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Neutrino oscillations is a three-state system (ve, v, Vo),
but we study them using mainly two (v. and v,)

The flavor composition of high-energy cosmic neutrinos reflects
the physical conditions inside cosmic accelerators

At ultra-high energies (> 10" eV), v. provide unique detection
opportunities (v. regeneration, Earth-skimming v.)




Neutrino oscillations is a three-state system (ve, v, Vo),
but we study them using mainly two (v. and v,)



Do GeV v; interact as expected?

Using GeV-scale atmospheric and accelerator v::
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Tau neutrinos can test the three-neutrino paradigm

Flavor-transition probabilities change if there are additional, sterile flavors:
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DUNE: identifying many more GeV-scale v.

No improvement to measurements of the
neutrino mixing parameters...

6 | I
v, Appearance
v, Appearance
: vu Disappearance — Using identified v:
C'Q_‘
s
e 4 s S N ——— o
- o R B !
—, ¥ ! Usual method:
= 3 5 / i 1
méo N 3. /usmg only v. (appearance)
J \\ SRRrESIUaER ﬁ—é: and v, (disappearance)
Seo - =h S
2 \""'"--.._________....-——"'
-== 10 CL
— 305 CL
1 |

0.0 0.2 0.4 0.6 0.8 1.0
in2e ) . .
S111 23 De Gouveéa, Kelly, Stenico, Pasquini, PRD 2019




DUNE: identifying many more GeV-scale v.

... but improved testing of the 3v paradigm
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The intermediate energy range: TeV-scale v.
Place a neutrino detector on the path of the LHC beam:

FASERv

FASER spectrometer
with 0.55-T magnets A

Interface tracker o/
Emulsion/tungsten Veto

detector station

FASER Collab., 2402.13318



The intermediate energy range: TeV-scale v.
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The flavor composition of high-energy cosmic neutrinos reflects
the physical conditions inside cosmic accelerators



Shower Track

(mainly from v, and v,)
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Measuring flavor composition: 2015-2020

IceCube Collab., EPJC 2022
IceCube Collab., PRD 2019
IceCube Collab., ApJ 2015




Measuring flavor composition: 2015-2020
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Measuring flavor composition: 2015-2020
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Measuring flavor composition: 2015-2020
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Measuring flavor composition: 2015-2020
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Astrophysical sources Earth
| Up to a few Gpc \

l
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 r,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

Oscillations change the number
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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
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From sources to Earth: we learn what to expect when measuring f,
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One likely TeV-PeV v production scenario:
p+y_)ﬂ:+el’l++vp fOHOWGdby “+—)e++ve+\7p

Full r 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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One likely TeV-PeV v production scenario:
p+y_)ﬂ:+el’l++vp fOHOWGdby “+—)e++ve+\7p
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New physics in flavor composition

Use the flavor sensitivity to test new physics:




New physics in flavor composition

Use the flavor sensitivity to test new physics:

Reviews:
Argiielles et al. (inc. MB), EPJC 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Use 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)
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Reviews: f e,o MB, Beacom, Murase, PRD 2017
Argiielles ef al. (inc. MB), EPJC 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017



New physics in flavor composition

Use 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, J[CAP 2014; Ahlers, MB, Mu, PRD 2018;
Ahlers, MB, Nortvig, JCAP 2021]

0.8 -
IceCube 2015
; PR [
\\ // \\‘ /
\ \\_ ;"
1.0 \ / \ /
/) T r 7 7 0.0
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Argiielles ef al. (inc. MB), EPJC 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017



New physics in flavor composition
Use the flavor sensitivity to test new physics:

» 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, J[CAP 2014; Ahlers, MB, Mu, PRD 2018;
Ahlers, MB, Nortvig, JCAP 2021]

. ) . ) @

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

A YW W V4 AL WL iy v
9 i V. A i o A VA0V

1.0 /Ry FOCa AT TR, 0.0
00 02 04 006 08 1.0
@ Argitielles, Katori, Salvadd, PRL 2015

Reviews: (8
Argiielles et al. (inc. MB), EPJC 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017 €




New physics in flavor composition

Use 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; Argtielles, 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+e,® Rasmussen et al., PRD 2017

Argiielles et al. (inc. MB), EPJC 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Use 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]

o . _ 0:0:0

» Tests of unitarity at high energy all considered 0.2 0.8 1:0:0
[Xu, He, Rodejohann, J[CAP 2014; Ahlers, MB, Mu, PRD 2018; . I d 'd * * y

Ahlers, MB, Nortvig, JCAP 2021] €Xp. Incluae 0:1:0

:0:0:1

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

» 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

X e Brdar, Kopp, Wang, JCAP 2017

Reviews:
Argiielles et al. (inc. MB), EPJC 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Use the flavor sensitivity to test new physics:

» 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, J[CAP 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; Argtielles, 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:

0.0
log(V.,/eV
Std. mixing param.: og(Veu/eV)
Varying [ (10) ) 0.9  _2-21-20-19-18-17—16

08 O Standard mixing

0.7

Argiielles et al. (inc. MB), EPJC 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




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

Sources Earth

Oscillations

T

(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



Inferring the flavor composition at the sources

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




Inferring the flavor composition at the sources
(Assuming f, = 0)

0.0 27;—| 1T T TT T E % % Ihl {(E O I T TT | T TT | T TT | T L EQ | T TT

" I 1

© mdecay: (1:2:0)g : - 1

0.1 4L [ 2

@ p-damped: (0:1:0)g i | ]

IL I 4

And :(1:0:0 " | 3

AR LA 0 5ls _af i :

S| G ]

> ot | ]

o 18f ! ]

2 f ;

‘@ 15F :1 E

S b OB i

[} X 1 1

° :

> 12 i 1 =i

= £° | :

i |3 | | -

o [ B | S

S [ & ol

% ® T | 3

@) L < 1 =

. : ﬁ ]

~ 6f :

1 4

0.1 : | :

1.0 3F i E

/ 7 7 7 7 7 7 7 7 7—0.0 - : ]

0-0 0-1 0-2 0-3 0-4 0-5 0-6 0-7 0-8 0-9 1-0 -I 111 I (Y | I | 1 0 O | I IGI | . I | I | - I - | I -1 I | I 111 I_
0.0 0.1 0.2 0.3 04 0. 0.7 08 09 1.0

Fraction of v, fe

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




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

2015: IC, cont.+thr.
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Inferring the flavor composition at the sources

2015: IC, cont.+thr.
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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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At ultra-high energies (> 10" EeV), v: provide unique detection
opportunities (v. regeneration, Earth-skimming v.)



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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All-flavor neutrino flux, E%CIJVW [GeVem 25 1sr1]
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TeV-PeV
In-water and in-ice
Cherenkov detectors

> 100 PeV
Radio, fluorescence, etc. detectors
(more on this later)

What
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TeV-PeV > 100 PeV

In-water and in-ice Radio, fluorescence, etc. detectors
Cherenkov detectors (more on this later)
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TRINITY — Detecting Cherenkov light

» Atmospheric Cherenkov imaging applied to PeV neutrinos
» Pioneered by MAGIC (pointing at Atlantic), ASHRA, and NTA (Mauna Kea)
» TRINITY: 3 arrays each of 6 mirrors of 10 m?

particle
shower
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Detector placed on a
mountaintop looking
towards the horizon
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TAU AIR-SHOWER MOUNTAIN-BASED OBSERVATORY (TAMBO) - COLCA VALLEY, PERU




All-flavor neutrino flux, E12,<IJV+g [GeVem 25 1sr1]

Neutrino energy, E, [GeV]
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All-flavor neutrino flux, E%CI)VH [GeVem2s Lsr1]
3

@ IceCube HESE (7.5 yr)
@ IceCube vy, (9.5 yr)
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All-flavor neutrino flux, E%CI)U” [GeVem2s Lsr1]
3

@ IceCube HESE (7.5 yr)
@ IceCube vy (9.5 yr)
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All-flavor neutrino flux, E%CDVH [GeVem2s Lsr1]

@ IceCube HESE (7.5 yr)
&) IceCube v, (9.5 yr)

Neutrino energy, E, [GeV]
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All-flavor neutrino flux, E%CI)VH [GeVem2s Lsr1]

@ IceCube HESE (7.5 yr)
@ IceCube vy, (9.5 yr)

Neutrino energy, E, [GeV]
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@ IceCube HESE (7.5 yr)
@ IceCube vy, (9.5 yr)
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All-flavor neutrino flux, E?,CIDVW [GeVem 25 1sr1]

@ IceCube HESE (7.5 yr)
@ IceCube vy (9.5 yr)
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All-flavor neutrino flux, E%CI)VW [GeVem 25 1sr1]

@ IceCube HESE (7.5 yr)
@ IceCube vy (9.5 yr)
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All-flavor neutrino flux, E%CI)VW [GeVem 25 1sr1]

@ IceCube HESE (7.5 yr)
@ IceCube vy (9.5 yr)
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All-flavor neutrino flux, E%CIDVH [GeVem 25 1sr1]

IceCube HESE (7.5 yr) extrapolated
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@ IceCube vy, (9.5 yr) extrapolated
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@ IceCube HESE (7.5 yr) extrapolated
@ IceCube vy (9.5 yr) extrapolated
Heinze et al., fit to Auger UHECRs
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@ IceCube HESE (7.5 yr) extrapolated
@ IceCube vy, (9.5 yr) extrapolated

Bergman & van Vliet, fit to TA UHECRs

Neutrino energy, E, [GeV]

T Heinze et al., fit to Auger UHECRs
-~
m [ T T T T T T T T | T T T T T 1! T T ~\ T T T T T T T T T T T T ]
— N \'s.é.ugel‘u] /"/",/ ]
- i o JeeCubeul _ . _ . _ . _ __ == — |
o~ — T T
| ------- -
g 1078 o= .
o - B :
2 i ]
&) [ 2 ]
I~ 7
S 109
1077 (@ g
é%‘ : ®an, ]
N i \ *ens, > ]
5 i Oy,
r L . _
8 1C-Gen2 Radio sens. (10 yr)
-2 10710% =
-+ N
2 - y
c L @ IceCube v extrapolated -
50-1 r B Cosmogenicv T
S - i ‘ Source v -
é " Ultra-high energy range @ Cosmogenic + source v
1 10_ 1 ] 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 i 1 1 I 1 1 1 1 1 1 1 |
= 10° 107 10° 10° 1010



All-flavor neutrino flux, E?,CIDVW [GeVem 25 1sr1]

@ IceCube HESE (7.5 yr) extrapolated
@ IceCube vy (9.5 yr) extrapolated
Heinze et al., fit to Auger UHECRs

Bergman & van Vliet, fit to TA UHECRs
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All-flavor neutrino flux, E?,CIDVW [GeVem 25 1sr1]

@ IceCube HESE (7.5 yr) extrapolated
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Heinze et al., fit to Auger UHECRs
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@ IceCube HESE (7.5 yr) extrapolated Bergman & van Vliet, fit to TA UHECRs Rodrigues et al., HL BL Lacs
@ IceCube vy, (9.5 yr) extrapolated Rodrigues et al., all AGN
Heinze et al., fit to Auger UHECRs QRodrigues et al., all AGN

—_
3
o

T T T T T T T T | T T T T T 1! T T ~\. T T T T T T T T T ny“I/L/I T T ]
\-s.é}lger ul L

N —

o — o —

—
N
\O

IIIIII|

e

3
—_
o)

|
—_
—_

3
5

IceCube v extrapolated

“ jfr)
1C-Gen2 Radmi (10 yr)
.

Cosmogenic v

‘ Source v .

Ultra-hlgh energy range ‘ Cosmogenic + source v

L 1 1 P SR T T W 1 1 S | L | 1 1 T T T T B

All-flavor neutrino flux, E2®, 5 [GeV cm ™2 s~ 1 sr1]
—_
(@)

107 10° 10° 1010
Neutrino energy, E, [GeV]



All-flavor neutrino flux, E?,CI)VH [GeVem 25 1sr1]
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@ IceCube HESE (7.5 yr) extrapolated
@ IceCube vy (9.5 yr) extrapolated
Heinze et al., fit to Auger UHECRs

Bergman & van Vliet, fit to TA UHECRs
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QRodrigues etal., all AGN

Rodrigues et al., HL BL Lacs

@ Fang & Murase, cosmic-ray reservoirs

=  — —
" o o —

o — o —

f

[ |

1C-Gen2 Radio 3ens- (10 yr)

10— 10 |
@ IceCube v extrapolated i
B Cosmogenicv 7
: ‘ Source v -

(b gl s g g @ Cosmogenic + source v

1 0 . 1 1 1 L 1 I 1 1 1 1 1 1 1 1 I 1 1 i 1 || 1 1 I 1 1 1 A ] 1 1 1 |

106 107 10° 10°

Neutrino energy, E, [GeV]

1010



Rodrigues et al., HL BL Lacs

@ Fang & Murase, cosmic-ray reservoirs

IceCube HESE (7.5 yr) extrapolated
y p
@ IceCube vy, (9.5 yr) extrapolated
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Bergman & van Vliet, fit to TA UHECRs
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All-flavor neutrino flux, E12,<I>1,+17 [GeVem 25 1sr1]
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Bergman & van Vliet, fit to TA UHECRs Rodrigues et al., HL BL Lacs

@ Padovani et al., BL Lacs
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Heinze et al., fit to Auger UHECRs QRodrigues et al., all AGN QFang et al., newborn pulsars
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All-flavor neutrino flux, E12,<I>1,+17 [GeVem 25 1sr1]

@ IceCube HESE (7.5 yr) extrapolated

Bergman & van Vliet, fit to TA UHECRs Rodrigues et al., HL BL Lacs

@ Padovani et al., BL Lacs
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Heinze et al., fit to Auger UHECRs QRodrigues et al., all AGN QFang et al., newborn pulsars
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@ IceCube HESE (7.5 yr) extrapolated Bergman & van Vliet, fit to TA UHECRs Rodrigues et al., HL BL Lacs @ Padovani ef al., BL Lacs

IceCube v, (9.5 yr) extrapolated Rodrigues et al., all AGN Fang & Murase, cosmic-ray reservoirs Muzio et al., maximum extra p component
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All-flavor neutrino flux, E%CDVH [GeVem2s Lsr1]
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Cosmic Ray
Extensive Air Shower

BEACON

Beam forming Elevated Array for COsmic Neutrinos

: High elevation increases
Cosmic Ray .
Source Direction monitored volume
Elevation > 2km

) Beamforming cuts

anthropogenic noise
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PUEO

Payload for Ultrahigh Energy Observations

- |
——all VAW

I

30-day flight above Antarctica
Builds on earlier ANITA I-1V flights




POEMMA: Observing fluorescence

Probe of Extreme and Cherenkov radiation from space
Multi-Messenger Astrophysics using twin satellites

Fluorescence Cherenkov radiation
POEMMA-Stereo POEMMA-Liunnb

‘“’300 km
b o—0

525 km

?

[ ]

~500 km ~2,300 km

POEMMA, JCAP 2021 (2012.07945)




POEMMA: Observing fluorescence

Probe of Extreme and Cherenkov radiation from space
Multi-Messenger Astrophysics using twin satellites

Fluorescence Cherenkov radiation
POEMMA-Stereo POEMMA-Liunnb
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POEMMA, JCAP 2021 (2012.07945)
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Multi-shower events from v, + v, in IceCube-Gen2 (radio)
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Multi-shower v, CC interactions in IceCube-Gen2 (radio)

ve NC interaction @
17 , - o
S S o)
@ @ =
o] = )
g 2 2
. . i
: :
8 g %
“ ol % _al S
8.20 8.25 8.30 8.35 8.20 8.25 8.30 8.35 2
Time w.r.t. v, interaction [us] Time w.r.t. v interaction [us] Z
s}
Distance to interaction vertex [m] Distance to interaction vertex [m] 0O
© 0 20 40 60 80 100 =« 0 20 40 60 80 100 &
(=) ; , , : ‘ F [} : ! . ‘ : L @
= . =t : ®
~ —==- Hadronic shower ~ —==- Hadronic shower <
N 7.57 hooo E.m. shower i o 791 in IS
[ Y (%] [ N
) I g o8] 11 o
25.0r | %5.0r |\ 5
[} rl \1 05} '| l| 8
s25f [ % . _ S25r | \ =
£ P N P st Ty & F X R
2 0.0 e : s : 2 0.0~ — ' ’ :
m 0 2000 4000 600 8000 o 0 2000 4000 6000 8000

Slant depth [g cm™2] Slant depth [g cm™2]




IceCube-Gen2 (radio) alone might measure flavor
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Flavor ratio

o
at sources oot
@ 120
W 0:1:0 -
a0 2 ¥
No
‘e
@
0.2
N NS
few
1-2_ I I ||||||| I I ||||||| I I ||||||| 1 I IIIIIII 1 1 ||||||| I I IIIII_II
IceCube-Gen2 optical IceCube-Gen2 radio

—
=

o
o0

vy, fraction
at sources, f, 5
o
(o)}

=
N

—68% 90% CLs shown

1 IIIIIIII | IIIIIIIl 1 IIIIIII| 1 IIIIIIIi 1 IIIIIIII 1 I

1013 1014 1015 1016 1017 1018 1019
Neutrino energy [eV]

Coleman, Ericsson, MB, Glaser, 2402.02432



G& Giant Radio Array for Neutrino Detection
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Manufacturing UHE flavor sensitivity with two detectors

What if future UHE radio-detection
neutrino telescopes cannot see flavor?

Then we combine two of detectors:

Testagrossa, Fiorillo, MB, 2310.12215
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Accessing the full UHE flavor information

IceCube-Gen2 (no flavor-id) + GRAND:
Access to v, fraction
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Neutrino oscillations is a three-state system (ve, v, Vo),
but we study them using mainly two (v. and v,)

The flavor composition of high-energy cosmic neutrinos reflects
the physical conditions inside cosmic accelerators

At ultra-high energies (> 10" EeV), v: provide unique detection
opportunities (v. regeneration, Earth-skimming v.)




Thanks!
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