Prospects for Supernova Shun Zhou
Neutrino Detection (IHEP & UCAS)
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Neutrinos: .

Intrinsic Properties of Massive Neutrinos: Portal to NP beyond the SM

B Neutrino mass ordering
B Precision measurements -
B Leptonic CP violation/CP phases

|

Majorana vs. Dirac neutrinos

B Origin of neutrino masses New
B Dynamics for flavor mixing Physics
B Mechanism for CP violation

. . Liquid Scintillator
Neutrinos as a Cosmic Messenger Water Cheren ki

B Core-collapse supernovae

B Origin of high-energy cosmic rays

B Gamma rays & gravitational waves

B CvB & Matter-antimatter asymmetry

/ A Liquid Argon

Multi-purpose Detectors




Part A: Neutrinos from Core-Collapse Supernovae

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

Main-sequence star Helium-burning star © G. Raffelt

Reviews by
H.-Th. Janka,
Hydrogen Helium Hydrogen 1702.08825,
Burning Burning Burning 1702.08713

> 8 Solar Masses
Collapse—Bounce Degenerate iron core:

~ 109 -
Shock wave halted || P =10 109 cm=3
v energy deposited T =~10Y K

Final SN explosion Mre =~ 1.5 Mgy,
Rre = 8000 km

e

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

N




Neutrinos from Core-Collapse Supernovae
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@ Collapse: v, productionviae  +p — v, +n
@ Neutronization v, burst:

®®

disintegration of heavy nuclei, capture on
free p’s, shock passing through v-sphere
Accretion: reduction of u, — neutrino pairs

Cooling: (anti)neutrinos of three flavors

Energy Spectra  Electron Flavor

Vep <> ne’
veNe&pe

Free
Streaming
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Raffelt, ApJ, 2001
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Neutrino Sphere

Other Flavors
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veoev /(
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Streaming

Thermal Equilibrium Diffusion
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Energy Sphere (ES)

Transport Sphere

* Neutrinos are close to thermal equilibrium
- Different flavors decouple at different radii
« SN neutrino fluxes are time dependent

- Keil-Raffelt-Janka (2003): F(E) « E* e~ (a*DE/E



Part A: Neutrinos from Core-Collapse Supernovae

Parametrizations of Neutrino Spectra Keil, Raffelt & Janka, astro-ph/0208035
Modified Maxwell-Boltzmann Distribution o €2
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Fale) = (E)a o (at1)e/e Distribution 1+ exp (% — 77)
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Part A: Neutrinos from Core-Collapse Supernovae

Flavor Conversions of Supernova Neutrinos

Extremely dense matter

d (v Vv
132 ) = ()
ot \Vu Vu
Effective mixing Hamiltonian

Nn

2
H=—+2¢G
2E T g

! !

Wolfenstein, 78
Mikheyev & Smirnov, 85
Pantaleone, 92

MZ Ne e 0

O Frequent interactions
O No flavor conversion

O,

7
A% > > A%
N'V N(V |V )
+26 ’ s
- (N(Vuh’e) NVu )

!

Mass Term

Neutrinos in a medium suffer flavor-dependent

refraction
W (O

: 4  z
\Y vV v v

_ Ne—Nn/z for Ve
Viweak = V2GF X { —Np/2  for v,

Typical density of Earth: 5 g/cm?3

AViyeak = 2 X 10713 eV = 0.2 peV

Collective Oscillations

Picture of SN neutrino flavor conversions
B No flavor changes within v-sphere (???)

H Above v-sphere: slow collective oscillations

B In the envelope: the MSW matter effects



Part A: Neutrinos from Core-Collapse Supernovae

Seminal works: Duan, Fuller & Qian, astro-ph/0511275; Duan, Fuller, Carlson & Qian, astro-ph/0606616

Normal mass hierarchy Inverted mass hierarchy
= 1B : . =
v Collective oscillation ]
e (bipolar regime) :
g 4 o8 g 4
s E
& 5 :
“3 S —~ 0.6 & A
= s 1x E
3 3 -
@ 0.4 5 -
= | = ]
= s
E = E
Collective oscillation - 0.2 =
~ (bipolar regime)
! ! l z

r \ k coll R coll r o — Rc_c:xll

Recent reviews on collective neutrino oscillations: Duan, Fuller & Qian, 1011.2799; Mirizzi et al., 1508.00785;
Chakraborty, Hansen, Izaguirre & Raffelt, 1602.0276



Part A: Neutrinos from Core-Collapse Supernovae

Collective oscillations

in the accretion phase Final fluxes in inverted hierarchy (multi-angle)
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Part A: Neutrinos from Core-Collapse Supernovae

MSW matter effects on neutrino flavor conversions Dighe & Smirnov, hep-ph/9907423




Part A: Neutrinos from Core-Collapse Supernovae

Tamborra et a/.,1702.00060 (11 solar masses) Flavor equilibrium?? Capozzi et al., 1808.06618
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Detection of Supernova Neutrinos - SN 1987A

o NUM 9 50_1||||||||||||||||||||||l||||||u
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Hirata et al., PRD 38 (1988) 448 [s]

SN 1987A: Hirata et al., PRL 58 (1987) 1490; Bionta et al., PRL 58 (1987) 1494, Alekseev et al., PLB 205 (1988) 209



Part B: Detection of Supernova Neutrinos - SN 1987A

Jegerlehner, Neubig & Raffelt, astro-ph/9601111

30 | | 1 | I | 1 I | I | I | I I | I | I I |
: Contours at CL :
_ 68.3%, 90% and 95.4% |
. KAM )
20 — -]
- Recent long-term .
i simulations i
10 =
O i g gia L oi i g g . ‘ | N i
1 2 % 4 3 6

Spectral anti-v, Temperature [MeV]

Assumptions:
O Thermal neutrino spectra
O Energy equipartition

Conclusions:
H Gravitational core-collapse

B Expected average energies
B Expected signal duration

Problems:
O Only twenty-four events
O Only observed once




Part B: Detection of Supernova Neutrinos -

Supernova-relevant neutrino interactions ¢ K. Scholberg

Prospects

Super-Kamiokande

. Mozumi, Japan
Electrons Protons Nuclei 22.5 kton fid. volume (32 kton total)
Elastic scattering Inverse beta Ve+ (N,Z) 5 e~ +(N—-1,Z+1) ~5-10K events @ 10 kpc
decay _ (mostly anti-v,)
.+ (N, Z T4+ (N+1,Z-1 2o o
v4e —svte | Petp—et +n Vet (N, Z) = €7 +( ) _y == s ~5° pointing @ 10 kpc
P e : Future: SK-Gd
Chargt:d g y n
curren ve ....... W e+ rY f""/&\/"_} Hyper_Kamiokande
e' v ........ ,\, ....... u\ _
e LY v et- gﬁ;‘;ﬂfe . staged 2-module, 374-kton fid.
n -~ eiecta and water Cherenkov detector
djeexcitation I * 1 module: 40% PMT coverage
e Elastic v+ Ay + A* products w/double efficiency
scattering n
Neutral A p v éﬂ Ve t 208pp — 208Bj* + @ ¢ HALO
Vesee \ Relative 1n/2n rates
current \ ssesaas 0/' .Y 1n, 2n emission sharply dependent
v on neutrino energy
Useful very low energy e 208 208D * = spectral
o i Coherent v, + Pb — “FPbT + v, NC itivit
for pointing recoils v+ A—>v+ A g sensitivity
elastic (CEVNS) 1n, 2n, y emission
Channel o SUELE " “GK\EK’;{FS o SNO 3He counters + 79t Pb
ivermore” mode mode 1~ 40 events @ 10 kpC
Ve +10 Ar — e~ +10K* 2720 3350
7, 10 Ay — et {0 230 160 « Water-Cherenkov: SK, HK
Uy +em = vyt e 350 260 « LArTPC: ICARUS, DUNE
Total 3300 3770 « Scintillator: NOvA, JUNO




Part B: Detection of Supernova Neutrinos - JUNO

LVD, 1 kt

MiniBooNE Detector

[ 1] Signal Region

Veto Region

Detector

foar . U AT\

Detector

NOVA, 15 kt

i

MiniBooNE, 0.7 kt

Baksan, 0.33 kt LENA, 50 kt JUNO, 20 kt



Detection of Supernova Neutrinos -
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

14

PreVIous siteicandidate
- ' ol Huizhou

uang Zaoul ;‘ ﬁ”" |
‘L\s

oLh 10¢1N%

Kalplng, % i
Ji Ci ol

|angmen 5/ N Sl
Guangdong Provmce i (« | NlFJ)IFZ) ou
7 WL o P oéhk noshan \J

Zhu Hai @ Ber10 nDaya Bay NPP

‘k'k" i\' seMacau Hdng Kong
N :

Cores YJ-Cl YJ-C2
Power (GW) 2.9 2.9
Baseline (km) 52.75 52.84

T - h NPP Cores TS-C1 TS-C2
lalsnan Power (GW) 4.6 4.6

"\Ya'ngjiang NPP Baseline (km) 52.76 52.63

"




Detection of Supernova Neutrinos -

Jiangmen Underground Neutrino Observatory

50 —— No oscillation

Top tracker

bitrary units

L
o

—— Normal hierarchy

Acrylic sphere %
y P < —— Inverted hierarchy

d=354m -
30— Neutrino Physics L =53km  Promptsignal:
Steel support | with JUNO, JPG, 16 e*e‘T—> 2y
structure - Vo+p —on+et
;
Water - Delayezc:lzc:,Ip:\Lllrs on H;
CETEKOV 0l e e,
. 20 kiloton LS detector Data taking in 2021; Mass hierarchy @ (3~4)o by 2026 " (MeV]
« 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%/VE
* 53 km to the NPPs Light yield 250 p.e./MeV | 511 p.e/MeV | 1200 p.e./MeV




Part B: Detection of Supernova Neutrinos - JUNO
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Part B: Detection of Supernova Neutrinos - JUNO

« Elastic v-p scattering important

Vetp—oet+n cc Ve - Advantage of LS: low threshold
V+p-ov+p NC Vv, Beacom, Farr, Vogel, PRD, 02;
D S CC+NC v, Dasgupta, Beacom, PRD, 11
V,+ 12Coet +1°B CC Ve Event spectra @ JUNO | KRJ-para. with
(14.39 MeV, 20 ms) Lu, Li, Zhou, PRD, 16 (12, 14, 16) MeV
ve—l—lz(:—)e_-l—lzN CC ve IOS: T T T T 1711 T | IIIIIZI‘Hﬁth |- IJ:
(17.34 MeV, 11 ms) N CNC, Ey'=15.1 MeV ]
107 E 13, th_ .
v+ C- v+ 4 NC Vy i Bene, Eiﬁ—l\;ca MeV W /_5@%_
T S 2
Natural abundance of 13Cis about 1.1% ) I
~— 2 |
Fukugita et a/, PLB, 90; Suzuki et a/, PRD, 12 “Eﬁ 10
10 E.m
v, + 13C> et + 1B CcC v, 1L
v,+ PC->e + N cC Ve 0.1 L

v+ 13C S v+ 13C* NC v, 0.2




Part B: Detection of Supernova Neutrinos - JUNO

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




Part B: Detection of Supernova Neutrinos - JUNO

10 Recc ----
L IBD —
8 a T
| .. Determination
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o 1 ‘\ °
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, eES --oooee A
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>° 4’ §m>x 47
2; 2:—
O 05—
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Lu eta/ PRD 2916
7 I 90;‘/0 IBD eg_imency
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6F S 6t
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35) 350
3 e I T [P TN ] 315 '
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Part B: Detection of Supernova Neutrinos - JUNO

Including only the Mikheyev-Smirnov-Wolfenstein (MSW) matter effects

Lu, Li, Zhou, PRD, 2016

0.8

___________________________________________________________________

______________________________________________________________________________

1.0

0.0<
1.0

0.0

Normal 0.0 Inverted 0.0
Ordering 1.0 6 Ordering 1.0
-------- 20
36 0.2
""""""""" Etot 0.8FA---s-mneee
R — I/a
Va Etot 4 [itot 4 [rtot | il
V, | Ve . 0.4
0.6 Ry 0.6 s S
R, .. Test of energy Ry, Aol Jo/00
..................... v equipartition




Including only the MSW effects in the SN, and fixing the spectral indices at a =3
25

20| |

Part B: Detection of Supernova Neutrinos - JUNO

Lu, Li, Zhou, PRD, 2016; Gallo Rosso, Vissani, Volpe JCAP, 2017

Normal
Ordering

(3.010:3%) x 10°3 er

Inverted
Ordering

13) X 10 er

Gravntatlonal

f/' =
/ 4
| /14% @ 1o C.L.
| /'
5t J all ,
i w/o pES - --- |
i / w/0 eES+HN CC
0 i S /W/o pES, eES+ "N CC — - —
4 5 6
E' [107 erg]

'/w/o eES+1 N CC :
“w/o pES, eES+ NCC — ]

mdm/g Energy

/ .
a all )
w/o pES ----

5 6

" erg]
Conservatively assuming an uncertainty of 20% for the v-p cross section (low as a few%)

* Possible to relax the constraint on the spectral index (important for <E>, but not for E,_,)



Part C: Reconstruction of Neutrino Spectra with JUNO

23
Inverse Beta Decay (IBD) 7, +p — e™ +n Strategy for reconstruction
X-section: opp(E,+) =9.52 x 107* cm? ( I\TI\);: ) Energy relation: E,, = E, — A
o2
'—.'_| B "'I""l""""""l"'I:
. dN e dF; > 300 - -
Event rate: % = Np . O-IBD(EUQ) ' dE_e 'Q(Eo§ E,, 5E) dEve % - :
o Eﬁe v, ::250__ —
. %200:_ — Analytical _
Event spectrum bin: [E), E'] [E!, E}], -+, [E\_,, EY] E : ~+Toy MC |
L L _
Neutrino energy bin: [£, | F] E@. — E; 1 0.782 MeV %1505 ]
élooj— -
oo L o[ -
‘" dE; |- No(E,) AE! 5 ]
Ve E. p t L . g L T

1

0 10 20 30 40 50 60 70
E, [MeV]

Reconstruct the electron-antineutrino spectrum bin by bin



Part C: Reconstruction of Neutrino Spectra with JUNO

Elastic v-p Scattering (pES) V +p — V + D Strategy for reconstruction
i . . do (E T 2 oqe
X SeCtlon. Jup( V) s 483 % 10—42 (‘,11'12 Mev_l 1 1 466 ( _, p ) . (hI@V) SE“Sltlve tO
dT, MeV £, all flavors
T 3
. g dE x10
Energy quenching: 7/(T %/ v L
p(15) o 1+ kp(dE/dx) E 7{ E
. ~ 6 -
Event spectrum: AN, = N a1, ] dfy da”p(Ea)dEa 5 s — Analytical
AT~ P dT) Jpwe dE,  dT, > + Toy MC
T 4F E
. min __ 1/2 ZF ]
Energy threshold: pmin — (T,m,/2) / 3 3 3
—= S b E
AT = Z 4N, - AT’ |- 'fjAEj ' de - = ijki] e =
1 jE{szE:nin} T, p T j :H |

0 1.5 20 25 3.0 35 40
E, [MeV]

IIIlII
0.5 1

Reconstruct the v, spectrum solving the above equation (only for E, >20 MeV)



Part C: Reconstruction of Neutrino Spectra with JUNO

Elastic v-e Scattering (eES) v +e¢= — v + e~

25

Strategy for reconstruction

dN, > * dF, do,,(E,) mainly sensitive

Event spectrum: —x _ y / dT, - G(E,:T..0 / o _ve ol qf

P dE, € ; o G(Eoi T, 0p) gein dE,  dT, “ to v, flavor
_ — .'_I.' UL "I""I""""I"'_
Energy threshold: E'. =T./2+ \/Ti(Ti +2m,)/2 > 4
S 40 E
1 daue (Ej> E‘ 35; . E
AT s Z N = iy by a7 § 30E — Analytical -
‘ jE{EJ'ZEIiuin} © TI L E + Toy MC

8 25F —
Reconstruct the v, spectrum (due to a larger X-section) g 20 & 3
8 15F 3
Summary © oE E
H No neutrino spectral information needed SE E
B Based on the observed event spectra 05 tir sy T bt S =

B Multi-flavor contributions to ePS & pES

0 10 20 30 40 50 60




Part C: Reconstruction of Neutrino Spectra with JUNO

Li2, Wang, Wen, Zhou, PRD, 18

Dasqgupta, Beacom, PRD, 11

o o
+~ )
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: 1 2
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- . )
:_ f _ nge 1 I’l,.
! | dEVc E N[)O-(Ef) AEI’

10

20

30

40

50 60
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0.0

x10°
_llllllIIIIIIIIIIIIlllllllllllllllllllllIIIIII
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Illlllllllllllll
L

_ill I II|III|II|I|I|II|IIII|IIII|IJII|IIII

20 25 30 35 40 45 50 55 60 6
E, [MeV

26

5



Part C: Reconstruction of Neutrino Spectra with JUNO

x10°
Dasgupta, Beacom, PRD, 11 Li, Wang, Wen, Zhou, PRD, 18 T |
. v 30F @10 kpc —v, -
— 10 True spectrum - Reconstruct all SN spectrain = | P —v.
> 9 (E, )= 19 MeV - 5, 20k 3
° vy a single LS detector (JUNO) "=,
> MB, (E, ) = 18 MeV . . 2 oHm
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Matter (NO)

Part C: Reconstruction via JUNO, Hyper-K and DUNE

Diagnosing the neutrino flavor equilibration
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Scenario

Mass Ordering
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Possible to discriminate between the scenarios of
matter effect (ME-NO) and flavor equilibration




Summary & Outlook
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« JUNO will provide a unique opportunity to detect SN v, neutrinos via pES, important for a
lot of physics studies (independent of flavor conversions, total energy release, etc.)

« Give the priority to DSNB, a guaranteed source of SN neutrinos. We have the SK with Gd
doping, and JUNO (available within 2 years) also has a very good chance.

Syst. uncertainty BG 5% 20 %
(En.) rate only spectral fit | rate only spectral fit
12 MeV 230 250 200 230
15 MeV 3.00 3.70 320 3.30
18 MeV 160 180 410 130
21 MeV D.ho .80 490 b.lo

® Observation window: 11 MeV < £, < 30 MeV
® PSD techniques for NC atmospheric v
® Fast neutrons: r < 16.8 m (equiv. 17 kt mass)

Rep(z=0)xL(V,) [(10“Mpc yr')x(0.5x107erg)]

—— Super-Kamiokande
—— JUNO

90% CL exclusion curves
(the upper-right regions)
if no detection for 10 yrs
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« Fine with detectors, which take SN neutrino detection as a second physics goal. For JUNO,
neutrino mass ordering fixed within 6 yrs, precision measurements <1% within 3yrs. Then,
what we should do with JUNO? (Neutrinoless double-beta decays)

- Dark matter detectors probe SN neutrinos! (Lang et al., PRD, 2016 ) Tﬁdn@ !



