 ± 19.83 ± 11.88

ND Efficiency f εND ± 0.00 ± 0.00 ± 0.00 +5.60
−5.16

+5.60
−5.16

+5.60
−5.16

Overall Norm. fnorm ± 0.00 ± 0.00 ± 0.00 ± 0.00 ± 2.70 ± 2.70
Total ± 24.55 ± 25.95 ± 23.71 ± 22.15 +21.80

−21.69
+18.36
−18.23

Table 3: Contributions to the number of expected events from each systematic error parameter. Each
line represents the contribution from one systematic parameter, and the error corresponds to a 1 σ
uncertainty. Nsig

SK , N bkg
SK , Ns+b

SK mean the number of the expected events for the signal, background, and
signal plus background respectively, in SK without ND normalization. NND means the expected events in
ND. Ns+b

SK /NND (N bkg
SK /NND) shows the SK signal plus background (background only) expected events

with ND normalization. The total errors are combined by adding in quadrature. The oscillation point
(∆m2

23, sin
2(2θ23), δCP ) = (2.4×10−3 eV2, 0.1, 0) is adopted for this estimation.

2.2.7 Confidence level and sensitivity calculation

According to the expectation calculations described so far, the probability that we observe Nobs

events in the real experiment can be obtained in the format of a PDF distribution. In Analysis B,
the one-sided Poisson statistics method is adopted for the calculation of the confidence level
(C.L.), in which the C.L.s of the upper limit and lower limit are expressed as follows.
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Niepewności 
systematyczne: 

Mamy więc wszystkie elementy potrzebne 
do dwu kluczowych analiz T2K: 
1.  Zanikania νμ  
2.  Pojawiania się νe   



Podsumowanie 
� Wszystkie kluczowe elementy 

eksperymentu działają bez zarzutu 
� Osiągnięte 1020 POT 
� Planowane dalsze zwiększanie mocy 

wiązki 
� Rezultaty analizy oscylacyjnej zostaną 

opublikowane w najbliższym czasie 
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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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Figure 12: Expected number of events with various ∆m2 for 5 years of OA2◦. The solid lines show the expected
numbers of events assuming νµ → ντ or νµ → νs. The dotted lines show the 90% C.L. regions of νµ → ντ oscillation.
Although full mixing is assumed, expected number of events does not become 0 even at the deepest dip point. This is
due to the NC interactions of high energy neutrinos. For ∆m2 = 3 × 10−3eV 2, the number of events to be observed
in five years is 280, if νµ → νs. The corresponding number is 680 for νµ → ντoscillation.

Appendix

A Neutrino oscillation

Lepton mixing is described by a unitary 3x3 matrix (Maki-Nakagawa-Sakata [4] (MNS) matrix)
that is defined by a product of three rotation matrices with three angles (θ12, θ23, and θ13) and a
complex phase (δ) as in the Cabibbo-Kobayashi-Maskawa matrix [5].





νe

νµ

ντ



 =



 Uαi









ν1

ν2

ν3



 , (3)

U =





1 0 0
0 C23 S23

0 −S23 C23









C13 0 S13e−iδ

0 1 0
−S13eiδ 0 C13









C12 S12 0
−S12 C12 0

0 0 1



 , (4)

where α = e, µ, τ are the flavor indices, i=1, 2, 3 are the indices of the mass eigenstates, Sij (Cij)
stands for sin θij (cos θij). Neutrinos are produced as flavor eigenstates and each component of mass
eigenstate gets a different phase after traveling a certain distance. The detection of neutrinos by
charged current interactions projects these new states back onto flavor eigenstates. The probability
of oscillation is given by the formula,

P (να → νβ) = δαβ − 4
∑

i>j

Re(U∗
αiUβiUαjU

∗
βj) · sin2Φij

± 2
∑

i>j

Im(U∗
αiUβiUαjU

∗
βj) · sin2Φij (5)

where

Φij ≡ ∆m2
ijL/4Eν = 1.27∆m2

ij[eV
2]L[km]/Eν [GeV ], (6)
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Cele fizyczne 
T2K physics goals

!Accumulate 3.75 MW·107 s beam on target

!Discover νe appearance: 

"sin22θ13 down to ~0.018 (3σ), ~0.008 (90%CL) 

! Precise sensitivity depends on systematic errors and Δm23
2

!Precise measurement of νμ disappearance: 

"δ(Δm23
2)~1x10-4eV2, δ(sin22θ23)~1%
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