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- Atmospheric neutrinos

v Future
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Supernova neutrino
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Review of the SN1987A in LMC

at 50kpc, v's seen ~2.5 hours before first light

Large Magellanic Cloud
SN1987A
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Review of the SN1987A in LMC

at 50kpc, v's seen ~2.5 hours before first light

® Kam-Il (11 evts.)
o |IMB-3 (8 evts.)

-
Water Cherenkov
Kamiokande-l|

IMB-3
* :‘%ﬁc ¢ |A Baksan (5 evts.) - E
> 24 events total i
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10 i + + Strong directionality for v ¢ event
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Review of the SN1987A in LMC

Kamiokande (1983-1995)

kamioka mine (2700mwe)

{' 8888 | F— 4258
0000
— 00000 ~ A
g 0000 1
= i’ 0800 —~
5 ; ‘l‘*“ s FKER
? ‘l 7 5 &< 0292090909092 | 2= <.
2 o A | N T
. o4
e "-l""l' TP o
IRam=—
Speed of light in water
3000k KAV $91000 KD N EFIEEE -
c/n ~c/1.33
J

\.
8-14, Nov. 2015 NuSTEC school 94




Review of the SN1987A in LMC

Vetp—e"+n (CC)

Realtime detector

eDate : 23 Feb. 1987
*Time : 07:35:35 (UT)

Kamiokande

— 407 B SRR T DTS ’
>
o |
s |
~ 301
>
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= |
[0 20}

10 Background level

0 | &

11 events in 13 sec.

Energy is determined by
the number of hit PMTs

for which the residual
time (T-Tof) is £ 15nsec

Trigger if 20 hits within
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Review of the SN1987A in LMC

Kamiokande
(a)
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Review of the SN1987A in LMC

8-14, Nov. 2015

IMB (Irvine-Michigan-Brookhaven)

Mostjlnt the original IMB group in wR%manON D. c (ABh 198Q)
-, N 4 '*ggx,; ; ok ‘ .
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Review of the SN1987A in LMC

IMB (1979-1989)
Morton salt mine in Mentor, Ohio, USA (1570mwe)

(close to the Lake Erie)

8 kton water (3 3kton FV) with 2048 8 PMTs
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Review of the SN1987A in LMC

SN1987A in IMB Realtime detector
eDate : 23 Feb. 1987
Time : 07:35:41 (UT)
*8 events in 6 sec.

Energy is determined by
the number of hit PMTs
for which the residual
time is within 50nsec

Trigger if 25 hits within
50 nsec ~ 35 MeV
(@50% eff.)
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Review of the SN1987A in LMC

Baksan underground scintillator telescope
2700mwe) .

8-14, Nov. 2015
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Review of the SN1987A in LMC

Anode -
{2th dinode,

Au = scintillator and one 15cm PMT

~ 71 Total target mass : 330 ton
|l Detection eff. 10MeV @ 50%
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Review of the SN1987A in LMC

Baksan underground scmtlllator telescope (1978 )

i e Realtime detector
)V( ) eDate : 23 Feb. 1987
5 L eTime: 07:36:11 (UT)
'_m—_::_l 5 events in 9 sec.
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Review of the SN1987A in LMC

Soviet-ltalian LSD (Liquid Scintillation Detector)
under Mont Blanc (5200mwq, 1985~1999)

72 scintillation counters (1.5m?3, 1.2ton) with three PMTs

Total target mass : 90 tons
Energy threshold > SMeV

Realtime detector

eDate : 23 Feb. 1987
eTime : 02:52:32 (UT)
5 events in 7 sec.

(7~11MeV,
one has delayed coincidence)
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Review of the SN1987A in LMC

LSD vs Others ?

Annu. Rev. Astron. Astrophys.
1989, 27 : 629-700

8-14, Nov. 2015

Our reasons for this belief are as follows: (a¢) No neutrino events (which
were clearly different from background) were observed in the much larger
Kamiokande II and IMB detectors at the earlier time reported by the
scintillator detectors [(53, 179) and especially (180)]. The number of free
protons in the Mont Blanc telescope (0.08 x 10*) is more than an order
of magnitude less than in the Kamiokande II detector (1.4 x 10°* protons)
and the IMB detector (4.5 x 10* protons). (b) The expected number of
events in the Mont Blanc detector for a standard stellar collapse (see Table
3) is only ~1 event, assuming a 100% detection efficiency (40). The
satisfactory agreement between the a priori model predictions and the
observations made with the Kamiokande I and IMB detectors strengthens
this argument. (¢) The reported events have energies that are close to the
threshold energy for the detection, which is between 5 and 7 MeV [depend-
ing upon which counters were excited; see (2)]. The measured energies are
(in MeV) 7, 8, 11, 7, and 9. Theoretically, one expects a greater spread in
energy, since the absorption cross section increases with the square of the
neutrino energy for charged-current absorption, and the numerical models
predict an average antineutrino energy of more than 10 MeV. (d) No
plausible astrophysical scenario has been suggested for two distinct neu-
trino bursts [cf. (126)]. (e) It is difficult to obtain a satisfactory light curve
for the visual supernova if the earlier time indicated by the scintillation
experiments is adopted as the time at which the star collapsed [cf. (22-25,
353) and Figure 1].
NuSTEC school 64



( MeV )

DETECTED ENERGY

Review of the SN1987A in LMC
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Review of the SN1987A in LMC

Angular distribution

Ve event ?
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Hard to say anything...
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Neutrinos from supernova burst

Expected time profile

—
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Average Energy [Mev] Luminosity [10% erg/sec]
=)

O

Mean neutrino energy

00 errerriivermore simulation) YW hat we can learn
P v,

ol A ) v Core collapse physics
7 * explosion mechanism

102 / =

* proto-neutron star cooling
* black hole formation

H—
~,
e 8
Yoy,
~

: e etc..
a1 ¥Neutrino physics
Yol Vix e neutrino oscillation

s B Ar_//V:e ° etc..
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Time [sec]

i Measurements of neutrino
o flavor, energy, time profile
10 are the key points
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Neutrinos from supernova burst

What we want for a detector

v Massive target
* Now : O(kton), sensitive for galactic center
* Future : O(Mton), sensitive for ~Mpc(?)
v Low background rate ~MeV energy region
e Easy for underground detector
v’ Precise timing measurement
v Good energy resolution
* Energy spectrum measurement is crucial for all the physics
v Measurable for direction, if possible
v' Neutrino flavor sensitivity
» Use specific neutrino interactions

8-14, Nov. 2015 NuSTEC school
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Underground facilities for SN v

Baksan
(Russia)

Sudbery
(Canada)

3

Kamioka
(Japan)
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Neutrino interaction
for supernova geutrino
' ~ detection

~ Charged Current Neutral Current
Ve, Ve —_— e, e’
W

n, p, e_/\ p, n, e+ n, p, e_/\ n, p, -




Neutrino interaction for SN v

Inverse beta decay

[Ve +p—oe’+ n] (Charged Current interaction)

v Dominates for detectors with lots of free proton
* Detect positron signal in water, scintillator, etc.

v Ve sensitive

v Obtain the neutrino energy from the positron energy
e Eec~E,-(mn-mp), E, > 1.86MeV

V' Well known cross section

v’ Poor directionality

v' Neutron tagging using delayed coincidence
en+p—d+y

8-14, Nov. 2015 NuSTEC school 71



Neutrino interaction for SN v

Strumia, Vissani

|nverse beta decay Phys. Lett. B564 (2003) 42
10 -

= I I I I | I I I I I l. I I I I 1 1 1 1 | I I I I
- Total cross section for water

[7e+p—)e++n]

(10°%m?)

v' Dominates for detectors\ o_
* Detect positron signal inw T 107:

v Ve sensitive & *
V¥ Obtain the neutrino ener¢ 17 / E
.Ee~Ev'(mn'mp),EV>1_ -3:/ :
v Well known cross section E{ :
v Poor directionality 0
v Neutron tagging using de v 30Energ)(’) Mev)

en+p—d+y
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Neutrino interaction for SN v

Strumia, Vissani

|nverse beta decay Phys. Lett. B564 (2003) 42

0.7

[7e+p—>e++n]

0.6

v' Dominates for detectors with |
* Detect positron signal in water,

v’ V. sensitive

v Obtain the neutrino energy frc =,
e Ee~E,-(mn-mp), E, > 1.86Me

v' Well known cross section | | | | |

v’ Poor directionality = =R R, =

v' Neutron tagging using delayed coincidence
en+p—d+y

dN,+ [ dcosB

N
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Neutrino interaction for SN v

( )

Captured by proton

Inverse beta decay

_ nO/O\T
[76+p—>e++n] Ve\g,//' p\

2.2MeV
v' Dominates for detectors with /
* Detect positron signal in water| \e+ ~200 micro sec.
v V. sensitive
v' Obtain the neutrino energy frd )

e Ec ~E,-(Mmn-mp), E, > 1.86MeV

‘/ Well known cross section Possible to enhance this signal if Gd loaded
v Poor directionality (— M.lkeda’s presentation)

v Neutron tagging using delayed coincidence
en+p—=d+y
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Neutrino interaction for SN v

Elastic scattering

[V ex T € — Vex ™ e'J

(Both Charged Current and
Neutral Current interaction)

v All neutrinos are sensitive

v The cross section for v, is larger

than others because of CC effect.

v Well known cross section.
* few % of inverse beta decay

v Good directionality

v Measurable for only recoil
electron energy, not neutrino energy

NuSTEC school

8-14, Nov. 2015

Cerenkov Light

neutrino

v o .v
\ e /

( " _)
electtg \ v
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Ve\/ e-

electron
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Neutrino interaction for SN v

Elastic scattering

A1:"""""'ll|||,;
NE 0 - Total c'ross se'ction fo'r water |
o -
[Ve,x+e'—> Ve’x+e-J ° 1
(Both Charged Current and gN |
Neutral Current interaction) 5 10°¢
Q.
@)

v All neutrinos are sensitive 102-
v’ The cross section for v, is larger |/
than others because of CC effect. 10°¢)

v Well known cross section. -/
[ 4‘ 1 1 L 1 | 1 1 1 1 1 1 1 1 1 1 l 1 1 1 1
 few % of inverse beta decay 1% 90 20 30 40 50

v Good directionality Energy (MeV)
v Measurable for only recoil
electron energy, not neutrino energy
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Neutrino interaction for SN v

Elastic scattering Water Cherenkov
v, — e _

[Ve,x+e'—> Ve,x+e'] ’ e

(Both Charged Current and Af ~25°/VN

Neutral Current interaction) 0

: ‘e : Angular distributi

v All neutrinos are sensitive | between ncident neutring
v The cross section for v, is larger ™%  and recoil electron
than others because of CC effect. ot Ev=10MeV |
v' Well known cross section. i

* few % of inverse beta decay
v Good directionality
v Measurable for only recoil
electron energy, not neutrino energy

8-14, Nov. 2015 NuSTEC school
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Neutrino interaction for SN v

Elastic scattering Water Cherenkov

[V exT € — Vex T e'] ©.X e

(Both Charged Currentand  AE ~ 15%//E/10MeV

Neutral Current interaction) S 12[differential cross section

v All neutrinos are sensitive § Prsco  Ev=30Mev
v The cross section for ve is larger %, sl *
than others because of CC effect. w |
v Well known cross section. s | Ev=20MeV

o e | |

* few Aa_of inverse beta decay | Eve1dMey
v' Good directionality 2l 5
v Measurable for only recoil | I I S B
_ % 10 20 30 40

electron energy, not neutrino energy Recoil electron total energy (MeV)
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Neutrino interaction for SN v

CC interactions on nuclei

\

(Ve+tnopt+e: Vet (N,Z)— (N-1,Z+1) + e
\V_9+p—>n+e+: Vet (N,Z) > (N+1,Z-1) + €

J

Ve (Ve) —_— e (e”) ((for example)

CC LW oxygen in water
Ve + 16180 _ 16,18F + -
/\ a7
n (p) p (n) Ve+ 10 — 6N + e*
v Observables: ) carbon in scintillator
o charged Ie_pton et Vo +12C 5 12N +
* possibly ejected nucleons Ve + 12C — 12B + et
e possibly nuclear y’s L

8-14, Nov. 2015 NuSTEC school



Neutrino interaction for SN v

CC interactions on nuclei

v Small cross section by € 19 Gtal cross section fof water |

bound nucleons g £ i |

v  Also has large uncertainties = L

* Nuclear physics is important =* ooty

= qh, g Ve+160

> B [

'i = ______.,.._-;_-_-_-_';:;:—‘-'—'-'«'-'—'-""';5

& 20

'5 15 —|

-

£ 10 ol

I 20 50
° 0.1 ! 10 Energy (MeV)

This signal is small portion, but may access neutrino oscillation effect
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Neutrino interaction for SN v

NC interactions on nuclei

Langanke, Vogel, Kolbe
Phys. Rev. Lett. 76 (1996) 2629

(

v+ (N,Z) —> (N,Z) +v

\.

v+ (N,Z) —> (N-1,Z)+n+v
v+ (N,Z)— (N,Z-1)+p +v

) 4

J

v Important to probe vy, v: flux

v Observables:

* nuclear emission (p,n)
e v's by giant resonance

v'Need nuclear physics info.

f

carbon in scintillator
v+ 12C - v+ 12C*

\_

— 12C +y (15.11MeV),

\

| (Ev<~150MeV)

giant resonance

70

15N+p
(v.v')

160
oxygen in water

v+ 160 — v + 16O*

~N

> 160 + vy
y

8-14, Nov. 2015
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Neutrino interaction for SN v

NC interactions on nuclei

Langanke, Vogel, Kolbe
Phys. Rev. Lett. 76 (1996) 2629

(

v+ (N,Z) —> (N,Z) +v

\.

v+ (N,Z) —> (N-1,Z)+n+v
v+ (N,Z)— (N,Z-1)+p +v

\

J

v Important to probe vy, v: flux

v Observables:

* nuclear emission (p,n)
e v's by giant resonance

v'Need nuclear physics info.

(

\_

Vv

carbon in scintillator
+ 12C v+ 12C*

— 12C +y (15.11MeV),

\

8-14, Nov. 2015

(

| (Ev<~150MeV)

v by giant resonance

J /
//
%\/10 15
E (MeV)

oxygen in water
v+ 160 — v + 16O*

20

\

29

> 160 + v
y
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Supernova neutrmo-
detectors




Current SN v detectors

] 50kton Water Cherenkov detector
Super-Kamiokande - g

%g §§’ ) ) A= ‘;haar{%‘fed } 4/ .
- B =i = ‘ V{
é 1070
2109 Expected number of event
¢ :g j | |~7300 ev (inverse beta decay)
10 3 ~100 ev ('°0O CC)
10 2} ~300 ev (ve elastic scattering)
10 ¢ ~360 ev (0O NC v)
101’ | at 10kpc, 4.5MeV energy threshold

10 ) | 1 10 10 2 10 - Livermore simulation

T i Dalhed, Wil ApJ. 496 (1998) 216
distaniealkpe otani, Sato, Dalhed, Wilson, Ap ( )
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Current SN v detectors

Super-Kamiokande Simulation of angular distribution

§ 50| Energy=5-10MeV I 100[ Energy = 10-20 Mev
¥ v-e elastic scattering has ¢ | -
good directionality. Tl e I
v Direction of supernova can | . ]l v
be determined with an ol M »l B
accuracy of 4~5 degree. i A . oL P
v Spectrum of ve events can 60° VB0 M e 25° 0 e
be statistically extracted S | RN Bl Erew ey
using the direction to ‘o ljr Imjr %171.: H ™
supernova. o 30”[|' T 'J[I'III_I_" | 128} | L |.- |
¥ If Gd loaded, it will be of |1 I i !
more accurate since ve signal 10 ., — z_gjf +_+ Jf j
can be separated. (later) %5 os o\.’: Ft)).a 09 %5 os ;/; po.a 09
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Current SN v detectors

Super-Kamiokande Time variation of ve+p at 10kpc

Time variation of event rate Time variation of mean enerqgy
(1 [T T T T T N L L L N B
g10) 13 2] Tme,,
E160 - 1< I Bura:%eta_l. (2008) s112_128_f
g : ] > 24_. Sumiyoshi et al.(2005) Shen EOS
g1o| g
$120( 15 2|
100} 18 20f
80} 1= 18}
60; 16:
40 _ Tﬂdd'si“ -
[ Thompson et al. (2003) v
20 mézw‘ﬁﬁ‘fﬂ% 14|
I Liebendorfer et al.(2005) VERTEX [ ]
o /A NN I B B B B A
0 0.05 0.1 0.15 0.2 0.25 0.3 12 0 0.05 0.1 0.15 0.2 0.25 03
Time (sec)

Time (sec)
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Current SN v detectors

~km long string Water Cherenkov detector
IceCUBE at the South Pole
v Nominally multi-GeV energy threshold,

Giga-ton detector Hr
e put can sge t_)urst of low energy ve's as
- increase in single PMT count rates.

20 MeV
positrons

wd Q|

%" ice uniformly illuminated

‘%~ detect correlated rate increase
on top of PMT noise

2400 m

1 meter

8-14, Nov. 2015



Current SN v detectors

~km long string Water Cherenkov detector
IceCUBE at the South Pole

Giga-ton detector v' Nominally multi-GeV energy threshold,
e put can see l?urst of low energy ve's as
- iIncrease in single PMT count rates.
v Cannot tag flavor, or other interaction
info., overall rate and fine time structure.

%00 I Onset of neutrino
500 | emission
400 - ~3msec precision

300
200 r
100 |

0 — [
o=
_100 I I I I I I I
-10 -5 0 5 10 15 20 25 30
Time post bounce (ms)
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10 kpc

2400 m

Events per bin (1.6384 ms)




Atmospheric neutrino



Atmospheric neutrino

Cosmic rays strike air nuclei and
the decay of the out-going hadrons
gives neutrinos.

v Primary cosmic rays isotropic about Earth

v v’s travel 10-10,000km before detection

: v Both neutrinos and antineutrinos in the flux

i et - ~30% of final analysis samples are antineutrinos

5 1 IIIIIII| 1 LI

. — ThisWork Vu

|
+Vy / ]
" - — HKKMS06 v
9 - - - Bartol f
TU' ______ .
oc
x
=)
g
£
— This Work ..g
- = HKKMS06 ]
- - - Bartol N
Fluk .
\\|||\| | L Ll | ||. 1 1 IIIIIII| 1 IIIIIII| 1 L1
100 107! 10° 10!
E, (GeV) Ey (GeV)
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Atmospheric neutrino

Cosmic rays strike air nuclei and
the decay of the out-going hadrons
gives neutrinos.

v Primary cosmic rays isotropic about Earth
V' V's travel 10-10,000km before detection

v v Both neutrinos and antineutrinos in the flux
s et - ~30% of final analysis samples are antineutrinos
5: .
ss-1otal cross section”
o 355
wﬁ 32— - Vp
ﬁ??_ 2.5:— - Ve
. bs -
—— This Work 1.5 v
-= HKKMS06 ] £/ ]
- - - Bartol N - Ve
Fluk \
s S )= e I I I B
0 0 1 2 3 4 5
10 Energy [GeV]

E (GeV)
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Atmospheric neutrino interaction

Neutrino interactions Lepton : conserve the original neutrino flavor
electron / muon (hard to identify tau in SK)

¥ N’
N’ + meson
N’ + hadrons
180 + 1

* (quasi-)elastic scattering : v+ N
* single meson production : v+ N
* deep inelastic interaction : v+ N
 coherent pion production : v + 160

Total cross sectlon of quaS| elastlc scatterlng

2 LA | | | | | 4 L I | | | | L L
- X ANL X Serpukhov E 3 "o GGM (1977) ]
1.8 ¢ (@) vun—mp A BNL O GGM (1977) ] 1.8 ¢ (b) vupeu n ® GGM (1979) ]
1.6 * SKAT ® GGM (1979)7] 1.6 | % Serpukhov
~14F I I 1 ~14F * SKAT 3
£ - T 4 E F =
£ 1.2 S %ll | J 1 512} :
1F 1 T 4® 1 T 4 —— -
1 O o £ I e .
= 08 F % X L1 1 o8} .
©06 H' E 1 206 F w .
04 — 0.4 / —
0.2 1 o2t/ =
0...|...|...|...|...|...|...|.: 0 Lew 0l
0 2 4 6 8 10 12 14 12 14
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Solar neutrino measurement in SK

Typical event electron elastic scattering

(ES)
O

- -
i V+ e — vtie
Out
Trigg:
E= .08 7 = 0.94%
Solar Neutrino
Time(ns) <:::::)
. < B15
e
-

Super-Kamlokande

1742 Event 102496
113:23

s

v Find solar direction

v Realtime measurement
- day/night flux differences
- seasonal variation

e . | v Energy spectrum

555555555
18
13
10
8-
3
0

5555555555
Q 500 1000 1500 2000

1111111111
>>>>>

Interaction with all flavors of
neutrino

Ve + 0.154(vy+vy)

Ee = 8.6 MeV (kin.)
c0SOsun = 0.95

Times (ns)
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8-14, Nov. 2015

Super-Kamiokande

Cosmic ray muon Neutrino signal

SK Event Display
imiokande
Event 367257
§2:58

1its, 5179 pE
£, B pE {in—time}

1207
1 cm

3= 7EE.0 HMeV./c (
fiis ) J

o 500 1000 1500 2000
Times (ns)

Neutrino
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Event pattern (T2K)

Examples of far detector events

Super-Kamiokande IV
T2K B un 430013 Spi

Electron-like
event.

Times (ns)

Super-Kamiokande IV
n 0 19

TTTTT i

1111111

ooooo

mmmmmmmm 53.0 MeV,
Charge(pe)
. >26.7

22222222
........
00000000

muon-like
event from
last week!

Times (ns)

8-14, Nov. 2015

P.= 690 MeV/c 0 decay-e

19 candidate.
M, =104 MeV/c?

NuSTEC school
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Atmospheric neutrino in SK

How to identify electron and muon
electron MC* N A O ®O R R oo oo oS
DIOOOOOOOOLOOOOOOO
R=] o
multi-GeV | | sub-GeV
N o 3
R A
- O !
. g » N
- o || - 0
3t 5 |t X+ @
g, LB =
o T BT
3 o o
N
o) N
muon MC o i
3 = e
e o SN / =
o e o
g N : @
O W g
o
w | N
o o
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Atmospheric neutrino in SK

Parent neutrino spectrum in SK

3000

2000

1000

250

200

Events / 4600 Davs

150
100

50

8-14, Nov. 2015

—
------ FC Sub-GeV
— FC Multi-GeV
I PC Stop

PC Through

2

10 1
Neutrino Energy (

—— Up-n Stop
Up-u Through

.| Up-p Showering

N SR TN SNEEE FEETE SRREE EN: S S A A

10° 10* 10°
GeV)

NuSTEC school

Event topologies

Fully-contained
single ring multi ring

elike ||/ Vo

ke [\ Y

Partially-contained

Upward-going muon

e

pd

stop A\ through

|1
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Atmospheric neutrino in SK

Sub-GaV aike 1-doy &

Sub-GaV alike O-doy &

AWEE guhGeV p-ike Ddoy e

1000 F T

Sub-Gav p-like 1-doy e

Up Stop p

1000 |-
4 I = —
— - —— =

\il 1 soof

hl L
1 1 0 [ 1 0 1 0 1 0 1
T T T T T T

Sub-Gav T -like 1-R 100 - Multi-GeV adike v Mul-GeV e-like ¥

o 1 a L 1 1 1 1 L L 1 o L L 1 1 1 1 L L a
T T E T F T T r T
Sub-GeV p-like 2-doy @ B o Muli-Ring e-like v _ L Multi-Ring &-lika ﬂ P Thru 200 Showeaning p
o 1 [ L L
1 wof ! I +
] - 1
1 s
+
1 1 o L 1 a 1 1 1
-1 a -1 -5
T T Ao E T T
Sub-GeV n"-lke M-R Muli-Ge\' mu-like F Mulli-Ring mu-like:
e i

SO0 1000

lepton momentum (MeV)
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cos zenith

cos zenith

NuSTEC school
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Atmospheric neutrino in SK

electron-like muon-like
1500F Prediction i 300F
1000F -
0 e
e -+
- Iﬂﬂﬂﬂ 200} -
QO so00} . SK Data
> 500FV, — V. 4 100E .
) Sub-GeV e-like Sub-GeV p-like UESto 11
Y 8994 Events 9359 Events 1286 Events
@) . 0 . 0 .
0 -1 0 1 -1 -0.5 0
—
QO 600 p—————T———— 1000 pr——r——r——r——r—r—— p————
-CE2 1000 F =
400F -
)
Z 500 F 1
500 .
200 :FJj
Multi-GeV e-like Multi-GeV p-like + PC UpThrough pn
0 2463 Eve'nIs 0 5068 Even}s 0 5 ?5.Even15
-1 0 1 -1 0 1 -1 -0.5 0

cos zenith

First evidence of neutrino oscillation in 1998
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Atmospheric neutrino in SK

Tau appearance?

Zenith Distribution

hard to identify event by event
but can be statistically seen

2 [
E B + multi ring
o 250 %
I T
2001 /
: e o
. ) . N <<>>
150ﬁ — K decay-e
1uu_—4|:ﬁi ; ,
- Search for events consistent with
i hadronic decays of tau lepton
50—
- SK-I1+11+11 : 2806 days ! !
B Phys Rev Lett 110 181802 (2013)

1

8-14, Nov. 2015

01 ua uﬁ u4 uz u uz u4 ﬂlﬁ ulﬂ K 180.1 +44.3 (Stat) +17.8-15.2 (SYS) events, a

Fitted Excess os(9) 3.8 o excess (Expected 2.7 G significance )

Atm v BKG MC l
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Atmospheric neutrino in SK

Searching for three-flavor effects

l1 T T T T TTTT - S ——— - T TTTTT T _1
! P(VM—>VM) 1 oo

-4 0.8
4 0.7

Cosine Zenith Angle
Cosine Zenith Angle

4 0.6

o5
0.4
0.3
0.2
0.1

S 10 102 C 1 10 102
I~1o,ooo km By T l ) ' JEnergy [GeV] |
ad “Sub-GeV”  “Multi-Gev' ™

Earth matter effect

neutrino anti-neutrino

normal enhanced | suppressed

inverted suppressed | enhanced
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In future



Super-Kamiokande
with Gadolinium



SuperK-Gd

Inverse beta decay
/0

\p \ (2.2MeV)

8l\/le

-Delayed comc:ldence
*Suppress B.G. drastically
for ve signal
*AT~20usec
*\ertices within ~50cm

8-14, Nov. 2015 NuSTEC school

J.Beacom and M.Vagins,
Phys.Rev.Lett.93(2004)171101

Dissolve Gadolinium into Super-K

100%

80%

Captures on Gd

60%

40%

OOA) . L
0. 0001% 0.001% 0.01%

I

0.1% Gd gives

>90% efficiency \

for n capture

"~ For 50 ktons this means  /

'~100 tons of water soluble /

GdCl; or Gd2(804)3 '

|

0.1%

1%

Gdin
Water
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Supernova Relic Neutrinos

8-14, Nov. 2015

7
.
=

=. .5 %
ol0

210?

Reactor v

1‘ o Foay

L
"

* Solar B

L]
"li---l

. Solar hep

Predicted SRN flux

_.Atmosphericve

Neutrino Energy (MeV)

NuSTEC school
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Expected signal

> 8 AR > 8 P
2 | Teff: 8MeV | @ | Teff: 6 MeV
ﬁ 7 N max . ] E 7 0 ]
@ | SRNsignal @ | oe
ai 6 [ nomlrLal § 6 SRN signal ﬁfﬁEEL Assumption:
o i o —ios ] . .
= > . > *90% neutron capture efficiency
§41 54 | *74% Gd y detection efficiency
© 3 °3] I einvisible muon B.G. is 35% of
i i o invisible muon ] .
2 | facors etz | 2| " B8R e | ones in the SK-IV
1 [ R I
- at.r.r{(;sighencv 0 - tmospherlcv
0101520 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50
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> 8 ‘ > 8 AAMNEASSAASEAS
2| Teff: 4MeV 2 -t Teff: SN1987A |
o . N B
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] ! © - .
S5 S5l 1 110~45 SRN events in
g4l 2 4 [, SANsional oF {1 10 years data taking
5 3L, Y e = ] _
| . 1o (Evis=10-30MeV)

2 I I(Pa\tl:ltg:' S?emjgt?or:l by n-tag.) | 2 : :?a‘é'g'r%'?egﬂgﬁoﬂ by n-tag.) |

1L 1] —
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10 15 20 25 30 35 40 45 50 10715 20 25 30 35 40 45 50

visible energy (MeV) visible enerav (MeV) 106



Hyper-Kamiokande



Neutrino oscillation parameters

(v, (1 0 0 \ cosf, 0 sinf,e\ cosd, sinf, O0\/v,
v,|=|0 cosby; sind, 0 1 0 -smé, cos@, Ofwv,
v, ] \0 —sin6,, cos, ) -sinfe™ 0 cosf; )| O 0 1)\vy)
Atm. v +Acc. v Reactor v + Acc. v /
023 = 45 + 6° 013=9.1+0.6° SO AP
Really 45°, <45° or >45° ? © =0 or not? 12 T
. 2 2
~LBL with J-PARC and Hyper-K— 1 biororchy 1
Vu—Ve appearance y
4073573533 sin” Az Normal or Inverted ?
‘|—80123S12313S23(01202 512813523) + COS Agg - SIn A31 - s1n A21 m32__ _m22

—80123012023512513528i1’1 Agg - sIn A31 - sin Agl
+485,C15(C1,C% + 512533575 — 2012023512523513' sin® Ag;

L
—8C%, 52,55, ¢ f?(l — 28%) - cos Agy - sin Ay,

a )
S \Am2,)

v, disappearance

\. J

25+0.2x103%eV?

25+0.2x 103 eV?

=n+0.19 " =5y 2
:‘ 750718 x 107°eV v
|

|

7501019 % 10-%e V2 ,
__ml
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J-PARC and Hyper-Kamiokande

x25 Larger Vv Target
& Proton Decay Source I/

J=PARC

x50 of T2K

-

higher intensity V by
upgraded J-PARC

E

gl
s
S

o
p——p




Hyper-Kamiokande

Water Cherenkov detector

" System!

= e Signal (CCQE):
/
Total volumé:  0.99 Mton v+ N oL+ N
v Appears as single p/e-like event.
Inner : 0.74 Mton Excellent particle ID capability > 99%.
Outer : 0.2 Mton v E™¢, can be reconstructed by energy

and direction of ring relative to beam.

e Backgrounds:
¥ 10 : ring counting, 2-ring invariant mass

Fiducial volume: 0.56 Mton

99,000 20” PMT for inner ¥ u/TT : ring counting, decay electron
(20% Coverage) Yintrinsic ve present in beam
25.000 8” PMT for outer Technique is established
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Notional timeline

( Full survey, Detailed design

)( ~/ yrs construction j

\/
ngle 201312014 12015[2016 2017|2018 (2019|2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026
Cavity excavatjon -
H
Survey, Dgtailed design Access funnels Tank constrjuction ﬂ
waterlfilling
Photo-sensor d!veloprr e|nt sensqr installation
IL
Photo-4ensor Hroductipn
J-PARC Upgrade
220kW 750kWV and beond I

-2015
-2018
-2025

8-14, Nov. 2015

Full survey, Detailed design (3 years)
Excavation start (7 years)
Start operation

NuSTEC school
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Measurement of CP asymmetry

vy — Ve Appearance probability w/ J-PARC and HK
neutrino | anti-neutrino

L=295km, sin220,5=0.1

........ 0=0
— 0=1/2xn
= 0=T
- 0=-1/2x

Ey (GeV)

Direct CPV test by comparing between P(v,—Ve) and P(Vy—Ve)
- CPV term in probability is proportional to sinB13 sind¢p
- At maximum CPV ~+25% change.
- Test an exotic (non-MNS) CPV sources.
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Sensitivity of CP violation

At 75X107 MVV SeC, @{ 8%: Normal mass hlerarchy:%
* CP violation can be observed at S F E
v 30 for 76% values of & /N s [\ 3
v 50 for 58% values of & 4 " :
e Ocp Can be measured with 2 A N A W E
v 8 degree (6=0) ~ 19 degree (0=T11/2) €
depending on the true value of & 07150 100 50 0 50 100 150

)
@so?loocp
O 45F _ =4 N 9%0F -
S d40- Te=0 2 = E
= 35F E v 70 E
~ 30 = 60 =
sk 4 5 so0- 3
S 20 g 400 - —50 -
= 15F 8 305 o =
g 10¢ : = 20- 30 :
S SE 3 10 3

© OF 1 v N I c N L |

= 0 2 4 6 8 10 b 2 4 6 8 10
Integrated beam power (MW 107 sec) Integrated beam power (MW 10’ sec)
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Thanks a lot!



