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Discovered in 2013 Predicted in 1969

by IceCube by Berezinksy
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High-energy cosmic neutrinos:
Basics and current status



Making high-energy astrophysical neutrinos: a toy model
(orp +p)
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Making high-energy astrophysical neutrinos: a toy model
(orp +p)
p+mn’ Br=2/3
P+Ytarget—>A+—>{ n+m Br=1/3
0 — 9y +y

o utt+v, > v, +tet+v,+ 0,

n (escapes) —» p +e + v,

Neutrino energy = Proton energy / 20
Gamma-ray energy = Proton energy / 10




Redshift g ] z=0

Note: v sources can be steady-state or transient
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P*¥ Proton in the air

Neutron n




Neutrino-nucleon deep inelastic scattering

What you see Beneath the hood
ve(py) 0~ (pe) ve(py) = (pe)
W (q)
I’V+ (Q) u(pf)
d(p;)
X(px)
N(p;\r) N(pN)

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

Giunti & Kim, Fundamentals of Neutrino Physics & Astrophysics



Shower Track

(mainly from v, and v,)

i)

Time [microseconds]

Time [microseconds]

<1]°

Angular resolution

~10°

Poor angular resolution



Main high-energy
v observables

SN




Standard expectation:
Power-law energy spectrum

Standard expectation:

Isotropy (for diffuse flux)
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v observables

SN

Standard expectation:

v and y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, vz
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Neutrino energy spectrum
7.5 yr: 100+ contained events > 60 TeV:
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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

Galactic Cente

Milky Way sources?
They only contribute, af

0.0 10.5 21.0

most, a few times 10z of TS = —2A1In(L)
the totfal diffuse flux

IceCube, PRD 2021




High-energy neutrinos from the Galactic Plane
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IceCube Collab., Science 2023




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

1 IceCube All-Sky v Flux (22)
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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:

v and y from transients arrive
simultaneously




Gamma-ray bursts and blazars — not dominant

Energy in neutrinos o energy in gamma rays

Gamma-ray bursts Blazars




Gamma-ray bursts and blazars — not dominant

Energy in neutrinos o energy in gamma rays

Gamma-ray bursts Blazars
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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/J: t transient source of hig g

Blazar TXS 0506+O56 IceCube, Science 2018
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Brom p=ix10- to p-gxio- 3.50 significance of correlation (post-trial) 1.40 significance of correlation
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Combined (pre-trial): 4.10
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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{:g’k i};icggreﬁzcgﬁ



I NGC 1068 Astro. v,
TXS 05064056 ~ =—¢=— Astro. v, v,

10° 10* 10° 106 107
IceCube, Science 2022 EU [ GeV]







Standard expectation:
Equal number of v, v, vz



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

L T L

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

: - R :
Flavor ratios at Eaf"M’ T): ' Standard oscillations !

_ ' or
fa,@ — Z PVB_”/O& fﬁvs i new physics
B=e,u,T LT T




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

( Sources

\_

E.g,

(fe,Saf,u,S7fT,S) (

Oscillations

\

012,023, 013,0cp)

b

(fe.or fu@: fro)

>

Earth

____*@@



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

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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Full r decay chain
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Fraction of v, in neutrino telescopes



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

Full 71 decay chain

(1/3:2/3:0)s
/ / /
03 04 05 06 O . : : Note: v and v are (so far) indistinguishable
Fraction of v, in neutrino telescopes



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

Full 71 decay chain

(1/3:2/3:0)s
Muon damped
(0:1:0)s
/ /
03 04 05 06 O ] . : Note: v and v are (so far) indistinguishable
Fraction of v, in neutrino telescopes



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

S @

rECseay Full 7t 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



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

( Sources

% (fe,s) fu,s) frs)

\

>

Earth

Oscillations
s a» a» a» *

(012, 023,613, 6cp)

b

(. /)
Y

Known from oscillation
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Theoretically palatable regions: today

NO, upper 623 octant, 0.0
NuFit 5.0
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inverted ordering looks similar 00 01 02 03 04 05 06 07 08 09 10

Song, Li, Argiielles, MB, Vincent, JCAP 2021 Fraction of v, fe,e

See also: MB, Beacom, Winter, PRL 2015




Theoretically palatable regions: today

Note:

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

Song, Li, Argtielles, MB, Vincent, JCAP 2021
See also: MB, Beacom, Winter, PRL 2015
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Measuring flavor composition: 2015-2040

Song, Li, Argiielles, MB, Vincent, JCAP 2021
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Measuring flavor composition: 2015-2040
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Measuring flavor composition: 2015-2040
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Measuring flavor composition: 2015-2040
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High-energy neutrino physics



Fundamental physics with high-energy cosmic neutrinos

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

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

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




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 k, ~ 4 - 10* (E/PeV)™" (L/Gpc)! PeV!™

» Improvement over limits using atmospheric v: x, < 10 PeV, x; < 10°
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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)
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Standard expectation:

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

Isotropy (for diffuse flux)
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~ DM annihilation,

DM decay.
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(Acts at detection)

Standard expectation:

v and y from transients arrive
simultaneously
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Standard expectation:
Equal number of v, v, vz
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Standard expectation:

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

Isotropy (for diffuse flux)
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(Acts at detection)

Standard expectation:

v and y from transients arrive
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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
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Standard expectation:
Power-law energy spectrum
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Standard expectation:
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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)
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A selection of neutrino physics

c Neutrino-matter cross section

g Dark matter

9 Discovering the Glashow resonance -
e Secret neutrino interactions

e Flavor physics >Backup slides

e Neutrino decay




1. Neutrino-matter cross section:
Beyond TeV scale



Valera, MB, Glaser, [HEP 2022 —f_
Adapted for Snowmass 2021: Ackermann, MB, et al., [HEAp 2022 Center Of mass energy \/g [GeV]
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How does DIS probe nucleon structure?

What you see Beneath the hood
ve(py) £ (pe) ve(pv) ¢ (pe)
W+ (q)
Wt (q) u(pr)
d(p;)
X (px)
N(pN) N(pN)

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

Giunti & Kim, Fundamentals of Neutrino Physics & Astrophysics



Peeking inside a proton

H1 and ZEUS
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[ WN charged current scattering
N hadrons
\7 ]

Horizon
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[ WN charged current scattering
N hadrons
. 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 et 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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2. Dark matter:
Annihilation and decay



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+... i
Emax — My % 101_;
Z 5
Dark matter decay: =
_ 100 4
X —V+V ’ f
X —7... > V+UV+... ot AN
10-5 104 1073 1072 10°!  10°
Emax — mx/ 2 Ev/Emax IceCube, JCAP 2023

Approximate independence on m,

Electroweak corrections (off-shell W and .
valid for m, = 100 TeV-10 PeV

Z emission) broaden the v spectrum



Dark matter in the Milky Way 102 leeCube, PRD 2023
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Limits on dark matter annihilation

Per annihilation channel Compared to other limits
(assuming 100% branching ratio) (assuming annihilation to muons)
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Plus background of atmospheric neutrinos (anisotropic, but different)



Limits on dark matter decay

Per annihilation channel Compared to other limits
(assuming 100% branching ratio) (assuming decay into muons)
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A 100-PeV neutrino detected?
Partially constructed KM3NeT detected an event with possibly tens of PeV:
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Upgoing vs. downgoing neutrinos
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Northern sky

Horizon

Southern sky Detector

(Galactic Center is here)

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




Upgoing vs. downgoing neutrinos

Northern sky ,
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
Horizon

» Good for measuring the
diffuse flux of astrophysical v

:

Southern sky  H

(Galactic Center is here)



Contained vs. uncontained events

Contained events Through-going muons

" N
.* 27N
Vi
Starting track Shower Through-going muon
Pro: Clean determination of E Pro: Lots of events (few 100k)
Con: Few events (~100 in 10 yr) Con: Uncertain estimates of E,



Neutrino energy spectrum

With > 10 years of data, deviations from a power law start to be testable:

A .
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w Work in Progress —— Broken Power Law ] p reflect different
{ + Segmented E-2 Flux | | SOUICE _
NE | ) populations
\Lf_ 10_75‘
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()]
O,
S
E 1078}
1>
o+
o>
© 20 tension between
N2>
Wi 10} low- and high-energy _|_
power law ‘
103 10°  10° 105 107  10°

neutrino energy E, [GeV] IceCube, ICRC 2023



High-energy neutrinos from the Galactic Plane

_1 Vitagliano, Tamborra, Raffelt, RMP 2019
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See also: Beacom & Candia, JCAP 2004




High-energy neutrinos from the Gal

See also: Beacom & Candia, JCAP 2004
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Search for >10-TeV
astrophysical v

» Use muon tracks

» Pointing accuracy: ~1°

> Atm. bg. is mostly v,

> Self-veto screens for
atm. muons to cut v bg.



High-energy neutrinos from the Galactic Plane

Vitagliano, Tamborra, Raffelt, RMP 2019
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Search for TeV Nm Search for >10-TeV

astrophysical v 1078

astrophysical v

» But GP v are TeV
» Use cascades

> Atm. v, bg. X10 lower

> Bg.-to-signal: 10°:1

» Deep learning retains
20 times more events,
X2 better angular res.

+ » Use muon tracks

I » Pointing accuracy: ~1°
> Atm. bg. is mostly v,
"I_' » Self-veto screens for

"I" :[ atm. muons to cut v bg.
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Atmospheric neutrino background
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Energy E [GeV]
See also: Beacom & Candia, JCAP 2004




Bright in gamma rays, bright in high-energy neutrinos

Energy in neutrinos o energy in gamma rays

00 S 10 MeV
/ dEyEvFy(Ey) = 3 [1 - (1 - @p%ﬂ) p;] 7/ dEy By Fy(Ey)
0 e J1 keV

E. Waxman & J. Bahcall, PRL 1997
D. Guetta et al., Astropart. Phys. 2004
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Bright in gamma rays, bright in high-energy neutrinos

Energy in neutrinos o energy in gamma rays
L - — N
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~
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00 1 TH f 10 MeV
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Bright in gamma rays, bright in high-energy neutrinos

Energy in neutrinos o energy in gamma rays
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Bright in gamma rays, bright in high-energy neutrinos

Energy in neutrinos o energy in gamma rays
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Bright in gamma rays, bright in high-energy neutrinos

Energy in neutrinos o energy in gamma rays
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Bright in gamma rays, bright in high-energy neutrinos

Energy in neutrinos o energy in gamma rays
L Tt . N

4 N a I

10 MeV
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/0 " AB, By Fy(E,) % [\1— (- <xp%>)"’m/]

) Y
Fraction of total p energy
given to pions

Liso 4 /
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ergs ty I €+, break

E. Waxman & J. Bahcall, PRL 1997

D. Guetta et al., Astropart. Phys. 2004
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Flavor-transition probability

*

. Ve §k1 §k2 63 Y1
» In matrix form: |v, | = U U, u3 V9
* >|< *
Vr UT UT2 U7'3 V3
» Pontecorvo-Maki-Nakagawa-Sakata matrix (c; = cos 0, s; = sin 0,):
I 0 0 ci3 0 Slge_w c1o s12 0 ezoq/Q 0 0
U= 1|0 c93 593 0 1 0 —519 c19 0 0 @m2/2 0
0 —s93 €93 —8136Z5 0 c¢3 0 01 0 0 1
\ J g J J J
Y ~" Y g
Atmospheric Cross mixing Solar Majorana CP phases

L
» Probability for v, — vg: Fra—vs = 04 Z Re(Uinﬁz’UajUEj) Sin (Amgj 4E>
i>]

L
+221m(U;iU5i Uﬁj)sm <Am@2]2E>
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Flavor-transition probability

62 \ /Vl\ ~ o

. rr* 05 ~ 48

» In matrix form: 2 0, = 9°
U* U~ U v 0, = 34°
Tl ¥ 72 ~ 713 § =~ 2920

» Pontecorvo-Mgki-Nakagawa-Sakata mgttix (c; = ir S = sin 0;):

I 0 0 ci3 0 8136_i5 c1o s12 0 ezoq/Q 0 0
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Y " Y ~

Atmospheric Cross mixing Solar Majorana CP phases

L
» Probability for v, — vg: Fra—vs = 04 Z Re(Uinﬁz’UajUEj) Sin (Am% 4E)
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+221m(U;iU5i Uﬁj)sm <AmZ]2E>

.



. But high-energy neutrinos oscillate fast ~ **]

L
PVQ—>VB — 5045_4 Z Re(U;ZUBZUO‘J UE]> I <Am7’2] 4E>
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Probability Pvﬁ,vﬁ
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L 15
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1>] 0.05 | ]
ool L] LT
Oscillation length for 1-TeV v: 211 x 2E/Am? ~ 0.1 pc " DL

~ 8% of the way to Proxima Centauri
< Distance to Galactic Center (8 kpc)
< Distance to Andromeda (1 Mpc)

< Cosmological distances (few Gpc)

We cannot resolve oscillations, so we use instead the average probability:

Va—H/ at Bz
) Z\U |Usil




. But high-energy neutrinos oscillate fast ~ **]
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~ 8% of the way to Proxima Centafiri
< Distance to Galactic Center (8 kpc)
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We cannot resolve oscillations, so we use instead the average probability:
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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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Measuring flavor composition: 2015-2040

Song, Li, Argiielles, MB, Vincent, JCAP 2021
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Measuring flavor composition: 2015-2040

0.0
] 2015: IC, cont.+thr.

14 @ 7t decay: (1:2:0)g
@ p-damped: (0:1:0)g

A ndecay: (1:0:0)g

N

-
®
0.6 ‘&
o)
>

0.5

Qe
e
i

0.3

All regions at 68% C.L. or C.R.

/ / ! / / / / 7 / / / 0.0
00 01 02 03 04 05 06 07 08 09 10

Fraction of v, fe e

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




Measuring flavor composition: 2015-2040

0.0
] 2015: IC, cont.+thr.

[ 2018: IC, cont. 0.1

14 @ 7t decay: (1:2:0)g

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

. NC’DQ
o
kS e
.
& ®

1.0 ﬁ)/ All regions at 68% C.L. or C.R.

/ / ! / g / / 7 / / / 0.0
00 01 02 03 04 05 06 07 08 09 10

Fraction of v, fe e

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




Measuring flavor composition: 2015-2040

0.0
] 2015: IC, cont.+thr.

[ 2018: IC, cont. 0.1
[C] 2020: 1C, cont. (w/ v7)

Based on L0

@ 7t decay: (1:2:0)g
real data

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

i (\,S,O
)

All regions at 68% C.L. or C.R.

/ / ! / g / / 7 / / / 0.0
00 01 02 03 04 05 06 07 08 09 10

Fraction of v, fe e

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




Measuring flavor composition: 2015-2040

Based on
real data

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

0.0
] 2015: IC, cont.+thr.

14 @ 7t decay: (1:2:0)g

[ 2018: IC, cont. 01
[[] 2020: IC, cont. (w/ v7) 09 [ pu-damped: (0:1:0)g
(1 2020 (proj.): IC 8 yr 0.2 A ndecay: (1:0:0)g

All regions at 68% C.L. or C.R.

/ / ! / g / / 7 / / / 0.0
00 01 02 03 04 05 06 07 08 09 10

Fraction of v, fe e




Measuring flavor composition: 2015-2040

Based on
real data

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

0.0
] 2015: IC, cont.+thr.

14 @ 7t decay: (1:2:0)g

[ 2018: IC, cont. 01
[[] 2020: IC, cont. (w/ v7) 0.9 p-damped: (0:1:0)g
(] 2020 (proj.): IC 8 yr 0.2 A ndecay: (1:0:0)g

|| 2040: IC 15 yr + Gen2 10 yr

All regions at 68% C.L. or C.R.

/ / ! / g / / 7 / / / 0.0
00 01 02 03 04 05 06 07 08 09 10

Fraction of v, fe e




Measuring flavor composition: 2015-2040

0.0

—
B 2015: IC, cont.+thr. 1.0

Based on @ 7 decay: (1:2:0)g

[ 2018: IC, cont. 0.1
real data [ 2020: IC, cont. (w/ vs) 09 [ pu-damped: (0:1:0)g
(] 2020 (proj.): IC 8 yr 0.2 A ndecay: (1:0:0)g

Projections < [ 2040: IC 15 yr + Gen2 10 yr
I 2040: All v telescopes 0.3
-

0.7
%

i (\,S,O
)

All regions at 68% C.L. or C.R.

/ / ! / g / / 7 / / / 0.0
00 01 02 03 04 05 06 07 08 09 10

Fraction of v, fe e

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




High-statistics neutrino blazar flares

Observing the 2014-2015 TXS 0506+056 at 5o:
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Rodrigues et al., 2019
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Tidal disruption events
Solar-mass star disrupted by SMBH (>10°M,)

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

NASA
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Bright in gamma rays, bright in high-energy neutrinos (?)

Energy In neutrinos{ « ¢nergy in gamma rays

I Waxman & Bahcall, PRL 1997

Fudge factors:
Source properties (e.g., baryonic loading)

Particle effects (e.g., v-producing channels)

But the correlation between v and y may be more nuanced:
Gao, Pohl, Winter, Ap] 2017

Sources that make neutrinos via py
may be opaque to 1-100 MeV gamma rays

Murase, Guetta, Ahlers, PRL 2016

Modeling of py interactions & nuclear cascading

in the sources is complex and uncertain

Morejon, Fedynitch, Boncioli, Winter, [CAP 2019
Boncioli, Fedynitch, Winter, Sci. Rep. 2017




Source discovery potential: today and in the future
Bl Accounts for the observed diffuse v flux (lower/upper edge: rapid/no redshift evolution)
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Ackermann, MB et al., Astro2020 Survey (1903.04333) — See also: Silvestri & Barwick, PRD 2010; Murase & Waxman, PRD 2016




Measuring the high-energy vN cross section

Number of detected neutrinos (simplified for presentation):

N x P, 0, ve 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, McKay, PRD 2008 Connolly, Thorne, Waters, PRD 2011; Marfatia, McKay, Weiler, PLB 2015
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Neutrino flux Cross section

Downgoing neutrinos
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Measuring the high-energy vN cross section

Number of detected neutrinos (simplified for presentation):

N x P, 0, ve N = (I),/O',/NG_LU”NnN

——
Neutrino flux Cross section

Downgoing neutrinos
(L short — no matter)

N x (I),/O',/N
a_J

Degeneracy

Hooper, PRD 2002; Hussain et al., PRL 2006; Borriello et al., PRD 2008
Hussain, Mafatia, McKay, PRD 2008 Connolly, Thorne, Waters, PRD 2011; Marfatia, McKay, Weiler, PLB 2015




Measuring the high-energy vN cross section

Number of detected neutrinos (simplified for presentation):

N x (I)l/O_VNe—TVN — (I)I/O_Z/NG_LJUNTLN
N e a—
Neutrino flux  Cross section
Downgoing neutrinos Upgoing neutrinos
(L short — no matter) (L long — lots of matter)
N o< @,0,y N o ®,0, e BImnmy
——
Degeneracy

Hooper, PRD 2002; Hussain et al., PRL 2006; Borriello et al., PRD 2008
Hussain, Mafatia, McKay, PRD 2008 Connolly, Thorne, Waters, PRD 2011; Marfatia, McKay, Weiler, PLB 2015




Measuring the high-energy vN cross section

Number of detected neutrinos (simplified for presentation):

Nx ®,0,ve N =®,0, e LovvnN
—— N
Neutrino flux  Cross section
Downgoing neutrinos Upgoing neutrinos
(L short — no matter) (L long — lots of matter)
N o< ®,0,y N o ®,0,ye H7vmN
—— | ~ J
Degeneracy Breaks the degeneracy

Hooper, PRD 2002; Hussain et al., PRL 2006; Borriello et al., PRD 2008
Hussain, Mafatia, McKay, PRD 2008 Connolly, Thorne, Waters, PRD 2011; Marfatia, McKay, Weiler, PLB 2015




Bump-hunting in the diffuse flux of high-energy neutrinos

Bump-like spectra can reveal the presence of v production via py:
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D. F. G. Fiorillo, MB, PRD 2023



Bump-hunting in the diffuse flux of high-energy neutrinos

Bump-like spectra can reveal the presence of v production via py:
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Bump-hunting in the diffuse flux of high-energy neutrinos

Bump-like spectra can reveal the presence of v production via py:
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Bump-hunting in the diffuse flux of high-energy neutrinos

Bump-like spectra can reveal the presence of v production via py:

Equivalent IceCube exposure [years]

57.5 10 20 30 40 80 120

m 10 | | T I U] U ’l T

- ceCube (IC) en (8 IC).
g3 IceCub IC-G n2;

]

é’ ikal—GVDlh.s 10)]
;‘ KM3NeI" 2810)]
. 4 L / _
; 10 P—ON”E (321CH
) ] 7
8 TAM],?»O (0.5 ICH
c / g
o TRIDENT (7.5 IC)-
g-' 3 Using HESE only g
o 10° E Al detectors: IceCube HESE-detectjon efﬁcienc,‘ly =
; —— All detectors ,'I

2 ---- IceCube+Gen2 only ’/
-+

------- IceCube onl 4 .

5 2 d /’ Decisive
<< L I -
Q) ].O ,l :‘
Q ] oty
8 / Very strong]
o I b
'; g -
39) Y Strong
= 10
<
—-—

loY0)

c

9]

=
=
wn

—

D. F. G. Fiorillo, MB, PRD 2023

2020

2025
Year

2030

2035

T T T LI
e 7.5 years exposure

.

IceCube HESE
+ (7.5I years)
1 1 1

i

© 2025 (proj)

O LR T T L I

Two-component fit
771 One-component fit
L1 1 11 I 1 1 11 I 1 1 1 1 3

o> 10—10

@ 2030 (proj.)

10° 10° 107

Neutrino energy, E, [GeV]



Bump-hunting in the diffuse flux of high-energy neutrinos

Bump-like spectra can reveal the presence of v production via py:

Equivalent IceCube exposure [years]
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Neutrino-dark matter scattering

X (fermion) X

Upper limits (90% C.L.) on
Signature: Imax = \/9x9v
DEfiCitthigh-energyv TS o R 1
from the Galactic Center

¢

(scalar)

+: cascade
X: track

me / GeV

‘_.' i 103 1072 102 10°
4 m,/GeV

Galactic

IceCube, JCAP 2023
e — AR O ; irandish, Vincen,
213 TR T 23 JeeCube HESE data Argitielles, Kheirandish, Vincent, PRL 2017



Discovering sources fast, with high significance

TXS 0506+056 NGC 1068
20 —————— s ————— — 1
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IceCube-Gen2 Collab. Technical Design Report Part I



Boosting source searches with showers

KM3NeT/ARCA
IceCube: IlceCube Median, 68% quantiles IlceCube
Hard to use showers to § Showers 1, CC selected as frack showers
find pOlﬂt sources v, CC selected as shower
KM3NeT:
Degree-scale shower { ~—~
-~
Angular resolution \——-—____.—-—-—/\/
= 10"
= ~
N
\\
Light scattering length \\
in water > in ice 10-1 T~
—
e
(100-300 m vs. 4—40 m) —
3 Vi % 6 \7 3
IceCube Collab., NIM 2013 10 10 10 10 10 10
ANTARES Collab., Astropart. Phys. 2005 Ey [GGV] KM3NeT Collab., arXiv:2402.08363




Combined detector exposure [Gton yr]
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Combined detector exposure [Gton yr]
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Combined detector exposure [Gton yr]
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3. Glashow resonance:
Long-sought, finally seen



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
6.3 Pe> (7t n,
67%

v

e W Vl
6.3 Pe\> _____ < Br = 339%
e I

IceCube, Nature 2021
Glashow, PR 1960




First observation of a Glashow resonance

Predicted in 1960:
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First reported by IceCube in 2021:




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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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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4. New neutrino interactions:
Are there secret vv interactions?



Astrophysical neutrino sources Earth
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Astrophysical neutrino sources Earth
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mteractions | 0 > Energy spectrum

= o T | » Flavor composition
.BSM v splf— , L~ gV | » Direction
Interactions | Relicv ~§ V | » Arrival times




Secret interactions of high-energy astrophysical neutrinos

“Secret” neutrino interactions between - 200 N g strearrlling !
astrophysical v (PeV) and relic v (0.1 meV): a 175 L -~~~ With attenuation i
L . —— With attenuation + regeneration
Astrov Vv o
c 150 - M=10MeV -
_____ ; =0.03
L~ gpvv & 125 =0.1eV _
Relicy ~8 v 0
= 1.00 -
4 8
: s .
Cross section: g — & 5 = 0.75
TC (s — M?)” + M?T2 S
= 0.50 -
X
)
M?2 § 0.25 -
Resonance energy: Eigs = o T
M-, = 0.00 AT BT RTTTY B ¥ BRIy S . e
MB, Rosenstroem, Shalgar, Tamborra, PRD 2020 103 104 105 106 107 108

See also: Esteban, Pandey, Brdar, Beacom, PRD 2021 .
Creque-Sarbinowski, Hyde, Kamionkowski, PRD 2021 Neutrino energy E [GeV]
Ng & Beacom, PRD 2014
Cherry, Friedland, Shoemaker, 1411.1071
Blum, Hook, Murase, 1408.3799




Secret interactions of high-energy astrophysical neutrinos

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

Astro v > Vv
Relic v L~ghpvy

New coupling
i 4%
: Al
Cross section: g =‘&* r—s
4
T (s _.\MZ} + M?2T2
~” Mediator mass
ME
Resonance energy: Eios = ——
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
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Secret interactions of high-energy astrophysical neutrinos

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

Astro v Vv
>L ~ gpvv

Relic v

s
(s —M2) + M2T2
= Mediator mass

ME
Resonance energy: Eieq = S
m“\-"

Cross section: g =

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
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Secret interactions of high-energy astrophysical neutrinos

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

Astro v Vv
::;Z. ~ gpvv

Relic vy 1%
_-~_New coupling
\
: L gt ) )
Cross section: g =‘&.4 o~
/
Tt [S _|\M2} + M?2T2
- Mediator mass
M?
Resonance energy: Eygs = ——
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
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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
>L ~ gpvv

Relic v
s New couphng
W8t ) 5
Cross section: ¢ _\W' o~
!
T (s —|\M2) + M2T12
- .
Mediator mass
2
Resonance energy: Eygs =
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 0.,

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

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

- /




No significant (> 30) evidence for a spectral dip ...
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See also: Shalgar, MB, Tamborra, PRD 2020




No significant (> 3c) evidence for a spectral dip ... ... so we set upper limits on the coupling ¢
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No significant (> 3c) evidence for a spectral dip ... ... so we set upper limits on the coupling ¢
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5. Flavor



New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:




New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:

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

o0 R

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
[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]

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

Unitarity O (2;8)5
bounds ® (1:2:0)s
A (120:0)5

&
&6 ®
0.8
\\\ // \\\ ,
1.0 \ / \ /
/) > 7 . 7 0.0
0.0 0.2 0.4 06 0.8 1.0

Ve fraction (fe,@) Anlers, MB, Mu, PRD 2018



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, J[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; O" ?, 8 ®
Kostelecky & Mewes 2004; Argtielles, Katori, Salvad6, PRL 2015] (4 A =

A \/_’I s o et \ 00
00 02 04 006 08 1.0

@ Argitielles, Katori, Salvadd, 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; 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+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, J[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; Argtielles, 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 St mixd _ log(Vey /eV)
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; il miXing params .
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, J[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; 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:
Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017



6. Unstable neutrinos:
Are neutrinos for ever?



Are neutrinos forever?

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

» One-photon decay (v, — v, +y): © > 10% (m,/eV)® yr

» Two-photon decay (v; = v, +y +y): 1> 10% (m,/eV)? yr 7 ‘(A:gf 4O,é I(J}l;;\)ferse

» Three-neutrino decay (v, — v, + v, + v,): T > 10% (m,/eV)5 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):

» One-photon decay (v, — v, +y): © > 10% (m,/eV)® yr

» Two-photon decay (v; = v, +y +y): 1> 10% (m,/eV)? yr 7 égf 4(,)é [(J}l;;\)ferse

» Three-neutrino decay (v, — v, + v, + v,): T > 10% (m,/eV)5 yr

N Nambu-Goldstone
» BSM decays may have significantly higher rates: v, — v, { @ J—Dboson of a broken
symmetry

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




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

|
Eg,
Decay changes the number ?
of each v mass eigenstate, N;, N>, N;

The flux of v, is attenuated by exp[- (L/E) - (m,/1,)]
——
Mass of v; Lifetime of v,




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

|
Eg,
Decay changes the number ?
of each v mass eigenstate, N;, N>, N;

Only sensitive to their ratio
—h—

The flux of v, is attenuated by exp[- (L/E) - (m,/1,)]
—
Mass of v; Lifetime of v,




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

|
Eg,
Decay changes the number ?
of each v mass eigenstate, N;, N>, N;
Lower-E v are longer-lived...

—

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

... but v that travel longer L are more attenuated!



Astrophysical sources Earth
| L ~up to a few Gpc |
| |
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V2, V3 —> V1

|
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Y
v; lightest and stable
(normal mass ordering)  _ s =< y
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(If decay is complete)




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

V2, V3 —> V1

\ J
Y
v; lightest and stable
(normal mass ordering)  _ s =< y
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(If decay is complete)
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v; lightest and stable

(inverted mass ordering)




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

V2, V3 — V1
\ J
Y
v; lightest and stable
(normal mass ordering) - -
-
-
ecay is complete
If decay i plet
-
~eo -
“~eo
Fine print: \ ) o
» Decay can be incomplete Y
» Final-state v might be detectable or not v, lightest and stable
» Many more possible decay channels (inverted mass ordering)

(see Winter & Mehta, [CAP 2011)




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

V2, V3 — V1
N J
Y

v; lightest and stable
(normal mass ordering)

Fine print: \ )
» Decay can be incomplete Y
» Final-state v might be detectable or not v, lightest and stable

» Many more possible decay channels (inverted mass ordering)
(see Winter & Mehta, [CAP 2011)




What does neutrino decay change?
Flavor composition <~ > Spectrumshape <~ >  Eventrate




What does neutrino decay change?

Flavor composition

Flavor content of mass eigenstates:

Flavor content © Vary 0;,3¢cp
Known to within 2% NH 0.1 0.9 Best Fit
0.2 16
0.8
W30
e 0.7
0.4 06

| U(xi | 2= | U(xi(612/ e23/ e13/ 6CP) | :
A Ud* 7 0% U

Known to within 8%

Known to within 20%
(or worse)

0 01 02 03 04 05 06 07 08 09 1

. 2
MB, Beacom, Winter PRL 2015 | U ejl



What does neutrino decay change?

Flavor composition

V2, V3 > V1 .V
\ J 0.7
1 V U 0.60.5 0'50 . Uil
vilightest and stable .
(normal mass ordering) e -’
’ ’ ’ 0 0. i . . IU I . . . .
=
- -
- -

v; lightest and stable
(inverted maSS Ordering) 0 01 02 03 o.4|z>j.:jlg‘a 07 08 09 1




What does neutrino decay change?

Flavor composition

v decay 0.0
All regions 99.7% C.R. ® 1y
. 0.1
; g ; 2020: NuFit 5.0 09 O
2040: JUNO
+DUNE °3 Avs

THK KTIRe

e ———

==12040 (pro ) IC15yr + GenZ 10 yr (% /
— 2040 (proj.): Combined v telescopes (Y

/ 7 7 7 7 7 7
00 01 02 03 04 05 06 07 08

Fraction of v,, f g

/ ¥/ / / 0.0

See also: Beacom et al., PRL 2002 / Baerwald, MB, Winter, JCAP 2012 /
MB, Beacom, Murase, PRD 2017 / Rasmussen et al., PRD 2017 /

Denton & Tamborra, PRL 2018 /Abdullahi & Denton, PRD 2020 /
MB, 2004.06844




What does neutrino decay change?

Flavor composition

v decay 0.0
All regions 99.7% C.R. ® 1y
. 0.1
; g ; 2020: NuFit 5.0 09 O
2040: JUNO
+DUNE °3 Avs
+HK Approx. today
(IceCube 2015
combined analysis,
Ap] 2015)
_____ "
g ...... <
X ®
- =2040 (pro ) IC 15 yr + Gen2 10 yr (% 0.1
1.0 — 2040 (proj.): Combined v telescopes (%
/ 7 ri 7 7 7 7 7 7 7 >—0.0

00 01 02 03 04 05 06 07 08
Fraction of ve, fe o

See also: Beacom et al., PRL 2002 / Baerwald, MB, Winter, JCAP 2012 /
MB, Beacom, Murase, PRD 2017 / Rasmussen et al., PRD 2017 /

Denton & Tamborra, PRL 2018 /Abdullahi & Denton, PRD 2020 /
MB, 2004.06844




What does neutrino decay change?

Flavor composition

v decay 0.0
All regions 99.7% C.R. ® 1y
. 0.1
; g : 2020: NuFit 5.0 09 O
2040: JUNO
+DUNE °3 Avs

Approx. today

See also: Beacom et al., PRL 2002 / Baerwald, MB, Winter, JCAP 2012 /
MB, Beacom, Murase, PRD 2017 / Rasmussen et al., PRD 2017 /

Denton & Tamborra, PRL 2018 /Abdullahi & Denton, PRD 2020 /
MB, 2004.06844

(IceCube 2015
combined analysis,
Ap] 2015)
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0.8 i
. Complete decay into
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v, distavored by 2015
IceCube flavor measurement




What does neutrino decay change?

Flavor composition

v decay 0.0
All regions 99.7% C.R. 01 ® 1,
B[] W 2020: NuFit 5.0 ) 09 B

[ L] 2040: JUNO

e ———

==12040 (pro ) IC15yr + GenZ 10 yr (% /
— 2040 (proj.): Combined v telescopes (Y

/ 7 7 7 7 7 7
00 01 02 03 04 05 06 07 08

Fraction of v,, f g

/ ¥/ / / 0.0

See also: Beacom et al., PRL 2002 / Baerwald, MB, Winter, JCAP 2012 /
MB, Beacom, Murase, PRD 2017 / Rasmussen et al., PRD 2017 /

Denton & Tamborra, PRL 2018 /Abdullahi & Denton, PRD 2020 /
MB, 2004.06844




What does neutrino decay change?

Flavor composition

v decay 0.0
All regions 99.7% C.R. ® 1y
X 0.1
; g ; e 09 B Two ingredients:
2040: JUNO f ot ; i
punNe %2 - SA V3 Distribution mixing parameters
+HK )

& IceCube flavor posterior
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Fraction of v,, f g

/ ¥/ / / 0.0

See also: Beacom et al., PRL 2002 / Baerwald, MB, Winter, JCAP 2012 /
MB, Beacom, Murase, PRD 2017 / Rasmussen et al., PRD 2017 /

Denton & Tamborra, PRL 2018 /Abdullahi & Denton, PRD 2020 /
MB, 2004.06844




What does neutrino decay Change? See also: Beacom et al., PRL 2002 / Baerwald, MB, Winter, JCAP 2012 /

MB, Beacom, Murase, PRD 2017 / Rasmussen et al., PRD 2017 /

Denton & Tamborra, PRL 2018 /Abdullahi & Denton, PRD 2020 /
MB, 2004.06844

Flavor composition

v decay 0.0
All regions 99.7% C.R. 01 ® 1,
B[] W 2020: NuFit 5.0 ) 09 B
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Ay, Distribution mixing parameters
& IceCube flavor posterior
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See also: Beacom et al., PRL 2002 / Baerwald, MB, Winter, JCAP 2012 /
MB, Beacom, Murase, PRD 2017 / Rasmussen et al., PRD 2017 /
Denton & Tamborra, PRL 2018 /Abdullahi & Denton, PRD 2020 /

What does neutrino decay change?

Flavor composition
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What does neutrino decay change?

Flavor composition
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What does neutrino decay change?

Glashow resonance (GR):
v, + e > W — hadrons — shower
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What does neutrino decay change?
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What does neutrino decay change?
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Discovering the diffuse flux of UHE neutrinos

o Rodrigues et al., all AGN
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Discovering the diffuse flux of UHE neutrinos

e Rodrigues et al., all AGN
Rodrigues et al., HL BL Lacs
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Discovering the diffuse flux of UHE neutrinos

e Rodrigues et al., all AGN
Rodrigues et al., HL BL Lacs
e Fang & Murase, CR reservoirs
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Discovering the diffuse flux of UHE neutrinos

Q Fang et al., newborn pulsars
e Rodrigues et al., all AGN
Rodrigues et al., HL BL Lacs
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Discovering the diffuse flux of UHE neutrinos

Fang et al., newborn pulsars
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Discovering the diffuse flux of UHE neutrinos

Fang et al., newborn pulsars
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Discovering the diffuse flux of UHE neutrinos

Fang et al., newborn pulsars
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Discovering the diffuse flux of UHE neutrinos

Fang et al., newborn pulsars
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e Fang & Murase, CR reservoirs @ Muzio et al., fit to Auger & IceCube
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Discovering the diffuse flux of UHE neutrinos
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Discovering the diffuse flux of UHE neutrinos

o IceCube HESE (7.5 yr) extrapolated

Heinze et al., fit to Auger UHECRs
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Discovering the diffuse flux of UHE neutrinos

o IceCube HESE (7.5 yr) extrapolated Rodrigues et al., all AGN

Heinze et al., fit to Auger UHECRs
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Discovering the diffuse flux of UHE neutrinos
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Discovering the diffuse flux of UHE neutrinos

@ IceCube vy, (9.5 yr) extrapolated

Bergman & van Vliet, fit to TA UHECRs

Some models will be
discovered right away
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Discovering the diffuse flux of UHE neutrinos
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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 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
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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: 1 km i Ve



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)
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Neutrino energy, E, [GeV]



TeV-PeV > 100 PeV

In-water and in-ice Radio, fluorescence, etc. detectors
Cherenkov detectors (more on this later)
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Neutrino energy, E, [GeV]

All-flavor neutrino flux, E%CIJVH [GeVem 25 1sr1]



TAMBO — De
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TAU AIR-SHOWER MOUNTAIN-BASED OBSERVATORY (TAMBO) - COLCA VALLEY, PERU




Colca Valley, Peru
2Q00 (bottom) to 4000 (top) m.a.s.l.
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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

e
-
-
-----
e
-
----
-

Detector placed on a
mountaintop looking
towards the horizon



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

Neutrino energy, E, [GeV]
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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



Valera, MB, Glaser, [HEP 2022

Adapted for Snowmass 2021: Ackermann, MB, et al., [HEAp 2022

Center-of-mass energy /s [GeV]
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Valera, MB, Glaser, JHEP 2022
Adapted for Snowmass 2021: Ackermann, MB, et al., [HEAp 2022

Center-of-mass energy /s [GeV]
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Valera, MB, Glaser, JHEP 2022
Adapted for Snowmass 2021: Ackermann, MB, et al., [HEAp 2022

Center-of-mass energy /s [GeV]
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New physics in the UHE vN cross section




New physics in the UHE vN cross section

Heavy sterile neutrinos
via the dipole portal

10_1 T |||||I1'| T ||n||1'| .
i 3
1 -
i,
10 : El
L m
T .
107 S
£ 10
10O ===~
-6
10 LHC d,,
o7 L LEP d,z
L IIlIIIIi L llllllll 1 Illllu] L IIIIIIII 1 LLLLl
1 10 102 103 104 109
mpy (GeV)

Huang, Jana, Lindner, Rodejohann, 2204.10347




New physics in the UHE vN cross section

Heavy sterile neutrinos
via the dipole portal
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Multiple v -induced
bangs

Huang, EPJC 2022 [2207.02222]




HyN (UB)

Heavy sterile neutrinos
via the dipole portal
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New physics in the UHE vN cross section

Multiple v -induced
bangs

Huang, EPJC 2022 [2207.02222]
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charged Higgs, efc.
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