What can we learn from astrophysical neutrinos?
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from the UHE cosmic neutrinos to ULE
cosmic neutrinos from Big Bang

® Cosmic v Background (CvB)
® Detection of CvB@PTOLEMY

® Physics/Cosmology with CvB
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Stellar Collapse and SN Explosion .

Main-sequence star Helium-burning star

Grav. binding energy E~3 x 10°3 erg
99% Neutrinos
1% Kinetic energy of explosion
(1% of this into cosmic rays)
0.01% Photons, outshine host galaxy

Hydrogen Helium Hydrogen
Burning Burning Burning
1. > 8...10 Solar Mass || Degenerate iron core:
2. Collapse - Bounce| p =~10° gcm3
3. Shockwave halted | T =100 K
4. venergy deposited | Mg, ~1.5Mg ,
5. Final SN explosion Rpe =~ 8000 km

Proto-Neutron star:
P~ Pruc=3 x101% g cm™
T ~ 30 MeV

3




6va 1987A° Neutrinos from SN 1987A

" Feby ary 1987

I|IIIIIII|III|III|IIIIIE

Kamiokande

— &

_Ill_lllllllllll
——
llllllllllllllllll

'-"_1;‘:\'&,';.':*\.. b3y .-;e. ..“'..."\"4- -\-a,u. FE

-

Number of Photomultipliers

Energy [MeV]

II|III

¢

o b b b

L 4

35 37 39 41 43 45 47 49
Time (UT) on 23 February 1987

[T1

8

I

NUM 9
RUN 1892
EVENT 139372

TIME 2/23/87
16:35.37 JST

=
&

+

|||||| | ||l||||| [ ||||||| 11 ||||||| L ||||||| = | )
54 J TOTAL ENERGY 19.8 MeV
10 " TOTAL P.E. 51(0)

MAX PE 4(0)
THRES PE 0.2(1.0)

it

Illlllll

Energy [MeV]
T T[T T[TTTT{ 1T
ATATERIARERU ANARA NN,

1053

1]
T IR T

I|lll|ll

KAMIOKANDE 2-P

-

Energy [MeV]
LY L L
—o—
——
-0
——
Ll

1T

[T
(11

10°9 |||||||E| RETTT AT MR RTTIT ERTT A f}‘; ol AEEREER
1073 107® 107! 1 10 | X PE. 4 (0 2 4 6 8 10 12 14
Time after core bounce [sec] Hirata et al., PRD 38 (1988) aa8 Time after first event [s]

o




Detection of SN Neutrinos

Super-Kamiokande

Supernova-relevant neutrino interactions Scholberg,
@SNOBS 2017

Electrons Protons Nuclei
Elastic scattering Inverse beta Ve+ (N,Z) > e +(N-1,Z+1) ': .
i decay+ e+ (N,Z) s et +(N+1,Z-1) R
v+e s v+te | VetP—re +n
Charged Y
current (] |
ve ------- W e+ “ Y
€| v~ fv Various
n <Y possible
ejecta and
: deexcitation |

.&, scattering Y "
Neutral V sssesss p V""‘(é

current Vel Y ﬁ’
Vasas

Useful very low energy

. recoils v+A—->v+ A Coherent
for pointing T + elastic (CEVNS)




Summary of SN Neutrino Detectors

Detector Type Location Mass Events Status

(kton) @ 10 Kpc Scholberg @SNOHS 2017
Super-K Water Japan 32 8000 Running
LVD Scintillator Italy 1 300 Running
KamILLAND Scintillator Japan 1 300 Running
Borexino Scintillator Italy 0.3 100 Running
IceCube Long string South Pole (600) (109) Running
Baksan Scintillator Russia 0.33 50 Running
HALO Lead Canada 0.079 20 Running
Daya Bay Scintillator China 0.33 100 Running
NOvA Scintillator USA 15 3000 Running
MicroBooNE Liquid argon USA 0.17 17 Running
SNO+ Scintillator Canada 1 300 Under construction
DUNE Liquid argon USA 40 3000 Future
Hyper-K Water Japan 540 110,000 Future
JUNO Scintillator China 20 6000 Under construction
PINGU/GEN-2 Long string South pole (600) (106) Future




Current & Future Scintillator-based Detectors

LVD, 1 kt

MiniBooNE Detector

[ 1] Signal Region

MiniBooNE, 0.7 kt

Veto Region

Detector

NOVA, 15 kt

o

Baksan, 0.33 kt

LENA, 50 kt

Daya Bay

13

JUNO, 20 kt




The JUNO Experiment
Yangjiang Taishan

Status Operational Planned Planned Under construction Under construction
Power 17.4 GW 17.4 GW 17.4 GW 17.4 GW 18.4 GW

3 P itejcandidat
Overburden ~ 700 f/f\ T s -esal?m', -
IR S Guang Zh,ou ;‘ ﬁ*w* S, e b e

oLh 10¢1N%

i ;i*." ‘v.:. ._. ':‘ - # 3 v
Kalplng, i3 5 _-:A SRR e J““ . % RN KT

Jiahgmen City;

‘Guangdong, Prownce""‘}; Huizhou

NPP

3 4 \ o.évhu ngsha n . |
~Zhu Hai @ 2eto nDaya Bay NPP

‘ ¥ Hong Kon o o o o o o o
;’ &@\ o g Kong Cores YI-Cl YI-C2 YJ-C3 YI-C4 YI-C5 YI-C6
i34 Jl\/lacau _—

Power (GW) 2.9 2.9 2.9 2.¢ 2.9
Baseline (km) 52.75 5284 5242 5251 5212

T 1 h NPP Cores TS-C1 TS-C2 TS-C3 TS-C4 DYB
o Power (GW) 46 46 46 46 174

,Ya-ngjiang NPP Baseline (km) 5276 52.63 5232 5220 215
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The JUNO Experiment ,

Jiangmen Underground Neutrino Observatory , [
Top tracker Sso— —— No oscillation
> L
S — —— Normal hierarchy
E4OT
support - —— Inverted hierarchy
jure 30— Neutrino Physics L =53km  Promptsignal:
y||C Sphere E with JUNO, JPG, 16 e+e_T_) 2y
354 m 20:— V,+p—on+e’
10— [ st H
ater E Delayezcilzc:,Ip:\t;rs on H;
herenkOVO_lI1|l||1||||||1||1|1||||||||1|| P T
2 3 4 5 6 7 8 9 10
.. . E, [MeV
. 20 kiloton LS detector Data taking in 2020; Mass hierarchy @ (3~4)o by 2026 ,MeV]
[ ] o 1 .
3% energy resolution@ 1 MeV KamLAND Borexino JUNO
* 700 m underground LS mass 1 kt 0.3 kt 20 kt
+ 18,000 20” +25,000 3” PMTs Energy Resolution 6%/VE 5%/VE 3%/E
* 53 km to the NPPs Light yield 250 p.e./MeV | 511 p.e/MeV | 1200 p.e./MeV
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SN Neutrino Event Rates
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SN Neutrinos @ LS Detectors

Vo+tp-oet+n CcC V,
v+p-ov+p NC v,
v+e -ov+te CC+NC Vv,
Vo + “C—> et + B CC Ve
(14.39 MeV, 20 ms)

v, + #C—- e + N CC V,
(17.34 MeV, 11 ms)

v+ 2C->v+ NC v,

Natural abundance of 3Cis about 1.1%

Fukugita et a/, PLB, 90; Suzuki et a/, PRD, 12

v, + C-e" + B cC Ve
v, + PC-e + N CcC v,
v+ PC-ov+ B NC Vx

« Elastic v-p scattering important

« Advantage of LS: low threshold

Beacom, Farr, Vogel, PRD, 02;
Dasgupta, Beacom, PRD, 11

Event Spectra Average E (v,,V,,V,)

@ JUNO (12, 14, 16) MeV

- BN,
i Bene,  EP=7.5MeV
[T Pl El=3.7 MeV

-th
Wy =7g

I I]_I

[ Lu, Li, Zhou, PRD, 16 PONC,EY= 151 MeV ]




Elastic v-p Scattering in LS Detectors

Beacom, Farr, Vogel, PRD, 02; Dasgupta, Beacom, PRD, 11; Lu, Li, Zhou, PRD, 16
« Elastic v-p scattering important
P« Advantage of LS: low threshold

Quenching effects on the proton recoil energy

Quenched Kinetic Energy [MeV]

5

electron -

Kinetic Energy [MeV]

T, < 2 E2/m

Total Number of Events

3000

2500 f

1000 |

500 |

2000 |

1500 |

Elastlc v-p Scatterlng at JUNO :

fffffffffffffffff #of events y

0.2 0.4 0.6 0.8 |
Threshold of Visible Energy [MeV]



SN Neutrinos @ LS Detectors

Channel T Number of SN Neutrino Events at JUNO Detection channels v Flavors  Efficiency Backgrounds Systematics
‘’hanne ype
P No Oscillations Normal Ordering Inverted Ordering IBD 7 95% None Detection 207
e 0 0
Tetp—e +n CcC 4573 4775 5185 ) _
12c.cc 7. and v, 90% None Detection 2%
1578 1578 1578
. o
" 107 a4 278 Detection 2%
y ES
vtpvip v, 179 214 202 pES Ve, Ve and v, 99% eES Cross section  20%
v, 1292 1010 1008 kg 3%
314 316 316 eES U., Ve and v, 99% BN-CC+IBD+pES Detection 2%
. 157 159 158
vot+e—uv,+e ES : ‘ Detection 2%
7 61 61 62 BN-CC Ve 100% eES+IBD
fOa @ : 07
” 96 96 96 Cross section  20%
ve+12C = e + 2N CC 13 134 106 Detection 2%
- 2C.NC Te. ve and v, 100% eES+IBD
7.+ 12C 5 ot + 2B CC 26 08 196 Cross section  20%
352 352 352 . Detection 2%
- - - 1BC-NC Te, Ve and v,  100% eES+1BD
V, "08s secti %
b+ 120 5y 41200 NC Cross section  20%
7, 43 50 65 — .
 IBD for v, + sub-leading effects from 12C CC
v, 282 226 226
Vet HC 5 - + BN CC 19 2 2% - Elastic v-e scattering for v, + 12C CC
3/27(5/27 23(15 23(15 23(15 e .
20 ()) E)) E .« Elastic v-p scattering for v, + eES
v, 3(1 A(3 4(2)
v+8BC=sv4+8BC* NC . o
v 3(2) A(2) 4(3) H
: A global analysis of all reaction channels?

v 17(12) 15(10) 1510 Laha et al, 1412.8425; Lu et al, PRD, 2016




SN Neutrinos @ LS Detectors
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Test of Energy Equipartition Hypothesis

Including only the MSW matter effects in the SN

For collective flavor conversions, talk by M.R. Wu

0.0
1.0
Normal 7 & ;g
Hierarchy 0.2 30

_________________

___________________________________________________________________

0.2 0.0
Lu, Li, Zhou e

0.0
1.0
Inverted éc
rarchy 00 Fo c
Hierarchy 05 36
0.8 F-oveeiiieeene
0.4
0.6 7o I A RVX
RVe
0.4 F-3%-mmsc f f foe s Y
0.2/ W
‘ ‘\\ \ I | , ‘\“‘ 1-0
0.0 . .
1.0 0.8 0.6 0.4 0.2 0.0
R-
’tql., PRD, 2016 Ve




Total Gravitational Binding Energy

Including only the MSW effects in the SN, and fixing the spectral indices aty =3

Lu, Li, Zhou et al., PRD, 2016
25 . —————] 25 1 ',‘
| .. / | L . 1 ]
; ! i Normal / j . Inverted ,
201 ' | Hierarchy / - 20 || \ Hierarchy i
[ : ﬁ ! ,
SR (3.070:37) x 10°* erg // R (3.070:33) x 10° erg !
15+ | /' ] 157 1 ' !
w | / | |
10} / 110} i
; 114% @ 1o C.L.| : ;
L : | /:
5t /'/ all , St 7 all _
i W/OpES---- ] I W/OpES----
: /" who eES+HN CC : 7 wlo eES+! NCC ;
ol - wlo pES, eES+ "N CC — " — ol /~"Wlo pES, eES+ N CC —-— |
4 5 6 4
E'' [10° erg]

" erg]
« With a high-statistics measurement of a galactic SN: time & energy spectra, all flavors

5 6

I
« More works need to be done: collective flavor conversions, explosion mechanisms



Formation of Cosmic v Background s

O v in thermal equilibrium

EW phase transition structure formation @ high temperature
neutrino decoupling photon decoupling
inflation Now

QCD phase BBN
transition

|

1018 1015 102 10° 10 103 1 103 10° 10°

Temperature (MeV) T=T-=T
v e Y



Formation of Cosmic v Background s

O v in thermal equilibrium

EW phase transition structure formation @ high temperature
neutrino decoupling photon decoupling
inflation Now

QCD phase BBN
transition

|

1018 1015 102 10° 10 103 1 103 10° 10°

Temperature (MeV) T=T-=T
\Y e Y

O neutrino decoupling Fr<H@T~1MeV

Weak interactions

Hubble expansion

Fermi-Dirac spectrum



Formation of Cosmic v Background s

O v in thermal equilibrium

EW phase transition structure formation @ high temperature
neutrino decoupling photon decoupling
inflation Now
QCD phase BBN
transition

T I T T T 1T 111

1018 1015 102 10° 10 103 1 103 10° 10°

Temperature (MeV)

O neutrino decoupling Fr<H@T~1MeV O photon reheating
eT<m |

O Basic properties of CvB

Weak interactions

Hubble expansion
» To=195K and <p>=3T,=5x 10*eV

Fermi-Dirac spectrum » number density n =56 cm3 per species




Prospects for CvB Detection

O Acceleration in the neutrino wind «— Laser Resonator

Target mass

Balancing Mass

Current Sensitivity de Broglie 0 Ringwald, 05
10 cm s wavelength Neutrino Target ~ Hagmann, 99

0 Resonant absorption of EHE neutrinos

m?%

res __
Eoi = 2m
'V0,1

— 4.2 x 1012 (

Mx = 4 x 10" GeV
® Sources of EHE neutrinos
® Nearly-degenerate masses
® Z-burst for EHE CR events

hidden top. defect sources A

10'5 1019 1020 1021 1022
E [eV]

o
9
n

n
n

(3]
z

¥5%10-3

>

9

=,

0

=
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Prospects for CvB Detection

Relic neutrino capture on [i-decaying nuclei

beta-decay
3 (background

neutrino

\ * ‘ gnal
\ signal
o * -

=0 1962

)
c
)
=
L)
(%)
9
)
e
)
e
]
2
£
S
c

\ m,,

\ for either
active or
sterilev’s

kineticenergy of electrons

no energy threshold on incident v’s mono-
energetic outgoing electrons

At least 2 v’s cold today NON-relativistic v’s!
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Prospects for CvB Detectlon

Relic neutrino capture on [;-decaying nuclei

= — R ——

v, + 3H — 3He + - B

 PTOLEMY | |

beta-decay
\ background -~ a Mgmm\}’% S~

neutrino | EaTTTe=] o]y
capture | EeystifiTyy
signal Observ. for
Light, Betts et al, arXiv:1307.4738
Early-Univ.,
for either Massive-v
acti\_le or Yield

sterilev’s

)
c
)
=
et
(%)
9
)
e
)
=
]
2
£
S
c

CvB capture rate

kineticenergy of electrons

first experiment )
no energy threshold on incident v’s mono- 100 g of tritium = Dll‘aC

= Majorana

energetic outgoing electrons

graphene target

At least 2 v’s cold today NON-relativistic v’s! planned energy resolution 0.15 eV



Prospects for CvB Detection

Capture rate of a polarized neutrino state v;(s,) on a free neutron

G12: 2 m,,
o'j(sv)vv]- — ﬂ |Vud|2|Uej| F(Z; Ee)m_nEepe (fz + 392)
(1 — v, s, = +1/2 RH Helicity
A(s,) =1 — Zs,,vv]. = <
\1 t Uy, s, = —1/2 LH Helicity

In the limit vy, — 1, the state of s, = +1/2 cannot be captured

In the limit vy, — 0, both RH and LH helical states do contribute

1 1
Total Rate Fev = z ["i ("‘ 5) Vy; T 0] (— E) Uy; ] N7
J
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Prospects for CvB Detection

19
Capture rate of a polarized neutrino state v;(s,) on a free neutron Dirac
G%‘ 2 y mp 2 2
aj(sv)vvj — ﬂlvudl |Uej| F(Z'Ee)m_Eepe (f“+39°)
n
, . nw)=n@ n)=n()
1-— Uy, , Sy = +1/2 RH Helicity n@R) =n(2) nyg) =n2)
A(s,) =1 — 285yVy, =+
\1 t Uy, s, = —1/2 LH Helicity

Nowadays

n(vp) =ng  n(vy) = ng
In the limit v,, — 0, both RH and LH helical states do contribute n(Vhr) =Ny n(vyr) = ng

In the limit vy, — 1, the state of s, = +1/2 cannot be captured

o~ 3.8x%x10% cm?

D =
| I'cyvg = 0NNy |

1 1
Total Rate Fev = z ["i ("‘ 5) Vy; T 0] (— E) Uy; ] N7
J

M. = 2onyNy



Prospects for CvB Detection

Neutrino Clustering N =015 eV NFW

NFW+baryons
Clusterlng In the Milky Way : NFW/(optimistic)

T ||||||I'| T |||||I'I'| T T 1T

baryons only

0.45 eV _
de Salas, Gariazzo,

Lesgourgues, Pastor,
1706.09850

r [kpc]
overdensity f. M 1
fl ~ f? ~ f3 1—‘tot (yl )
] any no clustering . 8.12

1 10 100 103 NFW (+bar) 2.18 (2.44) .8 (9. 17.7 (19.8)
r [h-!kpc] NFW optimistic 2.88 . 23.4
EIN(-+bar) 1.68 (1.87) .8 (7. 13.6 (15.1)
At the Earth, larger by a factor of 1 to 20 EIN optimistic 2.43 : 19.7
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Particle Physics with CvB

® Nominal setup for PTOLEMY: 100 g ®H, A =0.15eV
® Absolute masses, Dirac vs. Majorana, Extra v’s, ...
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Summary and Outlook

22

- The next galactic core-collapse SN will be measured by a number of neutrino detectors, and
a high-statistics real-time measurement is helpful in understanding explosion mechanisms
and probing the intrinsic properties of massive neutrinos

 Give the priority to Diffuse SN Neutrino Background, a guaranteed source of SN neutrinos.
We have SK with Gd doping, and JUNO (available within 3 years) also has a good chance.

Syst. uncertainty BG 5% 20 %
(Ep.) rate only spectral fit | rate only spectral fit
12MeV 230 2.50 200 230
15 MeV 3.50 3.70 3.20 3.30
18 MeV 4.60 480 410 430
21 MeV H.D0 H.80 490 H.lo

Neutrino Physics
with JUNO, JPG, 16

« Very promising to detect the relic neutrinos from the Big Bang in the PTOLEMY experiment.
It is time to have a serious look at theoretical predictions for local number densities, the
detection rates and physics potentials for elementary particles and cosmology



Summary and Outlook

22

- The next galactic core-collapse SN will be measured by a number of neutrino detectors, and
a high-statistics real-time measurement is helpful in understanding explosion mechanisms
and probing the intrinsic properties of massive neutrinos

 Give the priority to Diffuse SN Neutrino Background, a guaranteed source of SN neutrinos.
We have SK with Gd doping, and JUNO (available within 3 years) also has a good chance.

Syst. uncertainty BG 5% 20 %
(Ez.) rate only spectral fit | rate only spectral fit
12MeV 230 250 200 2.30 Neutrino Physics
15 MeV 3.00 3.70 3.20 330 with JUNO, JPG, 16
18 MeV 460 180 410 430
21 MeV 5.00 580 490 Hlo

« Very promising to detect the relic neutrinos from the Big Bang in the PTOLEMY experiment.
It is time to have a serious look at theoretical predictions for local number densities, the
detection rates and physics potentials for elementary particles and cosmology

Thanks a lot for your attention!



