Low energy v physics
with Hyper-K
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Workshop for Neutrino Programs with facilities in Japan @J-PARC on 6th Aug., 2015



Neutrino sources

P M wor - aof 0P seev
1012___ Solar neutrinos (\)e) =
SNv @G.C.|zg82z _
5
eeeee T aF
. Solar v [
= . :
=3 Relic SN v =4
= =
& 4 12KV e
s 5 - = .
—= X 7%\?Atmospherlcv ¢
= \: neutrinos —
E e 4
>< -al e -

- [Astrophysical v
et wue W x
= ‘\\'\ ==
¥ v from DM? ¥
= \‘-. = =3
E MeV | | GeV = TeV | 5
p— 1! 1 1(‘32 : 1;:. : 1?36 : \\1\?\8 ;:Aev.

1 102 10*~ 105 Gev

6th Aug. 2015 NEUTRINO ENERGY



Supernova heutrino



Supernova 1987A

23rd Feb. 1987, 7:35 (UT), @50kpc
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If it happens now?



Super-Kamiokande

8 5 50kton Water Cherenkov detector
o 5 - o
S 40 B S T 0 n particle g d
~ 107 \{
210°
v 10 5_ !
104 Expected number of event
3t )
:g ) ~7300 ev (inverse beta decay)
10 | ~100 ev (10 CC)
1.F ~300 ev (ve elastic scattering)
R o ~360 ev (10 NC v)

9 1 woode at 10kpc, 4.5MeV energy threshold

distance(kpc)
Livermore simulation
Totani, Sato, Dalhed, Wilson, ApJ. 496 (1998) 216
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KamLAND

1000 ton Liquid scintillator

~ v Large volume

¥ Low energy thresh\la\

PMT

S

= v Good Ve sensitive T
. ¥ Good energy resolution gemnliator
7.25%/\/ E/(MeV)
O

Expected number of event at 10kpc Vv, \p o~
~300 ev (inverse beta decay) Mzz "y
~60 ev (°C CC) &/’ 2001, sec.
~20 ev (ve elastic scattering) / € 511MeV
~300 ev (v+p—v+p) 0. 511MeV
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lceCUBE

Giga-ton detector
Precise measurement of the
arrival time by dark rate rising

0t

500  Onset of neutrino emission
~3msec precision
400

300 r
200 r

Events per bin (1.6384 ms)
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2400 m

Halzen, Raffelt : arXiv : 0908.2317
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What we can learn

v Core collapse physics
e explosion mechanism
* proto-neutron star cooling
* black hole formation

v Multi-messenger analysis
* with gravitational wave,
gamma-ray, X-ray, telescope..

v Neutrino physics
* neutrino oscillation

6th Aug. 2015

Time [sec]

Measurements of neutrino
flavor, energy, time profile
are the key points

Workshop for neutrino program in Japan




How often in our Galaxy?

Star Formation Rate (SFR) and Supernova Rate (SNR) Estimates
for the Galaxy

Diehl et. al. 0601015

Table 1: Star formation and core-collapse supernova rates from different

methods.
6th Aug. 2015

Authors [SF%] : S:\IR A Comments
Y century
T - - Generally a few per century.
Talbot 1980 0.8 0.41
Guesten et al. 1982 13.0 6.6 . .
Turner 1984 3.0 1.53 Latest estimate of galactic
Mezger 1987 51 2.6
Mckee 189 36R) | 184 core-collapse supernova rate
24 (IR 1.22

van den Bergh 1990 2.9 i( 1.13 1.5+ 0.8 [|,the best estimate* is 3.2t73.26 per century.
van den Bergh & Tammann 1991 7.8 4 extragalactic scaling
Radio Supernova Remnants 6.5+3.9 3.3 +2.0 [lveryunreliable \ Adams et. al' ] 3060559
Historic Supernova Record 11.4+47 5.8 + 2.4 [ veryunreliable
Cappellaro et al. 1993 27+1.7 1.4 + 0.9 [ extragalactic scaling 3] 25 yea rs per SN
van den Bergh & McClure 1994 49+17 2.5+ 0.9 [extragalactic scaling
Pagel 1994 6.0
McKee & Williams 1997 4.0 used for calibration Cf. 2845 yea rs Since SN 'I 987A
Timmes, Diehl, Hartmann 1997 51+4 based on Al method
Stahler & Palla 2004 4+2 Textbook
Reed 2005 2-4
Diehl et al. 2005 38+22 this work

Workshop for neutrino program in Japan 10
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Hyper-Kamiokande

Water Cherenkov detector %

(Full volume 0.74Mton 56 85 o .
8 8835 2
) > — -
" < Q
. =
g : Q
2t 72
Expected number of event <
>
~168000 ev (Ve IBD) @
~2300 ev (0O CC)
~7000 ev (v-e es)

~8300 ev (160 NC v)
at 10kpc, 4.5MeV energy threshold

6th Aug. 2015 Workshop for neutrino program in Japan

distance(kpc) .



Hyper-Kamiokande

Water Cherenkov detector Determine starting time
(Full volume 0.74Mton with ~0.03 msec precision.

_ Time profile-

o~ 5
Expected number of event £ 2000

> i
~168000 ev (vs IBD) | @15001 =/,
~2300 ev (160 CC) 1000 _ '7, wanietal.ps?g&)oos) .
~7000 ev (\/_e es) 500 127 Elﬂiﬁéﬁéﬁi'éﬁzﬁi%éé}%hL%gEbs .
~8300 ev ('°O NC v) o2l . .

0 0.05 0.1 0.15 0.2 0.25 0.3
at 10kpc, 4.5MeV energy threshold

| | Time (secg
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Hyper-Kamiokande

Water Cherenkov detector
(Full volume 0.74Mton

; I B B L B B
| Totani et al. (1998) _
% 26 - Thompson et al. (2003) 1
= [ Buras et al. (2006) s112_128_f
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18|
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~7000 ev (v-e es) 14}
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at 10kpc, 4.5MeV energy threshold
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Hyper-Kamiokande

Water Cherenkov detector Angular distribution
(FuIIva 0. MtO _10001 Enagy=5-10Mev  § 2000} Enagy = 10-20veV
5 51750}
% 800 | %1500
% 600 1 © 1250}
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A % 025 05 075 1 0
1!11148 = T T T (\x’ses'\) c
2 ,wi:ﬁ 21200 Enagy = 20-30MeV - é 450
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300}
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50|

~7OOO ev (V_e eS) %5 06 07 08 09 1 %5 06 07 08 09 1

_ 16 cosfgy cosfgy
8300 ev (PO NC v) Angular determination (~2°)

at 10kpc, 4.5MeV energy threshold
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Hyper-Kamiokande

Water Cherenkov detector

(Full volume 0.74Mton

Expected number of event
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Hyper-Kamiokande

Water Cherenkov detector ___ Energy: 452+ 5MeV
(Full volume 0.74Mton * 5in29,,=10"2-
e 4 103 I.H. with shock ___ i

I.H. static ___. 1

C
\ S
S 107 ey
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Neutrino and gravitational wave

No core rotation case (O[rad/s]) core rotation case(pi[rad/s))
+6t GW waveform -ot || ,
1 No GW signal frojn core bounce { I Strong GW signal from c]tre bounf;é
21| Core bounce time §0.181[s] | I Core bounce time : 0.196][s]
0.16 0.18 0.2 0.22 0.24 0.16 0.18 . O.% o) 2t2 P 4
. | | ' Time from gravitational collapsel[s]
’\,\ _Neutrino luminosity %4 e l/ 6 Y\Neutromzatlon burst 7
lees2 f " GW from prompt convection GW from core bounce
after Neutronization burst before Neutronization burst

0.16 0.18 0.2 0.22 0.24 0.16 0.18 0.2 0.22 0.24 .

. Both detectors placed in the same mountain is good T Yokozawa's et.al.
for the time domain multi-messenger astronomy. arXiv 1410:2050
. Realistic detector simulation showed the potential to

estimate the progenitor core rotation.
6th Aug. 2015 Workshop for neutrino program in Japan 18




Nearby Galaxy

SN Distance vs Detection Probability with N Hit Threshold
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For SN at 2 Mpc, we
will detect N=3 events
at 20-65% probability.

For SN at 4Mpc, Nz 1
events are expected at
31-56% probability.

Spallation BG
contamination will be
1.3 ~26 x10° events.
(2-4 times of SK))

with 0.56 kt, in 18 sec.
E>18MeV.

19



Supernova relic neutrino

S.Ando

TIME AXIS

Constant SN rate (Totani et al., 1996)

Hartmann, Woosley, 1997

... JAndo et al., 2005 E
> |Lunardini, 2006 ]
: , [Fukugita, Kawasaki, 2003(dashed) E

SRN expected spectrum

atmospheric

|\§-|EJ\|||\|| \
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Neutrino Energy (MeV)

6th Aug. 2015 Workshop for neutrino program in Japan 20



Supernova relic neutrino

S.Ando .
S.Horiuchi 1102.1977
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Supernova relic neutrino

Hyper-Kamiokande
Pure water
T.Yano et.al
N__ (20-30MeV) no LMA SRN modef, 100 trials are averaged.
(0] 0]
300 8
250 !
200 > -au
S} ¥ x3u
150 4 x5
3 > X7
100 5 / € x10u
x7u(>20MeV)
50 1
0 0

O 2 4 6 8 10years0 2 4 6 8 10 years
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Supernova relic neutrino

S.Horiuchi
S.Ando
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events/0.56Mton/10years/2MeV

Hyper-Kamiokande

Supernova relic neutrino

Gd loading

T.Yano et.al
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Solar neutrino



Solar neutrino

How does the Sun shine?| Nuclear fusion reaction in the sun

@ @ Q o / 2 thefmaljv

Slees ® @ 4 m@' T +/ * energy ::'
4p — “He+2e*+2(V ) 26.7MeV
(~6.6x10"0 neutrinos /sec/cm? )
This reaction is actually realized
via pp-chain and CNO cycle.
v Measurement of the current
e M status in the center of the sun
emp. ~ 15.5 milli
Density ~ 146 : JStUdy Of
b _ ABORERE * a mechanism of the energy
Photon-measured juminosity generation in the sun
— ~107years radiated from the center to the surface. ° g property of neutrinos
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Standard solar model
pp-chain

p+p—2H+e+v,

pte+tp— 2H+v,

99.759
% 2H+p

6% 14%

SHe+ 3He —a+2p 3He +a — 'Be +y |SHe + p — “He + e*+ v,

99.85%

0.25%
— 3He +y <Z

0.15%

Be+ e~ — 7Li+\’e

Be+p—B+y

Li+p — 2a

CNO cycle

5B — 8Be" +et+v,_

8Be* — 2a

B

Neutrino Flux (cm2/sec/MeV)

12“C-\p p/-13C )
“He «— i
15N/p p\14N
Y ‘He
Y

//116C)
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102,
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Solar neutrino energy spectrum
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E -
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107 150 +15%
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.=
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L AL TR

hep  +30%

Serenelli, Haxton, Pena-Garay?
ApJ, 743, 24 (2011)

-2

-2
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'"F e+*"Wo¥kshop for neutrino program in Japan

1 10
Neutrino energy (MeV)
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Solar neutrino observation

in Water Cherenkov detector

neutrino-electron elastic scattering

Super-Kamlokande
Run 1742 Event 102496

-------- 107:12:23

103 hits, 123 pE
hits, 0 pE (in-time)

Trigger ID: 0x03
=9

v+ e — vt+ie

pas—

.086 GIN=0.77 COSSUN= 0.949%
Solar Neutrino

Time(ns)
< B15

9995-1015
® 1015-1035
555555555

Ee = 8.6 MeV (kin.)
c0SOsun = 0.95

6th Aug. 2015

Vv Find solar direction
v Realtime measurements

- day-night flux differences
- seasonal variation

v Energy spectrum

Detector performance in SK

resolution (10 MeV)

information

vertex 55cm

hit timing

direction| 23deg.

hit pattern

500 1000 1500 2000

Times (ns)

energy 14%

# of hits.

Workshop for neutrino program in Japan
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Super-Kamiokande

c B I UL L L L L L L B
5300001 _ =
I - SK | ~ IV combined 4869 days 7
< B
2% ¢ - Data ~77k signal events£
20000 —— : Best fit are observed E
e : Background IE
15000 Pl
e ’-ﬂ""j' ...... E
100001 &
coook. B flux: E
- 2.341 £ 0.044 [10%/cm?/s] -
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| \I‘\\‘ [
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_T ] ] T I T ] I [ LB [ L ] L l T T [ T ] 200 h
0.54— —4— SK data(stat.only) | &
0.52 - . [ ] Systematic error 180 £

“F ~ SK combined flux J160 &
0.5 . e Sun spot number — 5

— 0.0 . -] 140 o
0.48— o9t = I
0.46f " o + q20 5

- [ L] —
. E el I _+_ ._.., :v_ i —: 0
0.42 __ ...$. .‘ o .. %
- o " 1 .. o ° .. .... b ° ] 50
0'4 - [ ] .‘ .. ; ° _:
0 38 — t ."‘. ® ‘ ) e 40
. __ ° L4 L4 -
o %S }): 20
— L) c—
-36 g' 1 .I. A "~ . 7 0

1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016

MC ®B Flux = 5.25x10° /cm?sec Year

Super-K solar rate measurements are
fully consistent with a constant solar
neutrino flux emitted by the Sun.
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Solar neutrlno osc:|llat|on

20

prellmlnary

SlIl 912 = 0. 312—'_8 83%

A L\ [ 4+0.19
i N % Amz]_ — 7 54 —0.18

%$x19° ¥ Same ~20 tension with

[s1n 912 = 0. 311+8 8%?1

c 18 _
i 17 KamLAND in Am2 Am21 = 4.857 75
<
1
12 sin” A1 = 0.30870 015
+0.19
2 \ Ale 750518
10 Solar+KamLAND ‘ Thg unit of Am2s
> _ o is 105 eV?
8 KamLAND ds
6
5
4
5
T snp-00242:00026 0T
0.1 0.2 0.3 0.4 0.5 2 4 6 8
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Day nght asymmetry

87 N
< 6 [ ;
3 20 Adn — (day nlght)/((day+n|ght)/2)
R -5 1:“-:2 | 004‘0‘ | 021 2 ‘ 1 L
Sy o st iﬂz_éi‘s‘zzgziﬁ %:_2 0% KamLAND best
= 17 Sin*(©,,)=0.304+0.013  Am3,=(7.44*323) 10”°eV? 0 il |
Fie -3.8% Solarbest
15 ¢ i i ]
14 | I .
14 6.5MeV (kin.) energy threshold S< combined
12
1 2./ 0 to zero
9 | |
8
7
6
5
4
3 5%
2 — 0% o
1 L — .. e 20 . 30
0.1 0.2 0.3 0.4 0.5 2468
. 2 2
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Day nght asymmetry in SK

LI

o

b

-_—

o Solar

l'l
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|
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L1 1 1

1
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Day/Night Asymmetry (%)
R
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R VS —— —
R —— P ——

SK-LILIILIV combined 10 ra

nge

/

PRL 112, 091805 (2014)
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10 12 14
AME, (10°eV?)
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Day-Night asymmetry in HK

current SK site (Mozumi) 10 years
10—
= l (Only statistic error)
) g—« . Possible to be better sensitivity with
> 7;__ improved spallation cut algorithm
;LR — 1 HK candidate
2 __(Tochibora)
O t
N af-
3 :_ _____________________________ fornOnD/NaSym ........
2
1? Sensitivity for KamLand parameter

S I T R T I TR T T
BG ratio compared to SK

6th Aug. 2015 Workshop for neutrino program in Japan
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To see the spectrum up-turn

g Ve survival probability 055 recon electron spectrum
2 1 Voo ] T

09} g 1T | " ~10% upturn

sl £y %:;8 should be seen

T . E 05 4= Lower threshold ]
< 0.7¢ o OW (N reduce sys. erlﬂr_'
;oei - - S  [reduce stat. error l -

o | DR |

2 05} 1Dn 12 - '
= 0.5E (\0045 - Sys. eirror o

= IS

0.3 |-Sin%(6)..Am?(eV?) 10 — 1| | ] j

“t | 035 6.3x10%

02 | 028 4s8xio® ~1 04} T__ N

0.28 10.0x 105 1T — ]
0AF | 022 72x10° - + "
L l

0= 10" 1 10 9757550 s
Energy(MeV)
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To see the spectrum up-turn

Lowering threshold

2 10 3L ~ 6.5MeV energy threshold i
S - in 20% photo coverage
] 102k =
% . SK-Il 622d final sample
3 F - - SK-I 1496d final sample
L i .- e 1
10 3 ."'_._ * E
1 E_ - +—0— =
1[ . e
10 3 h ++ E
E DTS o ] |
I * ++ i
2 . +t
10 s 5 Huge effort of

Energy (MeV)

energy calibration

6th Aug. 2015 Workshop for neutrino program in Japan 36



To see hep neutrino

Takeuchi-san’s slide

pp chain
| 985%
99.77% | PP~ DE pe p Z’p‘é&f’ 0.23%

A

SHe%He — 'He p p

3He ‘He — "Be~y

| 13.78%  0.02%

"Bee™ — "IAv.() "Bep — "By
(7Be)
l”.ip — ‘He*He ‘ 5B — ®Be*e 8B)
“He ‘He

small branch

Hep — «Heegﬂ not detected yet
(hep

Expected # of events / 5 Mton year

10 ................. .................... _ 88+hep (BP2004 SSM)
; ? only 8B

%SK-I eénergyé resolijtion
(40% photo-coverage)

10 | SuSRMEIREERENE .................... .............. FEPUTPPPPOTPUPS ...... nOOSCi"atiOI’I

12 14 16 18 20 22 214

J.N. Bahcall and A.M. Serenelli, Astro. Phys. J. 621, 85 (2005) Energy threshold (MOV)
Model pp pep hep ™Be B BN 150 ITF
BP04(Yale) 504 140 7.88 486 579 571 503 591 e Energy resolution at h|gher energy
BP04(Garching) 594 141 788 484 574 570 498 587 ~ ..
BS04 5.04 140 7.86 4.8% 587 562 4.90 6.01 (~20 MeV) is important.
BS05(14N) 599 1.42 791 489 583 3.11 238 597 e It can be seen W|th 40% P.C. cannot
BS05(OP) 599 142 793 484 5.69 3.07 233 584 .
BS05(AGS,0P) 6.06 1.45 825 4.34 451 201 145 3.25 Wlth 14% PC
BSO5(AGS,OPAL) 6.05 145 823 438 450 203 147 331 e  ~300 events/ 5Mt=years (>17MeV)
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Summary

v When core-collapse supernova happens
In or nearby our galaxy, Hyper-K has many
interesting physics potential.

v Hyper-K is possible to perform a precise
measurement of SRN, especially spectrum.
v Solar neutrinos; neutrino oscillation,
solar model, etc. are possible to be studied

very precisely.
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Summary

A meeting “Astrophysics neutrino observation
at Hyper-Kamiokande” was held on 15th May,
2015, at Kobe University.

I r I "
\

Many researchers also
outside neutrino community =
are interested in and
support Hyper-K.
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