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'fOr upptackten av neutrinooscillationer, som visar att neutriner har massa”
he discovery of neutrino oscillations, which shows that neutrinos have mass
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fission fragments: A(Z,N) - A(Z+1,N - 1)+ e + 1,

solar fusion neutrinos: 4p — SHe + 2e' + 2v,
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[RFZRYESRE: (4.2 =Zmy+(A—Z)m, - B(A. 7)

2¢” + 4p — *He + 2v, + 26.73 MeV.

Energy production

pp'Chain of each reaction

p+p—)2H+e"'+ve pte +p— 2H+*\.ve

1.442 MeV 1.442 MeV,
b H+ p — 3He + <_I
&= [

s
14%

SHe +*He — "Be +y

SHe+p—*He+e ™+ v,

SHe+ SHe —4%He+

12.860 MeV 1.586 MeV
'‘Be+e~ — Li+v, Be+p—->%B+y
f.8617 MeV 0.14 MeV
Li+p — 2%He B —%Be +et+v,
17.35 MeV 17.980 MeV

8Be”" — 2 4He

— CNO cycle

p+12c_’13N +y

PN-ECie’+v,

p+l3c_>l4N+y
§
p+l4N_>150+y
P0-"N+e'+v, ST
p°N-"C+a p+ N-"0+y
160_>"F+}’
VEST0 46t +V,
p+”0—>“N+a
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2¢” +4p — He + 21, +26.73 MeV.  KBHRERERE: 1.5x107 K (~keV)
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\7v)AD Trp.(kBT)S][; (E) 1( kg )
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Density distribution

g 100 |-

ABEPHF! E“

@ 60 [—
8 40 |— -
Boundary of radiative/convective zone E i W A el . | . |
SSM prediction: 0.7138 x R () (R/Ro) |

R
- Observation:  (0.713£0.001) X Rg, T Gl e

radiative

15 Temperature distribution

Surface He abundance

SSM prediction: Y sace = 0.243

Temperature/(10¢ K)

Observation: Y, e = 0.2485+0.0034 R e  FERE l
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Source Flux

Energy

pp 5.99(1%x0.01)x1019 /cm4/sec | E,,,,=0.42 MeV
pep 1.42(1+£0.017)x108 /cm?4/sec |E=1.44 MeV
hep 7.93(1x0.155)x10° /cm4/sec | E,,,,=18.8 MeV
Be 4.84(1%+0.105)x10° /cm?/sec E=§_-388‘542m:‘:}"(1 0.4%
°B 5.69(1x0.163)x10° /cm4/sec | E, ,,=~14 MeV
1SN 3.07(170-2)x108 /cm?/sec Enax=1.20 MeV
150 2.33(1 fg:;g)ﬂ 08 /cm?/sec E=1.73 MeV
i 5.84(1£0.52)x10° /cm?4/sec E...=1.79 MeV

o : T ' e
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2¢ + 4p — "He + 21, + 26.73 MeV.

‘ Q: local energy deposit
pp-l 26.2 MeV, pp-ll 25.6 MeV, pp-lll 19.7 MeV

L 1 « Weighted average: ~ 26 MeV

$ =2 X 0 X 47D 2 4m | : solar luminosity = 3.86x1033 erg/sec

C D: Distance from the sun to the earth
=1.5x10"3 cm

$=6.6 x10'°v_ /cm?/sec
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SOLAR NEUTRINOS. I. THEORETICAL*

John N. Baheall
California Institute of Technology, Pasadena, California
(Received 6 January 1964)

The principal energy source for main-sequence stay is typica sz than 10719 of the radius of
stars like the sun is believed to be the fusion, in the star. Only neutrinos, with their extremely
the deep interior of the star, of four protons to small interaction eross sections, can enable us
form an alpha particle.' The fusion reactions to see into the interior of a star and thus verify
are thought to be initiated by the sequence ‘H(p, directly the hypothesis of nuclear energy genera-
e*v)*H(p,y)°He and terminated by the following tion in stars.
sequences: (i) *He(*He, 2p)*He; (ii) *He(a, ¥)'Be- e most promising method® for detecting solar
(e”v)"Li(p, @)*He; and (iii) *He(a,v)"Be(p,y)*B- inos is based upon the endothermic reaction

(¢*v)®Ra*(a)'He. No direct avidence for the (Q=-

existence of nuclear reactlons in the interiors of

stars has yet been obtained because the mean neutrinos by ntecorvu® and Alvarez.* In this
free path for photons emitted in the center of a note, we preditgthe number of absorptions of

SOLAR NEUTRINOS. II. EXPERIMENTAL*

Raymond Dawvis, Jr.
Chemistry Department, Brookhaven National Laboratory, Upton, New Yo
(Received 6 January 1964)

the star. Only neutrinos, with their extremely

The prospect of cbserving solar neutrinos by 2 counts in 1R days is probably enti due to the :
means of the inverse beta process *'Cl(wr, e~ )*TAr background activity. However, if one umes iy H
induced us to place the apparatus previously de- that this rate corresponds to real events Emall lnte raLtlnn Erﬂss s'EI:'.‘."I:I'{JI']EF Ean Enﬂhle uﬁ
seribed! in a mine and make a preliminary search. the efficiencies mentioned, the upper limit oNghe i -
This experiment served to place an upper limit neutrino capture rate in 1000 gallons of C,Cl, i tﬂ see lnm thE 1nteriur ﬂf i Etar Ei-Tld thuﬂ H’Erlf}’
on the flux of extraterrestrial neutrinos. These < 0.5 per day or ©g< 3x107% sec™ (*'Cl atom)™*. . T Y
results will be reported, and a diseussion will be From this valua, Baheall® has sat an upper limit dlrEﬂtl}r I_hE h}rpﬂthES]s ﬂf nuclﬂar E‘nerg}r gEﬂEra—
given of the possibility of extending the sensgitivity on the central temperature of the sun and other
of the method to a degree capable of measuring relevant information. tiﬂn iln Etars .
the solar neutrino flux caleulated by Baheall in On the other hand, i one Wants to measure the
the preceding paper.® solar neutrino flux by this method one must use

The apparatus consists of two 500-gallon tanks a much larger amount of C,Cl,, so that the ex-
of perchlorethylene, C,Cl,, equipped with agita- pected *"Ar production rate is well abave the back-

[¥9)

-
tors and an auxiliary system for purging with he- ground of the counter, 0.2 count per day. Using 7 - 37

lium. It is located in a limestone mine 2300 feet Daheall's expression, V + CZ _> e + A?’
below the surface? (1800 meters of water equiv- T (solar) a €

alent shielding, m.w.e.). Initially the tanks were v abs
swept completely free of air argon by purging the

- + x =35 =1 /a7 - =1
tanks with a stream of helium gas. 3%Ar carrier (4£2)x107 sec™ (*'Cl atom)™,

(0.10 ¢cm?®) was introduced and the tanks exposed then the expected solar neutrino captures in

for periods of four months or more to allow the 100000 gallons of C,Cl, will be 4 to 11 per day,
35-d ¥Ar activity to reach nearly the saturation which is an order of magnitude larger than the
value. Carrier argon along with any *"Ar pro- counter background. On the basis of experience

s 8§ 0O i 1'E»» |



v+ Cl—e + Ar
RN FRIGEEHIE: 0.814 MeV.
STAr9E=HA35K, FIRWFELAER
—ERAY RS Ar> BGHIE(CFE X
37AI 37(1

pp: O
pep: 0.22

’Be: 1.16

8B: 6.32

Others: 0.41

Total: 8.1*14,  SNU (solar neutrino unit

= interactions/103%target/sec)

1968: 35XKRNEITRIE>ITIR1149E
f> REEicHEn1/35h
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1970 1975 1980 1985 1990 1995
Year

Observed rate (average). 2.56 *=0.16(stat)*=0.16(sys.) SNU

SSM prediction (BP2004): 8.5 1.8 SNU
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Gapigt b 3c8s

v +'Ga—>e + 'Ge (threshold = 233 keV)
FEEMMEI IR EAIERAHET? Yes! MEppPiF>EEEEEHE

FENE EREHIDIXARHV.A. Kuzmin and G.T. Zatsepin (1966)
SAGE in Baksan, Russia (1990~): 60t Metallic Ga

GALLEX in Gran SASSO, Italy (1991~): 60t GaCl,
FIBZER LRI 'Ge, Z{HlHomestakesL3g,

pp: 699
pep: 2.9
Be: 34.5
°B: 123
others: 9.1

Total: 129+9-T SNU SAGE (Baksan, Russia) Gallex/GNO (Gran Sasso, Italy)
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Results
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Kamiokande-Il:

_ , meo""l""l""l
Solar neutrino Inner-counter: 2140 tons : | (a) Ee 2 9.3 MeV i
NI . 948 20-inch PMTs _I 2 60 _—
N Observed electrons recoiled by 8 F SSM prediction ]
solar neutrinos e{ ﬂAb "
Anti-counter o e S i ou
123 20-inch PMTs %IL e G i i&—‘ %40 50
Shield external f-.::". : : St <>ﬁi:§ a
gamma rays and tag ~ Nj=<: |- = £ 20} + + + + |solarv
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is i 0 40
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E 2L ’V'l'e'%\)'l'e' (1496 days )
i /X
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224004230
background solar v events
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Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2000

1.0+9:20 727 1<5°
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[_am? 26 4 NTGm, A 29\
(e ) [ TSR R0 Sping )
dt \Vu/z Am?* > Am?* 5o Vs
sin cosS
\ GEen2e)  gpces20)
Matter effect G : Fermi coupling constant
Travel through the Sun Me : Electron density
1 o W ithp ut rqﬁat’ggr ?ff‘?:':’t,n.,

| 4 | Vool Vol Vo \ I|I '-I | \ | !
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With matter effect




LMA (Large Mixing Angle):
LOW (LOW Am?):
SMA (Small Mixing Angle):

QVO (Quasi-Vacuum Oscillations):

VAC (VACuum oscillations):

T T TTTm)

107*

SMA LMA
& 10° —
> E
3 [
10°8 ;
10°° ;—
1071 : VAC

0.001  0.01 0.1
tanZ8

[de Gouvea, Friedland, Murayama, PLB 490 (2000) 125]

2

Am?* ~ 7 x 107 %eV?,
2
2

10-3
10-4
-6
TS s
10-8
N -7
= 10 90 % C.L.
% ae 95 % C.L.
g 10

10-®

]
= 99 % C.L.
— 99.73 % C.L.

tan®9 ~ 0.8
tan®9 ~ 0.6
tan® 9 ~ 107>
tan®d ~ 1
tand ~ 1

Q)

10-10 Cl + Ga + SK + Sp(D) + Sp(N)

8B free + BP2000

10-11

10-12

104 10-3 10-2
tan2(8)

Just So?

10—t 100 10!

[Bahcall, Krastev, Smirnov, JHEP 05 (2001) 015]

s § 0 O« i 1'E»: |



P(v,-v,)

TTTTTT T TTT T TTTTT
T

Illllllllllllllll

/

LMA

P(v.-v,)

klllllll
l
|
|
|
|
|
|
|
|
|
|
|
|
1 I

GasLRRNLRRNLERN RRRY LALN LAANRLLY LRLIN

7~

LOW

P(v-v,)

e
/
/
[
|
|
I
I
I
[ NRE| I T

[Bahcall, Krastev, Smirnov, PRD 58 (1998) 096016|

Just So2

P(v,sv,) P(v,sv,) P(v,~v,) Pv,~v,) Plv,-v,)
B S I
ONPODONPRORONPIDONAODON SO D~

1 1 1 1 | 1 1 1 1 I 1 1 1 1

— 1.6 x 102 eV?

5 10
Energy (MeV)
5.0 X 107 %ev?

7.9 x 108 eVv2

—
)
o

Energy (MeV)
4.2 x 107 % eVv?
5.2 x 10~ % eVv?
=7.6 x 10" 8eVv?
= 5.5 x 1012 eV?
1.4 x 1010 g2

sin229 = 3.5 x 103
sin2 29 = 0.57
sin2 29 = 0.95

tan2 ¥ = 0.26
tan29 = 5.5 x 10— %
0.72

1.0

[Bahcall, Krastev, Smirnov, JHEP 05 (2001) 015]
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Oscillation
probabilities
and Super-K
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VOLUME 55, NUMBER 14 PHYSICAL REVIEW LETTERS 30 SEPTEMBER 1985

Direct Approach to Resolve the Solar-Neutrine Prohlem

Herbert H. Chen
Department of Physics, University of Califernia, Irvine, California 92717
(Received 27 June 1985)

A direct approach 1o resalve the sclar-neutrino problem would be to observe neuirinos by use of
both neutral-current and charged-curreiit teactions. Then, the total neutrino flux and the
electron-neutrine flux would be separately determined to provide independent tests of the
neutrino-oscillation hypothesis and the standard solar model. A large heavy-water Cherenkov
detector, sensitive to neutrinos from 3B decay via the neutral-curent reaction v +d— » 4+ p +n and
the charged-cursent reaction v, +d — £~ + p + p, is suggested for this purpose.

PACS numbers: 96.60.Kx, 14.60.Gh

Charged-Current Neutral-Current ~
° " /' neutrino
Ve / .X n
s \cr:erenkov electron D = Q)
— neutron
neutrino deuteron \ @ neutrino deuteron @
@protons proton

Elastic Scattering *u mizk e_EE _p_?'
.-t RUTFIREARER

neutrino elem* =i s
ke PrREEFR1987 FaE Rl
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9456 PMTs, 56% coverage

Arthur B. McDonald
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.Host: INCO Ltd., Creighton #9 mine

Coordinates: 46 28'30”N 81 12'04"W
5300 tonnes of outer shielding H,0 Depth: 2092 m (~6010 m.w.e., =70 u day )
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1700 tonnes of inner shielding H,0




Phase I (D,0) Phase II (salt) Phase I1I (°He)

Nov. 99 - May 01 July O1 - Sep. 03 Summer 04 - Dec. 06
n captures on 2t NaCl. n captures on 40 proportional counters
2H(n, )3H 3CI(n, v)38Cl *He(n, p)*H
o =0.0005 b o=44b o=5330Db
Observe 6.25 MeV v Observe multiple +'s Observe p and *H
PMT array readout FMT array readout PC independent readout
Good CC Enhanced NC Event by Event Det.
SCl+n N
2H+n 8.6 MeV <— cm —=
6.25 MeV
n
¥ l
¥ Y
°H *r e v n+-*He —p+-*H

<o




SNO3C3S:

vertex ~ isotropy
i o = o
= 35 = =
S € S
i _E 2 =
g 51:0'3'- + =] =
: ‘%ﬂw -
al = + = a
250 ) =
- ——— Fit Bosult _ =
= —— AVbkg &
W pMT-HOWked |-
150‘._.1::‘:_:—_-;._1_‘_‘_12._ _______
= Data -
L Meutrons
Fo- CC
S&— ...... ES J
__________________________________ R,
i) =S I R Sl [ T 0% D6 -04 D2 0 02 04 06 08
0 0z 04 06 08 3 . ; cos

dcclve) = 1.68 izg: (stat.) % (syst.) x 106cm2s~"

=0.09
des(v,) = 2357 (stat) " (syst) x 108cm2s
nclvy) = 4.94 721 (stat) 7% (syst) x 108cm2s”!
y | 7 BEFS-sigmakpmmsiim [
€C=0.340£0.023 7007 FREFAIIESRSN - :
¢Nc > FEAPHER IR J. Bahcall
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HT
I

I .. 68%C.L.
I o 68%C.L.
I o5 68% C.L.
B . ss%CL.

0

68%CL

0.5 1.5 2
SNO CC M SNO ES 68%CL

----- Donyy 68% C.L.

—— 0N 68%. 95%. 99% C.L.

25 3 35
0. (% 10° cm™ s7%)

SKES 68%CL

SSM 68%CL

SNO NC

68%CL

Three (or 4) different measurements intersect at a point (= non trivial).
All the data are consistently explained within the existence of (v, +v.)
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| Vacuum oscillation 7T ;

Pee ~1— lsin22912

o~ 05

-==- P, _,, lo band

s SNO

Borexino ‘Be, pep
4 pp - All solar v experiments

Normal neutrino
mass ordering

For high-energy 2B neutrinos
at production r=0

| (17200)) (e 1v6(0))
I {0 = (sa 5 M jva0)

adiabatic evolution

(|V1(R))) _ (1 O) (|171(0)))
|V2(R)) 0 1/\|v2(0))

on the solar surface r= R

' (lve(R))) _ ( Co Se) V1 (R))
J\Ivu®))  \=Se  €o/\|¥2(R))

survival probability

P.. = c5c§ + s5s5 = sin?0
0 —m/2 as 4 > Am?

For low-energy 7Be neutrinos

1 .
P, ~1— Es1n22912

Oscillations in vacuum
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Thermal neufron
1393 a
23 o" Fission Product )= >{.\ Fission Product
92 \//
oL —  » 200 MeV.
o .
e Fostneuton o o el
\ neutron 0.729 U-235
95K
36K\
;_:.:;!’.,- +n— X, + X2+ 2n
Lowi-e nriched umnium
10.000 (reamoiFra:b)
3499 U-235
o toool '. | Thermal neutron
= !
B J \
E 0.100 | \ 1 —— Fast neutron
é l‘\‘
2 | \ / \
D 0010 | = \ 3
[ : & Highly & nriched uranium
0‘00170 80 90 100 110 120 130 140 150 160 - : % %HS- éas:le)
Mass number A 1 2

NEUTRON CROSS-SECTIONS FOR FISSION OF URANIUM AND PLUTONIUM

U235/Pu239/Pu41IRITRARFRERTE
U238 HEIRMN IR F R ER3E
PRFREFRE-HETRAbetalREE

Fission cross-sectian, o (barns)

- THERMAL E FAST >
Sources: OECD / NEA 1980, Plutonium fusl - an assesement

Taube 1974, Photcnium - & genersl survey. Incident neutron energy (MeV)
1 bam =10 m2, 1 MeV=16x10""%
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KamLAND:

Fogli et al. Atsuto Suzuki

SMA and LMA solutions were
equally likely in the 1990’s
(although many people believed
that mixing angles should be small).

2v active oscillations

w*f ] If LMA is the real solution, a reactor
long baseline experiment can

LOW observe the oscillation.

Even if LMA is not the solution, this

experiment can clearly exclude
LMA.

0 F  Cl4Ga+SK rates + CHOOZ V.J’AC

=>» Found there were many reactors
| s oo spiwmd v el o .
o owt w? i f 10 in Japan. ..

tan'e = Kamiokande no more used...

2
tan O
e § 0 O 1 1'E»x |



KamLAND:

South Korea

70 GWV (72 of world total) is generated
at 130-220 km distance from Kamioka

g 500
2o (L,)=180km
f% z Effective baseline — 1 80km <Ev> = d few‘ Mel

g 3
A WU U W
.-

150
100 Sensitive to Am? > 10°eV?
50
PPN R pouu VR [ S I B
GU 100 200 300 400 500 HO0 TJOO B00O 00 1000

Distance [km]




KamLAND:

Chimney — T . alibration Device
Liquid Scintillator,” hs Balloon
; , AR iam. 13 m)
(1 kton) h -
Containment ||
Vessel

(diam. 1&m

QOuter Detector

Outer Detector
PMT

Eols2Ain . FIHR®REEE1000t RIAARE TABLE I: Estimated systematic uncertamnties (%).
Shielding: 2700 MWE T
Fiducial Volume 47  Reactor power 2.1

sle . ~@ CoLab= 2=
FF=a: 320 p.e./MeV ~6.5%EEETHE Energy threshold 2.3  Fuel composition 1.0
{&2: ~0.5/day Efficiency of cuts 1.6  Tespectra[3] 25
ZETE'E c0|:rel ated: ~0.001/day Livetime 0.06 Crosssection[5] 0.2

Uncorrelated: ~0.01/day Total systematic uncertainty 6.5

e 5§80 O 1 1'E»x |



KamLAND:

(colour is time)

Prompt Signal Ab=111 2 Delayed Signal

E =3.20 MeV E =222 MeV

AR =34 cm




KamLAND:

KamLAND: 10 years of event rate

—
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= 0.2 wes Expected reactor ¥, + backgrounds + geo¥V, E 0.2
wmm - xpecied reactor W, + backgrounds D
0.1 —— Expected reactor 7, 8 0.1
(0 1 1 | 1 1 1 | 1 1 1
2002 2003 2004 2005 2006 2007 2008 2009 2010 20011 2012 010203040506070809 1

Expected Rate (events/day)

Year /

2012 R EENSHIE
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SHHEFRIF=EH S

FNFESMASIEEER, =En/KERiF, Mfir-EpFLARPRHF

Primary cosmic ray > He.
p, He ... \ Distance to SK

---------------------------------------------------------------- . 10~30km
atmosphere

Generation height
10~30km 4

* Distance to SK
/ maximum 13000km
P

, He ...

HAMRE: fkE. EE5eE (100 Mev~100 Tev), (EHEEESCE
B s6
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Cosmic ray
(p, He, ...)

A BESS Polar

"~ O JACEE
/A RUNJOB
< CREAM

oxE>" (m sre](Gevin)'

C+N+O (model) x14 —

Mg-Si (Model) x 25

Fe (Model) x 56

10" 102 10° 10% 10° 10°

CR-Energy (GeV/n)

TENBRKSENRY, FE5E:

(1) ABHiEE]

(2) (EHESNFNIbEA AR
3) RFSEFEFZIEEIER
(4) o/KENFRIRZIIE
(5) ... ...

BEISKETE. 75 RKET IE(#*nUzleEﬁa
-jc SHGF), FIBpFRiHTIEE
47
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1035 I T TTTII I T 1T I IIIIIII| T TTTH
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— Honda flux
----- Bartol flux
.......... Fluka flux
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FE 11 diin

1
—n
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T/ WEZAIER

5 GeV nt(+/- )N FHEE:

?ozmicra)y Note: =» most pions decay
, He, ...
R 1,226 ns
m,=139.6 MeV/c2 T utv,
y=E_/m_=36 for 5GeV
cT,y=279 m REIBFIRAYSSZEL
| ~10-4
2.5 GeV p(+/-)FRIFZE:
Note: decay pe+v,+v,
7,=2.197 us =
m,=105.7 MeV/c? hit the ground
y=E,/m =24 for 2.5GeV absorption ()
ct,y=15.8 km decay

e § O 1 1'E»x |



SPRIFRIBBISIE

M. Honda et al., PRD 83, 123001 (2011)

(v, + 9, )/(ve* To) S

- —HKKM11 -
-.— HKKMSO06

Cosmic ray
(p; He, ...)

Neutrino Flux Ratios

e BRERLLBITE < 5 GeViCEHER 5T

AT/ RPRFRILLBIBBRFEE
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SHMFRE: <

Positron

-~

1970 AA— IS TESHES BFAEE
SHHFEREFEERRNEESK

1988£|EKaj|taEl’.‘l’r$:|:1€Y§i}u77C PRFRENSR

Kamiokande
7 (1000ton)

IMB
(3300ton)

NUSEX
(130ton)

These experiments
observed many contained
atmospheric neutrino
events (background for
proton decay).
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SHHFRS:

Kamiokande: Kamioka Neucleon Decay Experiment
Kamioka Neutrino Detection Experiment

7]( tJ] ‘eﬂ*ﬁiﬂu EE . K. Hirata et al (Kamiokande)Phys.Lett.B 205 (1988) 416.
3000/1000ME£EK 30k + o
20t :
1983-1990 £ [ i# = |+J |
TTAS. AH. g TR
i 3 2 Fh 7 T RO A= Y-
%o ‘*6 40F i p-UKe
L SO 4
(1)1987$H§ﬁ$ﬁ }é 20k ++ J
B B F R A 1 2 =l I i
46 5 {58535k 72002 e
SERYE M /R IELE 3% —
(2) 1988 £F Kajita - ]
BETIESCEZIT  “We are unable to explain the data EXpected ‘ % =1 ! T—
SHHFRE as the result of systematic detector — 3 ' # ]
effects or uncertainties in the Observed S—TriC = * } + 4
(3) 1990F#RIK atmospheric neutrino fluxes. Some prediction 0 S Gibewmad _F__§
PAER £ F 38 M BEIE [ as-yet-unaccoundted-for physics | [e-like 93 885 0 200 400 600 800 1000
T Homestakef{y&E | such as neutrino oscillations might (Tl'i(k:ec Ve) TG Momentum (MeV/c)
B, explain the data.” ?A.CC v,) '
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W 22.5 kton fiducial volume
“ Optically separated into

* Inner Detector 11,146 20” PMTs
= Quter Detector 1885 8” PMTs

.........

“ No net electric or magnetic fields
“ Neutrino direction and energy are
unknown
= Hard to reconstruct directly
“ Excellent PID between showering (e-like)
and non-showering (m-like)
* ~1% MIS ID at 1 GeV

" As of Today: 4972 days of data
= 51,000 Events

% Multipurpose machine

= Solar and Supernova Neutrinos

= Atmospheric Neutrinos (this talk)

= Nucleon Decay

* Far detector for T2K

SK-1 (1996-2001) SK-Il (2003-2005)
SK-11l (2005-2008) SK-1V (2008-Present)




Neutrino 1998, Takayama, Japan
33 kton years of data (535 days)




Neutrino 1998, Takayama, Japan Zenith angle dePé”'d?”_C‘e »
33 kton years of data (535 days) | (Multi-Ge
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Neutrino 1998, Takayama, Japan
33 kton years of data (535 days)

SUMMOY}L

Evidence for Vs oscilations
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SR IR RIRRIE P 2 = s L itk

no electron neutrinos
appear here, so

not vy, «ve survival
probability

electron "1 Y] muon
heutrinos | prediction{a‘_ﬁﬁ_f ] neutrinos

200 |- data — |- 200% missing
_ \ :H“"‘“‘_ MUon
: - : neutrinos
100 ﬁ 100
0 ' 0 '
-1 0 1 -1 0 1
cos® cos®

Neutrino travel distance(L): 12800 6200 700 40 15Kkm
s T ' e



QOMRISEIRISIE ?

RPN FIRARIEZI, GEEHIRE CRIRERE?

PMFRE/PNFEET ?
BEAIGIEH RPN FiRA IR F?

v=e,vtau v s?
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BiERiREES

Downward-going upward-going
J -y w 1.27Am?*(eV?)L(km)
n R 0 P(v, — vg) = sin*26sin ( E:'(G:V\)T )
Decoherence:

1 L
Py, wvy)=1— 5 sinZ 26 - (1 — eXp(—",fOE))

: ?De(cj :—> v,) = (cos® @ + sin® 9 - e:z:p(—ﬁ£))2

01 10 102 10° 10* : : i
L/E (km/GeV)

ol EE—MEHRAKENHEL/E = 500 km/GeV

g 14 B THENREZES. ©@2004

% :: -= v Decay Ay? = 3.40

S 04 == v Decoherence Ay?=3.80

.01 10 10% 10° i - vu <V, (sz= 0)
/E (km/GeV)

e 8§ O i1 1'E»x |



nu(mu)-nu(s) > P IEREEER

I . -
Matter effect e e . Stfenle'OsuIIahons

High E PC e
events Up through Multi-ring e-like,
(Evis>5GeV) muons with Evis >400MeV NA
- 4 I T I I E
=z Tuasf ©3 200 %
S —f 3f = I 2 N’
s w” 1 |z Q)
b= =>F 1 J=s E 10'
E"' EQ z _ .;mu
£ st TEE =
S X1 el EEl
= Zosk Vp-}vt 3 -E sk
07 S s (il ] e HE B S TP SRR | S 0.7 0.75 0.8 0.85 0.9 095 1
cos @ cos e cos e Sin229
B Excluded at 99% C.L.
NCEERIPHFEH
Excluded at 90% C.L. Bup/downLbFliEk

— FC Single-Ring Allowed 99%

YNESEEN LTS
B, nu(mu)-nu(s)s=

0.7 0.75 0.8 0.85 0.9 095 1 %g‘z‘!‘ 00% : ! (m U) " N (S) EIJ%,ﬁW,EME{E
sin>20
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BiENEnu(mu)-nu(tau)

EEE S nu(tau)FERIRSEHIRNETESE
[F{E3.4GeV, XM 14N kton/year:
ZixpMpkiktauEzHI(10 GeV~0.5 mm),
a5 x{UBFEIEEH
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-—t ek
- N B

© © © o
- O

)

o

v cross section /E, (107 cm?2/ GeV)

hadrons

hadrons
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Neural Network Output
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Signal PDF Background PDF
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NhEREPRF:

Example Neutrino NuMI neutrinos

(onward to MINOS and

NOVA far detectors) neutrino beams
Complex (FNAL) R e

MINOS ND, NOVA ND, |
MINERVA, ArgoNeuT

MiniBooNE, MicroBooNE, ICARUS |-

SciBooNE, SBND |-

e

F,._ WBNB target
: ey & a3 NuMI target

8 GeV Booster supplies : Rk s

Booster Neutrino Beam (BNB) » A e

120 GeV MI feeds Neutrinos
from the MI (NuMIl) beam

B 65



IMEREPRF R

FIXSPHFAIF~EIEE XL (EEIFNAL, BZJ-PARC, BEXIMCERN)

ASPRFHFMBRAESEXRARIGE.: BFaEEFE, BIAKRKSEER
38, RAwEaRM. > FHESNEERRFRR

MiEsRPHFIAASFEMEATEES: RFHNESHEZHERE, TR TE
RLABSERZ BT LASFRIEEN, REFEIAINBRAXNETE. > EEENEERR

Muon Monitors




250 km

R _FeM<EEINESARRFE
FEnu(mu)=>nu(mu)Bligisk

12GeVEFRiR, PRIFFEIIGEE.4GeV
gt R EEE L
BiEENRESHEEE

SciFi Detector
SciBar Detector

Muon Range Detector

1KT
i Water Cherenkov
v beam{{ Detector




K2K3£3E455R (2006)

13 | 1 L] Ll 1 i p— — -
> g - ] S | ]
O 16 [ ] > F ]
= ; ] w 5[ .
(=1 3 - I B ]
-ﬁ 14 ._ _. E : ammTE== - :
E [ 5 & i [ L !r ""'-.__‘- _
g 12 - 'NE 4 N N '*-._b_.‘:
@ : ] = - ' ;

10 | . : "

i ] 3r b 7]
B __ —_ : \‘-M :
6 :— _: 2 :_ N - H;:
. ] [ e K2K 68% e L]
4 - [ ——— K2K 90% ]
- . 1 ——---. K2K 99% -
2 r E F ——mmm- SK LJE 90% ]
o L ' 0 N T SR TR
0 5 0.2 0.4 0.6 0.8 1
GeV sin?(20)

Final publication: '

M. H. Ahn et al. (K2K), Phys. Rev. D 74, 072003 (2006)

We present measurements of v, disappearance in K2K, the I\ER to I&anuoka long-basecline neu-
trino oscillation experiment. [One hundred and twelve hea . lcvents fare observed
in the fiducial volume of Super-kannokande with anfexpectation of 158.1i8_6 eventa without os-
cillation. |A distortion of the energv spectruml| is also seen 1 oo single-ring muon-like events with
reconstructed energies. I'he probability that the observations are explained by the expectation for

- —— —
Eo neutrino oscillation is 0.0015% (4. 30') In a two Havor oscillation scenario, “the allowed Am

region at sin? 20 = 1 is between 1. 9 and 3.5 x 1072 eV*? at the 90 % C.L. Wlth a best-fit value of
2.8 % 1073 eVZ
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735 km to the far detector 4 To Soudan, MN

U4

Soudan
o
Duluth

MN

Madison
A
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MINOSHER NS

u

Vv Uvuyuy -
= “|dentical” near and far detectors
: Magnetized tracking calorimeters
B=10to1.5T

scintillator 1 kton ND / 5.4 kton FD
= Alternating layers of:

3772.‘.’&‘1‘.:3'.5 y steel (1”7 thick plates)

Strips scintillator (1 cm thick, 4.1 cm wide strips)
= Scintillator layers oriented at +45°

4 Near Detector




MINOSZ:l

£ g . Far detector v, spectrum
= 1.0- mu-like _ara Zpectram
3 . - 500 —4— MINOS Far Detector Data |
o 0.5 ~ Prediction, No Oscillations ]
4' C - Prediction, Am?=2 41107 eV?
2 o0 il 400 B Uncertainty (oscillated) i
2 E ‘%; E [ Backgrounds (oscillated) E
@© — _ O] - .
- -0'55 | . . . | . . . Enle-:n - 1411 GIeV | = 300~ Low Energy Beam., v_-mode -
0 2 a4 6 = Z 10.71x10°° POT .
- . D - MINOS PRELIMINARY .
longitudinal pos. (m) 53 2900 —
€ - e-like 100 =
= 0.5 - .
g - = — L [P B | =
a - o (0] 5 10 15 20 30 50
ﬁ O.l]: T - Reconstructed v,, Energy (GeV)
2 -
g -0.5:— E =7.8GeV o5 Observed deficit versus Ic;_-nergy_
0.0 0.5 1.0 Low Energy Beam, v -mode E
longitudinal pos. (m) 2 e .
NC'“ke - MINOS PRELIMINARY _:

o
(2

=

3
£

1

';f_'*_'z"l""l""

Ratio to No Oscillations

tranverse pos. (m)
e
Q
II|IIII|IIII|II

0.5
-0.5 x —<+— MINOS Far Detector Data
| . . . . | . Ere[‘,l[; =$'O GEV | ji | F’redlctlon Arn2 =2 41x10 eV2
0.0 0.5 1.0 (0] 5 10 15 20 30 50
longitudinal pos. (m) Reconstructed v,, Energy (GeV)
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57 Nuclear Emulsion
[ Fuji film ]
+

56 1mm thick lead




daughter

First event 2010

Decay expected signal
channel i events Observed

A= events
Huad Re- Laree u _ ; '
G sel Totl | 244 X109 ¢)?
mteraction scattering

006] -] 004001 [ 0200
0001 - [ 047003 | 073404

0040000 ] - [0.0002+0.0001] 0.0040.001| 0.61+0.12
0031000 | - [ o] 003001 | 078006
022+0,04 | 0.0270.01 |0.0002+0.0001] 0.25F005 | 2,64 0.53
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Inverted hierarchy =~ Normal hierarchy

‘ ve@m VuE@ v
1 0 0)c, O s,)c, s, 0)e? 0 O)
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& Thetal3?

IHESFPHFEIE (nu(mu)>nu(e)fIF=4iE), ZEICPIRIAFIYIREREZIN

P, _,,, =Sin" 20,,sin” B,;sin® (Am}, L/ 4E )

+ (CPV term) + (matter term)
+ high order terms

REIERHIFEEL (nu(e)>nu(e)ATiERIE),
P, . ~1-sin’20,,sin® (AmZ L/ 4E)

Ve Ve

—cos* 6, sin’ 26,, sin* (Am;, L/ 4E)

TR/ PR , -
\\\\\/////\\\\\///iifig;; sin220,5
P, ~1—sin%20,; -sin®1.27 - AmZ, - —) )

A

S
4 —ANR % A
wiEAA IR @%$ 0 Xt R N HE TR A B

-

Allowed 90% C.L. regions for si.nzzeu=0.l, 8=90

HESER=AT
KZEMWLE~%M
Near Site _
1.2 - l Far Site 4Mev Ve
Lol— Lt 48 |
=
2 08F \my
B X% Savannah River
Zo 0.6 O Bugey
X Rovno
04 & Goesgen
A Krasnoyark
0.2+ 0O PaloVerde
B Chooz ® KamLAND
001 1 ] ] ]
10' 107 10° 10" 10°

Distance to Reactor (m)




1997-1998, ;xH
8.5 GWth

300 mwe
5 ton 0.1% Gd-LS

Bad Gd-LS

R EEEEILLEEXEX)

steel
tank
containment
rion

R=1.01+2.8%(stat) £2.7%(syst), sin?26,,<0.17

P TP P ITPPPRREYR
[low activity gravel shielding |

600

A (cm)

400

Parameter Relative error
Reaction cross section 1.9 % ) +
Number of protons 0.8%

Detection efficiency 1.5%

Reactor power 0.7 %

Energy released per fission 0.6 %

Combined 2.7 %

AN

\\\ﬁ\\. 150 +_
60%/year | W] t
ol 144 ¥
‘&: > OMW%+$$$+W

M) = A /(1 + at)
Ao = (587 £33) cm
o=4.2+04)10"a"

0
0

B s

50 100 150 200

F R T T
days (since 12-mar-1997)

300

250

200 - + + + o Reactor OFF

14 S
ot o
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R=1.01+2.4%(stat) +£5.3%(syst)

TABLE II. Contributions to the systematic error of the

“reactor power” and “swap” analyses.

Muon Veto

Central Detector

O

O OlO OOJOI® OO OO O

v&Sm
e 9m
s

Error source

“reactor power” (%)

.':Swapr'. (%]

e* trigger efficiency 2.0 2.0
n trigger efficiency 2.1 2.1
e flux prediction 2.1 2.1
i, selection cuts 45 21
Background variation 2.1 N/A
(1 - €1) B,y estimate N/A 3.3
Total 6.1 5.3

fiber LED

\

optical
LED fiber

ﬂ oil " Ts:ciq
\!

hllator | oil =

~ 520

= 500 |-

S 5
= [ | Rug=(1011 £0104)R, + (2575 £20.7) day?

¥ =089

aso [
460 —
aof
206 750 moff
00 |-
380 [

360

890 m off

(Rates are corrected for live time and efficiency)
PRI

100 120 140

160

180 200 220

240
R (@

1998-1999, EE

11.6 GWth
Segmented detector
12 ton 0.1% Gd-LS
KiZFNRE0ES

32 mwe

® data
L — MC no oscillation
4 I MC Kamiokande best fit

Differential rate (d” MeV™")

8 9 10
Energy (MeV)

T ' e
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Krasnoyarsk, Russia
first proposed at Neutrino2000

Krasnoyarsk
Krasnoyarsk reactor underground site: 600 mwe - underground reactor
- detector locations determined
il betector2 by infrastructure
1O (D
Reactor -
115 m 1000 m

_ Target: 46 t 46 t

= Rate: ~1.5x106 ev/iyear ~20000 ev/year

o

S S:B >>1 ~10:1

[P

Ref: Marteyamov et al,
hep-ex/0211070

B s0
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_Krasnoyarsk, Russia

Braidwood, USA
N Japan

'S

8 proposals, most in 2003

- Fundamental parameter

« Gateway to v-CPV and Mass Hierarchy measurements
 Less expensive




Daya Bay/RENO/Double CHOOZ

\ - - 4
ha ' /ﬁ.' .
) o - Reno
L g =
. . . < Near Deteotor /2 < O,p Wi
s - — i S F g 5 e 2 \
—= = . »‘g ‘ }ﬂ ™~ E..
—#_ - - - % y
o = / )
Pr <~ - 2 o {
e . \
i "é - X
e B -
~— == 1 cores, 1"detector 8
* s
“(+1 under construction) ‘
. \
N ' S " 3 ' 6 cores, 2 detectors
e Vv —a = | Near Detector e =% | Far Detector \
D 4 £ L-200m ffl L=1050m \
Chios Beactors 2 || 10m3 target & || 10m?3 target 00m hig X
4.27GW,, x 2 cores 120m.w.e. \ 300m.w.e. i Reacts e & v= FarDetecto
X L S || 2013 ~ | April 2011 ~ - s D = - : .



Daya Bay/RENO/Double CHOOZ

Experiment

Power
(GW)

Detector(t)
Near/Far

Overburden (m.w.e.)
Near/Far

Sensitivity
(3y,90%CL)

Daya Bay

17.4

40 / 80

250 / 860

~0.008

Double Chooz

8.5

8/ 8

120 / 300

~0.03

RENO

16.5

16 / 16

120 / 450

~0.02

sin’ 2045 discovery potential (NH, 3o CL)

102 |

107"

sin’ 2645 discovery reach

Va /

Currentbound 30)

Daya Bay

- NOVA: v+7

=== NOVA: v only

2010

ks 8§ 0000 O I 1'E®E» |

2012 2014
Year

2016 2018

sin’ 2643 sensitivity reach

sin22913 sensitivity limit (NH, 90% CL)

GLOBES 2009
107 |
:' '''' Double Chooz
4
107" /-' Fae
S eeese. RENO
,
',' Daya Bay
H ——— NOVA: v+v
[}
" ez — == NOvA:vonly
o° __Solar excluded ‘ ‘ ]
2010 2012 2014 2016 2018
Year




6 reactor cores, 17.4 GWy,
Relative measurement

— 2 near sites, 1 far site
Multiple detector modules
Good cosmic shielding

— 250 m.w.e @ near sites

— 860 m.w.e @ far site




Daya Bay#filllgfisit

6 “functionally identical” detectors Dual tagging systems: 2.5 meter water
Gd-LS defines target volume, no position cut shield and RPCs
g inner water shield
S ol outer water shield
ST T ST PMTs
> << _ % Tyvek
> / :'df ‘
'7’.;‘L ~ ‘- i
L = i
RE
7 > 1\ 4
AD =
AD support stand EONCTEt6 /

Two-zone ultrapure water Cherenkov detector
target mass: 20 ton per AD . ,
photosensors: 192 8”-PMTs multiple detectors allow comparison

energy resolution: (7.5/vE +0.9)% and cross-checks

ss DR ' e




FRF=HI==

Detected rate strongly correlated with reactor flux expectations

300 e
Tl i
-------- Predicted (sin"26 , = 0)
Predicted (sin’26 , = 0.089)
Measured

600

[BD rate (/day)

400

800

600

[BD rate (/day)

400

100

80 F

||
——
o T
i

[BD rate (/day)

60 Y

40 = 1 1 1 1
Dec 27 Jan 26 Feb 25 Mar 26 Apr 25

Run time

Predicted Rate assumes no oscillation.
Normalization is determined by fit to near detector data.
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Theta(13)

—_
—
wn

98]

h

T

T IO T IO L T T O GO T T T T TT

800

—<4— Far hall
—}— Near halls (weighted)

600

Ndetected / Nexpected
Entries / 0.25MeV

1.05 400

IIIIIIIIIIIIII
—_
o

200}
1F :

E . 0 I . -
095 g e No oscillation
_ -%D 1.2 N —e — Best Fit

- 21
0.9 5 I
_I 11 I L1 1 I 111 I 111 I 11 1 I 11 I L1 | I 11| I 11 | I 11 1 E B
0O 02 04 06 08 1 12 14 16 18 2 s 08
Weighted Baseline [km] 10
Prompt energy (MeV)
Dec. 2011 Double Chooz (far detector): sin20,;=0.022 + 0.013 | 1.70

Mar. 2012 Daya Bay (near + far detectors): sin26,,=0.024 + 0.004 | 5.20° H

VY k8l RENO (near + far detectors): sin2 6,,=0.029 + 0.006 | 4.90

= §F O - i 1'E»x |
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m*sﬁrmmmsaml

DAYA BAY RIACTOI NEUTRINO E!

FHBIES: 2011/12/24 22:53:52

Start Time: 12/24/2011 22:53:52

EWIET: 2020/12/12 10:36:52

lbp Time: 12/12/2020 10:36:52

BRI 3275*1111\543590»

Duration: 3275d, 11h, 43m, 0s

- ' ¥, 3B v A
z i
Daya Bay) ‘ }z i SLINLERL

- A
= CTORNEUTRINO EXPER!MENT
)e3 COMPLETION CEREMONY

DAYA BAY REA
rJEDE)




T2K

* Tokai to Kamioka (295 km)

* Neutrino beam from J-PARC

* Existing far detector: Super-K
- well understood detector

INGRID and ND280 near detectors

Events (Arbtrary Uniits)

Prob/sin>20

L
(5]
L=
(=]

3000 -
2500 -
2000 -

1500

1000

500 [

MWk wo~ o=

o
—
© g T T T T T T T

— B, =0.0°
— B, = 20°
- 90A= 2.5°
— fpy = 30°

Oscillation probability
Am” = 2.5x10° eV?
L =295 km




. v u— Ve oscillation w/ Amam? discovered by the T2K experiment
- Indication in 2011 [PRL 107,041801 (2011)]
. Observation in 2013 [PRL 112, 061802 (2014)]

< < & Dala '-:’__ «— —— RINI-1 data
@ B Osc v, oc - r;ﬁq?::: :_. rH]T]
= 3r ¥ :.:'.:- s " L v _1:," ML!L!
o vy o E — VAT LD
et NG 2 TN
o s = I0E - a2
R TMIC W 5in 20, = 0.1 o (W0 w wim 26 0010
= 3
E ° i i *¥ cut anly applied
4 2 when Fyiss 1230MeV
€ = N
© 6 events/1.5 bgds Zz T 583e.v ents@/;zg?gs
® 1r 2.5sigma@2011 -3s1gma
= ——
E‘ . ; . —4— %
1
0 1000 5000 2000 () 1000 2000 3000
Reconstructed v energy (MeV) Reconstructed v energy (MeV)
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Inverted hierarchy =~ Normal hierarchy

‘ ve@m VuE@ v
1 0 0)c, O s,)c, s, 0)e? 0 O)
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MEREIRFRENX

10'* T T I NOvVA: degeneracy of MH and S p
[ ]
=
10" o | g 0.0 NOvA L
_——a E = E Jam ;2| = 2.32 107 eV’
& e T T w 008 sin’(26,,) = 0.095
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MEREIRFGE

e
mlﬁﬁ&m: Accelerator, atmospheric, supernova neutrinos

Am?, cos 2913

> Ve = v, MSW resonance: V = >F Ami; >0 NH
Am?, cos 213
> Ve = 7, MSW resonance: V = — 132E Ami; <0 IH
o< P T o~ = N L . o
Efﬁﬁ%ﬂg:l:;y' \Y . Reactor neutrinos s. T. Petcov et al., PLB 533, 94 (2002)
2 722
Normal Hierarchy 3 L2 Inverted Hierarchy
| Am3, | | A m3, |
(l 11
| A M35 |+ | Am3, | | Am3s | —|Am3, |

o

|&m§1| = |f’—"‘~m§2| |&m§1| < |&m§2|

1 [

SURVIVAL PROBABILITY
. : 5
?Da-x"); = *{—5‘\/\/\2”,7,\9(3 ® ((‘,051842 smEAsr; +5W Sy Sw A31> FAST A'mz/m\

—om29, @ost J1s Sim* Aoy SLow A,

kY §F O 1 1I'E» |




R Rz = R E R R IR

1] -
Sasl— —— No oscillation "
g L . -
s [ = M, —— Normal hierarchy 25| EHHTL’ ”
Q40— eal distribution
< — : L =52k
- M3 —— Inverted hierarchy "
= Prompt signal:
30__ L=53km e+e_ —_ 2‘y
20.__. Ve + p —n + e+
bt B Delayed capture on H; %0 23 R s G
L 2.2 MeV y E_res (%)
o ._l I 1 1 ] 1 I L 1 1 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 1 s

-+ 5 6 7 8

6 years
Ideal distribution
E_res= 3%
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Sigetik

Operational Under construction | Under construction
174GW 17.4 GW [17.4 GW | 17.4 GW 18.4 GW

Previous site candidate

ol!l.Lhu[ﬂ:-;
R S
- 3 . 0
.- Rl o ' P
& s . e e % /-
: -
A

gﬂ‘! 4
Lufeng NPP

* ‘, ) ,..;: .‘ ;:’7- *5}" : . 7
T AP ‘(";S'h'en Zhen™" . ‘& i/ Huizhou NPP
Kaiping, CEASET S O ’
! Y S - S an i ]\J Daya Bay

1 7 . —‘kr\ »
Jiangmen, / “_:' . " Zhu Hai (,i: g koNPP
Guangdong . : ﬁong Kang

Near Site

e

ot Daya Bay

Buge_
Rovno
Goesgen
Krasnoyark

Palo Verde
Chooz ® KamLAND

—f&‘—

a
‘“L/
Macau
2 YJ-C3 YJ-C4 YIJ-C5 YJ—C«")L
29 2.9 2.9 2.9
52.12 5221 !

Cores

Power (GW)
Baseline (km) 52.75 52.84 5242 5251

2 TS-C3 TS-C4 DYB

BOD> e XOX»

Cores

Power (GW) 4.6 4.6 4.6 4.6 17.4 102 103 10"
aseli < 2.76 2.63 5232 5220 2 26

Baseline (km) 52. 52.63 5232 5220 215 265 Distance to Reactor ()




Liquid Scintillator detector

Electronics

Calibration

Filling +

Top Tracker
. Overflow

Central detector " \
SS latticed shell .

Acrylic sphere
(20Kt LS in it)

~17000 20” PMT
+~34000 3" PMT

Connecting bars

Qty: ~600
~2000 20" VETO PMT-

CD Support legs
Qty: ~100

Pnnl IEJ 43 5m

A — . e g et S E

AS Acryllc sphere SSLS stalnless steel latticed shell

=y F 0 - i 1'E»x |




Nt WA

Daya Bay BOREXINO Kamland
Target Mass 20t 300t 1kt 20 kt
PE Collection
(PE/MeV) 160 500 250 1200
L GUTCEI TS 12% 34% 34% 75%
Coverage
Energy 7.5%/\E 5%/E 6%/E 3%/E
Resolution
Energy ° o o o
Calibration 1.5% 1% 2% <1%

JUNO will be the largest liquid scintillator detector and with the best
energy resolution in the world

ke 8§ O 1 1'E» |
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IiEsIRR—F:

NEES FPH?EH;TTE  HIFRAF R, ATLAASELAT  Via charged-current interactions:
RiFiczdiz: v,V VDV,

V=V, V=V,

/ constrain by reactor \
-------- ; X ) . . 2 1_ &
P(V,u, - Ve) o | sin 2913 ' X 51112 925|con5tra|n by vu disp. y 511 [((1_:::))2 31]
EE s N

switches sign I —asindcop| X sin2698in 291 X sin Asq Sm[iﬂ‘g‘l] Sm[(ll__?‘&“]

for Tu— T +(CP even) +(9(af2) B
Am2, 1 Am2,L _ 2v/2GpN.E
\m. Freund, Phys.Rev. D64 (2001) 053003 a=|5 3 20 A= B T = Am3, /
31

T
[ P(v, = v,) ~ 1 — (cos*2013sin* 2053 + sin® 2013 sin® a3 )sin® Ams3, Yo J

e Large 63: enhances both v,—v.and v,—V.
* dcp =-/2: enhance v,—v., suppress V,—.

» Am?3:>0 (normal hierarchy): enhance v,—ve, suppress v,—v.
B 110




2FE RNl

Leptogenesis .
L;~TL; ot Y Ng /’
_ o \-‘gﬁ - ;Ya,k
A > ke TNk = ®l,) — T(N — d4,,)]
L~ __ —
> ki TNk — Ply) + T(N — dly)]
1 ‘o
Seesaw — Y ~ > MHQ R ml/? Usys (RRT =1)
inacce:sible measuvrable
CP-violating Us.3 ==  plausible CP-violating Y
0.02 Mp1 = 5 X 10 GeV
5 ﬁé | Mgr1 < Mpro < Mpg3
current 02 :I | ng — 0.86
indication™ |
-0.04 | 5 | - R]_3 — 05
—-11.5 —-11 —-10.5 —10 —-9.5 -9
Log, . A [Pascoli, Petcov, Rietto, PRD 75 (2007) 083511, arXiv:hep-ph/0609125]
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T2K->T2HK

Kamiokande (1983-1996) Super-Kamiokande (1996- )  Hyper-Kamiokande (~2026- )
3000 ton 50,000 ton . 2x260 OOO top

@ Neutrinos from

Physics programme:

SN1987a. @ Atmospheric neutrino
PO S T Soem— oscillation. @ Neutrino oscillations: Mass
e Hierarchy, Leptonic CP
deficit. @ Solar neutrino oscillation Y >

_ violation, 6,3 Octant,.
@ Solar neutrinos. with SNO.

+ 0
@ Far detector for KEK-PS ° Eli;l(egn decay: p—e
(K2K) and J-PARC beam -
(T2K): electron neutrino @ Neutrino astrophysics:
appearance. Solar neutrinos, Supernova

neutrinos, WIMP searches
@ World leading limit on

proton lifetime > 1034
years.

W o112




RSV ERREIE

.3MW. 10x107sec, viv=1.3

Using fiTQun for 1° rejection

g = — Total 2 f — E
= w0 V beam _S?gmllvu—}v. = mé_ V beam :;?g;:lalv —}\'_E
® Signalv, —+ v, B esof Signal v, — 7,
g2 = —BG wv.+v, | 2 aool- — BG +\r.__
2 e —BG v, +7, % B —BG v, +V, ]
- 180 "3
s S E
= % [T 0.8 0.8 1 12 = “b: 0.2 B4 6B 08 1 12
Reconstructed Energy E™* Reconstructed Energy E®
for 5=0 Signal Wrong sign | Vu/Vu | beam velve NC
(Vv —ve CC) | appearance CC contamination
V beam 2,300 21 10 362 188
V beam |,656 289 6 444 274
- o rrrrr - Difference from dcp=0 iy
S wof bt ST e
£ sof H’H{» — e=wo-p0 | B s0 H{ T
3 05— ;1 i{ }% * H’;Hiné 2 . 'iif H{'}{{. t jéiiii!—
S of By ThE 13 REITISE H
s F SEE3% 18
%-lm;— 3 g-ll]ﬂ =
A e T s s T e S T ez A T 0s 08 112

Reconsiructed Energy E:“ (GeV)

Emnstr.ntellEnergyE“‘(GeV]

0=0 and 180° can be distinguished using shape information

e F - . "1'E» |




CPIEIARY B #REE

Mass hierarchy known case

o R wamsmo] @ Exclusion of sindcp=0
| — _

® >80(60) for 0=-90°(-45°)
A A ] ® ~80% coverage of O
parameter space with >30

_||||||||||||||||| |||||||||||||
0 -150 -100 -50 0 50 100

.1 ® From discovery to

150

; Scoldegree Ocp measurement:;
© E AW ke T T T T . . .
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CPV significance for 6=-90°, normal hierarchy
10

HK

(2 tank staging)

@

Significance [0]
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2022 2026 2030 2034 2038

Strategy of Japan-based program
~30 evidence with T2K— T2K-II,
>50 discovery and measurement with HK




NOvVvA+DUNE:

NOvA' Far Detector (Ash River, MN)

xSy

} LT)‘—*— W,

MIN /S Far Detefctojf('Soudan, MN)

0 Milwaukee

DUNE

Deep Underground
Neutrino Experiment

A next generation experiment for
neutrino science, nucleon decay,
and supernova physics

Sanford
Undlerground
Research
Facility

North Dakota
Minnesota

SANFORD UNDERGROUND -
RESEARCH FACILITY Wisconsin
0 - South Dakota

1y "-"-"-"'.
1300 km baseline |  rFeamae

llinois

Fermilab




Far Detector
= 40-kt (fiducial) LAr TPC

®= [nstalled as four 10-kt modules
at 4850’ level of SURF

4 Sanf01 d Underground
/ Research Facility (SURF)

. First module will be a
single phase LAr TPC

= Modules installed in stages.
Not necessarily identical

-117—
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Mass hierarchy sensitivity

- DUNE Sensitivity

- Mormal U‘l"d&l"l"lg

[ sin’20,, = 0.085 + 0.003
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DUME Sensitivity
MNormal Ordering
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8 ~p resolution
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2017: Far Site +5-7 yr > 2031%F

Construction Begins

trino Platforn

The CERN Ne
‘\‘m\‘l‘ 'HVAEWA&'}A |

“ k‘s‘l‘ :--— ---414'4"' '

2018: ProtoDUNEs 0 —— |
at CERN

2021: Far Detector
Installation Begins

2024: Physics Data
Begins (20 kt)

2026: Neutrino
Beam Available 40 kton + 2 MW beam to
follow in subsequent years




FBEEB: Neutrino as New Physics Probe

> RFIRZIESR -- RERENRRFRE, SfE—AiRistitiEzaiE
HAF It EIR BRI IS

> WAtRE= PR F RS IRHIESS

> EHl: ENREA, MITREFRRE

> XE: REINF(REHRF), BFCPER

> KE: BiFMajoranajElt, BUHRE (WEFRE, WNERESF)

> ISR : PRHFREEE. WESHCPEIARING, 2FERHE
KX : PRAFEARIFNFEFAFTAIERET

ABEPHF. BRERHNF. EREFEEPNT, FEHESPHF
PRFSIEYR, RFRE. ﬁ?&%’@ HOEREI FEF R HRIEAR

- BRI ERNEDEAGOI RS DB ERG/
2> THNT e |
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