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High Energy Neutrinos

. Pion decay (v, : U, ! v)=(1:2:0)

T = ut+y,

ut— e+, + 1,

T = ut+y,

» Muon-damped (v, : v, 1 V) = (0O:1:0)
w—et+u,+ 70,

- Neutrondecay (v, : v, :v)=(1:0:0)  pnspte+i,

XIX International Workshop on Neutrino Telescopes Ninggiang Song (ninggiang.song@queensu.ca) 2



mailto:ningqiang.song@queensu.ca

Neutrino Flavor at Earth

e Neutrinos oscillate from source to Earth

|C-Gen2 collaboration, 1412.5106 A

Aml-Jz-L

Pio® = ) UyUiU, Uk exp(—i———)

N BT /1)

I
= D U1 U7
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== Single, no brights == Double, no brights == Double, with brights = Exp. Data

bright DOM

Neutrino Flavor Measurements: Status

Photoelectrons

« HESE data + through-going muons
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Future Neutrino Telescopes
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Neutrino Flavor Measurements: Future

Flavor ratios at Earth
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Neutrino Oscillation Measurements
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Flavor Composition at Earth
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Flavor Composition at Source

NS, Li, Arguelles, Bustamante, Vincent, 2012.12893
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Flavor Composition at Source
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Leptonic Non-unitarity

 Assuming non-unitarity

Uel UeZ Ue3 o
U,ul U//tz Uﬂ3 *e
UT UTZ UT3 o

[ =

Oscillation probability

PNV = 2:, (U |*| Uy |*
ofs pi
N, Nﬁ
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Source determination is robust against non-unitarity
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Neutrino Decay

* Neutrino decay is model dependent
and mass-ordering dependent

* With decay
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Neutrino Decay

Standard Oscillation
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Neutrino Decay

« Assume 1,, U5 decay invisibly,
U1 stable

 Assume pion decay at source

(f, :]; ) = (1/3, 2/3, 0)

e Sum up neutrinos sources at
different redshifts

N.(E,O mi |
— l( ) =Z(Z) 7, HoE

D, =
Ni(Ea Z)

NS, Li, Arguelles, Bustamante, Vincent, 2012.12893
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Neutrino Decay

NS, Li, Arguelles, Bustamante, Vincent, 2012.12893
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Summary

* More precise neutrino mixing parameters at oscillation experiments: JUNO,
DUNE, HK...

» Better flavor ratio measurement with significantly more high energy neutrino
events: lceCube-Gen2, P-ONE, KM3NeT, GVD, TAMBO...

* Pin down the production mechanism at source, robust against non-unitarity

» Constrain neutrino decay and neutrino lifetime

» More new physics at future neutrino telescopes: leptoquarks, Z’', microscopic
black holes, long-lived particles
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Neutrino Decay
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Neutrino Decay
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Astrophysical Neutrino Flux

lceCube Collaboration, 2011.03545
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Where We Are

NuFIT 5.0 (2020)

Normal Ordering (best fit) Inverted Ordering (Ax” = 2.7)
bfp 1o 30 range bfp 1o 30 range
_ sin? 612 0.30479°015 0.269 — 0.343 0.30479°015 0.269 — 0.343
5| Oi2/° 33.447573 31.27 — 35.86 33.45T0 78 31.27 — 35.87
()
E sin? 03 0.57010-03% 0.407 — 0.618 0.5751 0007 0.411 — 0.621
" " 2| 623/° 49.0171% 39.6 — 51.8 49.371°% 39.9 — 52.0
* Solar neutrinos + atmospheric :
. . = | sin? 63 0.0222179:99068 () 02034 — 0.02430 | 0.0224079-90062 " ( 12053 — 0.02436
neutrinos + reactor neutrinos + % | 0w/ O T TTE
. 5
acce | eratO r N eut” NnoSs S | ber/e 195+5! 107 — 403 286+27 192 — 360
= 2
Am3, +0.21 +0.21
T 7.42+0-21 6.82 — 8.04 7.42+0-21 6.82 — 8.04
: 2 * 2 " . Am?
(y 3¢ +2.51419028 19431 — 42598 | —2.49770928  _9583 — —2.412
» SIn- 0, and sin- 0,5 within 4%,
. 2 Normal Ordering (best fit) Inverted Ordering (Ax? = 7.1)
Sln 9 With i n 3 % bfp £1lo 30 range bfp £1lo 30 range
1 3 sin” 012 0.30419:9:2 0.269 — 0.343 0.30470015 0.269 — 0.343
g | 012/° 33.447577 31.27 — 35.86 33.45T0 78 31.27 — 35.87
o
5 d d . I 2 | sin® Oag 0.57370:950 0.415 — 0.616 0.57570 016 0.419 — 0.617
® CP dln MassS oraeri ng eSS % 023 /° 49.2199 40.1 — 51.7 49.3199 40.3 — 51.8
. S
con St rain ed % sin” 013 0.02219F0-009620.02032 — 0.02410 | 0.0223819:99063  (0.02052 — 0.02428
x 013/° 8.571912 8.20 — 8.93 8.6010 13 8.24 — 8.96
E dcp/° 197157 120 — 369 2827130 193 — 352
Amiy 7.4270:21 2 4 7.42+0-21 2 4
T 427021 6.82 — 8.0 427021 6.82 — 8.0
Am%e +0.026 +0.028
e s | T2OITIGRE +2435 5 2598 | 2498700 2581 — —2.414
IiceCube Collaboration, 2011.03561 Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, 2007.14792
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Flavor Composition at Source

16 2015 (measured): |
i IC (ApJ 1, 98) ® NuFit 5.0 ]
kr=0. 37+8§3 ([0.00,1.00))

 Neutron decay very subdominant 14F 200 projected): -
i IC 8 yr ® NuFit 5.0 |

i kr = 0.8871037 (0.00,1.00]) i

12 R 2040 (projected): N

e Assume k, = ()

(IC 15 yr+IC-Gen2 10 y1) ®
- B (NuFit 5.0+JUNO+DUNE+HK)
10 ke = 09999 ([0.73,1.00])

2040 (projected):

(Combined v telescopes) ®
(NuFit 5.0+JUNO+DUNE+HK)
kr = 0997002 ([0.81,1.00])

Pky) = / 00L(8) Lory(f(f5 (k). 0)) (k)

Probability density P (k)
Qo

Pion decay determined
within 20% by 2040 2;

0.0 Ol 02 03 04 05 06 07 0.8 09 1.0
Pion-decay fraction, k;
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