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Neutrinos are wonderfully weird

Q They are lighter than any other massive particle we know of
e They are notoriously anti-social
Q They retain their quantum nature over long distances

@ (We think) they reach us with energies higher than anything else
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Quintessential quantum particles

Neutrinos are created and detected as interactions states —
-
V4
v H B
v, I
v, V.,

\)e

Vi, V,, V3 have different masses — they travel at different speeds

Their superposition changes with time —
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Travel time: 1, Travel fime: L

Source of v, Neutrino detector
(counts v, and v,)
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Why study high-energy astrophysical neutrinos?

Flux of cosmic rays at Earth
[
Ultra-high energies

They are key to answering 5
two major questions — e

QWhat makes the most energetic

F (m?srs GeV)'!
o

particles we detect? b ity
[
[op N\
e How does particle physics look 07 |
| km2 )’I‘I
ioc? (ol
at these energies? e
10 27 *
o> 10" 10 10" 107 10" 10*
Sven Lafebre E (ev)
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A mystery 50+ years old
Where are the most energetic cosmic rays coming from?

» 1991, Fly’s Eye:

“Oh-my-God” particle
3-107eV=50]

» £, of a baseball at 58 mph
... in (1 fm)’

A Bl 7

» 40 million x LHC proton

11962: First cosmic rays with >10" eV § . "
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What do we know about UHECRs?

& Lad M » Their spectrum
(7p] bR )
T ™ — A power law with kinks
= %,
™~ :‘:F:e 3 ¥ L . L
< iy o » Their mass composition (sort of)
Q 1():3 — e IceTop 3yrs - lceCube PRELIMINARY - e . .
©) Tibet Ill 2008 Eohd — nght — heavy — medlum
E ——«—— Argo-YBJ G1+G4 2014 il
© ———— HKascade-Grande_Sibyll 2013
% 1 02 —+%—— Tunka-25 + Tunka-133 2013
Re T e » Their arrival directions
‘NL.IJ | ——#—— Auger ICRC2;015 ; ; _ ISOtI‘OpiC
vl ol vl il el il
10°  10° 10" 10° 10° 10" 10" ... save one significant excess

Primary Energy, E [GeV]

All of these are interesting, but insufficient to solve the mystery
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Using UHECRs to find their sources is tough

» The Universe is opaque to UHECRs

» CRs lose energy by scattering on the cosmic microwave background (CMB):
pP+Yous 2 pte+e

» Protons above 4 - 10° GeV do not survive more than ~100 Mpc

» Cosmic rays do not point back at their sources

» Magnetic fields: pG (Milky Way) — nG (extragalactic)

» Deflections of up to tens of degrees

» Uncertainties about how high-energy particle showers work
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UHECR sources are wasteful...

Man-made accelerators

>

’.

>
—p==p==p=-p==p==p==p=

>
>

>

Acceleration In vacuum
E.m. fields Ordered

Beam dumps Precisely regulated

Astrophysical accelerators

downstream — upstream downstream « upstream

In a medium
Messy

Fully unregulated

Astrophysical accelerators inevitably make high-energy secondaries
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... And one man’s garbage is another man’s treasure
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... And one man’s garbage is another man’s treasure

p+ 7, Br=2/3

+ — A" —
p ytarget { 1 + 7T+, BI' — 1/3

=y + 7y
TS U Yy, o>V +e+ v+,
n (escapes) > p+¢e + v,

Neutrino energy = Proton energy / 20

Gamma-ray energy = Proton energy / 20
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... And one man’s garbage is another man’s treasure
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Emission

Detection



Energy at production

Energy at Earth =

1+2z



Energy at production

Energy at Earth =

1+2z




"> Deflected by magnetic fields
» Lose energy via

W oy P

p i ’},CMB -

L.
o>V, VY, +




PeV gamma-rays become GeV-TeV via
Y+ Vo € €

"> Deflected by magnetic fields

» Lose energy via
PtV 2Pt +€

=y +y

p+yCMB% + )
o>V, VY, +




PeV gamma-rays become GeV-TeV via
Y+ Vo € €
Yo € Y

"> Deflected by magnetic fields

» Lose energy via
PtV 2Pt +€

=y +y

p+yCMB% + )
o>V, VY, +




Fluxes at Earth

105 Gamma rays Neutrinos Cosmic rays
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Neutrinos — the ultimate smoking gun

Gamma rays Neutrinos UHE Cosmic rays

Point back at sources
Size of horizon
Energy degradation

Relative ease to detect

Note: This is a simplified view
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Neutrinos — the ultimate smoking gun

Gamma rays Neutrinos UHE Cosmic rays

Size of horizon 10 kpc (at PeV) _ 100 Mpc (> 40 EeV)

Energy degradation

Relative ease to detect

Note: This is a simplified view
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Neutrinos — the ultimate smoking gun

Gamma rays Neutrinos UHE Cosmic rays

Point back at sources _ _ No
Size of horizon 10 kpc (at PeV) _ 100 Mpc (> 40 EeV)
Energy degradation Severe _ Severe

Note: This is a simplified view
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The need for km-scale detectors = = -mrmmmmmmmmmmm e

» Neutrino flux at TeV-PeV: E2. & ~108 GeV em2 gl gpl  rmmmoememmmeneas-

.At Center-of-mass'
 energy of 1 GeV' :

» Neutrino-nucleon cross section: 0,, ~ 10% cm? (E/GeV)* - 4 0,~10%cm’
Ow ~10% cm?

o,, ~ 10% cm? :
» Number of detected neutrinos from half the sky in 1 yr: S A

N = (1 Vi) - (20) - (1 yr) j B(E) - 0, (E) dE

100 TeV

» To detect N > 1 neutrino, we needed

Vi > 0.1 km?®
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The need for km-scale detectors = = i-=emmeemmmeeeee

» Neutrino flux at TeV-PeV: E*?-$ ~10° GeV cm? st srt

» Neutrino-nucleon cross section:  0,, ~ 10% cm? (E/ GeV)"6----

» Number of detected neutrinos from half the sky in 1 yr:

N = (g {Vaa) - @) - (130 jcb(E) o (E) dE

Number density of “;" ~7 100 TeV
it N == Detector volume
nucleons: ~N,, cm®

» To detect N > 1 neutrino, we needed

Vi > 0.1 km®
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'At Center-of-mass
 energy of 1 GeV:
0, ~ 102 cm?

~ 1029 2
0, 10 cm

- ol




IceCube — What is it?

» Km? in-ice Cherenkov detector in Antarctica
» >5000 PMTs at 1.5-2.5 km of depth

» Sensitive to neutrino energies > 10 GeV

e R R T R

Mauricio Bustamante (Niels Bohr Institute)



How does IceCube see neutrinos?

Two types of fundamental interactions ...

Charged-current (CC) Neutral-current (NC)

vi+ N — 1 + hadrons /—\ v{ + N — v + hadrons
K‘_/ These shower and make light \—j
... create two event topologies ...

Showers — From CC v, or v, or NC v, Tracks — From CC v,, mainly

Bad angular resolution (10’s deg) Good angular resolution (< deg)

Mauricio Bustamante (Niels Bohr Institute)




Shower
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(IceCube event #15)
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What has IceCube found so far (6 years)?

Flavor composition compatible with equal proportion of each flavor

=— HESE with ternary PID | & VelVyiVe at source
=== |ceCube APJ 2015 1.0 ®m 010 20
s |l ]
lceCube il
. 0.8 16
Preliminary &

'—l
s

—2A log(Likelihood)

8
6
4
AN L 2
o /N [\ e
/ - AN 0.0 0
S v \2 © ® S
Q. Q Q Q. Q N
Fraction of v, M. Usner, ICRC 2017
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What has IceCube found so far (6 years)?

80 contame(FkamntsdmpmhdrB éEdleathé/wﬂh equal proportion of each flavor
(16 atm. neutr’ —— B

——= HESE with ternary PID ‘00 VelVyiVe at source
=== |ceCube APJ 2015 1.0 ®  0:1.0 20
o s |l ]
lceCube ' -
i 0.8 16
Preliminary .~ =
= 14 O
il O
o =
.g 12 =
= .-
8 10 =
< o
= 8 O
6 &
|
4
o KSR A A A AT 2
O ___________
Deposited EM-Eqt : - 0.0 0
Q v " © © Q
QO O Q Q Q ~
_ C. Kopper, ICRC 2017
Fraction of v M. Usner, ICRC 2017

Mauricio Bustamante (Niels Bohr Institute)



What has IceCube found so far (6 years)?

80 contame(FkamntsdmpmhdrB éEdleathé/wﬂh equa]zéfﬂtopph’gmmajf\eéhlxﬂiasterted at > 70

(16 atm. neutr—— 2~~~ T 1" ‘eep spectrum)
——= HESE with ternary PID ‘00 VelVyiVe at source
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e 1.2.0 18 Astrophysical Fluxes
o A 1:0:0 ] (on top of atmospheric)
lceCube ' - »e HESE Differential

0.8 16
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Q o :
-— N &= ;
£ 12 o
&) X :
o 10 =
SN— ;
< D S
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7] — ;
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| e T
4
2
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S Q(\/ N Q(Q QOO ’\/Q
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Fraction of v M. Usner, ICRC 2017
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What has IceCube found so far (6 years)?

Flavor compAsitiival chireptitibdecorithatihlelvpithpisciticppf each flavor

=— HESE with ternary PID | & VelVyiVe at source
=== |ceCube APJ 2015 1.0 = 010 20 2
L ]|
lceCube itk
. 0.8 16
Preliminary &

+18!

—2A log(Likelihood)

8
6
4
B o 2
o /N /N
/ \ —— 0.0 0
S v \2 © ® S
Q. Q Q Q. Q N
| C. Kopper, ICRC 2017
Fraction of v, M. Usner, ICRC 2017
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Three strategies to reveal sources using TeV-PeV v

Examine single No evident single source,
sources steady or transient

Look at bright

e.m. point sources
P Stack several Ruled out gamma-ray bursts,
similar sources blazars as dominant

Clustered Placed generic limits on source

Look for neutrino in direction number density and luminosity

multiplets _
Clustered Used to trigger follow-ups by
in direction and time other detectors

Use the diffuse Any population of candidate sources

neutrino flux must account for all or part of it

Mauricio Bustamante (Niels Bohr Institute)



Upper limits on point sources

No neutrino point source has been identified —

<

Equatorial

0.0 0.6 1.2 1.8 2.4 3.0 3.6 4.2 4.8 5.4 6.0
—logyp

A (Pre-trial) p-values
Chance of background fluctuation:

17% (Southern Hem.) — 29% (Northern Hem.)

Mauricio Bustamante (Niels Bohr Institute)

2 _do e
v B [Tchm S ]

1071

a 10_12 .

=== Pre-trial (Disc. Potential) = = ANTARES (Sensitivity)
= = Pre-trial (Sensitivity) # Upper Limits (90%)
== Post-trial Upper Limit (90%) #% Hotspots

10711 . e

10713 |
—1.0 —0.5 0.0 0.5 1.0

sind IceCube, Ap] 2017

A Point flux upper limits

Close to gamma-ray point-source fluxes




PeV neutrino sources in the Milky Way?

Candidates for full or partial contribution:

. : .. HESE 3yr with Egep > 60 TeV, nio = 20, fiso = 0.81, 1 = 0.74
» Diffuse Galactic gamma-ray emission o e !

» Unidentified gamma-ray sources
» Fermi bubbles Gt 7N RN
» Supernova remnants

» Pulsars

.........

» Microquasars

» Sagitarius A*

Galactic

» Galactic halo Ahlers, Bai, Barger, PRD 2016

> Heavy dark matter decay Contribution from Galactic sources: < 14%

IceCube, ApJ 2017
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Extragalactic PeV neutrino sources?

Gamma-ray bursts Blazars

Mauricio Bustamante (Niels Bohr Institute)



Extragalactic PeV neutrino sources?

Gamma-ray bursts Blazars

®
Q Propagation 9 Collision 9 Radiation
fast shell slow shell  reverse shock forward shock merged shell y
A%
O
p
n
O
PeV neutrino production via py
MB, Murase, Winter, Heinze, Ap] 2017
MB, Baerwald, Murase, Winter, Nature Commun. 2015
Baerwald, MB, Winter, ApJ 2013 @]
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Extragalactic PeV neutrino sources?

Gamma-ray bursts Blazars
10_5= L] WL 0L IS S SR NG, I L5 | I ) LB G P 0 R T ! I TR R
" BB Global Fit (2015) South v, GRB (5 yr) |3 [|  2LAC Blazar Upper Limit . = = equal weighting ]
£5 =8 i North v, (2016) —— Cascade GRB (3 yr) | T'*_' 10 | —— gt = —2.5,E, > 10 TeV ........... i.,YL“,Ci,gh.tiiﬁg‘ ...... 3
gy E[ == Combined Analysis =— North 1, GRB (7 yr) N’E& Tst = =22, 5, > 10 TeV | : : 1
e, wE : : : | -
#1077 ﬁ 10
| - |
= [ 05
o 107 g 108
E?Z =
~ 1079 S
S 2R 1077
= S : 1 [ i : : : : L ey |
1910 i o s 3 10- w0l BE®¥ Astrophysical Diffuse Flux
L ......i 1 ......i 3 i ......i L ......i . 3 ;.,...i 3 1 1 a3esll -_"=".'.".;.'(II"'Z"."'.'.'.'.,'l"'F',";'.'.'..'.I"'.",'Iiif..j"".""g'.'f,'..'J‘"'."I'.'.""i‘]‘"'f'.".'.'.I._r
100 100 10 108 107 10%  10° 102 10 10t 10> 105 107 10% 10
v Energy (GeV) IceCube, Ap] 2017 Neutrino Energy [GeV]
1172 GRBs inspected, no correlation found 862 blazars inspected, no correlation found
< 1% contribution to diffuse flux < 27% contribution to diffuse flux
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Spatial correlation between neutrinos and UHECRs?

e: IC through-going track - #: TAUHECR
e: IC starting shower . o +: Auger UHECR
¢: IC starting track

—180°

Galactic

IceCuBE, JCAP 2015 ([1511.09408]

No significant correlation with UHECRs (<3.30)

Mauricio Bustamante (Niels Bohr Institute)



Needed: many dim neutrino sources

Absence of neutrino multiplets means sources are likely many and dim —

SBG, GC/GG-1nt;

[~ Muon Neutrino Constraints

12 | l 1 1 | I | [N
36 37 38 39 40 41 42 43 44 45 46 47 48

ergs ) Murase & Waxman, PRD 2016
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A long time ago Iin a galaxy, far,
far away....



many galaxies

A long time ago In a-galaray far,
far away....



In the face of astrophysical unknowns,
can we extract fundamental TeV-PeV v physics?



In the face of astrophysical unknowns,
can we extract fundamental TeV-PeV v physics?

Yes.
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Fundamental physics with HE astrophysical Neutrinos
» Numerous new-physics effects grow as ~k, - E" - L

» So we can probe k, ~ 4 - 10% (E/PeV)™" (L/Gpc)™* PeV'™"

» Improvement over current limits: k, < 10 PeV, k, < 10

» Fundamental physics can be extracted from:

» Spectral shape
» Angular distribution
» Flavor information

Mauricio Bustamante (Niels Bohr Institute)



Fundamental physics with HE astrophysical Neutrinos

n = -1: neutrino decay

» Numerous new-physics effects grow as ~k,, - E" - L } 1 = 0: CPT-odd Lorentz violation

n = +1: CPT-even Lorentz violation

» So we can probe k, ~ 4 - 10% (E/PeV)™ (L/Gpc)! PeV'™
» Improvement over current limits: k, < 10 PeV, k, < 10

» Fundamental physics can be extracted from:

» Spectral shape
» Angular distribution
» Flavor information
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Fundamental physics with HE astrophysical Neutrinos

n = -1: neutrino decay

» Numerous new-physics effects grow as ~k,, - E" - L } 1 = 0: CPT-odd Lorentz violation

n = +1: CPT-even Lorentz violation

» So we can probe k, ~ 4 - 10% (E/PeV)™ (L/Gpc)! PeV'™
» Improvement over current limits: k, < 10 PeV, k, < 10

» Fundamental physics can be extracted from:

» Spectral shape In spite of
» Angular distribution >~ poor energy, angular, flavor reconstruction
> Flavor information | & astrophysical unknowns

Mauricio Bustamante (Niels Bohr Institute)



New physics in the spectral shape? vv interactions

Secret neutrino interactions between astrophysical
neutrinos (PeV) and relic neutrinos (0.1 meV):

%
g4
Cross section: 0 = 5
47t (5 — M2)” + M2T2
MZ
Resonance energy: Eype = ——
Y- Fres 2m.,,

Mauricio Bustamante (Niels Bohr Institute)

— o
T T L] l/-..l T 1 T I T T T T

E’J [10'8 GeVemZs™! sr-l]

T T T T T L T T 1

no-interaction
Model A
Model B
Model C
Model D

------

0 L1 .\j....l
10°

Ng & Beacom, PRD 2014

Cherry, Friedland, Shoemaker, 1411.1071
Blum, Hook, Murase, 1408.3799

E [ GeV ]




New physics in the angular distribution? v-DM interactions

Interaction between astrophysical neutrinos and the Galactic dark matter profile:

60 T T T
E > 60 TeV Atm. muons
efessirr i gp —— Atm. v
. 50 —— Atm. + Astro., no DM
‘ (va S¢) = (1/27 1)79 =1
s ‘L‘g 40 _(SXaSqf') =(1/2,1),9= VB 1
: : — (Sx, S) = (0,1/2)
SS
w0
3
= 30

2,
=

........ 20+ 1

,--!_ I—I__I——I——._.

10F Be== j

Galactic __,_l__'__——I_|__|——l_*—'_'

Argiielles et al., 1703.00451 ||
S | 0 T : '
21.3 logo(ppar/GeVem—2) 23 0 15 30 45 60 75

Angle 6 from galactic centre (deg)

Expected: Fewer neutrinos coming from the Galactic Center
Observed: Isotropy

Mauricio Bustamante (Niels Bohr Institute)




New physics in the flavor composition?

%‘ Initial flavor
o

~ composition

Mauricio Bustamante (Niels Bohr Institute)



Flavor — there and here

At the sources At Earth

Neutrino oscillations

(Fof of)s = (1/3:2/3 : 0) > (0.36:0.32:0.32),

b, e, ot 06 0107 o, oo, 5 o o 602 | b, e, ot 06 0107 o, oo, 5 o o 602 |

fe,S fe,e
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Flavor — there and here
P+y =V, +v,+,

At the W At Earth
Neutrino oscillations

(Fof if)s = (1/3:2/3: 0) > (0.36:0.32:0.32),

b, e, ot 06 0107 o, oo, 5 o o 602 | b, e, ot 06 0107 o, oo, 5 o o 602 |

fe,S fe,EB
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Flavor — there and here
P+y =V, +v,+,

At the W At Earth
Neutrino oscillations

(Fuofifds=(1/3:2/3: 0) > (0.36:0.32:0.32),

Uncertainties in values of
mixing parameter (1o, 30)

b, e, ot 06 0107 o, oo, 5 o o 602 | b, e, ot 06 0107 o, oo, 5 o o 602 |

fe,S fe,EB
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Flavor composition — standard allowed region

At the sources At Earth

All possible flavor ratios

Std. mixing 0 Vary 8;,5¢cp
NH f.s=0 f.s#0
s B BF
> 0.3 7 . 16

M 36

0.8 M55t 0.1
19 N/ N/ \ VAV NN
(U om0, v 0 nan, e 1074 s o o, 06 S o o o 0O 01 02 03 04 05 06 0.7 08 09 1

fos foo

MB, Beacom, Winter PRL 2015
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Flavor composition — standard allowed region

At the sources

All possible flavor ratios

0D e b 3 A7 o 1 0N SR sl L Y 07 G i 10 8 o

fe,S

Mauricio Bustamante (Niels Bohr Institute)

At Earth
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Side note: Improving flavor-tagging using echoes

Late-time light (echoes) from muon decays and neutron captures can separate

showers made by v, and v, -
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current measurement
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Measuring the neutrino lifetime

» In the Standard Model, neutrinos are essentially stable (lifetime > 10 yr)
» But new physics could lower the lifetime

0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1

|Ue.® |Ue.®
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Measuring the neutrino lifetime
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Measuring the neutrino lifetime
(

Normal hierarchy
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Accelerator experiments
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Accelerator experiments
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Quasi-elastic

scattering: ~
v+n->l+p 214
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Extrapolating the cross section to high energies
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Extrapolating the cross section to high energies
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u(pr)

SM

Mauricio Bustamante (Niels Bohr Institute)



Extrapolating the cross section to high energies
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Extrapolating the cross section to high energies

v(py) €= (pe)

W*(q)
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Neutrino, interrupted
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Neutrino, interrupted

v Isotropic flux of high-energy neutrinos

w b
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Neutrino, interrupted

v Isotropic flux of high-energy neutrinos
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Neutrino, interrupted

/TN

Most of these neutrinos reach IceCube
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Neutrino, interrupted

Many of these neutrinos are stopped by the Earth

Most of these neutrinos reach IceCube

Mauricio Bustamante (Niels Bohr Institute)




Measuring the high-energy cross section

Distance from Earth’s surface to IceCube

Optical depth to vN int’s = Mean free path inside Earth

=1(Ey,0;) x oyN

Below ~ 10 TeV: Earth is transparent Above ~ 10 TeV: Earth is opaque

20\
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Measuring the high-energy cross section
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Measuring the high-energy cross section

Distance from Earth’s surface to IceCube

Optical depth to vN int’s = Mean free path inside Earth

= 7(Ey, 0z) x ovN

Below ~ 10 TeV: Earth is transparent Above ~ 10 TeV: Earth is opaque
e P-=N
A [N
N'V,'l.lp ~ e—Tup_ ~ e—O'VN
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In-Earth distance to IceCube D [km]
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In-Earth distance to IceCube D [km]
2Re 10* 10310710 1.5

Upgoing  Whiansnen—
cos0, = —1 1 | Joo
100 = 10.8

1
<
~

=
foN

&
(&

Deposited energy Egep [GeV]
Attenuation in Earth ¢~ N

10° +—»Downgoing 4 |Hos
! :

? Upgoing <4: "
cos0, = +1 | 0.2
Downgoing i 0.1

00 =65 o0 05 1o ™

Neutrino zenith angle cos 6,

Mauricio Bustamante (Niels Bohr Institute)



In-Earth distance to IceCube D [km]
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Our result
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Extending cross section measurements

102
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Extending cross section measurements
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Extending cross section measurements
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Quo vadis?

Recall the threshold condition for py — 7 (— v):
E, -E = (0.2 GeV?

Vtarget
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Quo vadis: E,—E,/20
Recall the threshold condition for py — 7t (e(y)::,:
E, -E = (0.2 GeV~

Vtarget
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Quo vadis: E,—E,/20
Recall the threshold condition for py — 7t (e(y)::,:
E, -E = (0.2 GeV?

Vtarget
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» Inside sources: Protons: 20 - 107GeV. - 2 Neutrinos: 10° GeV
Photons: 10° GeV
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How low? Higher cosmogenic v flux
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Radio detection of UHE neutrinos

» Radio attenuation length in ice: few km V Amundsen Scott
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Radio detection of UHE neutrinos

ARA, MB, Guetta, Astropart. Phys. 2017

» ANITA: antennas mounted on a balloon
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First search for prompt
GRB neutrinos with ARA

Quasi-diffuse Flux from 57 GRBs
Simulated with NeuCosmA
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The way forward — think big

T —TT ||l||||| T |||||||| T IIIIIIIF\.(I7
| Ve:rvyivr =111 \flf%l 1

ry
1077k \ %

1078

1079

All-flavor (v + 7) E2® (E,) [GeV cm~2 s~ sr™1]

L i L L1 Iy
10° 106 107 108 10° 1pto 101!
Neutrino energy E, [GeV]

Mauricio Bustamante (Niels Bohr Institute)



The way forward — think big
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The way forward — think big

T T IIIIIII T IIIIIII T T T IIIIII T T ||||Ih\ (IY T T I/,'_
D ve vy tve =101 \‘4%,5,
' % P
e \\ /,/ /\\
107} 3 %\ W

Possible future upgrades
of ARA, ARIANNA

—_
3
0]

All-flavor (v + 7) E2® (E,) [GeV cm =2 s~ sr™1]

—

3
—_
(=)

10° 10° T - -G08 10 - - GHHE - .- Ik
Neutrino energy E, [GeV]

Mauricio Bustamante (Niels Bohr Institute)




The way forward — think big
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The way forward — think big

|||| I l llb\ T TT I,ylll‘_
Ve : vy :vp=1:1:1 \flf%/
\ / NN
\ ’ 9}\{}
‘70 \ AT DN

—_
9

N

—

=t
9
o)

All-flavor (v + 7) E2® (E,) [GeV cm ™2 s~ sr™1]

1077
Only GRAND will probe
- | very low fluxes
10—10 9
at ~10° GeV

/
AR Ll L 1
10° 100 107 108 10° 1010 10!
Neutrino energy E, [GeV]

Mauricio Bustamante (Niels Bohr Institute)




The way forward — think big
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Radio emission

* Bow-tie design, 3 perpendicular arms

%  Antenna optimized for horizontal showers

* Frequency range: 50-200 MHz %
* Inter-antenna spacing: Tkm i Ve




Status Of GR AND : Science runs >
r 2018 2019 2025 203X

Number of antennas deployed

B0 10k 20 x 10k
. GRANDProto35 ‘ GRANDProto10k
| GRANDProto300 GRANDProto200k

neutrino Neu’rrlino
astronomy, physics

Epoch of Fast
reionization radio

et bursts

(elele]
pulses

Early stages
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What are you taking home?

» We are finally edging closer to find the sources of UHECRs with > 10 PeV
» But the solution will need ingenuity... and multiple messengers
» Fundamental TeV-PeV neutrino physics? Yes! Already today

» The future is GRAND (pun intended) — UHE neutrinos are the next frontier

Mauricio Bustamante (Niels Bohr Institute)










Contained vs. uncontained vN interactions

Contained events

Starting track Shower

Pro: Clean determination of E

Con: Few events (<100)

Ref.: MB & A. Connolly, 1711.11043

Mauricio Bustamante (Niels Bohr Institute)

Uncontained events

et

g2
Through-going muon

Pro: Lots of events (~10k used)

Con: Uncertain estimates of E |

Ref.: IceCube, Nature 2017, 1711.08119




Backup slides



Fundamental Physics with HE Astrophysical Neutrinos @

What:
Extract fundamental TeV-EeV physics from astrophysical v

Why:
Man-made neutrinos are limited to GeV and ~1000 km

How:
Look for changes to all relevant observables, use data when available

Mauricio Bustamante (Niels Bohr Institute) 147




Fundamental Physics with HE Astrophysical Neutrinos €%

— Background

» Numerous new-physics effects grow as ~k,, - E" - L
» So we can probe k, ~ 4 - 10% (E/PeV)" (L/Gpc)™ PeV'"
» Improvement over current limits: k, < 10 PeV, k, < 10

» Fundamental physics can be extracted from:

» Spectral shape
» Angular distribution
» Flavor information

Mauricio Bustamante (Niels Bohr Institute)




Fundamental Physics with HE Astrophysical Neutrinos €%

— Background

n = -1: neutrino decay

» Numerous new-physics effects grow as ~k, - E" - L } n = 0: CPT-odd Lorentz violation

n = +1: CPT-even Lorentz violation

» So we can probe k, ~ 4 - 10 (E/PeV)™ (L/Gpc)! PeV'™
» Improvement over current limits: k, < 10 PeV, k, < 10

» Fundamental physics can be extracted from:

» Spectral shape
» Angular distribution
» Flavor information

Mauricio Bustamante (Niels Bohr Institute)




Fundamental Physics with HE Astrophysical Neutrinos €%

— Background

n = -1: neutrino decay

» Numerous new-physics effects grow as ~k, - E" - L } n = 0: CPT-odd Lorentz violation

n = +1: CPT-even Lorentz violation

» So we can probe k, ~ 4 - 10 (E/PeV)™ (L/Gpc)! PeV'™
» Improvement over current limits: k, < 10 PeV, k, < 10

» Fundamental physics can be extracted from:

~N\

» Spectral shape In spite of
> Angular distribution 5 bo0r energy, angular, flavor reconstruction
> Flavor information J & astrophysical unknowns

Mauricio Bustamante (Niels Bohr Institute)




Fundamental Physics with HE Astrophysical Neutrinos

— Research experience

Mauricio Bustamante (Niels Bohr Institute)




Fundamental Physics with HE Astrophysical Neutrinos

— Research experience

» New physics from flavor ratios

Mauricio Bustamante (Niels Bohr Institute)




Fundamental Physics with HE Astrophysical Neutrinos

— Research experience
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Fundamental Physics with HE Astrophysical Neutrinos

— Research experience

New physics  ° B New physics
: : - S 0.1 Std. mixin
» New physics from flavor ratios ?IU-,ISCP. BF’1°'3(;2 /09 __y flavor cognt.
' 0.8
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*
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0.9 TceCube 2015
1Y N/ N/ \/

//// : // 7 //// ///////O
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f e, MB, Beacom, Winter, PRL 2015
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Fundamental Physics with HE Astrophysical Neutrinos €%

— Research experience

108 I [ I | T
» New physics from flavor ratios } prompt
10" F shower _
d
» Improved flavor tagging: echoes 5
Q 10" - muon n
= decay
=) 5 neutron
a0 107 capture
= echo
=
- 4
= 10
10° ' | | .

1
10° 10® 107 10° 10° 10* 10°

T| me [S] Li, MB, Beacom, Sub. to PRL
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Fundamental Physics with HE Astrophysical Neutrinos

— Research experience
Forfoe =fo: N

=== Central value 0.1
» New physics from flavor ratios M 15, 100 sh.

» Improved flavor tagging: echoes

—_—

0.8
0.9 sCube 2015 </ Maximal
Rl std. mixing 0.1
1
TTTTy JTTTTTITT T 7T VEASEESS 7—0
0O 01 0.2 03 04 05 06 0.7 08 09 1
fe, @ Li, MB, Beacom, Sub. to PRL
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Fundamental Physics with HE Astrophysical Neutrinos €%

— Research exper ience Center-of-mass energy /s [GeV]

~
g .o 10° 10* 10°
= 10 31: ' YL Y LY Y Y
. . o~ LEP Tevatron | LHC FCC .
» New physics from flavor ratios E e
s I /::,..»—*" o
10732 | "

» Improved flavor tagging: echoes

» TeV-PPeV v cross section 10-3 L
i % IceCube 6-year

HESE showers

—

O|
W
g

Gandhi 98
Connolly 11 -
Cooper-Sarkar 11 |
Block 14 v ]

____________ Argiielles 15 v

10—35 T BRI BRI BT R BT B
104 10° 10°® 107 10% 10° 109 10!t
Neutrino energy E, [GeV]

Neutrino-nucleon CC cross section (crfrg +

MB, Connolly, 1711.11043, Sub. to PRL
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Fundamental Physics with HE Astrophysical Neutrinos €%

— Research experience

» New physics from flavor ratios
» Improved flavor tagging: echoes

» TeV-PeV v cross section

» New-physics models explored —

Mauricio Bustamante (Niels Bohr Institute)




Fundamental Physics with HE Astrophysical Neutrinos €%

— Research experience

A =0 — CPT conserved A =100 — CPT broken

[ P—

» New physics from flavor ratios L rese s-om,
1.2H
» Improved flavor tagging: echoes R
0.8+
» TeV-PeV v cross section 06}
h d 1 1 d a4y E; \‘\\ ] 1:2:0std. osc. (A = 0) 0 1:0:0std. osc. @ = 0)
- 1 —_— ‘l N :2:0withA = \:I :0:0withA =
» New-physics models explore N I . Dizowicw - Blroousi-w
» Energy-independent new-physics effects vi o CJo:t:owima=100 [ decaytons
% ’ 5 10 15

R

MB, Gago, Pefia-Garay, [HEP 2010
MB et al., JMPA 2009
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Fundamental Physics with HE Astrophysical Neutrinos €%

— Research experience

» New physics from flavor ratios
» Improved flavor tagging: echoes

» TeV-PeV v cross section

» New-physics models explored —
» Energy-independent new-physics effects
» RGE running of v mixing parameters

Mauricio Bustamante (Niels Bohr Institute)

1.0

MB, Jones, Gago, JHEP 2011

P

Varying all CP phases
(Dirac 8, Majorana o, 3)

log(Q”/GeV’)




Fundamental Physics with HE Astrophysical Neutrinos €%

— Research exper ience Inverted hierarchy (active only; v; stable)

10° o ctive o I
000 %//
| | 10, o Gal. SN //‘
» New physics from flavor ratios 102 |

10’
10°
107" E
102
103
107
10-5 (
107
1077

Ty iy Y B

» Improved flavor tagging: echoes (Glashow)

=

“— Timit (sol.)
v, limit (sol.)

» TeV-PeV v cross section

» New-physics models explored —
» Energy-independent new-physics effects

Neutrino lifetime 7, 7, [S]

» RGE running of v mixing parameters 10"

12
» Neutrino decay i /. A1/

107 107
Neutrino mass m,, m, [eV]

MB, Beacom, Murase, PRD 2017
Baerwald, MB, Winter, JCAP 2012 161
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Fundamental Physics with HE Astrophysical Neutrinos @

~ Future work

» Settle whether there is new TeV-EeV neutrino physics
» Use all available observables: spectral shape, anisotropies, flavor, timing
» Combine with other messengers: cosmic rays, gamma rays
» Potential projects —
» Extending statistics and energy range of v cross section measurements
» Generalizing v decay formalism

» Constraining v lifetime using IceCube and Fermi
» Ultra-long-range v interactions

Mauricio Bustamante (Niels Bohr Institute)




Modeling and Constraining Multi-Messenger Sources o

What:
What is making TeV-PeV neutrinos, EeV CRs, GeV-TeV gamma rays?

Why:
All the usual suspects have turned out not to be the sources

How:
Probe the unusual suspects

Mauricio Bustamante (Niels Bohr Institute)




Modeling and Constraining Multi-Messenger Sources o

— Background

Mauricio Bustamante (Niels Bohr Institute)




Modeling and Constraining Multi-Messenger Sources

— Background

» Cosmic-ray sources must also make neutrinos and gamma rays

E,=E,/10
p —
PP PY {JT — V.V Yy
E,=E,/20

Mauricio Bustamante (Niels Bohr Institute)
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Modeling and Constraining Multi-Messenger Sources o

— Background

» Cosmic-ray sources must also make neutrinos and gamma rays

» Two ingredients: particle physics + astrophysics

Mauricio Bustamante (Niels Bohr Institute)




Modeling and Constraining Multi-Messenger Sources

— Background

» Cosmic-ray sources must also make neutrinos and gamma rays
» Two ingredients: particle physics + astrophysics
» Gamma-ray bursts (GRBs) — representative of relativistic emission

Fireball model — internal collisions

@ Propagation @© coliision © Radiation

fast shell slow shell  reverse shock forward shock merged shell

Mauricio Bustamante (Niels Bohr Institute)




Modeling and Constraining Multi-Messenger Sources
— Research experience

Revised CR and v production in gamma-ray bursts (GRBs)

Revised particle emission Multiple collisions in GRB jet
Thz1l 0 030 Mnescape
optically thick to n escape 4 i P direct escape
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Modeling and Constraining Multi-Messenger Sources

— Research experience

Work with experimental collaborations

Mauricio Bustamante (Niels Bohr Institute)
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« First search for GRB
neutrinos from ARA
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Modeling and Constraining Multi-Messenger Sources o

— Future work

Mauricio Bustamante (Niels Bohr Institute)




Modeling and Constraining Multi-Messenger Sources o

— Future work

» Explore more v source classes
— Transient and steady, dark and bright

Mauricio Bustamante (Niels Bohr Institute)




Modeling and Constraining Multi-Messenger Sources o

— Future work

Neutrinos from GRB afterglows
» Explore more v source classes e

— Transient and steady, dark and bright

T T
JEM-EUSO *,

107 eCub (5yr) R
ElceCube (5 yr 3
r \\ARA (3yr)

\

e

FTTIITEEAN "
N AR g

0% ™,

All-flavor v +7) E? ®(E,)[GeVem * s ! sr!]

Log,y(E,/GeV)
MB & L. Tamborra, In prep.

172

Mauricio Bustamante (Niels Bohr Institute)



Modeling and Constraining Multi-Messenger Sources o

— Future work

» Explore more v source classes
— Transient and steady, dark and bright

» Constrain sources with public IceCube data
— Predict for next-gen detectors

Mauricio Bustamante (Niels Bohr Institute)




Modeling and Constraining Multi-Messenger Sources o

— Future work

Neutrinos from tidal disruption events
» Explore more v source classes 43

— Transient and steady, dark and bright

IGR J17361-444
U <20°, log(Ef(GeV) > 50|

—43-

T

» Constrain sources with public IceCube data —44
— Predict for next-gen detectors
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Modeling and Constraining Multi-Messenger Sources o

— Future work

Constraining sources using flavor
» Explore more v source classes
0.0

— Transient and steady, dark and bright Single GRB py 10 Bl

No matter effects ~3.0-25-2.0-15-1.0-0.5 0.0

» Constrain sources with public IceCube data
— Predict for next-gen detectors

0o 01 02 03 04 05 06 07 08 09 10

MB & I. Tamborra, In prep.
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Modeling and Constraining Multi-Messenger Sources o

— Future work

» Explore more v source classes
— Transient and steady, dark and bright

MB, Li, Linden, Beacom, In prep.

T T 7 T T T
2HWC Catalog \
HESE 4 yr \

» Constrain sources with public IceCube  so-:5:

* 2HWC source =

— Predict for next-gen detectors g |
£ o/\g<\ )
i : £ YN
» Galactic sources of TeV-PeV neutrinos ¢ N

_'50— 7 /\\\
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Right ascension [deg]
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Modeling and Constraining Multi-Messenger Sources o

— Future work

» Explore more v source classes
— Transient and steady, dark and bright

» Constrain sources with public IceCube data
— Predict for next-gen detectors

» Galactic sources of TeV-PeV neutrinos

» Work with experimental collaborations —
» ANITA: First search for EeV neutrinos from GRBs
» ANTARES: Include more GRB emission mechanisms
» Auger (tentative): EeV neutrinos from GRBs

» GRAND (future)

Mauricio Bustamante (Niels Bohr Institute)




Constraining UHECRs with UHE Neutrinos

What:
What is making the most energetic UHECRs, over 100 EeV?

Why:
Hard to discover directly using CRs (GZK, magnetic deflection)

How:
Use the accompanying EeV neutrinos

Mauricio Bustamante (Niels Bohr Institute)




Constraining UHECRs with UHE Neutrinos

— Background
UHECR sources are hard to find:

» Magnetic deflection: few x 10°, composition-dependent
» GZK horizon: pyys scattering kills CRs with > 40 EeV after 100 Mpc

How to find them?

» Look for UHECR (> few EeV) arrival-direction anisotropies
» Look for UHE (> 10 EeV) gamma rays and neutrinos from p7y

Mauricio Bustamante (Niels Bohr Institute)




Constraining UHECRs with UHE Neutrinos

— Background
UHECR sources are hard to find:

» Magnetic deflection: few x 10°, composition-dependent
» GZK horizon: pyys scattering kills CRs with > 40 EeV after 100 Mpc

How to find them?

» Look for UHECR (> few EeV) arrival-direction anis i
» Look for UHE (> 10 EeV) gamma rays and neutpinos from p7y

0.46

Auger, Science 2017 )k i

0.38

-90
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Constraining UHECRs with UHE Neutrinos

— Background
UHECR sources are hard to find:

» Magnetic deflection: few x 10°, composition-dependent
» GZK horizon: pyys scattering kills CRs with > 40 EeV after 100 Mpc

Can only find nearby sources because
of gamma-ray opacity of Universe

How to find them?
» Look for UHECR (> few EeV

artival-direction anis i
» Look for UHE (> 10 EeV d neutpinos from p7y

0.46

0.42

Auger, Science 2017 T 0.38

-90

Mauricio Bustamante (Niels Bohr Institute)
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Constraining UHECRs with UHE Neutrinos

— Background
UHECR sources are hard to find:

» Magnetic deflection: few x 10°, composition-dependent
» GZK horizon: pyys scattering kills CRs with > 40 EeV after 100 Mpc

How to find them?

» Look for UHECR (> few EeV) arrival-direction anisotropies
» Look for UHE (> 10 EeV) gamma rays and neutrinos from p7y

Mauricio Bustamante (Niels Bohr Institute)




Constraining UHECRs with UHE Neutrinos

— Background
UHECR sources are hard to find:

» Magnetic deflection: few x 10°, composition-dependent
» GZK horizon: pyys scattering kills CRs with > 40 EeV after 100 Mpc

How to find them?

» Look for UHECR (> few EeV) arrival-direction anisotropies
» Look for UHE (> 10 EeV) gamma rays and neutrinos from p7y

Lighter UHECR mass composition Heavier
Lower : Higher
, Many near Source number density Many far .
cosmogenic v cosmogenic v
flux Softer UHECR spectral index Harder flux

Lower Maximum CR energy at sources Higher

Mauricio Bustamante (Niels Bohr Institute)




Constraining A — 90% &L UL (E "' per E decade)
\
— Background o5k \\ \1\
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Constraining UHECRs with UHE Neutrinos &

— Research experience

Distribution of sources — Propagate CRs to Earth — Normalize to UHECR spectrum

Mauricio Bustamante (Niels Bohr Institute)




Constraining UHECRs with UHE Neutrinos &
— Research experience

Distribution of sources — Propagate CRs to Earth — Normalize to UHECR spectrum

Are GRBs the UHECR sources?

Baerwald, MB, Winter, Astropart. Phys. 2015
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Constraining UHECRs with UHE Neutrinos &

— Research experience
Distribution of sources — Propagate CRs to Earth — Normalize to UHECR spectrum

Are GRBs the UHECR sources?
1000

Baerwald, MB, Winter, Astropart. Phys. 2015
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Constraining UHECRs with UHE Neutrinos &
— Research experience

Distribution of sources — Propagate CRs to Earth — Normalize to UHECR spectrum

Are UHECRs at >10° GeV protons?

Heinze, Boncioli, MB, Winter, ApJ 2015
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Constraining UHECRs with UHE Neutrinos &

— Research experience

Distribution of sources — Propagate CRs to Earth — Normalize to UHECR spectrum

Are UHECRs at >10° GeV protons?

Heinze, Boncioli, MB, Winter, ApJ 2015
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Constraining UHECRs with UHE Neutrinos

— Research experience

Distribution of sources — Propagate CRs to Earth — Normalize to UHECR spectrum

Are UHECRs at >10° GeV protons?
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Constraining UHECRs with UHE Neutrinos

— Future work

» Near future for cosmogenic v: stronger limits or discovery
— Find implications for identity of UHECR sources

» Be comprehensive —
» Mixed CR mass composition (collab. with DESY)
» Use UHECR anisotropy
» Combine with GeV-TeV and EeV gamma-ray data
» Explore the ankle UHECR model (extragalactic dominance at lower energy)

Mauricio Bustamante (Niels Bohr Institute)




How does DIS probe nucleon structure?

What you see Beneath the hood
ve(py) 0= (pe) ve(py) £~ (pe)
W (q) W*(a) o
d(pi)
X(px)
N(pn) N(pn)

(Plus the equivalent neutral-current process (Z-exchange))

Giunti & Kim, Fundamentals of Neutrino Physics & Astrophysics

Mauricio Bustamante (Niels Bohr Institute) 192
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Peeking inside a proton

H1 and ZEUS
MM 1
= Q*=10 GeV?
O
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g - —— HERAPDFL.0
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. —
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o
it
o
@) 0.4
e
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;"‘_1[3
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_ 0.2 TS
<— Extrapolation se: s
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X
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A feel for the in-Earth attenuation

Matter density [g cm™]

Earth matter density

(Preliminary Reference Earth Model)
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Neutrino-nucleon CC cross section (

Neutrino-nucleon cross section

Center-of-mass energy /s [GeV]
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A feel for the in-Earth attenuation

L0

Upgoing

cos0, = —1
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e
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Neutrino attenuation factor e N, g~ TN

10EV 7
= | cos 0, = +1

0.0 | e ! ! | ~ Downgomg
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Cross section from contained events

» 0, vVaries with neutrino energy = use events where E  is well-reconstructed

» These are IceCube High-Energy Starting Events (HESE):
» N interaction occurs inside the detector
» /] Showers: completely contained in the detector (E4,_ = E)

dep 7 v
> X Tracks: partially contained (E;,, < E,)

» We use the 58 publicly available HESE showers (6-year sample)

» HESE tracks could be used
— but we would need non-public data to reconstruct E  without bias

Mauricio Bustamante (Niels Bohr Institute)




Bin-by-bin analysis

In-Earth distance to IceCube D [km]
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g 10 T s s L B e L L L i
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=== = = - ettt L -
4 I 1 L 1 ! 1 L
Wio ——=05 — 00 05 1o

Neutrino zenith angle cos 6,
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Sensitivity to o0 in each bin

Number of contained events in an energy bin:

Nv ~ (D\/ * OyN ° g = (Dv * OyN * e_LO-anN

Downgoing (no matter) Upgoing (lots of matter)

Nv,dn ~ (Dv " OvN Nv,up ~ Nv,dn - €

Downgoing events fix the product @ - oy N Upgoing events measure oyN via T

Reality check:
Few events (per energy bin), so we are statistics-limited }

Mauricio Bustamante (Niels Bohr Institute)




The fine print

» High-energy Vv’s: astrophysical (isotropic) + atmospheric (anisotropic)
— We take into account the shape of the atmospheric contribution

» The shape of the astrophysical v energy spectrum is still uncertain
— We take a E7 spectrum in narrow energy bins

» NC showers are sub-dominant to CC showers, but they are indistinguishable
— Following Standard-Model predictions, we take 0y = 0-./3

» IceCube does not distinguish v from v, and their cross-sections are different
— We assume equal fluxes, expected from production via pp collisions
— We assume the avg. ratio <0,/0,> in each bin known, from SM predictions

» The flavor composition of astrophysical neutrinos is still uncertain
— We assume equal flux of each flavor, compatible with theory and observations

Mauricio Bustamante (Niels Bohr Institute)




What goes into the (likelihood) mix?

» Inside each energy bin, we freely vary
» N

» N
» 7y (astrophysical spectral index)

(showers from astrophysical neutrinos)

ast

(showers from atmospheric neutrinos)

atm

> O (neutrino-nucleon charged-current cross section)

» For each combination, we generate the angular and energy shower spectrum...
» ... and compare it to the observed HESE spectrum via a likelihood

» Maximum likelihood yields o (marginalized over nuisance parameters)

» Bins are independent of each other — there are no (significant) cross-bin correlations

Mauricio Bustamante (Niels Bohr Institute)




What goes into the (likelihood) mix?

» Inside each energy bin, we freely vary
» N, (showers from astrophysical neutrinos)

» N_... (showers from atmospheric neutrinos)
» v (astrophysical spectral index) Including detector resolution
> O (neutrino-nucleon charged-current cross section) (10% in energy, 15° in direction)

» For each combination, we generate the angular and energy shower spectrum...
» ... and compare it to the observed HESE spectrum via a likelihood

» Maximum likelihood yields o (marginalized over nuisance parameters)

» Bins are independent of each other — there are no (significant) cross-bin correlations

Mauricio Bustamante (Niels Bohr Institute)




How to do better / more?

» Currently, we are statistics-limited
— Solvable with more data from IceCube, IceCube-Gen2, KM3NeT

» Large errors in arrival direction (~10°) give errors in attenuation
— Solvable with ongoing IceCube improvements + KM3NeT

» Charged-current + neutral-current cross sections are indistinguishable
— Solvable (?) with muon and neutron echoes (Li, MB, Beacom 16)

» Cannot separate v from v
— Wait to detect Glashow resonance (~6.3 PeV), sensitive only to v,

» Use starting tracks / through-going muons
— Doable / done by IceCube (more next)

Mauricio Bustamante (Niels Bohr Institute)




Using through-going muons instead

09 -
» Use ~10* through-going muons ; -«- Neutrino

4 Antineutrino
» Measured: dE . /dx

o
o

07 —Weighted combination
. ~ = —This result
> Inferred: E, = dE /dx 206
» From simulations (uncertain): £05
most likely E, given E “"9 0.4
» Fit the ratio 0,/ 0, ui %3
+0.21 +0.39 502
1.300,19 (stat.)0,43 (syst.) )
: : 0.1
» All events grouped in a single
energy bin 6-980 TeV 00 - o o T
1.5 25 3.5 4.5 5.5 6.5

logo(E, [GeV])
IceCube, Nature, 1711.08119
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Summary: fundamental physics with astrophysical v

» We extracted the neutrino-nucleon cross section from 18 TeV to 2 PeV
- Previously known up to 350 GeV

» Found consistency with Standard-Model predictions
» Errors are still large due to statistics and astrophysical unknowns

» But both will be improved in the future

Neutrino telescopes can probe fundamental particle physics
(cross section, flavor composition, anisotropies)

Mauricio Bustamante (Niels Bohr Institute)
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Quo vadis: IceCube vs. ANITA/ARA /ARIANNA
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Quo vadis: IceCube vs. ANITA/ARA /ARIANNA

Center-of-mass energy /s [GeV
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Marginalized cross section in each bin

TABLE I. Neutrino-nucleon charged-current inclusive cross
sections, averaged between neutrinos (O_SJ(V:) and anti-
neutrinos (osy), extracted from 6 years of IceCube HESE
showers. To obtam these results, we fixed o5y = (0S8 /oSN -
oS5 — where (055 /oSN) is the average ratlo of ¥ to v cross
sections calculated usmg the Standard prediction from Ref.
60] — and ob'Y = 05§ /3, 00N = 055 /3. Uncertainties are

statistical plus systematic, added in quadrature.

E, [TeV] (E.) [TeV] {05y /oun) logi[5(oun + opn)/cm’]

18-50 32 0.752 —34.35 + 0.53
50-100 75 0.825 —33.80 + 0.67
100-400 250 0.888 —33.84 4 0.67

4002004 1202 0.957 > —33.21 (10)

MB & A. Connolly, 1711.11043

Mauricio Bustamante (Niels Bohr Institute) 209




Neutrino zenith angle distribution

101 . Some neutrinos
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GRAND construction timeline
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High-Energy Astroparticle Physics:

Neutrinos, Cosmic rays, Gamma rays

s s s ) 4 4

Fundamental Physics =~ Modeling and Constraining ~Constraining UHECRs ~ Giant Radio Array
with High-Energy Multi-Messenger Sources with UHE Neutrinos for Neutrino Detection
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Constraining UHECRs with UHE Neutrinos &

— Research experience

Distribution of sources — Propagate CRs to Earth — Normalize to UHECR spectrum

Are GRBs the UHECR sources?

Baerwald, MB, Winter, Astropart. Phys. 2015
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Modeling and Constraining Multi-Messenger Sources o

— Future work

» Explore more v source classes
— Transient and steady, dark and bright

» Constrain sources with public IceCube data
— Predict for next-gen detectors

» Galactic sources of TeV-PeV neutrinos

» Work with experimental collaborations —
» ANITA: First search for EeV neutrinos from GRBs
» ANTARES: Include more GRB emission mechanisms
» Auger (tentative): EeV neutrinos from GRBs

» GRAND (future)

Mauricio Bustamante (Niels Bohr Institute)




Modeling and Constraining Multi-Messenger Sources o

— Future work
Neutrinos from GRB afterglows
» Explore more v source classes ez .

— Transient and steady, dark and bright

T T
JEM-EUSO * o

0 E lcecub (5 yr) e
ElceCube (5 yr 3
\\ARA (3yr)

N

e

FTTIITEEAN A
N AR g

» Constrain sources with public IceCube data

— Predict for next-gen detectors

0% ™,

» Galactic sources of TeV-PeV neutrinos

» Work with experimental collaborations —
» ANITA: First search for EeV neutrinos from GRBs
» ANTARES: Include more GRB emission mechanisms
» Auger (tentative): EeV neutrinos from GRBs L
» GRAND (future) MB & I. Tamborra, In prep.

All-flavor v +7) E? ®(E,)[GeVem * s ! sr!]

wawawa
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Modeling and Constraining Multi-Messenger Sources o

— Future work

» Explore more v source classes
— Transient and steady, dark and bright

» Constrain sources with public IceCube data
— Predict for next-gen detectors

» Galactic sources of TeV—PeV neutrinos

» Work with experimental collaborations —
» ANITA: First search for EeV neutrinos from GRBs
» ANTARES: Include more GRB emission mechanisms

» Auger (tentative): EeV neutrinos from GRBs
» GRAND (future)

Mauricio Bustamante (Niels Bohr Institute)

Neutrinos from tidal disruption events

~*@jostratming souTces T Ay |
0.0
Single GRB py 1.0 log(tvar/s)

No matter effects ~3.0-25-2.0-15-1.0-05 0.0

pop

00 01 02 03 04 05 06 07 08 09 10

MB & I. Tamborra, In prep.
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Modeling and Constraining Multi-Messenger Sources o

— Future work

» Explore more v source classes
— Transient and steady, dark and bright

MB, Li, Linden, Beacom, In prep.

T
2HWC Catalog

» Constrain sources with public IceCube  so- 5
— Predict for next-gen detectors

Declination [deg]

» Galactic sources of TeV-PeV neutrinos

» Work with experimental collaborations -
» ANITA: First search for EeV neutrinos from G~ ° i B T e M e e e s
» ANTARES: Include more GRB emission mechanisms

» Auger (tentative): EeV neutrinos from GRBs
» GRAND (future)

Mauricio Bustamante (Niels Bohr Institute)




Modeling and Constraining Multi-Messenger Sources o

— Future work

» Explore more v source classes
— Transient and steady, dark and bright

» Constrain sources with public IceCube data
— Predict for next-gen detectors

» Galactic sources of TeV—PeV neutrinos

» Work with experimental collaborations —
» ANITA: First search for EeV neutrinos from GRBs
» ANTARES: Include more GRB emission mechanisms
» Auger (tentative): EeV neutrinos from GRBs

» GRAND (future)

Mauricio Bustamante (Niels Bohr Institute)




Modeling and Constraining Multi-Messenger Sources

— Research experience

Work with experimental collaborations

Mauricio Bustamante (Niels Bohr Institute)
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Modeling and Constraining Multi-Messenger Sources

— Background

» Cosmic-ray sources must also make neutrinos and gamma rays

E,=E,/10
\‘ 3
- .
PP PY {Tl‘ = VYV, =
=
3
=
E,=E,/20 m

Mauricio Bustamante (Niels Bohr Institute)
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Neutrino lifetime 7, , 7, [s]

Inverted hierarchy (active only; v, stable)

1y %) IC SEno:
(Glashow)

0, limit (sol-)

10° 107
Neutrino mass m,, m, [eV]

MB, Beacom, Murase, PRD 2017
Baerwald, MB, Winter, JCAP 2012



MB, Jones, Gago, JHEP 2011

Std. oscillations
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Neutrinos — smoking guns of UHECR sources
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“neutrino oscillations”
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What can we measure now and later?
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In-Earth distance to IceCube D [km]
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In-Earth distance to IceCube D [km]

2R 4 3102
» 10 10°10-10 AN 1._5 -
0.9
% 1006 08
O Downgoing events constrain (flux x cross section)
o -
& 2
(R 0.6 E
2 [
%D 0.5 .5
o — o
-g 105 T T 0.4 -‘%
8 T %I 1 S
z — 03 8
o <
o) =T\ 0.2
A —}:‘Y—
+ 0.1
10* * ! ‘ \ ! 0.0
—1.0 —0.5 0.0 .
Neutrino zenith angle cos 6, MB & Connolly, 1711.11043

Mauricio Bustamante (Niels Bohr Institute)




In-Earth distance to IceCube D [km]
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In-Earth distance to IceCube D [km]
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In-Earth distance to IceCube D [km]
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