I. USP MINI-COURSE ON NEUTRINOS

The slides I used in the course will be uploaded in the webpage:
http://fmatrm.if.usp.br/ minakata/index.html

A. Problems for the first week

During the course it was shown that the oscillation probability of vz — v, is given by
(Amj; = m? — mi)

AmZL
P(vg = vo) = —4 ) Re[UnUzUs;Up;] sin® (ﬂ_)

j>i iE

Am2L

* * + 1 1
_2jz>;lm[UaiUﬁanjUﬁj]sm ( 4é ), (1)

for a # B (called appearance channel), and for the same flavor (called disappearance channel)
by

AmZL
P(Va - Va) =1- 42 |U0i|2|Uaj|2sin2 (—4—%—) . (2)

j>i

(1) Use the unitarity relation

Y Uaily;=0 (i #7) (3)

to show that in the three generation case, J7; = Im[UnU 5:Ua;Ups) is unique up to the sign.
(Formally, there are 6 x 6 = 36.) For example, J4 = —Jj, = J4.

(2) Show that CP (or T) violating term in (3) (o J:;jﬁ) disappears in the limit Am2, — 0.

(3) Compute explicitly J32 (or any other ones) by using the standard parametrization of the
mixing matrix.

1 0 0 C13 0 .5'136_1"s c12 S12 0
U = UplUialia= [ 0 ca3 523 0 1 0 —s12 12 0
0 —893 Ca3 —.5'13(3“s 0 C13 0 01
—is
C12€13 . 512€13 , S1e :
= | —812C23 — C12823513€"°  C12C23 — S12523513€”°  Sa3C13 |, (4)

i0 1)
812823 — C12€23513€"° —C12523 — S12C23513€"°  C23C13

where § stands for the CP violating phase.

(4) Compute P(v. — v.) in the limit Am2; — 0, and express the result in terms of the three
mixing angles defined above.
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I. USP MINI-COURSE ON NEUTRINOS

The slides I used in the course will be uploaded in the webpage:
http://fmatrm.if.usp.br/ minakata/index.html

A. Problems for the first week

During the course it was shown that the oscillation probability of vz — v, is given by
(Amj; = m2 —m})

Amf-iL)

J>i
C, {AmEL
-2 Z Im[UeiUp,Us;Ugs] sin’ (ﬁ—) , (1)
j>i

for o # [ (called appearance channel), and for the same flavor (called disappearance channel)
by

. Am%L
Plvg = ve)=1— 4; lUm'lleozjl2 sin? ( 4‘;; ) : (2)

(1) Use the unitarity relation

Y Uailly;=0  (i#37) (3)

to show that in the three generation case, J;Jﬂ = Im[UnUp,U;;Ug;] is unique up to the sign.
(Formally, there are 6 x 6 = 36.) For example, J3, = —J3, = J;7.

(2) Show that CP (or T) violating term in (3) ( J;’ﬂ) disappears in the limit Am2;, — 0.

(3) Compute explicitly .]613 (or any other ones) by using the standard parametrization of the
mixing matrix.

1 0 0 C13 0 8138_‘“s c2 812 0
U = UplUislia= | 0 cas 523 0 1 0 —S12 €12 0
0 —S93 Co3 '—313616 0 C13 0 01
—i0
C12€13 _ 512€13 , Sue '
= | —S12€23 — 0123233136"s C12C23 — S128235813€"°  Sa3C13 | (4)

id i6
512823 — C12C23513€"°  —C12823 — $12C23513€"  C€23C13

where ¢ stands for the CP violating phase.

(4) Compute P(ve — v.) in the limit Am2, — 0, and express the result in terms of the three
mixing angles defined above.
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RAKE=E/N—M2 (6H20H)

Nenbutsu-dera in Kyoto

Hisakazu Minakata

Overseeing Copacabana beach
U. Sao Paulo from Pao de Acucar
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Neutrinos
from the
Sun
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Solar v (1n a nutshell)

- Sun shines because of net reaction
pppp—=2“*He + 2e* + 2ve + 25MeV

* By knowing the solar constant = S =0.136 W/
cm?, the solar neutrino flux F at the earth is
given by:

e F=2x(0.136/25) (J s/cm? MeV)

e 1 MeV=1.60x10"1]

e F=6.8x 1019 (1/s cm?)

June 20, 2014 Neutrino Kogi@Kyodai



Chain of nuclear reaction in the Sun is a bit more complex

TH(p,e*v)2H TH(p e",v)?H
99.75 % ‘ 0.25 % ‘
2H(p,y)>He
86 % | 14 % 0.00003 %
3 4 7 ¢
3He(3He,2p)*He He(*He,y)'Be 3He(p,e*v)*He
14 % | 0.02 %
"Be(e”,v)’Li "Be(p,y)°B
"Li(p,*He)*He 8B(e*v)®Be”

June 20,2014
8Be"(*He)*He



Chain of nuclear reaction in the Sun

pp I chain (termination 85%)

p+p
p+p

H+ et 4,
H+et 4+,
*He + v
*He + v
‘He+p+p

‘He + 2e™ 4 2v.(pp) + 27

pp II chain (termination 15%)

p+p —
‘H+p —
*He+*He —
"Be+e” —
N

"Be +p

H+ et v,
*He + v
"Be + v
"Li+ v,
‘He+* He

pp III chain (termination 0.02%)

p+p — *H+et+u,
H+p *He +
*He+*He — "Be+7
"‘Be+p — ®B+7y
—
—

|

8Be* + et + 1,
‘He +* He

p+p+p+p — *He+2e" 4+ v.(pp) + v.(®B) + 3y

‘He + e* + v.(pp) + ve("Be) + 2y

ptpt+ptpt+te —

June 20, 2014
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Standard
solar
model: one
can model
interior of

the Sun
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Calculated result of solar neutrino flux
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Chain of nuclear reaction in the Sun 1s a bit more complex

TH(p,e*v)2H

TH(p e",v)2H

99.75 %l 0.25% |
064
054
041 %% f}% { { { 2H(p,Y)3 He
gos-- = 86 % 14 % 0.00003 %
!7). _. -_=i'
T o gamens o Sl ¢ 7 i
\ A e 3He(®He,2p)*He He("He,y)'Be 3He(p,e*v)*He
/ Solar Gamow peal
) D % » P 5 14 % 0.02 %

EcukeV]

Figure 5: The 2H(p,v)3He astrophysical factor S(FE) with the total error.
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Figure 6: Cross section of the *He(*He,2p)*He reaction. Data from LUNA (27,28)
and from other groups (59,60,61). The line is the extrapolation based on the

measured S(E)-factor (28). Jtrino KOgl@]
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8B(etv)8Be”
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Nara Singh st al. 2004 (activation)
LUNA 2008 (activation)
LUNA 2007 (prompt-gamma)
Brown et al. 2007 (activation)
Brown et al. 2007 (prompt-gamma)
Di Leva et al. 2009 (recoil+activation)
~ Descouvemont 2004, rescaled to fit LUNA

¢

"Be(e”,v)’Li
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N
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Figure 8: Astrophysical S(E)-factor for *He(*He,y)"Be. The results from the
modern, high precision experiments are shown with their total error.



LENA@Gran Sasso Lab.

Figure 2: The LUNA set-up with the two different beam lines in the foreground
and the accelerator in the back. The beam line to the left i1s dedicated to the
measurements with solid target whereas the one on the right hosts the windowless
gas target. The set-up for the study of *He(*He,y)"Be is shown during installation
with the shield only partially mounted.
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Figure 5: The ?H(p,y)*He astrophysical factor S(E) with the total error.
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SHe(*He.,2p)*He

10
O Dwarakanath et al. 1971
10 { Krauss et al. 1987
107 £ LUNA 1998-1999 o&‘ﬁ
YV Kudomi et al. 2004 .
10.8 QQM
3 o ®
_810'"’ 0
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310"2
o10"3

10°"¢

10-15

Solar Gamow peak

30
Ecum [keV]

Figure 6: Cross section of the *He(®*He,2p)*He reaction. Data from LUNA (27,28)
and from other groups (59, 60,61). The line is the extrapolation based on the

measured S(E)-factor (28).
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Figure 8: Astrophysical S(E)-factor for *He(*He,y)"Be. The results from the

modern, high precision experiments are shown with their total error.
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Chain of nuclear reaction 1n the Sun: Again

pp I chain (termination 85%)

Main engine of the Sun

p+p — *H+et+v,
p+p — 2H+6++Ve o
2 3 pp III chain (termination 0.02%
H+p — "He+~y
H+p — 3He+~y p+p — *H+et+u,
*He+*He — *He+p+p ‘H+p — °“He+~
————————————————— SHe+*He — "Be+~v
p+p+p+p — *He+2et +2u.(pf) + 2 "‘Be+p — *B+47y
B — ®Be*+et +1,
pp II chain (termination 15%) 8Be* — 4He 4t He
p+p — *H+et v, ¥  — 7777 T T T o
‘H+p — “He+7xy prp 1on B Bahcall-Serenelli 2005 1
3H8 +4 He — 7Be + 7 100 Neutrino Spectrum (+10) 1
7B6 +e — 7L'I, + Ve o BN - "’:'l;; :‘:i" |
"Be+p — *‘He+'He | .t |
g £ |L---"" e [y
—————————————————————————— Siof ; i
p+p+p+p+e — ‘He+e" +v.(pp) + ve("Be) + 2y £ 100 ol 1
i I i 1
lo,/ E :
June 20,2014 Neutrino Kogi@Kyoda b 1
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37Cl and "'Ga experiments: Radio-chemical
experiments

* Homestake (Ray Davis): v.+°'Cl -> e+’ Ar
(Pioneer!)

* Ga experiment: v +''Ga -> e +3'Ge

* Sensitive only to v,

 Low energy threshold

June 20, 2014 Neutrino Kogi@Kyodai




Results of 3/Cl experiment:
production rate of 3’Ar

(1 FWHM Results)

8
14+
I 1 17
> 1.2+ 3 9
g | 1 ' {s
E 1.0 1 | b )
s L P ! | .' .5
0.8' o b q
3 L | ) p y ® ] :342
b 3 d! [ \ (7]
& o6} . 4 |5
d \ b T <
gm- | | ! ’ ﬂ_z
I 3
§ 02j t } < ’ m \ ‘ } ‘l H ‘«» 11
oop ¢ ¢Me T4 1TRITT 1 Lt .l .10
1970 1975 1980 1985 1990 1995

Year

Fi1G. 13—Homestake Experiment—one FWHM results. Results for
108 individual solar neutrino observations made with the Homestake chlo-
rine detector. The production rate of 3’Ar shown has already had all
known sources of nonsolar *’Ar production subtracted from it. The errors
shown for individual measurements are statistical errors only and are sig-
nificantly non-Gaussian for results near zero. The error shown for the
cumulative result is the combination of the statistical and systematic errors
in quadrature.

1 SNU = 10-3¢
events / (No.
of target atom
sec)

~1/3 of SSM
expectation:
solar nu
problem

started!



Gallium Experiments _

NGa+v,—> "Ge + e Energy Threshold: 0.233 MeV
Radiochemical Target

Small proportional counters are  Sensitive to pp, 'Be, 2B, CNO,
used to count the Germanium and pep v’s

80 F

counts

Typical energy distribution from Auger
electrons and X-rays emitted during the
"Ge electron capture decays

T =16.5 days

70 |
60 |-

50 |

~60% of ., [ |
SSM B L peak
prediction . = B

10 |-

.....
R S

0

L 2 4 g a 10 12 14
Fast evants axcess counts 0—50 days — Enargy (keV)



1% experiment Kamiokande ||
which proved that

neutrinos comes ZI — ) i- ﬁ

from the Sun
O €S 198741 H —1988F5AF T 4508/ OHISAHTDOT—4

T

m "'VI|" 'l']
z (b) Ee = 10.1 MeV
........... 0 1
O
0
<
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@
~N
)
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=z
w
>
w
SN Ty O“*—LJ—‘ . N SRR T S W SO SO S W
-1 -0.5 0 0.5 1

COS(Bsun)

Mo A-XKB{B=—a1—H)/II50EEE

F—C 250 R 5 HEL. AB—1—h) /HRE
BREDOWLS LAV EERLE.
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Detecting Cherenkov photons

Number of Ch. photons with
A =300-600 nm emitted by a
relativistic particle per cm = 340.

Need an efficient detection of the
photons. =——>Large PMTs

Photomultiplier

tube (PMT) 50cm ¢
20cm & /(Super-K)
(SNO)

n=1.34 in water
==>0 =42deg. for B =1

June 20,2014 Neutrino Kogi(



Precision SK measurement NOW koshio Nu2014

Observed solar neutrino signal

in

25000

nts/b

l T

Q
1120000

T 11

15000

10000

SK | ~ IV combined 4504 days
~70k signal events

: Data

: Best fit
: Background

¢
are extracted
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8B flux :
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No correlation with solar activity is seen.
More sophisticated analyses such as

yearly flux plot are being prepared.
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SNO

3 k3

P e g -
L e N N 2 g = et : .
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5 s L\ e B P | ¥
'3 . > iy O e o y Y
’ et . RAgs S o 4
z " .

v.+e »>v,+e ES

6000 mwe
SRR v,+d—>p+p+e CC
1000 tonnes D,0 Vx+d—)p+n+vx NC
12 m Diameter
Acrylic Vessel 3 neUtr on
1700 tonnes Inner .
Shield H,0 detection
Support Structure methOdSI
for 9500 PMTs.
60% coverage n+d—t+y+625 MeV
5300 tonnes Outer 35 36
Shield H,0 P S n+"CI="Cl+ y+8.6 MeV
Image courtesy National Geographic n+"He — p+1t+0.76 MeV
3 Phases: -JustD,0

* D,O + 2 tonnes NaCl
* D,O + *He Proportional Counters (“NCDs")



Reactions in the SNO detector

(" some directional info )

4 M electron neutrino
Charged Current (CC) & “=_ (1-1/3cosf,,,)
v, + d-> prpre L -— _ » only sensitive to v,
N —~ =
St - J_ good E, sensitivity )
unique! (- - _ §
A h == = -
Neutral Current (NC) SoEs - = equally sensitive to all
v, + d-> v+ p+n *@ active flavours
N Y T e,
-2 detect neutron capture
. phasell | @ /
4 B b 4 D
Elastic Scattering - \ directional sensitivity
(ES) ' 2 mostly v, (factor 6.5)
— - N ".‘f‘
vV, t € - Vxt € ) e smaller cross section

neutrino A Y,




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

Nov. 99 - May 01 July O1 - Sep. 03 Summer 04 - Dec. 06
n captures on 2 t NaCl. n captures on 40 proportional counters
2H(n, v)°H 3BCI(n, v)3bCl SHe(n, p)3H
c=0.0005b c=44Db c=95330b
Observe 6.25 MeV vy Observe multiple y’s Observe p and ®H
PMT array readout PMT array readout PC independent readout
Good CC Enhanced NC Event by Event Det.
3Cl+n
2H+n 8.6 MeV <— S5cm —>
6.25 MeV
n
* \
°H X n+°He -»p+°H
BC|
J.F. Wikarson on bshalf of the SNO Collaboration June 14, 2004 Neutrino 2004
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391 days salt data - in numbers

Ooe =1.68 *{oe(stat.)’o oo (syst.)
Oye =4.94 "0 \(stat)"o3, (syst.)

bcc _ 0,340+ 0.023(stat)

Ops =2.35 *ooa(stat) 013 (syst) || Pac
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Solar v spectrum consistent with MSW

Allowed survival probability

50.8

O ppreliminary all solar (pp) Borexino (pep)

0.7 %
Pee = 1-(1/2)°° + *

4 12 :
- T Borexino (8B)-
0.4 Borexino ("Be) T
03| - Pee =
: SK+SNO 1 : Sin2612
0.2 ]
Homestake
i +SK+SNO
0.1 (CNO)
0 ! ‘ ‘ ] L —— P L
10 1 10

3rd June, 2014 Neutrino 2014 v Enerav in MeV 25



source of
heutrinos
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Reactor v and its detection

Reactor v, v, Detection

‘ v-bar+p->e*+n I |
|

prompt signal
Eyis ~ E, — 0.78MeV

> 1.022 MeV
yan O

@ o

" ~6v/fission & :échV/ﬁss T ~ 210usec / @
. delayed signal

E, = 2.22MeV
~ 6 x lOmV‘, /s !reactor (1Gwe)

»

Used by Reines-Cowan to

observe v,_-bar for the first time
June 20, 2014 Neutrino Kogi@Kyodai



2 different regimes of reactor
neutrino oscillation
2
1 - P(J, — ;) = sin203sin® (AZ?L>
+0(es13) + O(€)

v, disappearance
probability

e = Am3; /Ams, ~0.03

0.8
Zos
: 1
Z: = = - 2
& 04 Plve — )~ 1-— 5 sin 2013
L Am2,=5x107 ;sin%26,,) = 0.8 -,
2 AmZ,=2x10%; sin %26,,) = 0.1 4 - 9 . 9 A’ln{;lL'
- — €13 81N° 20439 8in
10 1 10 L/E (km/MeV)

Figure 3: Probability of v, disappearance versus L/E for 6,3 at its current upper

limit



With which baseline L neutrinos
oscillate?

Am’L 1.27 Am? : E_\" atmospheric, accelerator v
e A .
1E 10-3ev2 ) \ 7000km / \ 1GeV PHEIC.
A 2 -1
= 1.27 (1(;%;7;\',2) (1 lfm) (ll\i\") reactor neutrino: short baseline
9 -1
= 1.27 (IOA-;’ZV?) (1 O(fkm) ( T I\fiaV) reactor neutrino: long baseline
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Crane

Rock lining

KamLAND o/ . . : Outer water tank
@Kamioka Rlii | || lE e

Ll_q-S cinti.

B

: | Container
mine <N A

i 2"l Aluminum sheets

T ik;

Phototubes
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Efficiency (%)

Events / 0.425 MeV

KamLAND: Modulation of energy
spectrum
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The cleanest evidence for neutrino
OSCILLATION
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Determination of 6.,,, Am2,,

¢ C ‘ L: )
tan? 69 = 0. 436+8 85?) Am3, = T. ".3+8 }3 x 102 eV?,

20
NX ISE 7 o e
< 10 N
S E e 200
190 Fria-r FrimmrPeas — : :
22 F KamLAND+Solar KamLAND | ' '
- (b) BosweL. e 95% C L. -Q :‘5) :(5) :Lg
2F 99% CL.  ==+199% CL. SRR
& 18 ;— 99.73% C.L. === 9973% C L. ;*
% 16 E J best-fit @ bestfit A
< - Solar E oL i
o 14 95% C.L. ol 5
N\ - 99% C.L. oo I
|\ — — Lo ! !
D 1.2 u 99.73%CL. | 1 E
= 1 - O bestfit n o |
< 08 F et
0.6 L
04 F . -
- 0,; constrainedf |
0.2 :III||||||||||||||||||||||||||||||||||||||||:i_||i||||i||||||i|||

June 20,2014 0.1 0203 0.4 Qéthn@I&g@Q%dQﬂ 1510 1520
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0,, and 0,

: ‘ +U. 2( ) — ‘ T > _t: rZ
tan? 10 = 0.43670 032, Am2, = 7.53101% x 10~2eV?,

* 3in20 1, =0.304 +/- 0.013 KamLAND+solar Mar.2013

e Error Of Sin2612 = 43% Daya Bay Nu2014

* Error of Am?,, =2.4% | sin2 26,5 = 0.08470-003

Am?, | = 2.441919 x 1073eV?

ce
ee

 Error of sin“0,; (Daya Bay) = 6.1%
* Error of Am?;, (Daya Bay) ~=4% !!
e Error of Am?;; (MINOS) ~= 4%
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What's new
in 12 sector?
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Day-night variation seen! (SK)

Koshio Nu2014

Zenith angle distribution

§ 2.55] SK-1 - IV combined |~ S0/ besti T =
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Spectrum upturn seen though still at 10 level
(SK)

Recoil electron spectrum

—_— 06 | I [ I | I | | | LI [ L [ | ! | I I [ | | | ! I !
B [AI'SK phase are cormbined without reéard to _
§0.58 _energy resolution or systematics in this figure -
go sl | (total # of bins of SKI- IV is 83) y 2 1T ]
3 r Solar+KamLAND 70.13 ]
=0.54 — Solar 68.14 —
® [ quadratic fit 67.67 -
0.52 - exponential fit 66.54 B
05 MSW is slightly disfavored by ~1.70 s
F using the Solar+KamLAND best fit =
048 parameters, and ~1.00 using the Solar —
R best fit parameters. I -
— 1L .I'J_ ]
0.46 1L -I— _I_ T -
= L ] .
0.44 — . | - ]
0.42 - T (statistic error only)
ET preliminary
Codb o o o by by o by by T
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Cosmic rays are arriving at the Earth

Cosmic Ray

Atmosphere
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Neutrinos from the other
side of the Earth.



Cosmic ray energy spectrum

:
&

“3 Fluxes of Cosmic Rays

B 1 particle / m? sec
-At".: la per m —aecond)

Pur (m’ srs Gew)™

1 particle / m? year

10 :— &
x - L,
3 N "D
L. 10-10_— '::‘g
= : ‘x
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- ."o
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19" %, '
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5 '. |
i 2
§ 1 particle / km~ year
w—zz:_
i Arkle o |
w32L (1 particie per km*—year)
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Energy (ev) )
Energy lai

J. Cronin, T.K. Gaisser, and S.P. Swordy, Sci. Amer. v276, p44 (1997)



Zenith angle dependence of atmospheric

-
o
w

neutrinos

Mixed beam of ve, Ve, vy, and vy,
Well predicted flux ratio

—
o
)

Integrated neutrino flux (m2sec 'sr”")

—
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Particle identification

Outer detector
(no signal)

Single Single

Cherenkov ring O | Cherenkov \\
electron-like | ring muon-

event like event

* 1018-1023
* 1023-1028

>1028

Color: timing

118 - ‘\
0

° a0 1000 1300 2000

Size: pulse height |

o 500 4000 1300 2000

Times (ns) Times (ns)

Particle ID
log(L)= )’

6<70deg c p.e.
June 20, 2014 ~ Neutrino Kogi@Kyodai
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R.Wendell Nu2014
Super-Kamiokande: Introduction °

W 22.5 kton fiducial volume

® Optically separated into
* |nner Detector 11,146 20” PMTs
= Quter Detector 1885 8” PMTs

™ ™ No net electric or magnetic fields
“ Excellent PID between showering (e-like)
and non-showering (m-like)
= < 1% MISID at 1 GeV

' Today: 4581 days of atmospheric
neutrino data
= 40,000 Events
= Statistics limited

® Multipurpose machine

SK-1 (1996-2001) SK-1I (2003-2005) .
= Solar and Supernova Neutrinos

SK-111 (2005-2008) SK-IV (2008-Present)

Dinucleon Decay Search = Atmospheric Neutrinos (this talk)
Poster#157 J. Gustafson » * Nucleon Decay

Trilepton Decay Search .
Poster #216, V.Takhistov Far detector for T2K




Super-K Atmospheric v Event Topologies
Fully Contained (FC)

— T ||||||| T T |||l||| 1 T |||l||| T T |||||| 1 I |||||l| T T TTTHY
- e FC Sub-GeV i
B — FC Multi-GeV
3000~ I PC Stop ~
B PC Through i
2000 -
0 N ]
> B i
A 1000} -
o B ]
(@] B -
(o .- | Il ! n
<t - L L B L AL B LR | H
; 250 A —— Up- Stop ]
c 200 - -] Up-pn Through E
o . [ | Up-n Showering
W 150 E
100 s
50f- =

9 -1 I 2 3 o

10° 1 0 10 10 10

10 1
Neutrino Energy (GeV)

™ Average energies
* FC: ~1 GeV , PC: ~10 GeV, UpMu:~ 100 GeV




Super-K Atmospheric v Analysis Samples R.Wendell Nu2014

Fully Contained (FC)

1500} Prediction A 3004
1000} - -
1000 -_“-:d_,...ﬁ'-"": 200}
0
c S00f ’ SK Data
0 500 'Vu —>V: 7 100
> Sub-GeV e-like Sub-GeV p-like Ug t?
Ll 8994 Events 9359 Events 86 Events
— ' 0 ' 0
o 0 -1 0 1 -1 -0.5 0
3 600 - 1000
.g 1000 }
= 400f T
< 500 E
500F
200
!\?A4%I§i-gev e-like gﬁolglg-gev u-like + PC U ;I'shEou gh
H vents vents vents
Upward-going Muons (Up-p) . 0 : 0
-1 0 1 -1 0 1 -1 0 5 0

cos zenith
“ In total 19 analysis samples: multi-GeV e-like samples are

divided into v-like and v-like subsamples
® Dominated by vu—>vt oscillations

= Interested in subdominant contributions to this picture
= le three-flavor effects, Sterile Neutrinos, LIV, etc.




Ina
nutshell
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-1 05 0 05 1

Sub-GeV p-like

P <400 MeV/c
T
RN NN NN
i 05 0 05 1

Sub-GeV p-like

P > 400 MeV/c

| I AR |

—  Multi-GeV p-like

Focus 1n on u-like events

e Pay attention to the high energy
(p > 400 MeV) events

e Downward-going events agrees
with Monte Carlo

 But, a large discrepancy exists
in upward-going events =
neutrinos from the other side of
the earth (from Brazil!)

 Neutrino oscillation takes
place with oscillation length
of ~1000 km

Neutrino Kogi@Kyodai



With which baseline L neutrinos oscillate?

Am?L 2 -
T 1.27( arm )( L )( E ) atmospheric, accelerator v

1F 10-3eV? 1000km 1GeV
2 -1
= 1.27 (1(;&:1\,2) (1 lfm) (ll\ix\') reactor neutrino: short baseline
"3V oy
9 -1
= 1.27 (IOAZIVQ) (lﬂ(fkm) (I\IIZV) reactor neutrino: long baseline
— e f ! f |

June 20, 2014 Neutrino Kogi@Kyodai



Accelerator
heutrinos:
Tokai-to-

Kamioka
(T2K)

June 20, 2014 Neutrino Kogi@Kyodai



e ety  Qverview of T2K

Mt. Ikenoyama
1360 m ’ Near Detector

1000m _— —

Japan Sea Pacific Ocean

Kamioka.4. g

Rencontres de Moriond, March 17, 2014 Patrick de Perio: T2K Neutrino Oscillation Results



T2K\

3 Focusing Horns

Neutrino Beamline

Decay Volume

ND280 (Off-axis)

L monitor v ‘ To SK

30 GeV
Proton Beam

Monitoring of
beam profile
and intensity

Hadron production
measured by

external experiments
(NA61 @ CERN)

-~ 1

>

T 05 sin326:3 =10 N

v g Am;,=24x10"eV?
U a L =295 km

S L s V2,58

© | —OA00°

~

5 :

8_ i
1

A o0sf | -

® | Reduce

X v high energy

Ei backgrounds

ool I v~

0 | 2 3

E, (GeV)

Off-axis neutrino beam
Narrow band @ osc. maximum

Rencontres de Moriond. March 17. 2014
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T2K\

Super-Kamiokande

e 22.5 kton fiducial volume water

Cherenkov detector

 Inner detector with ~11k PMTs ol oo _"_‘??"’—‘

* Quter detector determines fully

contained events

X
* Very good e/u separation ‘ 9 ktc
£ C
sl T AR S RS AR LR RS ) De B
- e-like < melike | Atmospheric v ko
400 } 1 ®Data -
[ CCQE ] - MC

CCQE ]
muon ]

100

Number of Events in 3.9 years

0 2 4 6 8
P1D likelihood sub-GeV 1ring

ao"s 6

Neutrino energy reconstruction

Rencontres de Moriond, March 17, 2014

Patrick de Perio: T2K Neutrino Oscillation Results
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TZ/E\ Precision v, Disappearance Measurement

. . . . . _—~ :l T I LILEL l] 1T II T l]l LI l rrTrT Il T l]l T l.l l L ] T l_

Maximum likelihood fit in E, S 42E Normal Hierarchy 3

m‘” 4~ 68% (dashed) and 90% (sohd) CL Contours -

2 MF ' E— 3

8 605_ | Data % 3.8E T2K [NH] SK IV [NH] ]

g soE- ; N3.6_— MINOS 3-flavor+atm [NH] —

\‘0;_ —— Best fit Nm34:_ E

a of- — No oscillation sk =

;% 20E- = =

g 3= —

10:— - -

e EE O ek L 28 3

o r 3 - -

£ ,; —Data E 26F 3

§ .4?— — Best Fit J:_ T _; 2_4;— _5

g Lt || : 22F =

o E T e 3 Coadao oo s ta v oty v by o Laa o b g o baaaa Ly

S osE B = (\1\42i'|""l""I""I""I""I""l"'_'l""l':

B E J[ + : > Inverted Hierarchy

e T e I B T w2 4F 68% (dashed) and 90% (solid) CL Contours =

Reconstructed v Energy (GeV) o 38 3

S —— T2K [H] SKLIV[H]

ariv:1403.1532 (2014)  [FYEEITARA ROl Csah | MINOSSfvocsm E

sin28,, 0.514%0055 32 E ]

, p] -3 2 = =

Am;, (107 eV”) 2.51+0.10 285 E

in20 0.511 + 0.055 26E E

ST =L =0 24F =

A m2 -3 2 292E =

Am32 (10 ev ) 2.48+0.10 SE l I l I 1 I 1 1 1 =
2 03 035 04 045 05 055 06 065 07

Most precise measurement of 0,,! Sin’(8,,)

Rencontres de Moriond, March 17, 2014 Patrick de Perio: T2K Neutrino Oscillation Results 13
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0,, 2" octant, 0 ~ 37/2 preferred ?

R.Wendell N111920 14
Thetal3 Fixed SK + T2K v , v (External Constraint) NH
”0 tto € Preliminary
— T e =T ' 20 — T T 1
= SK Atm
i : | === SK+T2K VM,Ve Constraint -
| B 15_7 J 15:_ == T2K VH,Ve Constraint B
N;f 10 — 10} . 10:— =
5 5[ s| o i
: :90% /\-4 - A
i 68% e \‘ - /
ob— % ; 0 R N e
0.001 0.002 0.003 0.004 0.005 .2 08 0 2 4 6
| AmZ, | MeV? Sep
Fit (543 dof 2 -3
( ) X 0, 5, 0, Am_ (x10°%)
SK+T2K (NH) 578.2 0.025 4.19 0.55 2.5
SK + T2K (IH) 579.4 0.025 4.19 0.55 2.5

. XZ'H ) XZNH =-1.2 (-0.9 SK only )
W CP Conservation (sind_ =0) allowed at (at least) 90% C.L. for both hierarchies



Accelerator 0,, sensitivity better than
SK atm’s

Mild preference of
normal hierarchy

0.004 ——mM8 ™ ———————————————
| = Super-K Atm. v i 6
[ T2K v, Runi-4 ] - Hierarchy Sensitivity NH True
0.00351" e MINOS Beam+ Atm 3f § sf
i = [
R
> : ‘ c af 20
% 0.003 (- s S
= : S SK + T2Kv , Vv
o : ] § 3 SKAlone S
£ 0.0025|- ‘ - T
S 00025 D 5 |
- | u ] 2
i  — | § i
0.002|- - L 1: 10
i _ 3 4
Normal Hierarchy -
N B S i ETETETET PETETETE U BT
0.00133 0.2 0.6 0.8 004 045 05 055 06

a2
. sin“ 0
sin’ 0,4 23
June 20, 2014 Neutrino Kogi@Kyodai
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To measure 0, one needs v,

 P(v.->v,) 1s the interference between
e->1 ------- > 1->e¢ and e->2 ------- > 2->¢

e->3 1------ >|3->€ Obviously involve
S

* P(v,->v,) 1s the interference between

u->1 ------- > 1->e and u->2 ------- > 2->¢
U->3 ------- >|3->€ || Involve |U_;|= s,
but in fact s?,,

June 20, 2014 Neutrino Kogi@Kyodai




Reactor measurement of 0,4

eactor xperiment for eutrino scillation

4 x 20 tons target
mass at far site



2 different regimes of reactor
neutrino oscillation

Amz, L
1 - P(7, — ;) = sin*20y3 sm?( T )
need to measure 4E
small v, deficit ! +0(esty) + O(€%)

e = Amj, /Am3; ~0.03

Independent of 9, 6,3,
matter effect, 0,,, solar

Am? = pure
measurement of 0,

L Am2,=5x107 ;sin%26,,) = 0.8
- Am2,=2x10%;sin %26, = 0.1

0_ 1 1 IIIIIII L L IIIIIII 1 1 1 1 111
10”7 1 10 L/E (km/MeV)

Figure 3: Probability of v, disappearance versus L/E for 6,3 at its current upper
limit



Near-far “identical” 2 detectors

Experimental Concept

1021 v Js %

Ve,p,r

Oscillated flux

Chooz Nuclear Power Station
2 cores of 4.27 GW,, each

Far detector
1050 m

—

0.8

H“H =

Far/Near ratio | energy

; spectra
sin?(26,,)=0.12
comparison

IIIIlY

Far detector

Far Naar “z!c; 500 ha'V Dire)
° s
Near detector

0.2

IYTIIIIIII

I
I
il
T

i L e | i i3 33 sl

€, MoV} 103 / 10’ g Eigwmv)
a Am2p=7x10°eV2  sin?(20,3)=0.2

For <E> = 3 MeV
Am23=2.5x103 eV2  cos?(012)=0.7

Neutrino Kogi@Kyodai

Wednesday, 9 November 2011




The Daya Bay Experiment

Far Hall
1615 m from Ling Ao |

Ling Ao Near Hall
481 m from Ling Ao |

.Q.

Ling Ao Il Cores

Ling Ao | Cores

Daya Bay Near Hall
© 363 mfrom Daya Bay
98 m overburden

m 17.4 GWy, power
m 8 operating detectors
m 160 t total target mass




Antineutrino Rates vs. Time

For main analysis we simultaneously fit all detectors using reactor model, with
the absolute normalization as a free parameter:

gm — ID 1 1 BI 1 Nl 1 IH l" 1 I I I I I I I I I I 1 I 1 I 1 I 1 I —
g00 E_ Daya Bay Near Ha =
70 E =
% E” [ Dara =
500 — | ==== No Oscillation —
iy — — Best Fit =
Q40— | L | |, =
< : T T T I T T T I I T T I I T |l I T T |l l T T T l T |l T l T —
= = Ling Ao Near Hall =
S mE- —
= E =
o OE- =
s — =
o B E
Q 00— —
o — =
— 10E- =
100 E- E
0 E- =
oE Iz
w0 Ex E
60 £ =
50 E- =
m ;— L 1 1 I L 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 L I 1 1 L I l_l;l

Dec Jan Feb Mar Apr  May Jun Jul

2011 2012 2012 2012 Na@trino Kopgi@Kyadap 2012

e s W 20 Run Time

Note:

- Normalization is
determined by fit to
data. It is within a few

percent of expectations.

- Paper on absolute
reactor neutrino flux and
shape is in preparation

Detected rate strongly
correlated with reactor
flux expectations

13/21



Detected / Expected Events 4

13 sector: beautiful result from Daya Bay

Chao Zhang Nu2014

Far v.s. Near Comparison

: : L
Ps v, =1 — sin? 2013 sin? (Amﬁeﬁ

llllllllllllllllllll]lllll

0.92 Far Hall '
0.9 * AD 5+6 data points are displaced 1
’ by -50m and 50m for visual clarity 7
088 PR Lo Lo o b oo Lo o by o boya o g

PR TR SRR P
0 02 04 06 08 1 12 14 16 1.8 2
Weighted Baseline [km]

The observed relative rate deficit
and relative spectrum distortion
are highly consistent with
oscillation interpretation

(4
) — Sin2 201> COS4913 Sil'l2 (Amgl _)

Events/day (bkg. subtracted)

Far / Near(weighted)

18
16
14
12
10

8
6
4
2

1.1
1.05

0.95
0.9
0.85

4E

—@— Far site data

Weighted near site data (no oscillation)

Weighted near site data (best fit)
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T2K\  Observation of v, — Vv, Appearance

GpllllllIllllllllllllllllllllIllllllllllllllllllllllllllllllllll
(=)}

Maximum likelihood fit in (p,, © ) . (LD contours at various Or
o “ AR Normal Hierarchy
Best fit . 2
st [ Background components E -,; 68% g: L.
1 y s 923=0.4
2180 : 2 o
g B T T r Fsin 3
g - 1 o Reactor
5”150 N i o Data - e
'% 120 E M Best fit 8 af
o0k . NH 6 :
< 90 1A 2
60 - 4 :
K I 3 !
30F - 2 §3F %~ T
. [ TS T “© ¢ \ . Inverted Hierarchy
05" 500 1000 1500 of ~‘
Momentum (MeV/c) - ming 4
i 22 in%0..=0.5
PRL 112, 061802 (2014) . . : o
Best-fit + 68% CL o S L
+0.038 :
HEE o100,
+0.045 .
Bl oo,
@ sin’6,, =0.5, | Am3,| =2.4X10% eV2, 3, =0 .
3 A AL 5 L L | L N L
. 0 04 _
Discovery of v, Appearance at 7.30! sin’26

Dependence on 6,; motivates a joint v, + v, fit...

Rencontres de Moriond, March 17, 2014 Patrick de Perio: T2K Neutrino Oscillation Results 14



0,, and 0,

: ‘ +U. 2( ) — ‘ T > _t: rZ
tan? 10 = 0.43670 032, Am2, = 7.53101% x 10~2eV?,

* 3in20 1, =0.304 +/- 0.013 KamLAND+solar Mar.2013

e Error Of Sin2612 = 43% Daya Bay Nu2014

* Error of Am?,, =2.4% | sin2 26,5 = 0.08470-003

Am?, | = 2.441919 x 1073eV?

ce
ee

 Error of sin“0,; (Daya Bay) = 6.1%
* Error of Am?;, (Daya Bay) ~=4% !!
* Error of Am?;; (MINOS/T2K) ~= 4%

June 20, 2014 Neutrino Kogi@Kyodai



Then what's
hext?
v Mass
pattern:
“mass

hierarchy”
and CP

June 20,2014 Neutrino Kogi@Kyodai




Mass hierarchy resolution and CP:
understanding the principle

Use matter effect to determine

the v mass hierarchy

8

[ sin™26,,=0.1
A=
- sin'6,,=05

N
IIII

P(v, V) [%]

o
LI B

L N L L B O
- L=810km E=20GeV

¥o00 -

(o7 N N0 RN,

wHa A O

_—
(3]

2
(]

HM-HN- JHEP10(2001)00

llllllllllllllllllllllllllllllr

0 1 2 3 4 5
P(vu_>. ve) [%]

O—IllIlIlIlIlIlllllllIlll

6

7

8

m?2

A

m 32_._

my2_ 1

2
my=

- v

L____BAY

- Vv,

1]
T

atmospheric
~3x103eV?2

solar~5x10eV?2

‘ solar~5x105eV2

atmospheric
~3x103eV?

A4

V‘

m?2

m,?

2
—m 1 i

2
-y

Use P — P-bar asymmetry +
spectral modulation to
measure CP phase 0

_ Logi@Kyodai



Sensitivity to mass

MH dscovery, NH (3« CL)

Mabs s o

- | | n oa
hierarchy by LBL: limited NOVA +
-
for the time being o LK
T
e e e 2 ) E 04
& 02
......... 0- : -
500 | o Tn:;:;.ndfn?ﬁh, S
Normal hierarchy
559 Inverted hierarchy o
358 NH S CLo810km E220GeV | L o oo
L sin’26,,=0.1 2
N 557 7_ sin’6,,= 0.5 o b=r
556 6 :_ Alllz31 <0 %&b ]
IH s sk TN\ %‘ ]
:0 L \\ SN < ]
555 |; s vacuum \ %d‘ J
s L R
% 50 100 150 200 250 300 350 =3 S 2
CP8 r v@@ Am™;, >0 N
2 :— ® ]
NH x2.., = 556.7 / 477 dof 1 .
Neutrino Ko L/ 1L, PN v HEplocOonoot J
IH 2., = 555.5/ 477 dof R T T A S

P(vu_> ve) [%]



Use of atmospheric v for mass hierarchy:

Plv, = v,)
sin’s, =05, sin’29, 20,1, solar on

PINGU
og=2 GeV

G,=11.25° e-like larger for

normal hierarchy

NI = NEIVE™'Y [PINGU 1 yr] Smoothed

Akhmedov- MSW :
RazzagquerSmirnov Nt K g @K yodai pobiliriti il

08060402 0 02 04 06 08
June 12 cos @ !




measure 0? |4

Not easy because of
double suppression:
J_rand Am?,,/Am?,,

June 20, 2014 Neutrino Kc



P(v, > v,) [%]

w

How oscillation probability in
matter depend on 0,;—0,;—0 7

pictorially

Sin22043=0.1

Neutrino

E, (GeV)
{ NOrmail nierarcny )

Anti-neutrino Sin2291%=361
—_ 5=90°
— 5=180°
— 5=-90°

0.1
8—ILL|81I0IkI |E||_|26|(}|\|/| T T T T | T T | T Il_
i o, m E=suhe O 8=0 i 0.08
7 - sin 2613 =0.1 O &d=m/72
L 2 _ O d=m ]
I sin 2623 =0.5 % 5-3np
or Am’,, <0 % g
N p— ~ "0
5 - \ N %‘ _|
L \ &
L \\ AN
41 vacuum ¥ N &,/]d N
\
- ~ _;K.
3 - ’\{\%’\?’ _|
[ > Am’, >0 /QJ?
L q/q;b\ 1 P — -
2 - 0.1
L c ]
1 —_ 0.08
B M-N: JHEP10(2001)001 - —_
O Al b b b b b by g 1 .>® 0.06
0 1 2 3 4 5 6 7 8
P(VM—> ve) [%] L>:: 0.04
a- e o 0
Bi1-P plot: dependence on 0.02
o of.
6133u962§03 2@1@(1 0 dlSp layed Neutrino Kogi@Kyqgai



Hyper-Kamiokande: CP sensitivity

0.99 Megaton
nner Volume (Fiducial Volume) 0.74 (0.56) Megaton
Outer Volume 0.2 Megaton

nner detector 99,000 20-inch ¢ PMTs
20% photo-coverage
25,000 8-inch ¢ PMTs

Hyper -K (560kt FV) / 1.5yrs v + 3.5yrs v/1.66MW
1 @ NP N S — 7

O”.
..

Normal Hlerarchy

(\ (DN S S o T
June 20,2014 Neutrino KdQl@KyOcﬁQ 0.04 006 008 0.1 O 12

sin20, 5

d[m]
o
T T | T T I T T | T T




Summary >

- First hint for nonzero v mass came from
solar v, but first evidence was from SK
atmospheric v (23 oscillation)

* KamLAND and solar v experiments ]join’rly
found another channel oscillation/flavor
conversion (12 oscillation)

» All the mixing angles are now measured (still
consistent with 3 v scheme)

v mass hierarchy and CP § left

» I failed to cover Majorana vs Dirac,
Majorana phase, absolute neutrino mass

scale eftc.

June 20, 2014 Neutrino Kogi@Kyodai
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