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SN Triangulation
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-
A. Burrows, D. Klein, and R. Gandhi, PRD45, 3361 (1992)

SNO KII SK VD MACRO
Vep 331 355 5310 342 219
Vee™ H,0: 7.83 5.19 7.6 6.04 2.08
D,0: 4.35
Vee H,0: 1.93 1.13 16.9 1.49 0.445
D,0: 1.07
vue~ H0:4.25 3.34 49.9 3.28 1.50
D;0: 2.36
1.0 (CC) H,0: 2.11 241 36.0 - -
D20: 1.17
7.0 (CC) Hz0: 2.59 3.04 455 - -
D,0: 1.44
».C (CC) - - - 105 0.691 ° ot 40 msec
.C (CC) - - - 1.02 w0 ) = 5.8
.C (NC) - - - 2.22 1.8
rere - - - 2 msec d/c
»,C (NC) - - - 15.9 13.4 5
ved (CC) 81.9 - - - -
7.d (CC) 66.7 - - - - D 1
ved (NC) 352 - - -
7.d (NC) 372 - - - - :
e .2 - N N - 10 kpc 2sin0
Total e~ H20: 14.0 9.66 144 10.8 4.02
D,0: 7.78
NCon D 272 - - - -
NCon C - - - 20.1 17.0
Total H,0: 350 370 5530 375 241
D,0: 431
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-
J. Beacom and P. Vogl, Phys.Rev.D60 (1999)
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» How well can tg be determined?
» Rao-Cramer theorem employed
1 Glnf(t, to) 2 a1 a9
=N [dtf(t,to) |—F—"| =N+
(o) / (t.10) [ oty 2t 5

> 5tgK =3 ms, 5tgNO ~ 10 ms — §(cos ) = 0.5
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Kamioka — South Pole — Pyhiisalmi — Andes — 4 ms

-
T. Miihlbeier et al., Phys.Rev. D88 (2013)

Kamioka — South Pole — Pyhisalmi — Andes — 2 ms

90° 90°
o ,59“\ ) = — ‘ﬁ 6(‘)0\ .
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’\ 16h 41 Oh 4h\j 8h \0" / 16h rlgl 0Oh 4h )Sh \0
N0 ¢ i NS - 4
—90° -90°
Detector  Fid. Mass (kt) N Ny Otarrival (MS)
Super-K 32 8.0 x103 80 3.4
Hyper-K 740 1.9x10% 1.9 x103 0.7
SNO-+ 0.8 400 4 15
LENA 44 1.8x10* 1.8x10°? 2.7
ANDES 3 1.2x103 12 8.7
IceCube ~ 103 ~ 10° ~ 10% 0.3

» angular position can be known wit

hin ~ 5(10)° in declination

and ~ 8(15)° in right ascension for the time resolution of 2 (4) ms
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Neutrino Luminosities and Mean Energies
> four different SN simulations performed by Garching group:
SN1,SN2 collapse into a neutron star; SN3, SN4 black hole collapse
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Neutrino Luminosities and Mean Energies Il

» The flux of (anti)neutrino flavor «v at a distance D from the center of star

(OO L, (¢ e \X®) 14x(t)E
0. (6. E) = B e et <<Eua(t)>) Exp [*i(<53§((t)))> }

o (B2 (1) 24x(1)
with T201 = T

» upper fluxes hold in the region p(D) > 10*g cm~—3
~7x107%eV? and

Dighe, Smirnov Phys.Rev. D62 (2000)

» MSW resonances associated to Amfmar
[Am2,| ~ 2.3 x 1073 eV?

_ o (DY?
¢l/e—¢yx(d> )

D
(b,je = ((f)% COS2 01> + (ﬁgx Sih2 912) (

2
d) , (normal mass ordering)

1 1 1, . D\?
bu, = <4 (2 4 cos® b12) @7, + Zgbge + Z(bge sin? 912) < >
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Event Rates in Neutrino Detectors

. 1.‘,'+At
N (A, ) :A/dE/ dt o(E) b, (£ — to, E)
ti

» IBD most important channel for Super-K and future Hyper-K and CJPL
> v — p scattering not relevant for triangulation, but very important for the flavor studies
in liquid scintillators (33% JUNO, 23% Borexino, 11% Kamland wrt IBD)

> DM detectors (XenonlT, PandaX, Darwin) — coherent scattering

do

E)= dE ecoil =———
Teoh(E) /Eth eCOIdErecoiI

G2 e . 2 i
E = S [Ny — (1= 4sin? Ow)Np]* (1 — 5B ) F2(Epecon)

» DUNE: the relevant process is the charged-current process on 4°Ar
Ve +OAr — e 4+ 40K*
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Event Rates in Neutrino Detectors Il
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>

Uncertainties on SN Neutrino Arrival Times

the minimal statistical uncertainties on the neutrino arrival time can be
estimated by employing the Rao-Cramer theorem

However, this does not work if one wants to include backgrounds or study
cases with an instant growth or a drop of event rate (BH formation)

to determine Jt we adopt x? fit: x?(tp) = 22;‘;&1" (u,- —n; +njln %)

the bin width has to be much smaller than the onset time uncertainty that
we wish to estimate — At < 0t

we include a background ppie — 0.01 events per second for Super-K
(rescaled for others according to the fiducial volume)

in neutron star formation scenario, the neutrino emission typically leaves a
long tail. we checked that small changes in iy, do not change X2

the main impact on §t comes from the drastic variation of the number
of events between the neighboring bins

for the black hole case dt is almost exclusively determined by the last
couple of percent of events (the cut-off yields a more significant statistical
effect in comparison to the rise of flux at the signal onset)
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Global picture for SN neutrino event rates and dt

Experiments major process target Niotal St Nt ota1 (BH) S5t (BH)
Super-Kamiokande Ve +p — et +n 32 kt H,O 7625 0.9 ms 6666 0.14 ms
JUNO Tetp— el +n 20kt CpHp, 4766 12 ms 4166 0.19 ms
RENO50 TVe+p — et +n 18kt C,Hp, 4289 1.3 ms 3749 0.21 ms
DUNE Ve + T0Ar 5 e + A0K* 40 kt LAr 3297 1.5 ms 3084 0.18 ms
NOvA Te+p—>el +n 15 kt C,Hp, 3574 1.4 ms 3125 0.24 ms
CJPL Vet p— et +n 3kt H, O 715 3.8 ms 625 0.97 ms
IceCube noise excess H,O O(10°) 1ms O(10°%) 0.16 ms
ANTARES noise excess H,O 0(10%) 100ms 0(10%) 32 ms
Borexino Tet+p—e +n 0.3 kt C,Hp, 71.5 16 ms 62.5 5.5 ms
LVD Tet+p—>el +n 1kt CoHp, 238 7.5 ms 208 2.4 ms
XENON1T coherent scattering 2t Xe 31 27 ms 29 10 ms
DARWIN coherent scattering 40t X 622 1.3 ms 588 0.7 ms

total events | SN1 (11 Mg) | SN2 (27 M) | SN3 (BH) | SN4 (BH)
10° 0.2 ms 0.2 ms 0.06 ms 0.02 ms
10* 0.8 ms 0.8 ms 0.3 ms 0.1 ms
10° 2.9 ms 3.1 ms 1.9 ms 0.6 ms
102 11 ms 13 ms 7.3 ms 4 ms
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Comparison with previous results

» 2 improvements :

1)
> neutrino fluxes are taken from state-of-the-art simulations
» event rates depart from assumed two-sided exponential taken in
previous works
» analytical evidence for discrepancy: Rao-Cramer for two-sided exponential

T172
ot =4/ —=
N
» for general power law, f o (“:‘T“)p
St — 7’17‘2([) — 1)
N p?

2) We provide a global picture by combining all the relevant current
and future neutrino detectors
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Triangulation Results

The time difference of SN neutrino arrival at two detectors located at
riand 7 is
(7~ 7)- 7
tij =
c

x? for a pair of detectors is defined as
2
2 t,'j(a/,(sl) - t,'J'(Oz,(S)
2 (0. §) =
Xij(a0) < Max(dt;, dt;) ’

and for more than two detectors involved in the analysis x? reads
i<j
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Triangulation Results Il
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Triangulation Results Il
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Summary

» we studied how precisely the next Galactic supernova may be
located via its neutrinos by means of the triangulation method

» we update previous results by considering all relevant current
and near-future experiments as well as constructing event
rates by employing data from state-of-the-art simulations

» for the core-collapse into a neutron star, precision of 1.5° in
declination and 3.5° in right ascension is obtained

> for the case of the core collapsing into a black hole we
demonstrated for the first time that sub-degree precision could
be reached

» we envision that this procedure may be straightforwardly
implemented and shared through the Supernova Early
Warning System
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Event Rates in Neutrino Detectors - DUNE
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Relevance for DM searches — “Dark Gamma Ray Bursts”
VB, Kopp, Liu, Phys. Rev. D 95 (2017)

» fermionic (Dirac) DM ~ (1,1,0)
» ~ O(1) GeV dark photon or scalar coupling to

» DM
» SM via kinetic mixing (vector) or higgs portal (scalar)

DM A DM ¢

DM DM

S-Wwave p-wave
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-
Capture and Annihilation Rates

Nom(t) = Ceap(t) = Conn(t)Npm(t)? + Cocis(t) Npm(t)
Ccap = Zi fORStardr 47rr2 %\(/r) Cann N|%|\/| = fd3r <0Vre|> nzDM(r)
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-
DM Annihilation Burst during Supernova cooling phase

> density and temperature fixed to 10 gcm™> and 3 MeV
> DM particles within Reore ~ 30km (size of proto-neutron star)
> DM gets thermalized within ~ 107° seconds
3/2
N, SN ppy—1 SN G

< NDM(t) = m Atgyr ~ (C:mnNO) Carm = <UVre|> (W)
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-
Dark Gamma Ray Burst

Properties

Fermi-LAT

» An observable gamma
ray signal after v — Atpursi=53 sec
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