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High-energy neutrinos: TeV-PeV

(Discovered)

Ultra-high-energy neutrinos: > 100 PeV

(Predicted but undiscovered)
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The story so far
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Making high-energy astrophysical neutrinos
(or p +p)
+m1', Br=2/3
p+ytaret_)A+_) p + — /
8 n+m, Br=1/3
o y+y
"o u t+tv,—ov,+te +v,+0,
n (escapes) —» p +¢e + v,

Neutrino energy = Proton energy / 20
Gamma-ray energy = Proton energy / 10
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Note: v sources can be steady-state or transient
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Neutrinos
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Gamma rays Neutrinos Cosmic rays
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Cosmic rays
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Gamma rays Neutrinos Cosmic rays
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Yuya Makino, IceCube /NSF



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
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Events per 2635 days

~100 contained events, 15 TeV-2 PeV
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~100 contained events, 15 TeV-2 PeV
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~100 contained events, 15 TeV-2 PeV
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Main high-energy
v observables

SN




Standard expectation:
Power-law energy spectrum

Standard expectation:

Isotropy (for diffuse flux)
&

\,
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O
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Main high-energy
v observables

SN

Standard expectation:

v and y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, vz




Neutrino energy spectrum (7.5 yr)

100+ contained events above 60 TeV: Data is fit well by a Single power law:
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Neutrino energy spectrum (7.5 yr)

100+ contained events above 60 TeV: Data is fit well by a single power law:
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Distribution of arrival directions (7.5 yr)

No significant excess in the neutrino skymap:

+75°
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Post-trial

p-value: 0.092
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Astrophysical sources Earth
| Up to a few Gpc |

| |
Eg,

Oscillations change the number
-------------------*
of v of each flavor, N., N,, N,
Different production mechanisms yield different flavor ratios:
(fe,S/ f 1,5y fr,S) = (N e,Sy N 1,5y N T,S)/ N tot

Flavor ratios at Earth (o = ¢, p, 1):

foz,EB — Z PVB—H/& fﬁ,S

B=e,u,T



Astrophysical sources Earth
| Up to a few Gpc |

E.g,
Oscillations change the number // T

of v of each flavor, N., N,, N,

Different production mechanisms yield different flavor ratios:
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Quick aside: how to read a ternary plot

Assumes underlying unitarity —

sum of projections on each axis is 1

How to read it:
Follow the tilt of the tick marks

Always in this order: (f,, f,, f.)
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From sources to Earth: we learn what to expect when measuring f, g
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From sources to Earth: we learn what to expect when measuring f, g
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One likely TeV-PeV v production scenario:
p+y—nt—=>pt+v, followed by pt—et+v.+v,

Full m decay chain
(1/3:2/3:0)s

Note: v and v are (so far) indistinguishable

in neutrino telescopes
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One likely TeV-PeV v production scenario:
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Full 11 decay chain
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One likely TeV-PeV v production scenario:
p+y—nt—=>pt+v, followed by pt—et+v.+v,
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Measuring flavor composition: 2015-2040

Song, Li, Argtielles, MB, Vincent, JCAP 2021
IceCube, PRL 2015, Ap] 2015, PRD 2019, |. Phys. G 2021, 2011.03561
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IceCube, PRL 2015, Ap] 2015, PRD 2019, |. Phys. G 2021, 2011.03561

Status today:
Measurements are
compatible with
standard expectations
(but errors are large!)

Projections:

Near future (~2020):

X 5 reduction using 8 yr
of IC contained + thru.
Coming up (~2040):

x 10 reduction using
Gen2 and all v telescopes
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What have we learned
about astrophysics



Gamma rays Neutrinos Cosmic rays
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M. Ackermann, MB, et al., [JHEAp 35, 55 (2022) [2203.08096]
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Gamma-ray bursts and blazars — not dominant

Gamma-ray bursts Blazars




Gamma-ray bursts and blazars — not dominant

Gamma-ray bursts Blazars
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1172 GRBs inspected, no correlation found 862 blazars inspected, no correlation found
< 1% contribution to diffuse flux < 27% contribution to diffuse flux



Gamma-ray bursts and blazars — not dominant

Gamma-ray bursts Blazars
B Global Fit (2015) South v, GRB (5 yr) 2LAC Blazar Upper Limit - = Ecqual Wciighting
North v, (2016) = Cascade GRB (3 yr) |] T 1070 Tsi= 25, > 10 TeV [0 y-weighting -5
El —  Combined Analysis — North » CGRB (7 yr) ; C\]csa I'gg=—-22,F,>10TeV | : : :
! ! : ! : ] | : : :
S 107 Tl ]
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[ ] : ! :
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=~ 108k Very new (2111.10169):
<2 27%-100% might be from AGN!
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862 blazars inspected, no correlation found

1172 GRBs inspected, no correlation found
< 27% contribution to diffuse flux

< 1% contribution to diffuse flux
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TXS 0506+056: The fi/I: t transient source of hig g

Blazar TXS 0506+O56 IceCube, Science 2018

I1C40 1C59 1C79 IC86a IC86b IC86c
5 L L .
»s a1 JeeCube-170922A i F 4o
47 Gaussian Analysis E
Q; 3 Box-shaped Analysis ol NP
bE .
S 24
| = 20
14 ___,,—J_ |,
g
0 ‘—|_|_-__’—F-‘r )/__‘_' :
2009 2010 2011 2012 2013 2014 2010 2016 9017
After ve—analysis (2101,04834),
significance dropped 2014-2015: 1345 v flare, no X-ray flare 2017: one 290-TeV v + X-ray flare
from p-1x10~° to p-gx10~° 3.50 significance of correlation (post-trial) 1.40 significance of correlation

=

Combined (pre-trial): 4.10

. DESY



Tidal disruption events
Solar-mass star disrupted by SMBH (>10°M,) —

CA B, ~50% of the debris bound to the SMBH,
_ creates a flare (occasionally a jet)

NASA



An apparent TDE neutrino source
Radio-emitting TDE AT2019dsg coincident with neutrino event IC191001A:

AT2019dsg: Apr9,2019 / z =0.051 (230 Mpc) / My =3 X 10" M,

VF, [erg cm™2 s71]

=

9
=
N

Fx [erg cm™2 s71]

10—14 i

Stein et al., Nature Astron. 2021 - See also: Winter & Lunardini, Nature Astron. 2021; Murase, Kimura, Zhang, Oikonomou, Petropoulou, ApJ 2020
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Multi-zone model:

mildly relativistic expansion
(v/c ~ 0.2) + acceleration \

1el6

p and e accelerated here
(B=0.07G, E, <160 PeV)
‘ , , , J
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NGC1068: The first steady-state source of high-energy v

Active galactic nuc’leué

¢¢¢¢¢

Brightest type-2 Seyfért i

+22 :“ **. : ' i\ﬂ ’{,"
7950 v of TeV energy WS .

2 41.0 40.8 40.6 404 40.2

Significance: 4.26 (global) " B

P

IceCube Collab., Science 378, 538 (2022) . N Eé{:gtb}f il:icggrel}e;cgﬁ



NGC1068: The first steady-state source of high-energy v

B NGC 1068 Diffuse flux from v, (25)
TXS0506+056 —¢— Diffuse flux from vev; (17)

Active galactié nucléué
Brightest type-2 Sejzfért'
7950 v of TeV energy "

E2Q,, [TeV cm 2 s 1]

Significance: 4.2‘65(g1'()b_a1_')i_

.
-
-
-
-

IceCube Collab., Science 378, 538 (2022) Y N E&lzbk il;icggreﬁiceﬁi
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What have we learned
about particle physics



Note: Not an exhaustive list

« DM-v interaction

DE-v interaction
,Lorentz+CPT violation

Neutrino d
Heavy relics eutrino decay,

DM annihilation, Long-range interactions.

Secret vv.interactions
DM decay. Ve Supersymmetry.

« Sterile v Effective operators,

Boosted DM. Leptoquarks
NSI Extra dimensions,

Superluminal v
Monopoles
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(Acts during propagation)

(Acts at production)

Monopoles

Note: Not an exhaustive list



(Acts during propagation)

(Acts at production)

Monopoles

(Acts at detection)

Note: Not an exhaustive list



Standard expectation:

i Standard expectation:
Power-law energy spectrum g &g\km

Isotropy (for diffuse flux)

y : .
?) (Acts during propagation)
[

(Acts at production)

~Heavy relics
~ DM annihilation,

DM decay.

Monopoles

(Acts at detection)

Standard expectation:

v and y from transients arrive
simultaneously

Note: Not an exhaustive list

Standard expectation:
Equal number of v, v, vz



Standard expectation:
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Power-law energy spectrum g \ O\ Isotropy (for diffuse flux)
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Standard expectation:

y Standard expectation:
Power-law energy spectrum &g\

Isotropy (for diffuse flux)
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Monopoles

(Acts at detection)

Standard expectation:

v and y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, vz

Note: Not an exhaustive list



Standard expectation:

Standard expectation:
Power-law energy spectrum e‘:’“ :

Isotropy (for diffuse flux)

Standard expectation:

v and y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, vz

Note: Not an exhaustive list



Standard expectation:
Power-law energy spectrum
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«/DM-v interaction
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Standard expectation:

v and y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, vz

More: PoS ICRC2019 (1907.08690)
Argitielles, MB, Kheirandish, Palomares-Ruiz, Salvad6, Vincent
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Standard expectation: Standard expectation:

Power-law energy spectrum Qec,&“’m Isotropy (for diffuse flux)
5
=
&
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.Qi i / /@(C s gdlring ¢r0paga ion)

Reviews:
Ahlers, Helbing, De los Heros, EPJC 2018
Argiielles, MB, Kheirandish, Palomares-Ruiz, Salvad, Vincent, ICRC 2019 [1907.08690]
Ackermann, Ahlers, Anchordoqui, MB, et al., Astro2020 Decadal Survey [1903.04333]
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Fundamental physics with high-energy cosmic neutrinos

» Numerous new v physics effects grow as ~x,, - E" - L

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

» Improvement over limits using atmospheric v: x, < 10 PeV, x; < 10

» Fundamental physics can be extracted from four neutrino observables:

» Spectral shape

» Angular distribution
» Flavor composition
» Timing
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Fundamental physics with high-energy cosmic neutrinos

E.g,
n = -1: neutrino decay

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

n = +1: CPT-even Lorentz violation

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

» Improvement over limits using atmospheric v: x, < 10 PeV, x; < 10

» Fundamental physics can be extracted from four neutrino observables:

» Spectral shape

» Angular distribution
» Flavor composition
» Timing

In spite of
> poor energy, angular, flavor reconstruction
& astrophysical unknowns




Neutrino-nucleon cross section:
From high to ultra-high energies
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Accelerator experiments
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One recent
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(COHERENT)
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Quasi-elastic
scattering:
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Quasi-elastic
scattering:
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High-energy vN cross section: prediction

Center-of-mass energy /s [GeV]
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- [ SM prediction (BGR18)

p—
|

W

p—

—

3
W
N

S+ 59)/2 fam

o

—

3
W
@

PRSI SR TIrY I EEE SIS SIS Iy BTy R
10* 10° 10° 10”7 10° 107 10 10"
Neutrino energy E, [GeV]

Neutrino-nucleon CC cross section (
— =
2 2
@ oY)
a1 N

Bertone, Gauld, Rojo, JHEP 2019




High-energy vN cross section: prediction

Softer-than-linear

dependence on E,
due to the W pole

Uncertainty from
extrapolating parton
distribution functions
(PDFs) to Bjorken

x ~my/E, ~10°

Bertone, Gauld, Rojo, JHEP 2019
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High-energy vN cross section: prediction
Center-of-mass energy /s [GeV]
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State-of-the-art BGR18 prediction:

» NNLO

» Treatment of small-x effects

» PDFs informed by LHCb D-meson data
» Nuclear corrections

» Heavy-quark corrections

Neutrino-nucleon CC cross section (

(PDFs) to Bjorken 10-34
x ~my/E, ~10°
35 L
10 108

Bertone, Gauld, Rojo, JHEP 2019
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[ WN charged current scattering
N hadrons
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[ WN charged current scattering
N hadrons
\ Vi l
(VN neutral current scattering
N hadrons
Horizon \
IceCube X Vi Vi

(lower energy)
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Measuring the high-energy vN cross section

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

20N

Hooper, PRD 2002; Hussain et al., PRL 2006; Borriello ef al., PRD 2008
Hussain, Mafatia, McKay, PRD 2008 Connolly, Thorne, Waters, PRD 2011; Marfatia, McKay, Weiler, PLB 2015
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Measuring the high-energy vN cross section

Below ~ 10 TeV: Earth is transparent Above ~ 10 TeV: Earth is opaque
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High-energy vN cross section: today

BGR18 prediction from:
Bertone, Gauld, Rojo, JHEP 2019

See also:
Garcia, Gauld, Heijboer, Rojo, JCAP 2020

Measurements from:
IceCube, 2011.03560

MB & Connolly, PRL 2019
IceCube, Nature 2017
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High-energy vN cross section: today

Center-of-mass energy /s [GeV]
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High-energy vN cross section: today
Center-of-mass energy /s [GeV]
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High-energy vN cross section: today
Center-of-mass energy /s [GeV]

N'_‘
- 10° 10°* 10°
~, 10 AT AT TA T A
- C LEP Tevatron ; LHC sy FCC
™ - ] SM prediction (BGR18)
8 E : IceCube tracks i a g ,,"
[ (IceCube 17) g o
+ 10—32 = IceCube showers | =
. Oz c (Bustamante & /° B
Meas Ured . Ub;‘ r COl’ll‘lOHy 10 #EH e “deﬂﬁa‘e
TeV - PeV c - IceCube s
. C L (IceCube
Ccross section 5
% 33 = =
) E ]
2 C
g \ 2
) L
- o
BGR18 prediction from: c 34
Bertone, Gauld, Rojo, JHEP 2019 s 10 ‘/ E
See also: % [ —k &
Garcia, Gauld, Heijboer, Rojo, JCAP 2020 g r
Measurements from: é |
ICeCube, 2011'03560 B 1 _35 1 | A | I 1 111 I 1 1 11 I 1 111 I 1 1 1 II 1 11 II 1 11
MB & Connolly, PRL 2019 3 104 10° 10® 10”7 10% 10° 1019 10U
IceCube, Nature 2017 Z.

Neutrino energy E, [GeV]




High-energy vN cross section: today
Center-of-mass energy /s [GeV]

~
E 4 10° 10% 10°
~. 10 FE T T & T TR T T TR
o~ C LEP Tevatron | LHC sy FCC
e I [ SM prediction (BGR;{S) I N. d
8% I IceCube tracks ] 2 éé” ,"’ Ot measured.
Q 5

(IceCube 17)

>10-PeV

10—32 - IceCube showers | — .
Measured: P e — cross section
[ OO AR e AGE et ©
TeV - PeV r IceCube s B
. L IceCub
cross section N e

BGR18 prediction from:
Bertone, Gauld, Rojo, JHEP 2019

10734 —//"/4( E

10—35 RIS BRI BRI RS Y B R
104 10° 10° 107 10% 10° 100 10!
Neutrino energy E, [GeV]

See also:
Garcia, Gauld, Heijboer, Rojo, JCAP 2020

Measurements from:
IceCube, 2011.03560

MB & Connolly, PRL 2019
IceCube, Nature 2017

Neutrino-nucleon CC cross secfion (UEZ\? +0




o IceCube HESE (7.5 yr)
@ IceCube vy, (10 yr)

THlOJE R e — — =] —— 3
o]
j;‘J i \ggfl‘ uj .—;“‘"”/// :
| I eCubewd e i ]
- L e ’.’.’_________.__._._._._._______________ ____ -z |
e -8 ——
| 10 - .~ =
g : z
> - o :
CDU - i
= F 3
S § ]
Al >
o) - ]
é i |
= 10710 .
o L ]
c - .
8 B |
& 10~ 11L -
o c 7
@) C ]
> B .
(o] = i
E L V47U
— 10_12 1 1 1 4 (! 1 1 II 1 1 1 I L 1 II 1 i § 1 1 L 1 1 II 1 1 1 1 ik 1 1 I| 1 I 1 1 1 1 - |
< 10° 106 107 108 10° 1010

Neutrino energy E, [GeV]




c IceCube HESE (7.5 yr) extrapolated
g IceCube vy, (10 yr) extrapolated

7”10—7: —— R e :
= - ——
— : ..... ."“" - :
@ ST T ]
" 108 i
: ;
> .
CDU - i
oS C ]
A - i
Al >

4R § i
é B |
= 10710 :
o L ]
k= u i
_ﬁ = ol
qs) B |
c 10—11:_

;_‘ L

@) C

> L

@ L

E L V47U
=~ 10_12 i 1 1 ) 1 1 III 1 1 I L III 1 i § 1 1 L 1 III 1 1 1 1 ik 1 lI] I 1 1 1 - |
< 10° 10° 107 108 10? 1010

Neutrino energy E, [GeV]




o IceCube HESE (7.5 yr) extrapolated
Q IceCube vy, (10 yr) extrapolated

;1|—110_7E ' T T &7 & ' ' R ' ' B
= - = e
7 ¥ ]
T [ a0 o dceCube™ T ]
5 L TN 0 e e T
(\II 10_8:—

& :

o .

> L

dv -

= -

o ;
NES

m o e e
é e T e

= 10710 s
Q a 3
£ : :
& - ]
8 - i
S 107HE

— L

o -

~ i

E - IceCube-Gen2 Radio energy range V4T T
— 10_12 1 1 1 1 (] 11 I 1 1 1 1 1 11 I 1 1 1 1 1 e I 1 1 1 1 1 I I 1 1 1 1 1 | (|
5 10° 106 107 10° 10° 1010

Neutrino energy E, [GeV]




@ IceCube HESE (7.5 yr) extrapolated @) Heinze et al., fit to Auger
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TeV-PeV:

IceCube

Earth is almost fully opaque,
some upgoing v still make it through




TeV-PeV: > 100 PeV:

IceCube IceCube
Earth is almost fully opaque, Earth is completely opaque,
some upgoing v still make it through but horizontal v still make it through
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IV.
The future
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How it

10-20 years
started o3

from now

EeV v discovered
Precision tests with PeV v

First tests with EeV v

VPLATE (vplate.ru)



Thank you!
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Upgoing vs. downgoing neutrinos

Northern sky

Horizon

Southern sky Detector
(Galactic Center is here)




Upgoing vs. downgoing neutrinos
Tl

v

Northern sky ,
Neutrinos from the Northern sky

Upgoing neutrinos

» Atmospheric muons stopped
» Dominated by atmospheric v
» High-energy v flux attenuated
» High statistics

» Good for finding sources with
through-going muon tracks
Horizon

Southern sky Detector

(Galactic Center is here)




Downgoing vs. upgoing neutrinos

Northern sky

Horizon

Southern sky  H

(Galactic Center is here)

Neutrinos from the Southern sky

Downgoing neutrinos

» Need to mitigate atmospheric
muons and v:

» Use higher-energy events

» Use starting a self-veto

» Dominated by astrophysical v
(after event selection)

» Low statistics

» Good for measuring the
diffuse flux of astrophysical v




How does IceCube see TeV-PeV neutrinos?

Deep inelastic neutrino-nucleon scattering

Neutral current (NC) Charged current (CC)

v, + N—=> v + X v+ N—=[+X
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At TeV-PeV, the average inelasticity (y) = 0.25-0.30




How does IceCube see TeV-PeV neutrinos?

Deep inelastic neutrino-nucleon scattering

Neutral current (NC) Charged current (CC)
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f’r_ Receives (y \
v+N9uv %’X) VZ+N9'\Z-’|-\}\<
Makes showerj

(e.m. or hadronic) or track

Makes hadronic shower

At TeV-PeV, the average inelasticity (y) = 0.25-0.30
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First identified high-energy astrophysical v,
Double bang:
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The IceCube pie chart

Sources with associated v emission:

Name Type p
NGC 1068 AGN  0.008
TXS0506+056 blazar 0.001
PKS 1502+106 blazar 0.01
PKS 1424-41 blazar 0.05
AT2019dsg TDE  0.002

Fractional contribution
of each source population

to total diffuse flux
(Bayesian analysis)

I. Bartos et al., Ap] 2021 [2105.03792]

< other
I

Note: Outer rings are from separate stacking analyses



Fundamental physics



First observation of a Glashow resonance
Predicted in 1960:

IceCube, Nature 2021
Glashow, PR 1960
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First observation of a Glashow resonance
Predicted in 1960:

hadrons
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IceCube, Nature 2021
Glashow, PR 1960
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Predicted in 1960:

hadrons
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IceCube, Nature 2021
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First observation of a Glashow resonance

Predicted in 1960:

hadrons
W
67%

V, [

6.3 Pe\>__v_\{_< Br = 33%
e I

IceCube, Nature 2021
Glashow, PR 1960

First reported by IceCube in 2021:




First observation of a Glashow resonance
Predicted in 1960: First reported by IceCube in 2021:

Pions decay

- )
promptly ot — +(VL
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\Y [

6.3 Pe\>__v_\{_< Br = 33%
e I

IceCube, Nature 2021
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First observation of a Glashow resonance

Predicted in 1960: First reported by IceCube in 2021:
Pions decay
jj:%f —HEY, )
L
63 PeV , Efim
RN _ Early muons detected
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£ | before the shower ®
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6.3 Pe\>__v_\{_< Br = 33%
e I

IceCube, Nature 2021
Glashow, PR 1960




First observation of a Glashow resonance

Predicted in 1960: First reported by IceCube in 2021:
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First observation of a Glashow resonance
Predicted in 1960: First reported by IceCube in 2021:
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Flavor:
Towards precision, finally

(with the help of lower-energy experiments)



One likely TeV-PeV v production scenario:
p+y—nt—pt+v, followed by pt—et+v.+v,

S @

:j::ze 4 _—"Full i decay chain
' A A ndecay (1/32/30)5

Muon damped
(0:1:0)s

Neutron decay

(1:0:0)s
00 01 02 03 04 05 06 07 08 09 10 Note: v and v are (so far) indistinguishable
Fraction of v, in neutrino telescopes



From sources to Earth: we learn what to expect when measuring f, g

( Sources
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\

>

Earth

Oscillations
s a» a» a» *

(012, 023,613, 6cp)

J

(. /)
Y

Known from oscillation
experiments, to different
levels of precision

(fe.or fu@: fro)



Theoretically palatable regions: today (2021)
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Song, Li, Argtielles, MB, Vincent, JCAP 2021




Theoretically palatable regions: today (2021)

Note:

All plots shown are for normal
neutrino mass ordering (NO);
inverted ordering looks similar

Song, Li, Argtielles, MB, Vincent, JCAP 2021
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Theoretically palatable regions: today (2021)
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Theoretically palatable regions: today (2021)
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Theoretically palatable regions: today (2021)
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Theoretically palatable regions: today (2021)
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Next decade: a host of planned neutrino detectors
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Next decade: a host of planned neutrino detectors

— e

~
' - ~N
/7 N
keV /MeV GeV \ TeV PeV EeV ZeV
) \ -
_,_Iniversel Supernova I A I High—ener:gy Ul’:ra-high-ené;rgy

10000000000000000
PO00000000000000!

Logio(Traveled distance/m)
—_
Q1

:— Stk \ IceCiﬁ)e POEMMA Pc
S | KMINeT BEACON
. Sdlar K NH—_— . PAED ) -
10 | e - N\ GNO | iQ AU
F Connenthnbe - : Trinity 7 =
i ............. 000000008 X : XX : o % R AN N NNN ASHRA e ) R@
5F ‘ &
B IceCube-Gen?2 - - km
1 C | — | | | | ! | !
3 5 N 9 ~ 11 13 15 17 19 21
—_— e -~ .
Logio(Neutrino energy/eV)
S— 7 \ A \_ J
—~ ~" '
Synergies with lower energies Increase IeV-PeV .. . vers EeV v

v statistics

MB et al., Snowmass 2020 Letter of interest



Knowing the mixing parameters better helps

— IceCube 15 yr (68%, 95%;, 99.7% C.R.)
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In our results:
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Theoretically palatable regions: 2020 — 2030 — 2040
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Standard expectation: Standard expectation:
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New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:
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Reviews:
Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:

» Neutrino decay Mixing + decay 0 No decay
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; . D - O 50
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] GU,SCP: var. 3¢ 01 . - Y

D =0.10
NH
0% M D=0.01
0.3 (complete)
e
0.7
0.8

Oyﬁec;ubezm
NAVAVAY

0O 01 02 03 04 05 06 0.7 08 09 1

Reviews: f e,® MB, Beacom, Murase, PRD 2017
Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:

. 0.0
» Neutrino decay L m (0:1:0)s
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; Unitarity
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] @ (1:2:0)s
bounds
A (1 :0: O)S

» Tests of unitarity at high energy

[Xu, He, Rodejohann, [CAP 2014; Ahlers, MB, Mu, PRD 2018;
Ahlers, MB, Nortvig, JCAP 2021]

&
g oF
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\\\ // ‘\\ ,
N .
1.0 \ / \ /
/ 7 7 7 7 0.0
0.0 0.2 0.4 0.6 0.8 1.0
Reviews: v, fraction ( f e,EB) Ahlers, MB, Mu, PRD 2018

Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017



New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:
0.0,1.0

» Neutrino decay
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010;
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017]

» Tests of unitarity at high energy
[Xu, He, Rodejohann, [CAP 2014; Ahlers, MB, Mu, PRD 2018;
Ahlers, MB, Nortvig, JCAP 2021]

» Lorentz- and CPT-invariance violation ol e
[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010; ?, 8 ®
Kostelecky & Mewes 2004; Argiielles, Katori, Salvad6, PRL 2015] (4 A =

(EREE RS SRTTRRE L T CTER 0 0
0.0 02 04 06 0.8 1.0

@ Argiielles, Katori, Salvadé, PRL 2015

Reviews: (8
Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017 €




New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:

» Neutrino decay Detection effect 0.0 @ NSls in Earth
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; 1.0 ® Det. NSI
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] 0 1 -
0.9

» Tests of unitarity at high energy

[Xu, He, Rodejohann, JCAP 2014; Ahlers, MB, Mu, PRD 2018;
Ahlers, MB, Nortvig, JCAP 2021]

» Lorentz- and CPT-invariance violation

[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010;
Kostelecky & Mewes 2004; Argiielles, Katori, Salvad6, PRL 2015]

» Non-standard interactions
[Gonzalez-Garcia et al., Astropart. Phys. 2016;
Rasmussen et al., PRD 2017]

0.0
000102030405060.70.8091.0

Reviews: §e+é’® Rasmussen et al., PRD 2017
Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:

» Neutrino decay 95% cred. int.

[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; 0.0,1.0 NH
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017]

L
—
—
e’

» Tests of unitarity at high energy all considered

[Xu, He, Rodejohann, [CAP 2014; Ahlers, MB, Mu, PRD 2018; ; I d d
Ahlers, MB, Nortvig, JCAP 2021] EXpP. INCluae

CoOmON
Y Y e Y
e £

» Lorentz- and CPT-invariance violation L
[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010; X 0.4 i e e
Kostelecky & Mewes 2004; Argiielles, Katori, Salvad6, PRL 2015] T L T

S 90000

e

» Non-standard interactions
[Gonzalez-Garcia et al., Astropart. Phys. 2016;
Rasmussen et al., PRD 2017]

» Active-sterile v mixing

[Aeikens et al., JCAP 2015; Brdar, Kopp, Wang, JCAP 2017;
Argtielles et al., JCAP 2020; Ahlers, MB, JCAP 2021]

0.0 0.2 0.4 0.6 0.8 1.0
Reviews: Xe Brdar, Kopp, Wang, JCAP 2017

Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:

: 0.0

» Neutrino decay y _ log(Vey /eV)
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; Std. mixing param.. 01 .
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] Varying 1¢ (IO) \ 09  _op i oo 1615 17 2

» Tests of unitarity at high energy

[Xu, He, Rodejohann, [CAP 2014; Ahlers, MB, Mu, PRD 2018;
Ahlers, MB, Nortvig, JCAP 2021]

08 O Standard mixing

0.7

» Lorentz- and CPT-invariance violation
[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010;
Kostelecky & Mewes 2004; Argiielles, Katori, Salvad6, PRL 2015]

» Non-standard interactions

[Gonzalez-Garcia et al., Astropart. Phys. 2016;
Rasmussen et al., PRD 2017]

» Active-sterile v mixing

[Aeikens et al., JCAP 2015; Brdar, Kopp, Wang, JCAP 2017;
Argtielles et al., JCAP 2020; Ahlers, MB, JCAP 2021]

» Long-range ev interactions
[MB & Agarwalla, PRL 2019]

Reviews:
Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017



Example 2:
Secret neutrino interactions



vSI with the UHE difftuse flux

M2
Resonance energy: E,es = %
Coupling matrix: Different
flavors can
Jee Gep  Yer have different
= couplings
G= Gep Ypup  YGur
geT gp/r g7—7—

VSI dips and bumps in the diffuse UHE v flux:
» In the cosmogenic flux
» In the flux from sources

But we need enough events to detect the
spectral features — we need POEMMA-360!

Neutrino flux E2®, [GeV ecm 2 s~ sr™1]
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rn 1 Lol L
10° 107
Neutrino energy E, [GeV]

MB, Mésson, Valera, In prep.




vSI with the UHE transient flux

If this happens repeatedly, high-energy neutrinos disappear

So, if we see high-energy neutrinos, we can set an upper limit on the vSI strength
Original idea by Kolb & Turner, using SN1987A (PRD 1987)

Mean free path of a v of energy E: lini(E) = [nc,o,. (E)] !

lint (E)
L

Estimated optical depth if emitted by a source at a distance L: 7(F) =



vSI with the UHE transient flux

High-energy E—» Astro v / v \\
9 Each:
intermediate-energy £’ < E
Low-energy —9» Relic v L~gbvy \ v /
\_/

If this happens repeatedly, high-energy neutrinos disappear

So, if we see high-energy neutrinos, we can set an upper limit on the vSI strength
Original idea by Kolb & Turner, using SN1987A (PRD 1987)

Mean free path of a v of energy E: lini(E) = [nc,o,. (E)] !

lint (E)
L

Estimated optical depth if emitted by a source at a distance L: 7(F) =



vSI with the UHE transient flux

High-energy E—» Astro v v \
L~ gdvy /

Low-energy —9» Relic vy

Each:
intermediate-energy £’ < E

Perfect for POEMMA!
If this happens repeatedly, high-energy neutrinos disappear

—

So, if we see high-energy neutrinos, we can set an upper limit on the vSI strength
Original idea by Kolb & Turner, using SN1987A (PRD 1987)

Mean free path of a v of energy E: lini(E) = [nc,o,. (E)] !

lint (E)
L

Estimated optical depth if emitted by a source at a distance L: 7(F) =
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Using high-energy neutrinos as magnetometers
If sources have strong magnetic fields, charged particles cool via synchrotron:
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Astrophysical sources Earth
| Up to a few Gpc |

| |
E.g,

Oscillations change the number
R e L L T L T T T
of v of each flavor, N., N, N,
Different production mechanisms yield different flavor ratios:
(fe,S/ f 1,5y fE,S) = (N e,Sy N 1,5y N 1,5 ) / N tot

Flavor ratios at Earth (o = ¢, p, 1):

foz,EB — Z PVB—H/& fﬁ,S

B=e,u,T



Astrophysical sources Earth
| Up to a few Gpc |

E.g.,
Oscillations change the number // T

of v of each flavor, N., N, N,

Different production mechanisms yield different flavor ratios:
(fe,s, f 1Sy frs) = (N esy N 1,Sr N r,S)/ Not
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From sources to Earth: we learn what to expect when measuring f, g

Sources Earth

Oscillations

cecccccc e e

(fe.ss fu,ss frs) (012,023,013, 6cp) (fe,0r fu,o, fro)

.

From Earth to sources: we let the data teach us about fa.s



From sources to Earth: we learn what to expect when measuring f, g
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Flavor at the Earth: theoretically palatable regions

Theoretically palatable flavor regions

MB, Beacom, Winter, PRL 2015

Allowed regions of flavor ratios at Earth derived from oscillations

Note:

The original palatable regions were
frequentist [MB, Beacom, Winter, PRL 2015];
the new ones are Bayesian
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Theoretically palatable flavor regions

MB, Beacom, Winter, PRL 2015

Allowed regions of flavor ratios at Earth derived from oscillations

Ingredient #1: Ingredient #2:
Flavor ratios at the source, Probability density of mixing
(fess fuss frs) parameters (0,,, 6,3, 013, dcp)
2020: Use y’ profiles from 20— ]
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+ reactor + accelerator) ki
Esteban et al., JHEP 2020 L2r
or www.nu-fit.org % 1.0 °
Explore all possible combinations Post-2020: Build our own = %%
profiles using simulations
Note: of JUNO, DUNE, Hyper-K ™% UNE
The original palatable regions were Ancetal., J. Phys. G 2016 02r ]
frequentist [MB, Beacom, Winter, PRL 2015]; DUNE, 2002.03005 040 04 050 0B 060 065

the new ones are Bayesian Huber, Lindner, Winter, Nucl. Phys. B 2002 s



How knowing the mixing parameters better helps

Mixing parameter
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For a future experiment
¢ = JUNO, DUNE, Hyper-K:

Best fit from NuFit 5.0 w
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i 1,€

From our simulations -}

We combine experiments in
a likelihood:

—2log L(0) = > x2(9)




Inferring the flavor composition at the sources
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Inferring the flavor composition at the sources

Ingredient #1: Ingredient #2:
Flavor ratios measured at Earth, Probability density of mixing
(fews fuos fro) parameters (6,,, 0,3, 013, Ocp)

Posterior probability of f, s (MB & Anlers, PRL 20197
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Ingredient #1: Ingredient #2:
Flavor ratios measured at Earth, Probability density of mixing
(fews fuos fro) parameters (6,,, 0,3, 013, Ocp)
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Theoretically palatable regions: today (2020)
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Theoretically palatable regions: today (2020)
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How knowing the mixing parameters better helps
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How knowing the mixing parameters better helps
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Theoretically palatable regions: 2020 — 2030 — 2040
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Theoretically palatable regions: 2020 vs. 2040
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No unitarity? No problem
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Energy dependence of the flavor composition?

Different neutrino production channels accessible at different energies —
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Energy dependence of flavor ratios — in IceCube-Gen2
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Energy dependence of flavor ratios — in IceCube-Gen2
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Energy dependence of flavor ratios — in IceCube-Gen2
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Inferring the flavor composition at the sources
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Inferring the flavor composition at the sources
(Assuming f,s = 0)
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Inferring the flavor composition at the sources

0.0
2015: IC, cont.+thr.

1.0 @ 7 decay: (1:2:0)g

@ p-damped: (0:1:0)g
A ndecay: (1:0:0)g

0.1

All regions at 99.7% C.L. or C.R.

7 7 7 7 7
03 04 05 06 07 08 09

Fraction of v, fe

0.2

1.0

Song, Li, Argtielles, MB, Vincent, JCAP 2021
MB & Ahlers, PRL 2019

27

— — N N
Q1 Qo —_ H~

Probability density P(f,s)
o

(Assuming f,s = 0)

|-I T LI T X EEL I I A I Tir 11 T L B i ] I T ¢ R I T E I I riit I T3 11
I L
r 2015 (measured): 1
: IC (Ap] 1,98) ® NuFit 5.0
I 1
I 4
8 4
3 4
= -
- 1
i 1
i 1
I 1
r L
r 1
i ]
I— —
I 4
- 4
- 4
- 9
3 1
i~ —
'S :
5 >
[ £ o
L.c CU

Lo T 1
P =
8 4
— —]
- 1
I 1
3 1
I L
I L
i~ L
[ 1
:I | (5 | I | 5] EE (| I [ U | I 10111 =y f S I ¢ S S | I 5 e | I | B P I el l:
0 01 02 03 04 05 06 07 08 09 1.

Average v, fraction at sources, f,g




Inferring the flavor composition at the sources
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Inferring the flavor composition at the sources
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Inferring the flavor composition at the sources
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More than one production mechanism?

Can we detect the contribution of
multiple v production mechanisms?

ndecay: pdamped: n decay:
1/3,2/3,0) (0,1,0)  (1,0,0)

Propagate to Earth l

fe

Assume real value k, =1 (k, =k, = 0)

By 2040, how well will we recover the real value?
[Adding spectrum information (not shown) will likely help]

Song, Li, Argtielles, MB, Vincent, 2012.12893
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More than one production mechanism?
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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, -

dL/dlogq,t [arb. units]
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Central value 0.1
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0.9 -/ Maximal 01
std. mixing :
L 0
0 01 02 03 04 05 06 0.7 08 09 1
fe, <) Li, MB, Beacom, PRL 2019
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Three reasons to be excited
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Flavor measurements:
New neutrino telescopes = more
events, better flavor measurement
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Flavor measurements:
New neutrino telescopes = more
events, better flavor measurement

Oscillation physics:
We will know the mixing parameters

better (JUNO, DUNE, Hyper-K,
IceCube Upgrade)

Test of the oscillation framework:
We will be able to do what we want
even if oscillations are non-unitary




Measuring flavor composition: 2015-2040
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How knowing the mixing parameters better helps

— IceCube 15 yr (68%, 95%;, 99.7% C.R.)
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In our results:
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Radio emission: geomagnetic and Askaryan

Geomagnetic

' Shower Axis
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Shower Front

» Time-varying transverse current
» Linearly polarized parallel to Lorentz force

» Dominant in air showers

Askaryan
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£ ® shower Axi
§ :, Shower Axis N
Q 'f’

$ o
B

]
& e
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@/ Shower Front

S
» Time-varying negative-charge ~20% excess
» Linearly polarized towards axis

» Sub-dominant in air showers

Figures by H. Schoorlemmer and K. D. de Vries



Radio emission: geomagnetic and Askaryan



Cosmic ray

* Bow-tie design, 3 perpendicular arms

| % * Antenna optimized for horizontal showers

* Frequency range: 50-200 MHz %\
e Inter-antenna spacing: 1km N Ve

GRAND, Sci. China Phys. Mech. Astron. 2020 [1810.9994]



POEMMA:
Probe of Extreme
Multi-Messenger Astrophysics

POEMMA, JCAP 2021 (2012.07945)

POEMMA-Stereo

525 km

~500 km

<— Shutter Doors —

Infrared Camera

Focal Surface PFC + PCC
Deployment Mechanisms
Primary Mirror
SPACECRAFT

<—— Solar Panel Data Processor

POEMMA -Liunnb




POEMMA:
Probe of Extreme
Multi-Messenger Astrophysics

POEMMA, JCAP 2021 (2012.07945)

~— Shutter Doors — <\
o

Infrared Camera

Focal Surface PFC + PCC
Deployment Mechanisms
Primary Mirror
SPACECRAFT

<—— Solar Panel Data Processor

POEMMA-Stereo POEMMA-LLinnlb

525 km

~500 km

~2,300 km



IceCube-Gen2 Radio

Hpol

Calibration
Pulser

Vpol

IceCube-Gen?2, J. Phys. G 2021 [2008.04323]

P i TS
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v Gen2-Radio \\ ©® Gen2-Optical @ IceCube ok IceCube Upgrade
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South Pole Station

ARA Instrumentation

Central Station
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