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O czym bede mowit

Oscylacje neutrin

Neutrina reaktorowe

Eksperyment Daya Bay | jego odkrycie
Potwierdzenie z eksperymentu RENO
Spojrzenie w przysztosc
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Oscylacje
neutrin

Przy zatozeniu oscylacii
dwuzapachowych
mamy dwa tzw.
parametry oscylaciji: kat
mieszania, kwadrat
roznicy mas

cosf sinf
—sinf cosf

P(v,—v )= sin’(20)sin’ (1 27

AmzL)

All limits are at 90%CL
unless otherwise noted

://hitoshi.berkeley.edu/neutrino




Oscylacje neutrin

. —id .
0 0 cosf,, 0 sin6e™ cosf,, sinf, 0 |(v
cos6,; sin6,, 0 1 0 sin6, cos6, O |lv,

; . _is
—sinf,, cosf,, || —sinfe™ 0  cos6, 0 0 1 J\v

yAUTIOSPHENCE CHOOZ ySOlclE

SHENZIRGIVIINGOS SN ORRAmisdno

parameter best fit
Am3, [10_59\"2] 7.59f8:f§
| A3, | [10_39\"'2] 2.401013
sin? 6y 0.3185001 | 0.29-0.36

sin? g 0.50% 007 0.39-0.63

sin” 013 0.01310 850 < 0.039

Table A1l. Current update of Tab. 1: Best-fit values with 1o errors, and 20 and 3o . 3
mtervals (1 d.o.f.) for the three-flavour neutrino oscillation parameters from global vazZZNN]

2
data including solar, atmospheric, reactor (KamLAND and CHOOZ) and accelerator N8 }Am sol
(K2K and MINOS) experiments. Schwetz et al. arXiv:0808.2016v3 [hep-ph]




Co dotad chcieliSmy zmierzyc

| etap

zwiekszenie precyzji pomiarow uprzednio zmierzonych
parametrow oscylacji

Pomiar 0,

Il etap (potrzebny pomiar 6,,>0)

Zbadanie symetrii CP w sektorze neutrinowym, hierarchii
mas, efektow materii

Potrzebne neutrina i antyneutrina

Realizacja celow — 2 podejscia
Ekspergmenty reaktorowe (Double Chooz — Francja, Daya
Bay hiny)

Silne wigzki akceleratorowe (T2K — Jaﬁonla Nova — USA),
mozliwosc badania hlerarchu mas (efekty materii) i CP




Jak mierzymy 0,5

Eksperymenty reaktorowe:
P, =1 - sin?26,;sin? (1.27Am?;L/E) -
c0s*0,351n?20,5in? (1.27Am? ,L/E)

v, =V,

Eksperymenty akceleratorowe z dtuga
baza:

2 1.27Am} L

. 2 . 2 .
P.(v,—v,)=sn 210,,-sin” 1,, - sin -

+ [ (Op-sgn(Amy)))

Neutrina reaktorowe:
» Czysty sygnat bez wptywéw & czy efektow materii
» Relatywnie tanie eksperymenty




Antyneutrina reaktorowe

Antyneutrina elektronowe emitowane w rozpadach
beta minus materiatdw promieniotworczych w
reaktorze (izotopy uranu i plutonu)

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

Rejestrujemy spektrum o energiach rzedu kilku MeV

Isotope fission rates vs. reactor burnup
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70 B=EU23S
: —— 1238
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Burn—up (MWD/TU)
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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 ( spectra [33].

From Bemporad, Gratta and Vogel

Observable V. Spectrum




Oscylacje neutrin

reaktorowych

2 2
P, ~1-sin’206, sinz(AZQ%L) ~cos" 6,;sin° 26, sinz(AT#)

v \4

Dwie czestosci oscylaciji,
zwigzane z Am, ;i Am,?
Oscylacje o wiekszym okresie
zaobserwowane przez
eksperyment KamLAND, blizsze

minimum badane przez Chooz,
Daya Bay, RENO

Detektor bliski w celu redukcji
btedow systematycznych
zwigzanych z niepewnoscig
strumienia neutrin z reaktorow

irst proposed by L. A.

oesomea oo Np Ny (5 )2 (e_f ) [Psur(E,Lf>]
- Nn - Np,n Lf €n Psur(E:Ln)

far/nearv, ratio target mass distances efficiency  oscillation deficit




Pomiary w przesztosci

—— Palo Verde (excluded)

Palo Verde & Chooz: brak sygnatu [ - - CHOOZ (excuded)

SK 90% CL (allowed)
Sin220,, < 0.15 @ 90%C.L.
if AM?,; =0.0024 eV?

T2K:2.50

0.03 < Sin?20,; < 0.28 @ 90%C.L. for NH
0.04 < Sin?20,5 < 0.34 @ 90%C.L. for IH

Minos: 1.7 o ‘
0 < Sin220,, < 0.12 @ 90%C.L. NH Normal

hieral;chy

0 < Sin220,, < 0.19 @ 90%C.L. IH Ay 0

Double Chooz: 1.7 o -
sin220., = 0.086 + 0.041(stat)  0.030(sys) | -

0 01 02 03 04 05 06 07 08 09 1
sin220;;




Bay Nuclear Power Plant eayaeay

13

Elektrownie atomowe Daya Bay (KIJE) i Ling ao (IG75)

3 elektrownie, w kazdej 2 reaktory
Razem do 17.4 GW mocy

Usytuowane w sgsiedztwie gor —
wygodne miejsce dla umiejscowienia
detektorow pod ziemig, tak aby
zminimalizowac tto od mionow
kosmicznych

©2011 Google - HEEAT ©2011 Magking Magadc, Tele Ates




L3

®
e L4

automated calibration units (ACU) » - S~ AD3 ng Ao-II NPP
outer and inner ~f—— 7 T AD Gd-LS target EH2

water shields — 7 o~ e L1
(IWS and OWS) \§ ; = S ) /- % EH3 o 12
4 . PR ' -, ADG6

AD4
G% AD5

Ling Ao NPP

AD1 AD2

6 reactor cores
3 experimental halls
concrete
antineutrino detectors (AD) 6 deteCtorS
(2 still under construction) Daya Bay NPP




Daya Bay: Cele i sSrodki

Precyzja poprzednich
eksperymentow: Jak obnizy¢ biedy
systematyczne:

\Y| ktora: ~ 1% T :
OC reaxtora 0 ldentyczne bliski i daleki

Widmo: ~ 0.3%

P T\ypowa detektor
precyzja: 3-6% Wiele identycznych modutéw

detekcyjnych

Trojstrefowe moduty

detekcyjne

Wystarczajgco gtebokie

laboratorium i ekranowanie

detektorow

10 10> 100 10" Dwa uzupetniajgce sie
Distance to Reactor (m) SyStemy detekCJ| m|0néW

Cel eksperymentu Daya Bay: Przenosne moduty detekcyjne
precyzja rzedu ~ 0.4%

E

reFEe

BO> & XOX»
2o 88 20 3
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Mechanizm detekc|i

Medium: scyntylator
domieszkowany gadolinem (_‘

Proces: odwrotny rozpad beta

Sygnat natychmiastowy dawany L
n+p= a4
Sygnat opdzniony — wychwyt
neutronu
dzieki domieszkowaniu Gd
wyzszy przekrdj czynny na wychwyt
krotszy czas wychwytu (ok. 30 us) Liquid

wyzsza energia emitowanych fotonow — 8 | -
MeV (dzieki temu lepiej sie to odrdznia od Scintillator
naturalnej radioaktywnosci)

E,=T. +T,+(M,-M,)+m ety
J

10-40 keV |

I
1.8 MeV: prog




Sygnat | tto

~28 s

Sygnat:
Natychmiastowy (prompt): e*, 1-10 MeV,
Opo6zniony (delayed): n, 2.2 MeV@H, 8 MeV @ Gd

Wychwyt po 28 ms w 0.1% Gd-LS - N

Nieskorelowane: przypadkowe koincydencje Y7, Yn, nn

Y from U/Th/K/Rn/Co... in LS, SS, PMT, Rock, ...
n from a-n, u-capture, u-spallation in LS, water & rock

Skorelowane: _
Fast neutrons: prompt—n scattering, delayed —n capture

8He/%Li: prompt — decay, delayed —n capture
Am-C source: prompt —Y rays, delayed —n capture
a-n: 3C(a,n)’®0




Hale
eksperymentalne

W kazdej hali

2 lub 4 moduty detekg;ji
antyneutrin (AD)

wodny detektor Czerenkowa —
tzw. ostona wodna (przynajmnie;
2.5 m wody w kazdym kierunku)

o 1200/1950 ton wody w dwoch
wyseparowanych swietlnie
przestrzeniach

o wykrywa miony ktore moga
pr%clijukowaé neutrony spalacyjne
W

o spowalnia neutrony i pochtania
gammy pochodzgce ze skat

ptaszczyzna RPC

o komory RPC utozone na
zaktadke, nasuwane na basen z
wodg i detektorami
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concrete
Two-zone ultrapure water Cherenkov detector




Detektory i ich
w1taSCIWOSCI
3 zagniezdzone w sobie akrylowe
pojemniki
Tarcza:Scyntylator+0.1% Gd(20t)

tapacz gamm: Scyntylator (21t)
Olej mineralny (371)

3 moduty kalibracyjne
LED + zrodetka promieniotworcze

192 8-calowych fotopowielaczy

[\

7.5 +0.9)%

(\J Eo(MeV)

Resolution (%)

n H-capture
(spallation)

n Gd-capture
(AmC, IBD, spallation)
sl e b e by o gl
5 6 7 8
E,.. (MeV)

overflow tank

calibration pipe

ACU-B

ACU-A

o

top reflector

PMT cable dry box
PMT cables

radial shield

PMTs

3-m acrylic vessel
4-m acrylic vessel

bottom reflector

stainless steel vessel
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Dane | wyniki

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

—— v
[CJpAQ [JFor oscillation analysis
>

- Sep. 23, 2011 — Dec. 23, 2011 EH1 (near) «—>
- Side-by-side comparison of 2 detectors , ;
- Demonstrated detector systematics 2x better than requirements HIoAa; | WiFor cecetion snjlyse
- Detector-related relative uncertainty: 0.2%

Data taking fraction

2 I.Ikl.

Data taking fraction
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EH2 (near)

‘. b s Yy \ / S ' IZIIDA'Q ID'For;scll'laﬂo'nar;%l);silg '
Current Oscillation Analysis

- Dec. 24, 2011 — Feb. 17, 2012

- All 3 halls (6 ADs) operating Daya Bay Collab.

- DAQ uptime: >97% Phys.Rev.Lett. 108 (2012) 171803 2
- Antineutrino data: ~89% - EH3 (falr) S
0 50 100

- observed 6% deficit in detected V. at far site Diyaabicasen23 = 2oty

Data taking fraction




Czy dobrze rozumiemy co si¢
d / | eJ o\ d ete kto rac h ’? Stainless Steel: U/Th chains

PMTs: 40K, U/Th chains
Scintillator: Radon/U/Th chains

Wedle projektu: ~50Hz
powyzej 1 MeV

Dane: ~60Hz powyzej 0.7 : I
MeV, ~40Hz powyzej 1 MeV - "

- ADI1
- AD2

Entries / MeV

n Gd-capture

Wktady od poszczegolnych
zrodet:
~5 Hz z SSV ———+ ' Nap1 — Nap2
~10Hzz LS ' — Asymmetry = (Nap1 + Nam2)/2 } { +
~25 Hz z PMT 2 1y
~ 5 Hz ze skal = "“-w-~—~*m~*‘*+r'ﬂﬂﬂfm1l H W *}Hﬁﬁﬁ
. I
Zgodno$¢ pomiedzy 04 . . ‘32
modutami detekcyjnymi 1 10 Energy (MeVf

Spektrum pojedynczych sygnatow w detektorach




Wybieramy sygnat

Preselekcja
Reject Flashers
Reject Triggers within (-2 ps, 200 ps) to a tagged
water pool muon
Wybor przypadkow neutrinowych
Ciecie na krotnos¢
Prompt-delayed pairs within a time interval of 200
us

No triggers(E > 0.7MeV) before the prompt signal
and after the delayed signal by 200 ps

Weto mionowe
Is after an AD shower muon
Ims after an AD muon

- = N
» o] o

candidates
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Prompt energy (MeV)
o

-’ - -
. -

'| b
| ]

: 0.6ms after an WP muon 00 o l10' l l1zl : l1.I4l l '116l l l1 Ial : lzo
0.7MeV < E, ,ppe < 12.0MeV Delayed energy (MeV)
6.0MeV < E;, cq < 12.0MeV
1ps <At,., <200ps
Prompt Energy Signal Delayed Energy Signal
1 T L B B B B B 3000 g

2, 2000/~ [ . a g 1 . :

s e Dus DYBADI S 2500 ~-Dawa,DYB-ADI Uncertainty in

& 1500 ] 8 2000t —MC E relative E | efficiency

d —MC o r ] d

% onon ] 2 1500 — . (0.12%)

20 2 1000, | between detectors is
500~ . s00]- — largest systematic.

R S S S B TR R R S SEE BT

Prompt energy (MeV) Delayed energy (MeV)




Dane - podsumowanie

Antineutrino candidates
DAQ live time (day)
Veto time (day)
Efficiency

Accidentals (/day)

Fast neutron (/day)

8He/°Li (/day)
Am-C corr. (/day)
13C(a, n)'°0 (/day)

Antineutrino rate (/day)

28935
49.5530
8.7418
0.8019
9.82+0.06

28975

8.9109
0.7989

0.84+0.28

3.1£1.6

0.04+0.02

714.17
+4.58

717.86
+4.60

9.88+0.06 :

0.84£0.28

0.04£0.02

22466 3528
49.4971
7.0389
0.8363
7.67£0.05

0.8785
0.9547
3.29+0.03

0.74+0.44 0.04+0.04

1.8£1.1
0.2+0.2

0.035+0.02 0.03+0.02

53229 i 7178
+3.82 +1.29

3436
48.9473

0. 8800
0.9543
3.33+0.03

0.04+0.04

0.16+0.11

0.03+0.02

69.80
+1.28

3452

0.8952
0.9538
3.12+0.03

0.04+0.04

0.03+0.02

70.39
+1.28




S1€C SIte
Detector
Efficiency Correlated Uncorrelated

Target Protons 0.47% 0.03%
Flasher cut 99.98% 0.01% 0.01%
Delayed energy cut 90.9% 0.6% 0.12%
Prompt energy cut 99.88%  0.10% 0.01% \
Multiplicity cut 0.02% <0.01%
Capture time cut ~ 98.6%  0.12% 0.01% /
Gd capture ratio  83.8% 0.8% <0.1%
Spill-in 105.0% 1.5% 0.02%
Livetime 100.0%  0.002% <0.01%
Combined 78.8% 1.9% 0.2%

Reactor

Correlated Uncorrelated

Energy/fission 0.2% Power 0.5%

ve/fission 3%

Fission fraction 0.6%
Spent fuel 0.3%

Combined 3%

Combined 0.8%

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



Poréownanie
ostatecznego widma

Poréwnanie dwoch modutow
detekcyjnych w hali numer 1

Oczekiwana wartos¢
stosunku liczby

obserwowanych neutrin: R
(AD1/AD2) =0.981

mniej niz 1 bo: minimalne
roznice w odlegtosciach od
reaktorow, masie, etc.

Wartos¢ zmierzona: 0.987 +
0.008(stat) = 0.003(syst)

Bardzo dobra zgodnos¢
pokazuje ze dobrze
kontrolujemy btedy
systematyczne

Entries / 0.3MeV

AD1/AD2

10
Prompt energy (MeV)




Przewidywany strumien neutrin vs. dane

Catkowita normalizacja przewidywan dopasowana do danych ze staciji bliskich

o [
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—— Measured

IBD rate (/day)
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oN
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Sep28  Oct28 Nov2] Dec27 Jan26 : -
Run time - | et

Widzimy dobrg zgodnosc¢ dla bliskich detektoréw i efekt oscylacyjny dla dalekich




Wyniki oscylacyjne

Zaobserwowano: 9901 neutrin w stacji
dalekiej,

Oczekiwano: 10530 neutrin przy zalozeniu L
7€ nie ma Oscylacji. T02 04 06 08 1 12 14 16 18 2

R = 0.940 £0.011 (stat) £0.004 (syst)

800

—<4— Far hall

—}— Near halls (weighted)

>
=
g
N
=
~
n
2
=
=
[aa}

sin226 ., =
0.092 +0.016 (stat) £ 0.005 (syst)

sin20., = 0 excluded at 5.20

e
T T T

No oscillation
— Best Fit

—_
—_ to
T T T

I
%

Far / Near (weighted)

S

10
Prompt energy (MeV)




Eksperyment reaktorowy w Korei Ptd
Elektrownia jgdrowa Yeonggwang (&), 6

E= Fast neutron
N éccgidental
Wy &L/ He

—
(4]

—_
o

(=)
8 HH‘HH‘HH‘HH

>
2
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N
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72l
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2
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=
[83)

[¢)]

5 10
Prompt energy [MeV]

—+— Far Detector
—t+ Near Detector

Far / Near
TT17T ‘ TTT ‘ TT17T ‘ TTT ‘ TT17T
11 ‘ 111 ‘ L 11 ‘ 111 ‘ L 11

0 500 400 600 800 1000 1200 1400 1600 1800 2000
Prompt energy [MeV] Weighted Baseline [m]

sin? 2013 = 0.113 £ 0.013(stat.) & 0.019(syst.)

o




Day
sin22613
0.092 +

Ren

Sin2 2(913 =0

L & o

0,3 - terazniejszos¢ i przysztosé

90% C.L. allowed ranges and best fit values
(assuming Am?>0, 6=0, 6,;=45°)

CHOOZ
| T2K 2011

MINOS 2011
| Double Chooz 2011

" DayaBay 2012
| RENO 2012

. (dashed:
Wl combined g

—————t—

005 010 015 0.20 0.25 0.30
sin%(2645)




Daya Bay II7?

Towards Measurement of the Mass Hierarchy S —————

Giant Detector located at 60 km from Daya Bay reactors,
the 1*' maximum of 6,, oscillation.

Daya Bay —— 60 km KamLAND

14

Nes lr\u

¢ 20 kton detector
12 FFar \m

3% energy resolution

¢ Rich physics possibilities
%vanndh River V\/\’\\ £ 0

Non oscillation
Bugey —— 0, oscillation
Rovno

1
Goesgen

Normal hierarchy
Inverted hierarchy
Krasnoyark
Palo Verde

Chooz ® KamLAND
| | |

10° 10° 10

Distance to Reactor (m)

1.0

T

0.8

0.6

Arbitrary unit

mO> e XOxXPp

—

4
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<

" LE (kayMeV)




Co nam pozostato do zmierzenia?

©,5,>0!

tamanie symetrii
CP?

Efekty materii?
©,5=T1/47

Cos innego
(neutrina
sterylne?)

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

Dyskusja nad
przysztoscig fizyki neutrin
w Europie

Nastepne spotkanie w
Krakowie we wrzesniu -
Otwarte Sympozjum dot.
Europejskiej Strategii dla
Fizyki Czastek (dotyczace
catej fizyki czgstek
elementarnych)




Neutrina sterylne

By¢ moze co$ dzieje sie przy Am?~1eV? (LSND,
MiniBoone, eksp. reaktorowe o b. krotkiej bazie)

* New short-baseline neutrino oscillation experiments are needed

: IIII’ | |I|I|II‘ | II|||I’ | |II|I|I‘ I ||||I||| [T TTTTI] I

Solar Neutrino
Anomaly
(1968-2001)
- Vv-oscillation

no oscillation

Atmospheric
Neutrino Anomaly
Terra Incognita Reactor (1986-1998)
to be explored Antineutrino - v-oscillation

Anomaly (2011-)
- v-oscillation 2
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Pomysty:
» eksperyment z krotkg bazg na wigzce w CERNie
» zrodetko radioaktywne w Borexino




Krotka baza w CERNie Borexino

,lcarus + Nessie”

Odlegtosci: 330/1100/1600m
Wigzka — v, szukamy v,;i v,
Ciektoargonowy TPC + spektrometr
magnetyczny do pomiaru mionow
Neutrina sterylne, Am? rzedu 1

'illf:- I
iu-—l’u,, B




Eksperymenty z dtugg baza

T2K/HyperK (295
km)

Improvement of significance of
our electron appearance signal

>30 this summer

Collecting 102" POT till the
summer of 2013 which will
gwe_ us more than
osignificance
Analysis improvements

Various cross-section
measurements in the near detector

Dokladne zmierzenie kanatu
zanikania neutrin mionowych

Projekt HyperK w fazie (niepewnych)
planéw

NOVA (810
km)

Physics Goals:

» Measure the oscillation probabilities of
vV, V, and vV, VY,
Q Measure the mixing angle 6.,

O Determine neutrino mass
hierarchy

O Study the phase parameter for CP
Violation &,

> Precision measurements of Am?,,, 6.,
» As well as:

0 v cross sections

O Sterile neutrinos

0 Supernova signals




Hierarchia mas | CPV w Nova

Potrzebny pomiar neutrin i antyneutrin

P(v,) ve. P(v ) in 3 Energy Bins

NOvA "
Amgy? = 232 10
8IN"(26,5) = 0.0075
#in (26,5} = 1.00

E =169 GeVa--.

E = 1.57 GaV ™,




Laguna-LBNO

Europejski eksperyment z dtuga
bazg CERN->Pyhasalmi

Wielki detektor ciektoargonowy
(bardzo dobra identyfikacja
czgstek) 1.5km pod ziemig w
kopalni

Pomiar dwoch maksimow
oscylacji pozwoli na rozsuptanie
efektow materii i famania CP

Perpektywa czasowa: wczesne
lata 20. XXI w.




Podsumowanie

Daya Bay i RENO po raz pierwszy zmierzyty kat
8,3 zZa pomocg obserwacji antyneutrin
elektronowych z reaktorow jgdrowych

Wynik ten jest zgodny z rezultatami uzyskanymi
przez eksperymenty z dtugg bazg (T2K, Minos)

W najblizszym czasie oczekujemy polepszenia
precyzji pomiarow w obu typach eksperymentow
(najblizsze nowosci na konferencji Neutrino 2012
w Kioto, jp)

Interesujgce perspektywy rozwoju fizyki oscylac;i
neutrin w najblizszych latach
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An International Effort
Asia (20)
? IHEP, Beijing Normal Univ., Chengdu Univ. of

® Sci and Tech, CGNPG, CIAE, Dongguan
Polytech, Nanjing Univ., Nankai Univ.,
NCEPU, Shandong Univ., Shanghai Jiao
Tong Univ., Shenzhen Univ., Tsinghua Univ.,
USTC, Zhongshan Univ., Univ. of Hong
Kong, Chinese Univ. of Hong Kong, National
Taiwan Univ., National Chiao Tung Univ.,
National United Univ.
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Calloratiorn Sysierr

ﬁqree /. axis:

e One at the center

o For time evolution, energy scale, non-
linearity...

* One at the edge
o For efficiency, space response
* One in the y-catcher
o For efficiency, space response
® 3 sources for each z axis:
* LED
o for T,, gain and relatlve QE
o 08Ge (Zx() 511 MeV v’s)
o for positron threshold & non-llnearlty
o MAmM-13C + %Co (1.17+1.33 MeV y’s)
o For neutron capture time, ...
o For energy scale, response function, ...

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

Automated Calibration
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Fast neutrons

EH1 Prompt energy, AD#1

| |
2211111 22112111 21/01/12

eh1_ad1_hist

Entries 38256

Events/2MeV

SURRLLLU IR AL L L LLLL IR LU L

Mean 3.587
RMS 2.47
%2 I ndf 17.66/17
po 8.685 + 0.695

Correlated B-n decay

°Li’"He Fit

Events/(0.1s)
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Tpy=-854-13s
No #Ns, = 294 +/- 26
N, = 10249 +/- 103

uncorrelated

I

”m |\ 1 RY
R 1Bl Tk
11

Fil l RO

\/(1 £ R, -

10

12 14 16 18 20
x(8)

B/S at EH1

B/S at EH3

assign 100% error in EH3
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Prompt energy (MeV)

Accidentals

~1.4%

~4.5%

fast neutrons

~0.1%

~0.06%

8He/SLi

~0.4%

~0.2%

Am-C

~0.03%

~0.3%

a-n

~0.01%

~0.04%

2.0%

5.2%




Detector Near

Far

154088
21.75+£5.93
779.05£6.26

Selected events

Total background rate (per day)

IBD rate after background
subtraction (per day)

17102
4.241+0.75
72.78+0.95

DAQ Live time (days) 192.42

Detection efficiency ()

222.06

0.647+0.014 0.745+0.014

Reactor

4.30£0.06
12.454+5.93
5.00+0.13

Accidental rate (per day)
Li/®*He rate (per day)
Fast neutron rate (per day)

0.68£0.03
2.59x0.75
0.97+0.06

Uncorrelated

Correlated

1-D calibration system 3:Drealibrafion syster

Veto(OD) |

ID

Buffer

y-catcher
i

. ID PMTs

Target ] i Tyvek
T / J \

Thermal power 0.5%
Fission fraction 0.7%
Fission reaction cross section —
Reference energy spectra —
Energy per fission

1.9%
0.5%
0.2%

0.9%

Combined

2.0%

Detection

Uncorrelated

Correlated

IBD cross section
Target protons
Prompt energy cut
Flasher cut

Gd capture ratio
Delayed energy cut
Time coincidence cut
Spill-in

Muon veto cut
Multiplicity cut

0.1%
0.01%
0.01%

0.1%

0.1%
0.01%
0.03%
0.02%
0.04%

0.2%
0.5%
0.1%
0.1%
0.7%
0.5%
0.5%
1.0%
0.02%
0.06%

Combined (total) 0.2%

1.5%

Parameter

Value

Description

Thermal Power (GW)
Target Size (ton)

PMT Coverage

Baseline Distance(m)
Overburden (mwe)

Number of Events per Year
90% CL Sensitivity (3 years)

16.4(average)/17.3(peak)
16 (near/far)
14% (near/far)

6 reactor
Gd loaded Liquid Scintillator
surface area

292 (near)/1380 (far)

110 (near)/450 (far)
2.6 x 10° (near)/3.0 x 10* (far)
sin?(26;3) ~ 0.02 — 0.03

Vertical
€total =06% (near)/72%(far)
Am?; = (2—3) x 1075 eV?




Uy — Ve

Observed at small L/E

LSND found an excess of ve in v, beam

Excess: 87.9 +£ 22.4 + 6.0 (3.80)
Podobny wynik dla wigzki neutrin
mionowych (cho¢ nadwyzka mniej
Znaczaca).

1 1.2 1.4
L/E, (meters/MeV)

+ Am?

arm

Am? #

solar

} am?,  ~2.7 x 103 eV?

} Am2_, ~8x 107 aV2

solar

Atmospheric 3

Vi Vx | Mamy problem — trzy Am?
: wiecej niz 3 zapachy neutrin?

Solar MSW Pomyst — zrobmy

) —3V
Vi ,\.\

eksperyment o podobnym L/

E, zeby zweryfikowac¢ wynik
LSNDy Yy y




Anomalie MiniBoone/LSND

d
The MiniBooNE Strategy

Test the LSND indication of anti-electron neutrino oscillations _
Keep L/E same, change beam, energy, and systematic errors MiniBooNE Detector

Signal Region

P(v,—v,) = sin"26 sin*(1.27Am’ L/E) . veo s
neutrino ellél‘gv (E): baseline (L):
MiniBooNE: ~500 MeV MiniBooNE: ~500 m
LSND: ~30 MeV LSND: ~30m

target and horn ‘ l decay region l absorber | ‘ dirt | [ detector ‘

*ﬁ B L Vy >V, 72 3
. *541m drogi oscylacji

primary beam secondary beam tertiary beam 'Srednia energia W|a_Zk| 8OOMeV
{pratons) {mesons) {neutrinos) .8001: OIeJu mlnel’amego

: p— P . wewnatrz sfery o Srednicy 12m

Event rates: . 1%, V., = D.Gqfﬂ. V,u =1.2%. v.=0. I .1 280a\Newner‘|.:¥2nyCh y

Neutrino 2008 Steve Brice (FNAL) fotop()wie|aczy




Kombinacja:

Neutrina sterylne?

Combined
disappearance

Pomiary . g ' }maﬁes | = 20, | |'|J'|||-1 ‘ L
reaktorowe ’ "

o

Best fit i
MiniBooNE

| Anti-neutrinos

——68.27 % -
. 90.00 % i |I| LSND 90 % CL
——95.00 %
20%CL, - _ 9 - PRELIMIRNEA
N 99.00 % o
2 LAr-TPC's @ CERN-SPS ~ 99% C.L. I LSND 99 % CL JULY 2011
. — il .

(1y) Neutrino Beam

Am?[eV¥/c?

| PR |

10% 102 10"
sin%(20)

T N R T T 1 11111 ] E RN | UL B N
] d MiniBooNE anti-v
MiniBooNE (90%) . L —90% CL

T —99% CL

| Bugey
~_CCFR { . _CCFR \
h 3 | Bugey

LSND (99%)

Pomiary
wigzkowe (LSND/
MiniBoone)

Am? [eV%/c?]

BNL 776

/ BNL 776 .

LNSD (90%)

T T
T T
1 IJ\\Hl

99% C.L.

99% C.L.
90% C.L. 90% C.L.

; 2 LAr-TPC’'s @ CERN-SPS (1y) 2 LAr-TPC's @ CERN-SPS (2y)
I Neutrino Beam Anti Neutrino Beam

| \\I\II\‘ | III\I\Il I | \\IHH‘ | ]II\HIl

10+ 107 102 10+ 103 102
sin%(20) sin?(26)




Medium Energy Tune
T
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e obu eksperymentow,
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vy, CCevents / kt/ 1E21 POT /0.2 GeV

Minos+

Physics Goals:

> Measure the oscillation probabilities of The overarching reason to run MINOS in the NuMI-NOVA beam is to
L look for new physics in a previously unexplored region
Vi Ve Ll Vi Ve Unique high statistics experiment with charge sign measurement

O Measure the mixing angle 9., — different energy region
— different systematics (beam, x-sec comp )
O Determine neutrino mass

: 3000 events/year between 4-10 GeV near oscillation maximum
hierarchy

Verification of P(VM—>VM)=1— P(VM—>VT) + P(VM—>Ve)
0 Study the phase parameter for CP

Violation 3., Quantitative evidence for tau production hoped for

TR

> Precision measurements of Am?,,, 6.,

—
3

» As well as:

L v cross sections

—
T T

] Sterile neutrinos

o
()

No sterile neutrinos

. —1— Far detector data
0 Supernova signals

AmZ, = 2x1072 6V2, sin%(26,,) = 0.2

Hato 10 No oscliauons

Best oscillation fit

Propozycja dodatkowego | 5 © 5 10 15 20 30 50
Ciek’roargonowego detektra Energy / GeV Reconstructed neutrino energy (GeV)
- GLADE Neutrina sterylne?




Efekty materii

Oddziatywanie neutrin elektronowych z elektronami
materii powoduje pojawienie sie potencjatu,
zaleznego od lokalnej gestosci elektronow
A=+2V2Gr - E -n,

Ma to wptyw na prawdopodobienstwo oscylaciji, tzn.
niezaleznie od fazy tamania CP

P(vy = vg) — P(Uy — 3) #0
Dodatkowo moze pojawic sie efekt rezonansowy,
gdy Am?~A & EEh_g_8QeV

res

Mamy wtedy czutoSC na absolutng skale mas —
hierarchial

9
Am2 > ( v, 77N s
Am2 < 0 N




CPV vs. efekty materii

Efekty materii dominujg w 1. maksimum, tamanie CP w dalszych
Aby rozsuptac te efekty potrzeba pomiaru w wielu maksimach
Potrzebne dtugie bazy, wigzki o szerokim spektrum

E2rdmar > 5GeV = L > 1000 km

w
o
o
o

€ ; £
< <
(O] (0]
£ 2500 £ 2500
o 3
g | :

15 2 25 3 35 4 45 15 2 25 3 35 4 45 5
Neutrino Energy E (Gev Normal mass hierarchy Neutrino Energy E (GeV)




Nasza biezaca wiedza o fizyce
oscylacji neutrin

Adding SK aTrYn dataj the preference for 6,5 in the 15 octant is clearly corroborated

LBL + Solar + KamLAND 0.06 + SBL Reactors

[Trrrrrorre rrrrrrrrrs frrrrrrorre ]

normal
hierarchy

4 .
sin” 6,,

[ IIIIII"'HIIIIIIII'IIIIIIII ]
E H 3

inverted
hierarchy

N

0.02F

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




Nasza biezaca wiedza o fizyce
oscylacji neutrin

LBL + Solar + KamLAND + SBL Reactors + SK Atm
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We find a ~ 1o preference for 0 ~ 7w as in the early analysis of hep-ph/0506083.




Sensitivity to oscillations

P(v, = v,)=sin"26 sin’

[ 1.27Am2L]
. &

E, (MeV) L (m) Am*(eV?)
Supernovae <100 >101%  1101° -10-20
Solar <14 101 10-10
Atmospheric >100 104 -107 10-4
Reactor <10 <106 105
Accelerator with >100 103 101

short baseline
Accelerator with >100 <106 103

long baseline




The v, — v, appearance probability can be written using MNS matrix element as [18]

Py, — v.) = 4C%,52,52, sin? @y
+ 8C%519513523(C12Co3 cosd — S12.513593) cosPs3y - sinds; - sin®yy
— 8C%,C12093512513 523 sind sin®3 - sin®s; - sin®y
+  45%,0% (C%,C% + 52,582,597, — 2015053512523513 cosd ) sin®®y
— 8C%,5%2,52, (1 — 25%) ﬁ cos®ss sinds; . (14)
The first term has the largest contribution. The second cosd term is generated by the CP phase ¢

but is CP conserving. The third sind term violates CP. The fourth term, which is the solar neutrino

28m4 L The matter effect is characterized by

term, is suppressed by sin i

a = 2V2Gpn.E, = 7.6 x 10~°plg/cm?|E, [GeV] [eV?], (15)

where G is the Fermi constant, n. is the electron density and p is the earth density. The probability
P(v, — 1.) is obtained by the replacing @ — —a and 6 — —0 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

P(Vﬂ — Ve) — P(?ﬂ — ?e) ~ Am%zL . Si'I12912 . sind (16)
P(v, — v.)+ P(v, — 7,) 4FE,  sinbis

Acp

Because 6,3 is small, the CP asymmetry can be large, especially for small E,.




