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They have the highest energies
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Discovered in 2013 Predicted in 1969
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The story so far



The multi-messenger connection: a simple picture
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The multi-messenger connection: a simple picture
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Redshift <& | z=0

Note: v sources can be steady-state or transient
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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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Main high-energy
v observables
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Standard expectation:
Power-law energy spectrum
8y Sp 6‘)&

Standard expectation:
Isotropy (for diffuse flux)
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Standard expectation:
v and vy from transients arrive
simultaneously

Standard expectation:
Equal number of v, v,, V.
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Standard expectation:
Isotropy (for diffuse flux)




Arrival directions (7.5 yr)

No significant excess in the neutrino sky map:
+75°

Largest TS
Post-trial

p-value: 0.092
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High-energy neutrinos from the Galactic Plane
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High-energy neutrinos from the Galactic Plane
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High-energy neutrinos from the Galactic Plane
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High-energy neutrinos from the Galactic Plane
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High-energy neutrinos from the Galactic Plane
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Standard expectation:
Equal number of v, v,, V.



Astrophysical sources Earth
| Up to a few Gpc |

E.g.,

E.g.,
Oscillations change the number
-------------------*
of v of each flavor, N., N, N
Different production mechanisms yield different flavor ratios:
(fe,S, f 1,57 fES) = (N ¢,5r N 1,57 N 7,9 )/ Niot

Flavor ratios at Earth (a=e¢, y, 1):

fo= D, Puouafss

B=e,u,T



Astrophysical sources Earth
| Up to a few Gpc |

Oscillations change the number

L L L

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

Different production mechanisms yield different flavor ratios:
(fe,S, f 1,57 fES) = (N ¢,5r N 1,57 N 7,9 )/ Niot

Flavor ratios at Eart}m, LS L .

i Standard :

. . '

fa, @ = E PVﬁ N f 3.9 E osc111)e;t1ons E
|

B=e,u,T : new physics i



From sources to Earth: we learn what to expect when measurinky.e
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Quick aside: how to read a ternary plot
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Assumes underlying unitarity —
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One likely TeV-PeV v production scenario:
p+y —>mnt— put+v, followedby utr—et+v.+v,

Full 7 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:
p+y —>mnt— put+v, followedby utr—et+v.+v,

rdecay Full m decay chain
u-damped
' 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



Measuring flavor composition

Song, Li, Argiielles, MB, Vincent, JCAP 2021



Measuring flavor composition
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Measuring flavor composition
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Measuring flavor composition
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Measuring flavor composition
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Standard expectation:
v and vy from transients arrive
simultaneously
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Blazar TXS 0506+056:

IceCube, Science 2018
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‘ DESY



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

Active galactic nueleus |

""""

Brightest type-2 Seyfert

+22

7920

& ; : .'9 . l\ /I’"
T = e /
v of TeV energy ! .
et ’
11.0 40.8 40.6 404 40.2

Significance: 4. 26 (global) S R

-,

IceCube Collab., Science 378, 538 (2022) " . ;{:bbl: Spaci[ Telescope,
NASA, ESA & A. van der Hoeven



What have we learned
about particle physics?



Fundamental physics with high-energy cosmic neutrinos

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

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

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




Fundamental physics with high-energy cosmic neutrinos

E.g.,
n =-1: neutrino decay

» Numerous new v physics effects grow as ~ k,, - E" - L} - = 0: CPTodd Lorents violation

n=+1: CPT-even Lorentz violation

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

» Improvement over limits using atmospheric v: k, < 10 PeV, k, < 10
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(Acts during propagation)

(Acts at production)

Monopoles

Note: Not an exhaustive list



(Acts during propagation)

(Acts at production)

Heavy relics
DM annihilation,

DM decay.

Monopoles

(Acts at detection)

Note: Not an exhaustive list



Standard expectation:

Standard expectation:
Power-law energy spectrum /“”éeé‘ Isotropy (for diffuse flux)
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Standard expectation:
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A selection of neutrino physics

a Discovering the Glashow resonance
e Neutrino-matter cross section
e Secret neutrino interactions

e Flavor physics

e Dark matter indirect detection Find this in

 the backup slides

G Neutrino decay



1. Glashow resonance:
Long-sought, finally seen
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2. Neutrino-matter cross section:
From TeV to PeV
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Measuring the high-energy vIN cross section

Below ~ 10 TeV: Earth is transparent Above ~ 10 TeV: Earth is opaque
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Hussain, Mafatia, McKay, PRD 2008; Connolly, Thorne, Waters, PRD 2011; Marfatia, McKay, Weiler, PLB 2015
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3. New neutrino interactions:
Are there secret vv interactions?
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See also: Esteban, Pandey, Brdar, Beacom, PRD 2021 .
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Cherry, Friedland, Shoemaker, 1411.1071
Blum, Hook, Murase, 1408.3799




Secret interactions of high-energy astrophysical neutrinos

T T IIIIIII T T IIIIIII T T IIIIIII T T N EE
Ly =274 —— g = 0.1 (best fit)

- §=003 g
4 IceCube HESE 6 years ]

“Secret” neutrino interactions between
astrophysical v (PeV) and relic v (0.1 meV):
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See also: Esteban, Pandey, Brdar, Beacom, PRD 2021 .
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Cherry, Friedland, Shoemaker, 1411.1071
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Secret interactions of high-energy astrophysical neutrinos

“Secret” neutrino interactions between
astrophysical v (PeV) and relic v (0.1 meV):

AstroV 14
L~ ghvv
RelicV gb vV

.-~ New coupling

| W&t ) s
Cross section: 0 —='<s== FA Y
47t (5 —M2Y + MT?
S
Mediator mass
MZ
Resonance energy: Eres =
gy -res 2m.,

MB, Rosenstroem, Shalgar, Tamborra, PRD 2020

See also: Esteban, Pandey, Brdar, Beacom, PRD 2021
Creque-Sarbinowski, Hyde, Kamionkowski, PRD 2021
Ng & Beacom, PRD 2014
Cherry, Friedland, Shoemaker, 1411.1071
Blum, Hook, Murase, 1408.3799

Looking for evidence of vSI

» Look for dips in 6 years of
public IceCube data (HESE)

» 80 events, 18 TeV-2 PeV

» Assume flavor-diagonal and
universal: g, = g Oua

» Bayesian analysis varying
M, g, shape of emitted flux (y)

» Account for atmospheric v,
in-Earth propagation, detector
uncertainties

-

/




No significant (> 3c) evidence for a spectral dip ...
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No significant (> 3c) evidence for a spectral dip ... ... so we set upper limits on the coupling g
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No significant (> 30) evidence for a spectral dip ... ... so we set upper limits on the coupling g
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4. New physics via flavor
Hard to do, but worth it



Astrophysical sources Earth
| Up to a few Gpc |

E.g.,

E.g.,
Oscillations change the number
-------------------*
of v of each flavor, N., N, N
Different production mechanisms yield different flavor ratios:
(fe,S, f 1,57 fES) = (N ¢,5r N 1,57 N 7,9 )/ Niot

Flavor ratios at Earth (a=e¢, y, 1):

fo= D, Puouafss

B=e,u,T



Astrophysical sources Earth
| Up to a few Gpc |

Oscillations change the number

L L L

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

Different production mechanisms yield different flavor ratios:
(fe,S, f 1,57 fES) = (N ¢,5r N 1,57 N 7,9 )/ Niot

Flavor ratios at Eart}m, LS L .

i Standard :

. . '

fa, @ = E PVﬁ N f 3.9 E osc111)e;t1ons E
|

B=e,u,T : new physics i



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

( Sources

_ (fe,s) fu,s) frs)

\

>

Earth

Oscillations
s a» a» a» *

(012, 023,613, 6cp)

b

(. /)
Y

Known from oscillation
experiments, to different
levels of precision

(fe.or fu@: fro)
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Note:

All plots shown are for normal
neutrino mass ordering (NO);
inverted ordering looks similar
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Standard expectation: @
A\
Power-law energy spectrum _gfoct

Q,@%Q / /
&

fcts Uring | ropagatlon)
s’

DM-v interaction

Standard expectation:
Isotropy (for diffuse flux)

12
§
&
<

(Acts at productwfn)// %

Heavy relics
DM annlhllatlo

DM deca

DE-v interacti
LorentZ+CPT violation

(Acts(at detectjon)

More: PoS ICRQM9 (1907.08690)

---_WHQQ’ME Kheirandish, Palomares-Ruiz, Salvadd, Vincent

' L]
Standayd expectation:
Equa}/humber of v, vy, V«

Standard expectation:
v and vy from transients arrive
simultaneously

Note: Not an exhaustive list



New physics in flavor composition

Repurpose 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), EP]JC 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; -
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] eij,SCP: var. 3¢ 01y =D =0.50
D=0.10
NH %% HMD=0.01
0.3 (complete)

0.8

0.9y caCube 2015/

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

Reviews: f e,® MB, Beacom, Murase, PRD2017
Argiielles et al. (inc. MB), EP]JC 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 o 1.0 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] bounds () (1:2:0)g
A (1 10 O)S

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

N\ / /
\
\ / \ /
1.0 \\ //’

/) 7 \// 7 7 0.0
0.0 0.2 04 0.6 0.8 1.0
Reviews: Ve fraction (f e,EB) Ahlers, MB, Mu, PRD?2018

Argiielles ef al. (inc. MB), EPJC 2023; Mehta & Winter, JCAP 2011; Rasmussen ef 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, JCAP 2014; Ahlers, MB, Mu, PRD 2018;
Ahlers, MB, Nortvig, [CAP 2021]

» Lorentz- and CPT-invariance violation

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

Reviews:

B/ AL AV asl7

\YA Ay
A L W

0.0 02 04 006 0.8 1.0
o &  Argiielles, Katori, Salvadé, PRL 2015

Argiielles et al. (inc. MB), EP]JC 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
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] 0 1 ‘ Det' NSI
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, Pena-Garay, JHEP 2010;
Kostelecky & Mewes 2004; Argiielles, Katori, Salvado, PRL 2015]

» Non-standard interactions

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

0.0
000102030405060.708091.0

Reviews: §e+é,@ Rasmussen et al.,, PRD 2017
Argiielles et al. (inc. MB), EP]JC 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Use the flavor sensitivity to test new physics:

0 .
» Neutrino decay 95% cred. int.
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; U'- U' 1- U' NH
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] [ 1:2:0:0)
» Tests of unitarity at high energy all considered 0.2 0.8 ll:l] :B
[Xu, He, Rodejohann, JCAP 2014; Ahlers, MB, Mu, PRD 2018; . * * )
Ahlers, MB, Nortvig, JCAP 2021] exp. included 8 ?

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

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

» Active-sterile vmixing 0.8/ R e

[Aeikens et al., JCAP 2015; Brdar, Kopp, Wang, J[CAP 2017;
Argiielles 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, JCAP2017

Argiielles et al. (inc. MB), EP]JC 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, JCAP 2014; Ahlers, MB, Mu, PRD 2018;
Ahlers, MB, Nortvig, JCAP 2021]

» Lorentz- and CPT-invariance violation

[Barenboim & Quigg, PRD 2003; MB, Gago, Pena-Garay, JHEP 2010;
Kostelecky & Mewes 2004; Argiielles, Katori, Salvado, 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, J[CAP 2017;
Argiielles 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 (I0) ) 0.9  _20.21-20-19-18-17—16

08 O Standard mixing

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




Lorentz-invariance violation can fill up the flavor triangle

IceCube Collab., Nat. Phys. 2022 FOI‘ n= O 0.0 ]. . O
S (similar for n =1)

0.2/388

Hiot = Hstg + Hnp

I , " s
Hgig = —Upyns diag (0, Am3,, Am3,) Upmns

2E
N 1.0 0.0
=¥ (A_) Ul diag (On 1,002, 005) Uy 0.0 0.2 04 0.6 0.8 1.0
n i S
. ae
See also: Ahlers, MB, Mu, PRD 2018; Rasmusen et al., PRD 2017; MB, Beacom, Winter PRL 2015;

MB, Gago, Pefia-Garay JCAP 2010; Bazo, MB, Gago, Miranda IJMPA 2009; + many others Argiielles, Katori, Salvado, PRL 2015



IceCube Collab., Nat. Phys. 2022

10_28 1NAN I
N == BF > 10 == BF > 316 N—10
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L 10
) _ |-
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Dimension-5 x, source flavour ratio (z: 1 — 2 : 0)g
_CPT'Od.d (" New Physics (N.P.) ) Key
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Lorentz-invariance o (‘;) . XY Re(d,y,) atm. limit (90%)
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How knowing the mixing parameters better helps

— IceCube 15 yr (68%, 95%;, 99.7% C.R.)

00 01 02 03 04 05 06 07 08 09 10
Fraction of v, foo

—= IceCuibe 8 yr (68%, 95%,99.7% C.R.) — TceCube 15yt (68%, 95%, 99.7% C.R.)
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Fraction of v, foo

In our results:

S JUNO + Hyper-K + DUNE

12 Isf?tffir

— IceCuibe 15 yr (68%, 95%; 99.7% C.R.) ' Marginal improvement til 2040

00 01 02 03 04 05 06 07 08 09 10
Song, Li, Argiielles, MB, Vincent, JCAP 2021 Fraction of v, fe,e



Quo vadis?
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Article
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Maria Petropoulou (U. Athens) ¢ Neutrino astrophysics Deadline:
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Neutrino-dark matter scattering

X

X (fermion)

Upper limits (90% C.L.)
Signature: on gmax =V ?Q.xgu.

¢ Deficit of high-energy v

(scalar)

from the Galactic Center

+: cascade
X: track

; 103 10-2 10! 107
[ i 4 m,/GeV

Galactic

IceCube, JCAP 2023
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21.3 log,o(ppar/GeVem™2) 23 Argtielles, Kheirandish, Vincent, PRL 2017 -
IceCube HESE data 5



Measuring the high-energy vV cross section

Number of detected neutrinos (simplified for presentation):

N x ®,0, e ™N = (I)VO'VNG_LU”NTLN

—— S
Neutrino flux Cross section

Hooper, PRD 2002; Hussain et al., PRL 2006; Borriello et al., PRD 2008
Hussain, Mafatia, McKavy, PRD 2008 Connolly, Thorne, Waters, PRD 2011; Marfatia, McKay, Weiler, PLB2015
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Measuring the high-energy vV cross section

Number of detected neutrinos (simplified for presentation):
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Neutrino flux  Cross section
Downgoing neutrinos Upgoing neutrinos
(L short — no matter) (L long — lots of matter)
N o< @0,y N x ®,0, e bomnn
a_J (. ~ J
Degeneracy Breaks the degeneracy

Hooper, PRD 2002; Hussain et al., PRL 2006; Borriello et al., PRD 2008
Hussain, Mafatia, McKavy, PRD 2008 Connolly, Thorne, Waters, PRD 2011; Marfatia, McKay, Weiler, PLB2015




A feel for the in-Earth attenuation

Matter density [g cm™3]
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A feel for the in-Earth attenuation
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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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In-Earth distance to IceCube D [km]
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In-Earth distance to IceCube D [km]
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Was it a cosmogenic neutrino? KM3NeT vs. IceCube

Diffuse flux of high-energy
astrophysical v

1076 5

E2®lf . [GeVcm=2 571 sr71]
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Neutrino energy [GeV]

KM3NeT Collab., arXiv:2502.08173 (adapted)
KM3NeT Collab. Nature 638, 376 (2025)

------- Upper limits

IceCube fits

—— NST (2022)

—+— HESE (2021)

—— Glashow (2021)
SPL 68% NST (2022)
SPL 68% HESE (2021)



Was it a cosmogenic neutrino? KM3NeT vs. IceCube

UHE v flux inferred from KM3NeT event Flux is above upper limits! 2.56-3c tension

------- Upper limits

KM3NeT
| = KM3-230213A E~2 fit

IceCube fits
—— NST (2022)
—— HESE (2021)
—— Glashow (2021)
SPL 68% NST (2022)
10-10 _ SPL 68% HESE (2021)

E2®lf . [GeV cm™2 s71 sr71]
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KM3NeT Collab., arXiv:2502.08173 (adapted)
KM3NeT Collab. Nature 638, 376 (2025) 61



Was it a cosmogenic neutrino? KM3NeT vs. IceCube

UHE v flux inferred from KM3NeT event Flux is above upper limits! 2.56-3c tension

------- Upper limits

KM3NeT
| = KM3-230213A E-2 fit

IceCube fits
Upward fluctuation? —— NST (2022)
Expected to happen —— HESE (2021)

once every 70 yr —}— Glashow (2021)
SPL 68% NST (2022)

SPL 68% HESE (2021)

E20lf . [GeV cm™2 571 sr71]
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KM3NeT Collab., arXiv:2502.08173 (adapted)
KM3NeT Collab. Nature 638, 376 (2025) 61



Was it a cosmogenic neutrino? KM3NeT vs. IceCube

UHE v flux inferred from KM3NeT event

Flux is above upper limits! 2.56-3c tension

g =
T, Upper limits
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'; 1™ e KM3-230213A E~2 fit
7
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T 10705
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O 7 T __ Expected to happen —— HESE (2021)
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o 1071 5 SPL 68% HESE (2021)
v New source class?
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KM3NeT Collab., arXiv:2502.08173 (adapted)
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Was it a cosmogenic neutrino? KM3NeT vs. IceCube

Joint fit to IceCube and KM3NeT v data + Auger UHECR data

Muzio, Yuan, Lu, arXiv:2502.06944

g =
e Upper limits

KM3NeT
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IceCube fits
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—}— Glashow (2021)
Possible sign of new SPL 68% NST (2022)
UHECR population SPL 68% HESE (2021)

not seen by Auger
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5. Dark matter:
Annihilation and decay into v



High-energy neutrinos from dark matter

Dark matter co-annihilation: v + v yield from DM (at source)

X+X—V+v |
— 2
X+tx—...ov+v+... .
Emax = Ty g 101_;
- ]
Dark matter decay: .
X = V4D l

X —7... > V+UV+... ot AN

1075 107 107 1072 107! 100
Emax — mx/ 2 E)/Emax IceCube, JCAP 2023

Approximate independence on m,

Electroweak corrections (off-shell W and Z valid for 1, ~ 100 TeV—10 PeV

emission) broaden the v spectrum



Dark matter 1n the Mllky Way 10 IceCube, PRD 2023
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Limits on dark matter decay

Per annihilation channel Compared to other limits
(assuming 100% branching ratio) (assuming decay into muons)
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Two DM contributions: Galactic (anisotropic) + extragalactic (isotropic)

Plus background of atmospheric neutrinos (anisotropic, but different) -
12



Limits on dark matter annihilation

Per annihilation channel
(assuming 100% branching ratio)

{Einasto profile

Using 7.5 years of 90% C.L.
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Two DM contributions: Galactic (anisotropic) + extragalactic (isotropic)
Plus background of atmospheric neutrinos (anisotropic, but different)



Limits on dark matter annihilation

Per annihilation channel Compared to other limits
(assuming 100% branching ratio) (assuming annihilation to muons)
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6. Unstable neutrinos:
Are neutrinos for ever?



Are neutrinos forever?

» In the Standard Model (vVSM), neutrinos are essentially stable (t > 10° yr):

i . 4+ v): 36 (m, N
» One-photon decay (v, = v, +7): 1> 10° (m,/eV)° yr » Age of Universe
» Two-photon decay (v; = v;+ v +7v): 1> 10 (m,/eV)? yr (~ 14.5 Gyr)

» Three-neutrino decay (v, = v, + v, + v,): ©>10% (m,/eV)S yr

» BSM decays may have significantly higher rates: v, — v, + ¢

» We work in a model-independent way:
the nature of ¢ is unimportant if it is invisible to neutrino detectors




Are neutrinos forever?

» In the Standard Model (vVSM), neutrinos are essentially stable (t > 10° yr):

i . 4+ v): 36 (m, N
» One-photon decay (v, = v, +7): 1> 10° (m,/eV)° yr » Age of Universe
» Two-photon decay (v, > v; + vy +7v): 1> 10" (m,/eV)” yr (~ 14.5 Gyr)

» Three-neutrino decay (v, = v, + v, + v,): ©>10% (m,/eV)S yr

,/"\\ Nambu-Goldstone

\ —

L] . . . f

» BSM decays may have significantly higher rates: v, — v, *~¢' boson of a broken
l / symmetry

» We work in a model-independent way:
the nature of ¢ is unimportant if it is invisible to neutrino detectors
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Astrophysical sources Earth
| L ~up to a few Gpc |

|
Eg,
Decay changes the number
of each v mass eigenstate, Vi, /\V,, /s °

Lower-Ev are longer-lived...

The flux of v, is attenuated by exp[- (L./ E) - (m,/7,)]

... but v that travel longer L are more attenuated!
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» Final-state v might be detectable or not vslightest and stable
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» Many more possible decay channels .
(see Winter & Mehta, JCAP2011) ordering)




Astrophysical sources Earth
| L ~up to a few Gpc |
| |

V2, V3 —> V1
N J
Y

vilightest and stable
(normal mass ordering)

T
Vi, V2 > V3
Fine print: N J
» Decay can be incomplete . Y
v;lightest and stable

» Final-state v might be detectable or not

» Many more possible decay channels (inverted mass

(see Winter & Mehta, JCAP2011) ordering)




What does neutrino decay change?

Flavor composition <.~ Spectrumshape <. .~  Eventrate




What does neutrino decay change?
Flavor composition

Flavor content of mass eigenstates:
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What does neutrino decay change?

Flavor composition

V2, V3 — Vi
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v; lightest and stable

(inverted maSS 0 01 02 03 0.4“()}.:'/.'2046 07 08 09 1
ordering)




What does neutrino decay change?

Flavor composition
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Denton & Tamborra, PRL 2018 /Abdullahi & Denton, PRD 2020 /
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Flavor composition

v decay 0.0
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Flavor composition

v decay 0.0
All regions 99.7% C.R. o1 T
B [ W 2020: NuFit 5.0 '
09 Own ; : .
0018 2040: JUNO 5 . Two ingredients:
+DUNE ¥*  Distribution mixing parameters
+HK

& IceCube flavor posterior

e

-2020 (prof.): IC'8 yr (99.7% C.R.)
==2040 (proj.): IC 15 yr + Gen2 10 yr (3
—— 2040 (proj.): Combined v telescopes

/ / / / / / / / / / /

01 02 03 04 05 06 07

Fraction of v,, fq

Neutrino lifetime, T [s]

See also: Beacom et al.,, PRL 2002 / Baerwald, MB, Winter, JCAP2012 /
MB, Beacom, Murase, PRD 2017 / Rasmussen et al., PRD?2017 /
Denton & Tamborra, PRL 2018 /Abdullahi & Denton, PRD 2020 /
MB, 2004.06844

1 06 Song, Li, Argtielles, MB, Vincent, JCAP2021
T T T T I ] ] T T ,l T T T

Invisible decay 2020 (measured):

IC (ApJ 1, 98) ® NuFit 5.0

2020 (projected):

IC 8 yr ® NuFit 5.0

2040 (projected):

(IC 15 yr+IC-Gen2 10 yr) ®
(NuFit 5.04JUNO+DUNE+HK)
2040 (projected):

(Combined v telescopes) ®
(NuFit 5.0+4JUNO+DUNE+HK)

Early Universe (2011.01502)

10°

—_
o
S

—_
(@}
[68)

ed mj3 region

—
(@)
N

T T 1T TT I
N
Allowed m»

2
J g * Approx. today

101

N

Neutrino mass, m [eV]



What does neutrino decay change?

Flavor composition
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https://github.com/songningqiang/FANFIC/

See also: Beacom et al.,, PRL 2002 / Baerwald, MB, Winter, JCAP2012 /
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