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The	
  next	
  	
  genera+on	
  large	
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  detector	
  	
  

Diffuse	
  Supernova	
  Neutrino	
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   Summary	
  

Supernova	
  Neutrinos	
  

Hyper-­‐Kamiokande:	
  the	
  unique	
  experiment	
  	
  
for	
  low	
  and	
  medium	
  energy	
  ν	
  astrophysics	
  

Astrophysics Potential of 
Hyper-Kamiokande 

 2 x 0.26 Mt Kamioka-cho, Hida 
Gifu, JAPAN 

Design Super-Kamiokande Hyper-Kamiokande 
Shape of tank(s) 1 Cylinder 2 Cylinders. 1st tank will be ready at 2026 

2nd tank will be 6 yrs later (staging) 
N of PMT (ID/OD) 11,129 / 1,885 40,000 / 6,700 
Photocoverage 40% 　　40% (×2 p.e. detectability with new PD) 

Total / Fiducial Volume 50 kt / 22.5 kt 0.52 Mt / 0.37Mt (0.187 Mt ×2) 

Neutrino source 2 tanks 1 tank 
νe + p 98,000～136,000 49,000～68,000 
νe + e- 4,200～5,000 2,100～2,500 

νe + 16O CC 160～8,200 80～4,100 
νe + 16O CC 1,300～7,800 650～3,900 

νe + e- (Neutronization) 12～80 6～40 
Total events. 104,000～158,000 52,000～79,000 

•  history	
  of	
  star	
  forma5on,	
  rate	
  	
  
• Energy	
  spectrum:	
  red-­‐shiAed	
  	
  
	
  	
  	
  average	
  along	
  the	
  history	
  of	
  	
  
	
  	
  	
  the	
  Universe	
  	
  

HK’s	
  target	
  
window:	
  16	
  –	
  30	
  

MeV	
  

•  The	
  next	
  genera5on	
  water	
  Cherenkov	
  experiment,	
  	
  
	
  	
  	
  	
  Hyper-­‐Kamiokande,	
  is	
  becoming	
  a	
  reality	
  
•  Astrophysics	
  is	
  an	
  important	
  part	
  of	
  its	
  scien5fic	
  mission	
  
•  Very	
  relevant	
  results	
  on	
  solar	
  neutrino	
  physics	
  
•  Fantas5c	
  info.	
  on	
  SN	
  forma5on	
  (if	
  a	
  galac/c	
  SN	
  occurs)	
  
•  Measurement	
  of	
  	
  ν	
  interac5ons	
  at	
  high	
  temperatures	
  and	
  
densi5es	
  (if	
  a	
  galac/c	
  SN	
  occurs)	
  	
  

•  Discovery	
  and	
  measurement	
  of	
  Diffuse	
  SN	
  ν	
  	
  Background	
  

#638-­‐talk	
  Y.	
  Nishimura	
  “New	
  50	
  cm	
  Photo-­‐Detectors	
  for	
  HK”	
  
#1036-­‐talk	
  M.	
  Gonin	
  “HK’s	
  neutrino	
  oscilla/on	
  physics	
  sensi/vity	
  ”	
  
#516-­‐talk	
  L.	
  Labarga	
  “Non-­‐accelerator	
  physics	
  with	
  HK”	
  <zxz 
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  H2020-­‐MSCA-­‐RISE-­‐2014-­‐GA641540,	
  SKPLUS	
  

      Water Cherenkov  
-­‐	
  allows	
  to	
  instrument	
  huge	
  amounts	
  of	
  maVer	
  	
  	
  
-­‐	
  reconstruc5on	
  of	
  energy,	
  posi5on,	
  	
  
	
  	
  	
  direc5on	
  and	
  type	
  of	
  the	
  interac5ng	
  ν	
  
-­‐	
  most	
  relevant	
  detec5on	
  reac5ons	
  for	
  this	
  	
  
	
  	
  	
  physics	
  program:	
  	
  	
  	
  	
  	
  
           elastic:  ν + e- → ν + e- 
                       [provides	
  direc5onality]	
  	
  
         inverse β:  ν + p → e+ + n 

Solar	
  Neutrinos	
   • 	
  from	
  nuclear	
  fusion	
  reac5on	
  in	
  the	
  Sun:	
  	
  pp-­‐chain,	
  CNO-­‐cycle	
  
• 	
  HK	
  brings	
  very	
  large	
  sta5s5cs:	
  	
  130	
  ν	
  ev./day,	
  Evis	
  >	
  5	
  MeV	
  (15	
  ν	
  ev./day	
  in	
  SK-­‐IV)	
  

also	
  	
  Supernova	
  Relic	
  Neutrino	
  (SRN):	
  diffused,	
  integrated	
  ν	
  from	
  all	
  past	
  supernovae	
  of	
  Universe	
  

•  large	
  volume	
  of	
  HK:	
  ≈	
  2-­‐20	
  SN	
  events	
  in	
  20y	
  
•  reference	
  energy	
  spectrum,	
  without	
  varying	
  
red-­‐shiA	
  effects.	
  for	
  DSNB	
  E	
  spectrum	
  	
  

•  prove	
  strange	
  supernovae,	
  eg.	
  dim	
  supernovae	
  	
  

18	
  s	
  coincidence	
  
	
  5me	
  	
  window	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  E	
  ≥	
  10	
  MeV	
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Fig. 5. Impact of new physics on solar neutrino survival prob-
ability. We fix sin2 ✓13 = 0.022. We plot standard oscillations
(sin2 ✓12 = 0.31, �m2

21 = 7.5 ⇥ 10�5 eV2), one extra sterile
neutrino (sin2 ✓12 = 0.31, �m2

21 = 7.5 ⇥ 10�5 eV2, sin2 2↵ =
0.005, �m2

01 = 1.2 ⇥ 10�5 eV2) and non-standard interac-
tions with up-type (sin2 ✓12 = 0.30, �m2

21 = 7.25⇥ 10�5 eV2,
"uD = �0.22, "uN = �0.30) and down-type (sin2 ✓12 = 0.32,
�m2

21 = 7.35 ⇥ 10�5 eV2, "dD = �0.12, "dN = �0.16) quarks.
See text for details. We use abbreviations “Brx” for Borexino
and “KL” for KamLAND.

�m2

01

defined above the new resonance modifies the sur-
vival probability leading to the dip at the intermediate
energies, E ⇠ 3 MeV, thus suppressing the upturn (see
Fig. 5). This alleviates the tension between solar and Kam-
LAND data.

4.1.3 �m2

as � �m2

21

In this limit (see Refs. [62, 63] for latest discussions) all
the �m2

ij

other than �m2

21

can be assumed to be infinite,
and in certain propagation basis the neutrino evolution is

described by the sum of H(2)

lma in Eq. (41) and

H
(2)

np =
p
2G

F

n
n

4

✓
�⇠

D

⇠
N

e�i�12

⇠
N

ei�12 ⇠
D

◆
, (43)

where ⇠
D

, ⇠
N

are combinations of the mixing matrix ele-
ments U

↵i

(explicit expressions can be found in App. C of
Ref. [63]).

The new physics term (43) proportional to V
n

, is in-
duced by the decoupling of heavy neutrino states. In gen-
eral, the matter term (43) and the usual one with V

e

do
not commute with each other as well as with the vacuum
term. The phase �

12

appearing in H
(2)

np originates from
the phases of the general (3 + n) mixing matrix, and it
cannot be eliminated by a redefinition of the fields. This
phase does not produce CP-violation asymmetry but af-
fects neutrino propagation in matter.

The relevant conversion probabilities can be written as

P
ee

= C̃
e

� ⌘2
e

P (2)

osc

,

P
ae

= C̃
a

� ⌘
e

⇣
⇠
D

P (2)

osc

+ ⇠
N

P
(2)

int

⌘
,

(44)

where P
(2)

osc

⌘ |S(2)

21

|2 and P
(2)

int

⌘ Re
�
S
(2)
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S
(2)?

21

�
and the

matrix S(2) is the solution of the evolution equation with
the e↵ective Hamiltonian H(2). The coe�cients C̃

e

, C̃
a

,
and ⌘

e

are functions of U
↵i

[63]. The formulas (44) are
valid for any number of sterile neutrinos. Sterile neutrinos
a↵ect the oscillation probabilities in two di↵erent ways:
(1) the mixing of ⌫

e

with the “heavy” states leads to
a suppression of the energy-dependent part of the con-
version probabilities, in analogy with ✓

13

e↵ects in the
standard case;
(2) the mixing of the sterile states with ⌫

1,2

leads to
overall disappearance of active neutrinos, so that P

ee

+
P
µe

+ P
⌧e

6= 1.
Phenomenologically, the most relevant e↵ect is the sec-
ond one, since the precise NC measurement performed by
SNO confirms that the total flux of active neutrinos from
the Sun is compatible with the expectations of the Stan-
dard Solar Model. Hence the fraction of sterile neutrinos
which can be produced in solar neutrino oscillations is
limited by the precision of the solar flux predictions, in
particular of the Boron flux. An updated fit of the solar
and KamLAND data in the context of (3+1) oscillations,
with the simplifying assumption U

e3

= U
e4

= 0, yields
|U

s1

|2 + |U
s2

|2 < 0.1 at the 95% CL.
Concerning the first e↵ect, the mixing of ⌫

e

with “heavy”
eigenstates has similar implications as in the standard
case except that now there are “more” heavy states. This
allows to put a bound on ⌘

e

which is very similar to
the one on |U

e3

|2 in 3⌫ one, but instead of being inter-
preted as a bound on |U

e3

|2 it becomes a bound on the
sum

P
i�3

|U
ei

|2. For example, for (3+1) models a bound

|U
e3

|2 + |U
e4

|2 < 0.077 at 95% CL can be derived from
the analysis of solar and KamLAND data, as shown in
Ref. [63]. Additional bounds have been obtained by Borex-
ino [64].

4.2 Non-standard interactions

In the presence of physics Beyond the Standard Model,
new interactions may arise between neutrinos and matter.
They can lead to e↵ective four-fermion operators of the
form

L
NSI

= �2
p
2G

F

"fP
↵�

(⌫̄
↵

�µ⌫
�

)(f̄�
µ

Pf) , (45)

where f denotes a charged fermion, P 2 {L,R} are the
left and right projection operators and "fP

↵�

parametrize
the strength of the non-standard interactions.

The non-standard interactions (NSI) were introduced
to obtain oscillations [8] or MSW conversion [13, 14] with-
out neutrino masses. NSI could provide an alternative so-
lution of the solar neutrino problem. They can modify the
LMA MSW solution, and inversely, be restricted by solar
neutrinos [65–69].

NSI a↵ect neutrino propagation: the matter term, V ,
in the evolution equation (1) includes an extra contribu-
tion from NSI

V
↵�

= V
e

�
↵e

�
�e

+
p
2G

F

X

f

n
f

"f
↵�

, (46)

Hyper-K 

• Verifica5on	
  of	
  neutrino	
  oscilla5on	
  and	
  search	
  for	
  BSM	
  
	
  	
  	
  physics	
  	
  →	
  Non-­‐standard	
  interac5ons,	
  sterile	
  ν	
  	
  …	
  
• separable	
  w/	
  up-­‐turn	
  from	
  w/o	
  up-­‐turn	
  with	
  ~5σ	
  	
  
	
  	
  (3.5MeV	
  threshold,	
  staging	
  10y)	
  

•  one	
  of	
  the	
  most	
  energe5c	
  phenomena	
  in	
  the	
  Universe	
  

Measurement of Energy spectrum up-turn 

•  E	
  released	
  ≈	
  3	
  x	
  1053	
  ergs,	
  mostly	
  carried	
  out	
  by	
  νs	
  	
  
 

	
  Galac+c	
  Supernova	
  
SN	
  in	
  nearby	
  Galaxies	
  (>	
  1Mpc)	
  •  SN	
  at	
  ~10	
  Kpc:	
  ~	
  100	
  -­‐	
  160k	
  ν	
  events	
  at	
  HK	
  	
  	
  à	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (10kpc,	
  Livermore	
  model)	
  
•  HK’s	
  unique:	
  very	
  low	
  E	
  threshold	
  ≈	
  3	
  MeV,	
  	
  
	
  	
  	
  	
  	
  	
  ΔE/E	
  ≈10%	
  at	
  10-­‐20MeV,	
  sensi5.	
  to	
  	
  ν+p	
  →	
  e++n	
  	
  
•  proper5es	
  of	
  SN:	
  5me	
  evolu5on	
  of	
  ν	
  flux,	
  energy,	
  type	
  
•  proper5es	
  of	
  νs	
  :neutrino-­‐neutrino	
  self-­‐interac5on,	
  	
  
	
  	
  	
  	
  	
  	
  mass	
  hierarchy,	
  absolute	
  mass,	
  ν’s	
  life5me	
  	
  	
  	
  
	
  	
  	
   	
  ν+p	
  →	
  e++n	
  	
  rate	
  	
  	
  

	
  νe	
  energy	
  	
  	
  	
  

[10	
  Kpc]	
  [10	
  Kpc]	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  w/	
  Gd,	
  10	
  yrs.	
  
	
  68%	
  	
  n-­‐tagging	
  eff.	
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( Super-K, SNO,  
 GALLEX  … ) 
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•  ≈2σ	
  tension	
  for	
  Δm2
21	
  between	
  reactor	
  ν	
  and	
  solar	
  ν	
  	
  	
  

•  verifica5on	
  by	
  terrestrial	
  maVer	
  effect	
  (D/N	
  asym.)	
  
	
  	
  	
  	
  	
  	
  separable	
  by	
  ~6σ	
  (staging	
  10y)	
  

	
  Δm2
21	
  :	
  precision	
  measurement 

Search window: 
18.0-25.0MeV 

• neutrino	
  from	
  He+p	
  reac5on	
  at	
  the	
  sun	
  
• verifica5on	
  of	
  SSM	
  
• very	
  small	
  frac5on;	
  yet	
  undiscovered.	
  
• expected	
  (10y):	
  8.5	
  ev	
  (+BG	
  0.7ev.)	
  

ν	
  hep:	
  discovery	
  and	
  measurement	
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HK	
  sensi+vity 

•  prospects	
  for	
  HK	
  	
  
-­‐	
  10	
  yrs:	
  ~98±20	
  events	
  (4.8σ)	
  
	
  	
  20	
  yrs:	
  240±30	
  events	
  
-­‐	
  if	
  neutron	
  tagging	
  (Gd,	
  68	
  %	
  eff):	
  
	
  	
  	
  ~	
  560	
  events	
  in	
  10	
  yrs	
  (see	
  fig.)	
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