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Cosmic rays
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Neutrinos
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Gamma rays Neutrinos UHE cosmic rays

Note: This is a simplified view
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Gamma rays Neutrinos UHE cosmic rays

Point back at sources _ _
Size of horizon 10 kpc (at PeV) _ 100 Mpc (> 40 EeV)
Energy degradation Severe _ Severe

Note: This is a simplified view
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Ultra-high-energy
COSMIC rays



Cosmic rays discovered

The state at the beginning of the 20% century:

(1) ambient radiation was already known to exist
(2) believed to be mainly coming from the ground

ambient radiation measured
to be lower at the top ...

1 km tall mountain
(badly drawn)

... than at ground level

Problem: they had measured only up to ~1 km of altitude




Physics is a risky business
Victor Hess — 1911-1913, balloon flights up to 5.3 km
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Physics is a risky business

Victor Hess — 1911-1913, balloon flights up to 5.3 km
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Knee Adapted from Particle Data Group, PTEP 2022 -
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From the Milky Way

EI:D:D’_'EED:[:D:D:D Knee Adapted from Particle Data Group, PTEP 2022 -
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From the Milky Way From outside the Milky Way
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From the Milky Way From outside the Milky Way
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From the Milky Way From outside the Milky Way
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From the Milky Way From outside the Milky Way
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What are they?

Protons and nuclei with energies
above 10" eV



Is that a lot?

Yes.
10°-10° times higher than LHC protons

A 10°-eV proton has the kinetic energy of a kicked football

We know no particles more energetic than UHECRSs



So what’s making them?

Good question. We don’t know.

Whatever it is, it is one of the most violent processes
in the Universe

(OKk, fine: extragalactic non-thermal astrophysical sources
that act as cosmic particle accelerators)



Why 1s it so hard?

UHECRs don't travel in straight lines

(the Universe is magnetized)

_|_
UHECRs are rare

(the Universe is opaque to them)



Are we getting closer?

Yes.
We detect a growing number of UHECRs

and

we can use neutrinos, too
(more on this later)
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At production:
Each source injects
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Redshift g ] z=0
UHECR sources distributed in redshift

During propagation

At production ‘2
"""" é UHE p + nuclei ; \.

Detection

During propagation



UHECR
production



UHECR sources are messy

Man-made accelerators Astrophysical accelerators

>

>

'

o (s sl o [ 58 o o (o o o 4 s

>

P downstream — upstream downstream « upstream
Acceleration In vacuum In a medium
E.m. fields Ordered Messy
Beam dumps Precisely regulated Fully unregulated

Astrophysical accelerators inevitably make high-energy secondaries




How are cosmic rays made?
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Fermi acceleration

Upstream to downstream Downstream to upstream

In each crossing, the

Charged particle ) ;
| particle gains energy

AFE x Ushock
Shock

Average energy of a particle after one crossing: EF =k E,

Probability that the particle remains in the acceleration region after one crossing: P

After n collisions, N = N, P" particle remain, with energy E = E, k"

In P

Energy spectrum: N (E)dE o E~'Twr dE

4
AE :%(9> and P:1—Pescz1——(9) — N(E)dE x E~2dE
E 3 \c 3 \c




Hillas criterion
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Hillas criterion

A necessary condition to accelerate
charged particles is confinement
within the acceleration region
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Hillas criterion

But not sufficient! ]

1 au 1pc 1kpc 1 Mpc
A necessary condition to accelerate P | | | |
charged particles is confinement 10M 3 — g 201601
. . . . eutron stars, . ===== =V.
within the acceleration region . B magnetars
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UHECR anisotropy

How do we know that UHECRs have an extragalactic origin?

Their energies are so large that their Larmor radius cannot be contained
by the Milky Way

E 1018 eV
S °Y 100 kpe

Ry = ~
L7 eB e x 1 uG

e We can look at the distribution of arrival directions of UHECRs
(more on this later!)



UHECR
propagation



Calculating the UHECR flux at Earth
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Redshift g | z=0
UHECR sources distributed in redshift (e.g., as star-formation rate)

At production: g —>
Each source injects
UHECRs é >

O—
é/»




Redshift g | z=0
UHECR sources distributed in redshift (e.g., as star-formation rate)

During propagation:
UHECRs deflected by
extragalactic and Galactic

magnetic fields 2
At production:

Each source injects

UHECRS@ UHE p + nuclei \ \‘
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Redshift g ] z=0

Extragalactic B ~ nG (?)

0 —. .

A

o

Larger charge bends more Longer trajectories bend more Magnetic field intensity

~

s gy (10 EV L N/ Lo \"" [ Bems
rms E 10 Mpc Mpc nG

\ ~

Larger charge bends more L. field coherence length
Sigl, Miniati, Ensslin, PRD 2004




Redshift g

Extragalactic B ~ nG (?)

o—".
—v
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Larger charge bends more

cumulative distribution

%

Longer trajectories bend more
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Scattering on magnetic fields

Faraday rotation: Polarization of e.m. waves
by magnetized plasma
AU =RM - \?

d/m?
e /m

-100
P ”TTNS
’ .
4 \\

Milky Way electron density —~
19 / \
e {( B \
0 cm ‘\‘ MG ’I'

\
pal

Jansson & Farrar, ApJ 2012

Galactic B ~uG




Scattering on magnetic fields

Galactic B ~uG

Galactic deflections of 60-EeV protons

L
5~ 16°7 20 EeV / dL B
E o 3kpc \2uG

Auger Collab., Astropart. Phys. 2007
Jansson & Farrar, ApJ 2012
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UHECR sources distributed in redshift (e.g., as star-formation rate)

During propagation:
UHECRs deflected by
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At production:

Each source injects
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energy p photon backgrounds
Energy loss by pair production




Redshift g

| z=0

UHECR sources distributed in redshift (e.g., as star-formation rate)
During propagation:
UHECRs deflected by

extragalactic and Galactic Detection:

magnetic fields UHECRs detected
at Earth
At production:
Each source injects
UHECRS

"""" é UHE p + nuclei ; \.

" CMB/EBL y e, e ) =-,| " CMB/EBLy ) During propagation:
\ EeV v UHECRs lose energy
BV Lower. \ oV “Cosmogenic” ano} photoc-hsmte.:grate .
p p by interacting with cosmic
Cnergy p photon backgrounds
Energy loss by pair production ) { Photohadronic interaction




Calculatlng the UHECR ﬂuX at Earth a: Scale factor 1,: Real number density
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r—

Comoving number density of protons (GeV™' cm?): Y, (E,z2) = ag(z)”p(E ,2) = (1+2)°

ny(E, 2)

Solve a propagation equation: Energy loss rates: b = — e

dt
Yp — aE(HEYp) + 8E(be+e_Y;)) + aE(bzoq/Y})) + ['CR,
v
o
Energy loss due to adiabatic
cosmological expansion




Calculatlng the UHECR ﬂuX at Earth a: Scale factor 1,: Real number density
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Comoving number density of protons (GeV™' cm?): Y, (E,z2) = ag(z)”p(E ,2) = (1+2)°

ny(E, 2)

Solve a propagation equation: Energy loss rates: b = _ek

dt
= 8E(HEY ) + 8E e+e ) + 8E(mep) + Lon
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o
Energy loss due to adiabatic Energy loss due to

cosmological expansion pair production:
p+y—pte+e




Calculatlng the UHECR ﬂuX at Earth a: Scale factor 1,: Real number density

1
Comoving number density of protons (GeV"' cm?): Y,,(E, z) = a’(2)n,(E, z) = mnP(E, 2)
Solve a propagation equation: Energy loss rates: b = — C;_f
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+ other process
+ n beta-decay into p




Calculatlng the UHECR ﬂuX at Earth a: Scale factor 1,: Real number density

1
Comoving number density of protons (GeV"' cm?): Y,,(E, z) = a’(2)n,(E, z) = mnp(E ,Z)
Solve a propagation equation: Energy loss rates: b = — C;_f
= 8E(HEY ) + 8E e+e ) + 8E(mep) + ﬁCR
-
Energy loss due to adiabatic Energy loss due to Energy loss due Cosmic-ray injection
cosmological expansion pair production: ~ to photohadronicint.: by UHECR sources

p+y—opte+e p+y—p+n
p+ty—on+mn
+ other process

+ n beta-decay into p




Calculatlng the UHECR ﬂuX at Earth a: Scale factor 1n,: Real number density

r—

Comoving number density of protons (GeV™' cm?): Y, (E,z2) = a3(z)np(E ,2) = (1+2)°

ny(E, 2)

Solve a propagation equation:
Y, = Op(HEY,) + 0p(bete-Yp) + 05 (b Yy) + Lon

Recast in terms of redshift using

dz
with Hubble parameter

H(2) = Ho/Qn (1 + 2)3 + Qp




Calculatlng the UHECR ﬂuX at Earth a: Scale factor 1n,: Real number density

r—

Comoving number density of protons (GeV™' cm?): Y, (E,z2) = ag(z)”p(E ,2) = (1+2)°

ny(E, 2)

Solve a propagation equation:
Yp — aE(HEYp) + 8E(be+e_Y;)) + aE(bpquvp) + £CR

Recast in terms of redshift using

dz
with Hubble parameter

H(2) = Ho/Qn (1 + 2)3 + Qp

-1
(14 2)H(2)

asz(Ea Z) — {8E(H(Z)EYP(E7 Z)) + 8E(beﬂa— (Ev Z)Yp(Ev Z))

+ Op(bpy (E,2)Yp(E, 2)) + Lor(£,2) }




Calculatlng the UHECR ﬂuX at Earth a: Scale factor 1n,: Real number density

r—

Comoving number density of protons (GeV™' cm?): Y, (E,z2) = CLB(Z)np(E ,2) = (1+2)°

ny(E, 2)

Solve a propagation equation:
Y, = Op(HEY,) + 0p(bete-Yp) + 05 (b Yy) + Lon

Recast in terms of redshift using

dz
with Hubble parameter

H(2) = Ho/Qn (1 + 2)3 + Qp

-1
(1+2)H(2)

asz(Ev z) = {8E(H(Z)EYP(E7 2)) + Op(be+e- (F, Z)Yp(Ev z))
+ Op(bpy(E, 2)Yp(E, 2)) + Lor (L, 2)}

Evolve this equation from z,,, ~ 4 to Earth (z = 0)




Calculating the UHECR flux at Earth

—1

Yo E.2) = T HG)

{96(H(2)EY,(FE, 2)) + 0p(bet - (E, 2)Yp(E, 2))
+ 8E<bp7(E7 Z)Yp(Ev Z)) + £CR<E7 Z)}

Cosmic-ray injection by UHECR sources

Each source injects UHECRs The number density of sources
with a spectrum (GeV™ s) evolves with redshift (Mpc?)

60

Qcr(E) E Ve E/Emax

,11/\\\
50r
’
————- GRB
’
40}
’/
,/
’
7’
7’
’
'd
/,’

Her(2)™
Lon = Qer(B(L+ 2)Her(z)e—" wf /

0




Calculating the UHECR flux at Earth

1
(14+2)H(z2)

0.Y,(E, z) = {0p(H(2)EY,(E, 2)) + O (be+e- (E, 2)Y,(E, 2))

+ 8E<bp7(E7 Z)Yp(Ev Z)) + £CR<E7 Z)}

Adiabatic cosmological expansion

E t producti
Energy at Earth = nergy at proauction

1+z




Calculating the UHECR flux at Earth

—1
0.,(E.2) = sy e (HCVEY(E.2) + Op(ber o~ (B.2)Y, (B 2)
+ 9p(bpy (B, 2)Yp(E, 2)) + Lor(F, 2)
Interaction with cosmological backgrounds
(pair production + photohadronic)
p+v—A
10°
10?' — CMB - — Blackbody spectrum Energy threshold to produce
I 121 ]
«I’T 120 (Franceschiniet al.) : a A(1232) resonance.
E | e CIB2 i —
E 1071} (Stecker et al.) “‘3‘\‘ Pp + Py =PA
3 107 N ~ . .
o %, 7 Optical /UV emission
S . j \Y from stars, reprocessed
= into infrared by dust
107 ] Voo E,E, ~0.16 GeV?
107 50 —18  —16 _'1'; 12 —10 —I8‘ 6 (We will use this later, too)




Calculating the UHECR flux at Earth

wnwe——

106_

NeuCosmA2012

105.

Wl L) = H'(2) x (142)7%?

1031 adiabatic

[Mpc]

102.

L=-

101 L

Energy loss length
cE
b

100.

1071}

10—2 ........................




Calculating the UHECR flux at Earth

wnwe——

106_

NeuCosmA2012

10°}

ol L) = H'(2) o (142)7%2

103k adiabatic

[Mpc]

102.

L=-

101.

Energy loss length
cE
b

100.

1071} ==-- z=6

10—2 ........................




Calculating the UHECR flux at Earth

13
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Calculating the UHECR flux at Earth

107
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Calculating the UHECR flux at Earth

107 :
100} é
O
105} il
——
= ’
50 10%¢
q e ‘
o = .
n = 10 \
0))] 1
S Sl= | !
21 \
> III 10 \\ \
&D ~ \\ “
1
QC': il \\ \\ S ]
R e it e
\
100} \ py CMB
~400 CMB photons cm™ > z=0 X\
\
~400X (1+z)> cm™® ——6=Lpp ===- 2 =6 N
______________________ = l
10—2 N N . N 1 . N i g 1 i . . i 1 " " 3 i 1 .
8 9 10 11 12 13




Calculating the UHECR flux at Earth

107

106.

10°}

Energy loss length
cE
1 =— , [Mpc]
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S
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NeuCosmA2012

The shorter the
energy loss length,
the faster the
UHECR proton
loses energy during
propagation




Calculating the UHECR flux at Earth

107

106.

NeuCosmA2012 |

10°}

104} At each energy, the

energy loss length
is dominated by the
fastest energy-loss
process

[Mpc]
S,

—
S

o
-,

L=-

Energy loss length
cE
b

—
S
[}
I
I
1
1
1
1
1
1
1
|}
1
1
\
)

=
(e}
’f
S
\e
@)
<

—
=
1
1
1
1
N
Il
(o))
4
4

—
S
[\S}




Calculating the UHECR flux at Earth

107 :
10%} 7&-
S
=

105- - e
= 104 i i
oo Greisen-Zatsepin-
i s .
= & 08 . —  Kuzmin (GZK)

‘ 3 .
&% Y - p cut-off is ~100 Mpc
53 Wl %
'—Oi 0 - k\ ‘\\~ -7 //
>\ I|I 1 02 - \ + - “ o r -
&O - \ e'e CMB
1
Clq) 101} \‘s\ E __——”’
&3] R Ao
\
\
100} 9 py CMB
Z :0 \\
\
1071 ---- z2=06 ™. -
10—2 1 N 1 1 1 N
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Calculating the UHECR flux at Earth

There are fewer IR + 10’

optical photons with 2
which UHECRs can " fiZ== $
interact, so L is larger g
=
SN W T
o =
P 2
=i L \
20
£ ||| N ‘\
&D = \\ 3
Q) 101 | \\\ \ -
o Ss 3 -—
&3 - il
\“
10%} \ py CMB
- \
Z = 0 \\\
10l =— &#=6 g :
10—2 L " L L 1 L " " L 1 L 1 1
8 9 10 11 12 13




Calculating the UHECR flux at Earth

107 T |I' 'I,I 8 »
. \ 1 e =
Low energies: \ \ ol g
Toa] 10°RAN \ e 1
Losses on IR + optical ' pAS—— _t-- o CIB &
photons dominate / RN :
105} N ;
L py CIB
S
&0 10% e
iy 7 g e
T 2 am \ __— 4
';‘) = 103 adiabaic |“ //
N a2 o S g
Q 3 1 ’
S N, ¢¢ CMB i
N \ - . .
2 10T S v L -7 1 High energies:
H TTmm———- T Losses on CMB
10} \ pyCMB | photons dominate
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The Universe is opaque to UHECRs

Photohadronic processes:

Py +Yy
p+ 1
p+y—>A—>

n+ B
-+
N VptVv,tvete
Pair production:

p+y—opt+te+et

Greisen PRL 1966; Zatsepin & Kuzmin, JETP 1966



The Universe is opaque to UHECRs

Photohadronic processes:

gY"‘V
p+

pry—=A—=>Yp4
\ +
Lv, +tv,+Vv.te
Pair production:

p+y—opt+te+et

Greisen-Zatsepin-Kuzmin (GZK) cut-off:

0.16 GeV?
06—6\/ ~ 210 GeV
00 me — Mean CMB photon energy

(Assuming only photohadronic interaction)

D~

Greisen PRL 1966; Zatsepin & Kuzmin, JETP 1966



The Universe is opaque to UHECRs

Photohadronic processes:

gY""Y
p+

PrYy—=A=>Vpn4m
\ +
N VptVv,tvete
Pair production:

p+y—opt+te+et

Greisen-Zatsepin-Kuzmin (GZK) cut-off:

1 2
o U6 GeVe 2. 101 Gev

D~
0.66 meVe . ~vip photon energy

(Assuming only photohadronic interaction)

Accounting also for pair production and CMB width:

Ep~5-10" GeV

Greisen PRL 1966; Zatsepin & Kuzmin, JETP 1966



The Universe is opaque to UHECRs

Photohadronic processes:
Py +y
p+ 1
pry—=A—= 44
LV, +V, +V, +et
Pair production:

p+y—opt+te+et

Greisen-Zatsepin-Kuzmin (GZK) cut-off:

1 2
o U6 GeVe 2. 101 Gev

0.66 meVe . ~vip photon energy

(Assuming only photohadronic interaction)

D~

Accounting also for pair production and CMB width:

Ep~5-10" GeV

Mean free path:
(n,{0),,)" = (413 cm® x 200 pbarn)
~ 10 cm
~ 4 Mpc

Greisen PRL 1966; Zatsepin & Kuzmin, JETP 1966



The Universe is opaque to UHECRs

Photohadronic processes:
Py +y
p+ 1
pry—=A—= 44
LV, +V, +V, +et
Pair production:

p+y—opt+te+et

Greisen-Zatsepin-Kuzmin (GZK) cut-off:

1 2
o U6 GeVe 2. 101 Gev

0.66 meVe . ~vip photon energy

(Assuming only photohadronic interaction)

D~

Accounting also for pair production and CMB width:

Ep~5-10" GeV

Mean free path:

(n,{0),,)" = (413 cm® x 200 pbarn)

~ 10® cm
~ 4 Mpc

Energy-loss scale:

= (E/AE)(n, (0),,)"

TR

(1/0.2) x 4 Mpc
20 Mpc

Greisen PRL 1966; Zatsepin & Kuzmin, JETP 1966



The Universe is opaque to UHECRs

Photohadronic processes:
Py +y
p+ 1
PrYy—=A=>Vpn4m
LV, +V, +V, +et
Pair production:

p+y—opt+te+et

Greisen-Zatsepin-Kuzmin (GZK) cut-off:

1 2
o U6 GeVe 2. 101 Gev

0.66 meVe . ~vip photon energy

(Assuming only photohadronic interaction)

D~

Accounting also for pair production and CMB width:

Ep~5-10" GeV

Mean free path:
(n,{0),,)" = (413 cm® x 200 pbarn)
~ 10 cm
~ 4 Mpc

Energy-loss scale:

= (E/AE)(n, (0),,)"
(1/0.2) x 4 Mpc
20 Mpc

TR

A more detailed calculation yields

Greisen PRL 1966; Zatsepin & Kuzmin, JETP 1966



The Universe is opaque to UHECRs

Photohadronic processes:
Py +y
p+ 1
PrYy—=A=>Vpn4m
LV, +V, +V, +et
Pair production:

p+y—opt+te+et

Greisen-Zatsepin-Kuzmin (GZK) cut-off:

1 2
o U6 GeVe 2. 101 Gev

0.66 meVe . ~vip photon energy

(Assuming only photohadronic interaction)

D~

Accounting also for pair production and CMB width:

Ep~5-10" GeV

Mean free path:
(n,{0),,)" = (413 cm® x 200 pbarn)
~ 10 cm
~ 4 Mpc

Energy-loss scale:

= (E/AE)(n, (0),,)"
(1/0.2) x 4 Mpc
20 Mpc

TR

A more detailed calculation yields

Loz = 100 Mpc

Greisen PRL 1966; Zatsepin & Kuzmin, JETP 1966



The Universe is opaque to UHECRs

Photohadronic processes:
Py +y
p + 1’
PHY—=A=>Vn4m
bV, + v, + Vv + et
Pair production:

p+y—pt+te+er

Greisen-Zatsepin-Kuzmin (GZK) cut-off:

1 2
L UAb G 2. 101 Gev

0.66 meVe_ Mean CMB photon energy

(Assuming only photohadronic interaction)

D~

Accounting also for pair production and CMB width:

Mean free path:
(n,{0),,)" = (413 cm? x 200 pbarn)’
~ 10 cm
~ 4 Mpc

Energy-loss scale:

= (E/AE)(n, (0),,)"
(1/0.2) x 4 Mpc
20 Mpc

TR

A more detailed calculation yields

Greisen PRL 1966; Zatsepin & Kuzmin, JETP 1966
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The Universe is also opaque to PeV gamma rays
Pair production: 4 1 TeV 1 PeV 1 EeV
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The Universe is also opaque to PeV gamma rays

Pair production: 4 1 TeV 1 PeV 1 EeV
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Calculating the UHECR flux at Earth

Putting it all together...

—1

0=Yp(E.2) = T H )

{0(H(2)EY,(E,2)) + Op(bete- (E,2)Y,(E, 2))
+ Op(bpy (E, 2)Yp(E, 2)) + Lor(E, 2)}

Evolve numerically
fromz . ~4

maX

to Earth (z = 0)

\/

Ditfuse UHECR proton flux at Earth (GeV™! cm? s sr™):

C
JP(E) = Enp(EaZ = 0)

This factor converts density to flux —j




Calculating the UHECR flux at Earth

103 —

E; Jp [GeV?em 257 sr7!]

101 ;

« HiRes-I * HiRes—II &

. :
IR i

dip model, y = 2.5, SFR, CIBI
Epmax = 10%°° eV

M

8 9 10

11

12

Old UHECR
data (just as
example)




Calculating the UHECR flux at Earth

Compare our predicted flux to the measured flux:

Flux normalization Flux data points

i data 3 3 HiRes \ 2 2
B3, (Jy0) — (E3J,) 5
X (Jp.0,05) = Z ( — O,< p)z ) + (i)

Energy shift (nuisance) Uncertainty of i-th data point ~ Systematic energy uncertainty

Minimize the function with respect to /,, and o,

Note: This is a simplified setup; in reality, many flux parameters are jointly varied




Calculating the UHECR flux at Earth

Compare our predicted flux to the measured flux:

Flux normalization Flux data points “Pull term”
i data 3 3 HiRes \ 2 /,/ \3\

207 0 50) = L JP(JP,O) - (E ‘]p)@' { (OF |

X2 (Jp,0,08) = ) + ]

: oF; \ \OF
1 \ /
/\j_, — \\\ Y ,1’

Energy shift (nuisance) Uncertainty of i-th data point ~ Systematic ene“r—gy uncertainty

Minimize the function with respect to /,, and o,

Note: This is a simplified setup; in reality, many flux parameters are jointly varied




Calculating the UHECR flux at Earth

103 —

101 ;

dip model, y = 2.5, SFR, CIB1

Ep

* HiRes-I * HiRes-II

max = 107 eV

10 11

12




Calculating the UHECR flux at Earth

10° =
* HiRes-I * HiRes-II
{
i
%]
q
107}
= , , I GZK cuit-off
2 Due to pair production Due to ghotoproduction
._%:L
dip model, y = 2.5, SFR, CIB1
Epmax = 107 eV
101 N 2 1 2 1 2 L 1 1 N N N 1 N N N N 1 \ N




Calculating the UHECR flux at Earth

10° =
* HiRes-I * HiRes-II

n
7
T
%}
i
g 102}
o “
> dip model,y = 2.5, SFR, CIB1 v \R
O 1\’

: & g E =100V i
Varying the =~ — S \
maximum —&3 { wmn B =102V \‘ :

proton energy | | .o Epmax=10"eV VL
1 .

(. |‘ \ s

10'- L

QCR(E) X E_'Ye_E/Emax log( EO )
GeV




Calculating the UHECR flux at Earth

103 —

Varving the
’o‘ V4 e e y = 2 \ . ‘u\ 27 g
1 dipmodel, §FR,CIBI PP G A T proton
E o 1g5ey . RN spectral index
p,max ﬂ € |‘ L]
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UHECR
detection
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Space p+ Incoming cosmic ray

/




Space p+ Incoming cosmic ray

/

Pt Proton in the air




Space p+ Incoming cosmic ray

Proton in the air
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Space p+ Incoming cosmic ray

Proton in the air

Pion t*
Neutron n




Space p+ Incoming cosmic ray

P*¥ Proton in the air
Pion =t

Neutron n
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Neutron n




Space p+ Incoming cosmic ray

P*¥ Proton in the air
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UHECR anisotropy
Flux of UHECRs > 8 EeV (Auger, 12 years of data):
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Galactic coordinates

Auger Collab., Science 2017
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UHECR anisotropy
Flux of UHECRs > 8 EeV (Auger, 12 years of data):
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UHECR anisotropy
Flux of UHECRs > 8 EeV (Auger, 12 years of data):
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UHECR anisotropy
Flux of UHECRs > 8 EeV (Auger, 12 years of data):
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Auger Collab., Science 2017



Xmax and UHECR mass composition

Alves Batista et al. (inc. MB), Front. Astron. Space Sci. 2019

1

iy : —— EPOS-LHC
c - P N Fe Using Auger 2017 data | l [ - Shyios
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These are general trends, but there are large variations due to systematic

and statistical errors (also other experiments differ, e.¢., Telescope Array)
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High-energy cosmic

neutrinos



Redshift g

| z=0
!
UHECR sources distributed in redshift (e.g., as star-formation rate)
During propagation:
UHECRs deflected by
extragalactic and Ga?cl’gc Detection:
magnetic fields UHECRs detected
at Earth
At production:
Each source injects
UHECRs
M -:t‘f-- Cosmogenic neutrinos
CMB/EBL y / e, e “,‘ " CMB/EBL y ) During propagation:
W \ EeV v UHECRs lose energy
& \ “Cosmosenic” | ANd photodisintegrate
EeVp Lower- EeV p 5 by interacting with cosmic
Cnergy p photon backgrounds
Energy loss by pair production i Photohadronic interaction




What about the cosmogenic neutrinos?

Co-evolve UHECRs and cosmogenic neutrinos:

UHECRs: 0.Y,(F.2) = +;)1H(Z) (05(H(2)EY,(E, 2)) + 05(byr o (E, 2)Y,(E, 2))
+ aE(bm(Ea Z>Yp(E> z)) + Ler(E, 2)}
Neutrinos: 0.Y,(F, z) = A +;)1H<Z> {0(H(2)EY,(E,2))+ L,(E,2)}

Note: We can propagate gamma rays by adding an additional equation for them




Cosmogenic neutrinos
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Cosmogenic neutrinos—they come from afar
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They have the highest energies

A
' N
keV MeV GeV TeV PeV EeV ZeV
/é\ L Observable niversel S Irn \% | I | | I | Hi Ih- n rI | | Ul’:r -hi l|1- n:rI
S 25 ECzhann T S s
= - : Mpc
b B !
7 20F | qkpc
S They travel the ™ ¢
9 15+~ . |
< longest distances
> 10 - Solar Solar atm. O 4 AU
;‘E L Geoneutrinos % R
%0 VSBL SBL. p— = 4 km
’J 1 | | | | | | | | | | | -
3 5 7 9 11 13 15 17 19 21

Logio(Neutrino energy/eV)

Ackermann, MB, et al., Astro2020 Decadal Survey (1903.04333), adapted



keV MeV GeV TeV PeV EeV ZeV

~~ T T I T T I T T I T T I T T I T : T
E ____th_g_r_@hl_e_[_j_mverse Supernova High-energy Ultra-high-en¢rgy

S 25 S4Kkhorizon Gpc
= : Mpc
S 9 Fk

2 . NN i ey kpc
"'8 n IceCube I;%i]\ggll\? 7 AP
o) o ANTARES | pc

Q 15 - KM3NeT e ’
— B P-ONE TAMBO Trinity

o - Solar Eee DN TAROGE | 4 AU
s 10 F S Ashra NTA 1%
Am [ Geoneutrings: : p EUSO — SPB2 ~
2 b e - i N\ N RET 2 HRg
2 5 § NN\ GCOS <<<<<<<<<< éh

%0 i», ] km
’J 1 | 1 | 1 | HE

3 5 7 9 11 13 15 17 19 21

Logio(Neutrino energy/eV)

Ackermann, MB, et al., Astro2020 Decadal Survey (1903.04333), adapted



keV MeV GeV TeV PeV EeV ZeV

~~ T T I T T I T T T I I T : T
E ;__th_g_r_\ge_ahl_e_l_l_niverse Supernova High-energy Ultra-high-en¢rgy
o 25 pGZKhorizon
O -
= -
S 20F |
L : POEMMA . POEMMA kpC
o - LceCube BEACON . ZAP 4 pC
S o ANTARES | P
g 1o¢ KM3NeT PUEO
— - P-ONE TAMBO Trinity |
> - Solar & AR Baikal-GVD BROCE . - AU
c 10 - C K Ashra NTA : [Q
ﬁ [ Geoneutrin EUSO — SPB2 ~
Z ESNS ESSyB#iv: N\ N RET 2 HRg
2 5 e & tmosp XX GCOS .......... éﬁ
%0 i», = km
’J 1 | | 1 | 1 | Y
3 5 7 9 11 13 15 17 19 21
Logio(Neutrino energy/eV)

—_—

Synergies with lower energies

Ackermann, MB, et al., Astro2020 Decadal Survey (1903.04333), adapted



Discovered in 2013

by IceCube
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Discovered in 2013 Predicted in 1969

by IceCube by Berezinksy
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Today Next decade
TeV-PeV v >100-PeV v

Astro: Find & understand sources Make predictions for
Particle: Turn predictions into tests a new energy regime
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https://nbia.nbi.ku.dk/neutrino2025

The story so far



Redshift g ] z=0

Note: v sources can be steady-state or transient




Redshift g
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Note: v sources can be steady-state or transient

v propagation
inside the Earth

v detection
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IceCube — What is it?

» Km3 in-ice Cherenkov detector in Antarctica

» > 5000 PMTs at 1.5-2.5 km of depth

» Sensitive to neutrino energies > 10 GeV




Shower Track

(mainly from v, and v,)

i)

Time [microseconds]

Time [microseconds]

<1]°

Angular resolution

> K°

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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Main high-energy
v observables

SN

Standard expectation:

v and y from transients arrive
simultaneously

Standard expectation:
Equal number of v, v, vz




Standard expectation:

Power-law energy spectrum
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Neutrino energy spectrum

With > 10 years of data, deviations from a power law start to be testable:
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neutrino energy E, [GeV] IceCube, ICRC 2023



Standard expectation:
Isotropy (for diffuse flux)




Distribution of arrival directions (7.5 yr)

No significant excess in the neutrino skymap:

+75°

. Largest TS
Post-trial

p-value: 0.092

Galactic Cente

0.0 10.5 21.0
TS = —2A1In(L)

IceCube, 2011.03545



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, 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




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.)

00 01 02 03 04 05 06 07 08 09 10

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

( Sources
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E.g,

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

Oscillations
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012,023, 013,0cp)

b
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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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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
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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



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

IceCube Collab., EPJC 2022
IceCube Collab., PRD 2019
IceCube Collab., ApJ 2015
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Standard expectation:

v and y from transients arrive
simultaneously




DESY



TXS 0506+056: The fi/J: t transient source of hig g

Blazar TXS 0506+O56 IceCube, Science 2018
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After ve—analysis (2101,09834),
significance dropped 2014-2015: 1345 v flare, no X-ray flare 2017: one 290-TeV v + X-ray flare
Brom p=ix10- to p-gxio- 3.50 significance of correlation (post-trial) 1.40 significance of correlation
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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



Today
TeV-PeV v

Astro: Find & understand sources
Particle: Turn predictions into tests

Key developments:

Larger statistics
Better reconstruction
Smaller astrophysical uncertainties




High-energy neutrino physics
today



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°




Note: Not an exhaustive list

« DM-v interaction

DE-v interaction
,Lorentz+CPT violation

Neutrino d
Heavy relics eutrino decay,

DM annihilation, Long-range interactions.

Secret vv.interactions
DM decay. Ve Supersymmetry.

« Sterile v Effective operators,

Boosted DM. Leptoquarks
NSI Extra dimensions,

Superluminal v
Monopoles



Note: Not an exhaustive list

« DM-v interaction

(Acts at production)

DE-v interaction
,Lorentz+CPT violation

Neutrino deca
.Heavy relics Y

DM annihilation, Long-range interactionse

Secret vv.interactions
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Standard expectation:
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Power-law energy spectrum g &g\km
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Standard expectation:
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Standard expectation:
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Standard expectation:
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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 Discovering the Glashow resonance

e Neutrino-matter cross section

9 Flavor physics

e Dark matter )

Find this in

Secret neutrino interactions .
e ' the backup slides

e Neutrino decay )




1. 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
W
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6.3 Pe\> _____ < Br = 33%
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IceCube, Nature 2021
Glashow, PR 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:
Pions decay
?’nwwm '
L
63 PeV , Efim
RN _ Early muons detected
Br = 67%

£ | before the shower

A%

e W Vl
6.3 Pe\> _____ < Br = 33%
e I

IceCube, Nature 2021
Glashow, PR 1960




First observation of a Glashow resonance

Predicted in 1960: First reported by IceCube in 2021:
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Predicted in 1960: First reported by IceCube in 2021:
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2. Neutrino-matter cross section:
From TeV to PeV
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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
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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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vN charged current scattering

N hadrons

Depletes the flux

Horizon

(VN neutral current scattering
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lower energies

Vi Vi

\ (lower energy)




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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3. New physics via flavor
Hard to do, but worth it



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
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v and y from transients arrive

Note: Not an exhaustive list

Standard expectation:

Standard expectation:
Power-law energy spectrum Qeo\(\)“‘ Isotropy (for diffuse flux)
2
&
coe}‘

&

&
b

«/DM-v interaction

AN ¢, V) ¢4
(Acts at productién //
7

7/\/4 DE-v interaet
4 / Lorentz+CPT violation
.Heavy relics " ’ / /\
DM annihilatiof / Long-re
/] %
DM deca I )

/

\/

4

Standard expectation: Standayd expectation:

(Actsyat detectjon)
Equay{umber of Ve, Vy, Vz
’

AL ’
More: PoS ICRCZ049 (1907.08690)

---_élzi‘isllss,]ﬂf, Kheirandish, Palomares-Ruiz, Salvadé, Vincent

simultaneously



New physics in flavor composition

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

Repurpose the flavor sensitivity to test new physics:

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

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

Oyﬁec;ubezm
NAVAVAY

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

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




New physics in flavor composition

Repurpose the flavor sensitivity to test new physics:

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

» Tests of unitarity at high energy

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

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

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




New physics in flavor composition

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

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

» Tests of unitarity at high energy
[Xu, He, Rodejohann, 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; ?, 8 ®
Kostelecky & Mewes 2004; Argtielles, Katori, Salvad6, PRL 2015] (4 A =

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

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

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
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Lorentz-invariance violation can fill up the flavor triangle

IceCube Collab., Nat. Phys. 2022 Forn=0 O . O ]_ : O
- (similar for n = 1)

Hiot = Hstg + Hnp

| : 5 >
Heig — —UILMNS diag ((), Ah‘r-zgl,An-zgl) UpMNS

2E
N 1.0 0.0
=% (A_) Ul diag (01, Ons,Ops) U, 0.0 0.2 04 06 0.8 1.0
n = S¥
ae
See also: Ahlers, MB, Mu, PRD 2018; Rasmusen et al., PRD 2017; MB, Beacom, Winter PRL 2015;
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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:
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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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All-flavor neutrino flux, E?,CIDVW [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
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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
Rodrigues et al., all AGN

T T T T T T T T | T T T T T 1! T T 0 T T T T T T T T T
: & ~ s.é.uger u.] //””,/ :
i @ feeCubeul _ . T = |
10_8 oy < =
I o 1
1079k -
C Cj\iﬂ N 3
C \ S@n’s =
- (] -
- Ojfr)
I 1C-Gen?2 Radio sens. (10 yr) 7
10— 10 - |
L @ IceCube v extrapolated i
r B Cosmogenicv T
. ‘ Source v -
Ultra-high energy range @ Cosmogenic + source v
10_ 11 1 ] 1 1 1 1 L 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 |
10° 107 108 10° 1010

Neutrino energy, E, [GeV]




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
Rodrigues et al., all AGN
QRodrigues etal., all AGN

—_
3
o

—n—
o —

—
N
\O

IIIIII|

e
3
—_
o)
T

T T T T T T T T 1T 0 T T T

. — — — —
— —

o — o — o —

L4

Ultra-high energy range

L 1 1 1 P T R 1 1 1

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

B Cosmogenicv

‘ Source v

@ IceCube v extrapolated

@ Cosmogenic + source v

—_
3
_
@)
(@)

10°
Neutrino energy, E, [GeV]

1010




@ 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
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All-flavor neutrino flux, E12,<I>1,+17 [GeVem 25 1sr1]
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All-flavor neutrino flux, E12,<I>1,+17 [GeVem 25 1sr1]
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Valera, MB, Glaser, [HEP 2022

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

Center-of-mass energy /s [GeV]

o100 10 102 103 10* 10°
— 1 0 § LI I T T T T T I T1T I T T T T L I ‘ T | ¥ LI I A | T —l
9 = T2K (Fe) 14 B GGM-SPS 81 LEP Tevatron
g [ 4 T2K(CH)14 ®W GGM-PS79 + " )
o 100 EF % TK(@©13 ¥V IHEPITEP79 FESHIRilot2l (avg: 7+ 1)
D - A AmgoNeuT14 V IHEPJINR96 7 FASERat5f71 (avg v+, proj)
o - ® ArgoNeuT12 ® MINOS10 < FASERv proj. )
= 1 05 _ % ANL79 A NOMAD 08 _,_,::;::Zi—
8 Z, = O BEBC79 ¢ NuTeVOoo T
S T A BNL®2 X ScBooNE1LL A
~ 4 | ¢ CCFRY97 ® SKAT79 7
g 10 = O CDHS87
._;:1, E
8 i
N 3L
9 10 E
n C
8 . Accelerator v High-energy cosmic v .
(o 102 3 IceCube tracks (avg. v+ 7)
®] = (IceCube 17)
D C
o i IceCube showers (avg. v + 7)
1 g
a 10 3 (Bustamante & Connolly 17)
IO - o) IceCube HESE (avg. v + 7)
E 0 - (IceCube 20)
B 10 F
- =
8 - =
Z 10—1 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 lIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 L1111
10~ 10 10' 10> 103 10* 10° 10® 107 10® 10° 100 10

Neutrino energy, E, [GeV]



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

Center-of-mass energy /s [GeV]

o 10° 10! 102 103 104 10°

— 1 0 § L I T T T T T T1T I T T T L L I ‘ T T L L I A T T T T T 1T I A T | T

NS -+ TK(Fel4 W GGM-SPS8l LEP Tevatron LHC
o L 4 T2K(CH)14 ®W GGM-PS79 , ) .

o 106 L ¥¢ T2K(C)13 ¥  IHEP-ITEP 79 # FASERPilot2l avg. v+9)

i E A ArgoNeuT14 V IHEPJINRG ¥ FASERat5f~" (avg. v+, proj) -

o - ® ArgoNeuT12 ® MINOS10 @ FASERv proj. | =

= 1 05 _ % ANL79 A NOMAD 08 = |

8 z = O BEBC79 ¢ NuTeV06 - =
S T A BNL82 X SciBooNE 11 Yk ]

> 4 © CCFRY7 ® SKAT79 W i ]

8 10 = O CDHSS87 E
B=; - 0 .
0 - ]
0 3L -
N 10 2 5
8 C ]
5 X Accelerator v High-energy cosmic v Ultra-high-energy cosmic v ]
c 102? TceCibe tracks (avg, ¥-+7) kdl&eGaQRmhoﬂOw”xqmmd)?
8 - (e Cribe.17) Using cosmogenic v flux, @
o 1 i IceCube showers (avg. v + 7) fit to TA UHECRs (Bergman & van Vliet) -
g 10 3 (Bustamante & Connolly 17) Using IceCube vy, flux (9.5 yr), =
S - IceCube HESE (avg. v + 7) extrapolated to UHE ;
(] L (IceCube 20) Using cosmogenic flux i
= 0L " from all AGN (Rodrigues et al.)

- 1 O E =
o) - e 3
% -k E==1 VN DIS prediction b.f. & 1o (BGR1S)

10_1 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIlIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 11 111
10-* 10 10t 102 10° 10* 10° 10° 107 10 10° 10%

See also: Esteban, Prohira, Beacom, PRD 2022

Neutrino energy, E, [GeV]

1011



Valera, MB, Glaser, JHEP 2022
Adapted for Snowmass 2021: Ackermann, MB, et al., [HEAp 2022
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Today Next decade

TeV-PeV v >100-PeV v
Turn predictions Make predictions for
into data-driven tests a new energy regime
Key developments: Key developments:
Bigger detectors — larger statistics Discovery
Better reconstruction New detection techniques
Smaller astrophysical uncertainties Better UHE v flux predictions

Similar to the evolution of cosmology to a
high-precision field in the 1990s

Made robust and meaningful by accounting
for all relevant particle and astrophysics uncertainties
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Precision

Colliders
(higher lum.)

Today

HE
cosmic
particles

In 10-20 years

HE
cosmic
particles

Aow?

» Event statistics (more detectors)

» Identify more sources

» New detection techniques

» Shrink particle and astro systematics

>
Energy
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Cosmogenic neutrinos

107 ——aHmMm™—————————— T ~
2
<

IceCube 2010-2012 £
=]

1077} 2]

— Z
E
T

“
T 1078

'E dipmodel,y = 2.5, SFR, CIB1

> Epmax= 1023 eV

8 ------

= 10

@

=

=

o ! . 3

g / interactions

— 1 g

ot ! X

X // ~’(‘ . . /".
~ P g \\ interactions %
iy 1g-11 with CIB

‘-\\neutron decay “‘
10—12
4 6 8 10 12

€n, (g 0) [cm‘3]

103
10%

107!

Photon backgrounds

—— CMB
---- CIBI
(Franceschiniet al.)

------ CIB2
(Stecker et al.)

Position of the v
bump from py:

0.01 GeV

B, ~ o Y
E./GeV
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Cosmogenic neutrinos
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UHECRSs: more sophisticated models

Cosmogenic neutrinos

Use more data: 1077 4 3
Spectrum + mass composition (X,,) :

Five mass groups:
H, He, N, Si, Fe

Common maximum rigidity:
Max. rigidity is R.., = E,.../Z

Qz(E) oc BV e B/ (Z1tmax)
“Peters cycle

Add nuclei photodisintegration:
During propagation, interaction of
nuclei on CMB or EBL breaks them up,

A+~y—=(A-1)+~

4

E2 ) [GeV cm~2 571 sr71]

105 106 107 108  10° 10
E [GeV]

See also: Romero-Wolf & Ave, [CAP 2018
Alves Batista, Almeida, Lago, Kotera, JCAP 2019



UHECRSs: more sophisticated models

Cosmogenic neutrinos

Use more data: 1077 ;
Spectrum + mass composition (X,,,,)

Five mass groups:
H, He, N, Si, F . 3
: Ve Predicted flux is

Common maximum rigidit significantly smaller

Max. rigidity is R, = Eyp/ due to smaller R,,, and
| B heavier composition
Q(E) xx B~V B/(ZRumu)

)
“Peters cycle” 2,
Add nuclei photodisintegration: N,
During propagation, interaction of

nuclei on CMB or EBL breaks them up,

A""y—)(A—].)—'—’y 10-11 1

See also: Romero-Wolf & Ave, [CAP 2018
Alves Batista, Almeida, Lago, Kotera, JCAP 2019



The UHECR all-particle spectrum — more features!

15 years of Auger data (2004—2019)!

~215k events above 2.5 X 10 eV

Use hybrid events detected by surface
+ fluorescence detectors to calibrate

—Allows us to measure energies of
other events robustly

CR luminosity density above 5 X 10' eV:
6 X 10* erg Mpc? yr!
(could be AGN or starburst galaxies)

Auger Collab., PRL 2020
See also: Auger Collab., PRD 2020
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At the highest energies,
N\ only 15 UHECRs!
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Shower development in the atmosphere

Heitler model—simple, but illustrative:

Higher altitude

Lower altitude

Heitler, The Quantum Theory of Radiation, 1954
Matthews, Astropart. Phys. 2005
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Shower development in the atmosphere

Heitler model—simple, but illustrative:

Higher altitud : i
1gher altitude Distance over which e

y loses half its energy
n=1

[ Electron | After n
splitting splitting
length, lengths,
d=A1In2
i * Depth
traveled:
Radiation x=nhiIn2
length
(g cm?) Number of
particles (e + y):
N = 2" = ¢%/Ar

Lower altitude

L Cascade development stops after n splittings,
when the particle energies are too low for

Heitler, The Quantum Theory of Radiation, 1954 pair production or bremsstrahlung

Matthews, Astropart. Phys. 2005
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Shower development in the atmosphere

Heitler model—simple, but illustrative:

Higher altitude

Electron
splitting
length,
d=A1In2

*

Radiation
length

(g cm?)

Lower altitude Each particle: EC
(= 85 MeV in air)

Heitler, The Quantum Theory of Radiation, 1954
Matthews, Astropart. Phys. 2005

After n
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Depth
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Number of
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Shower development in the atmosphere

Heitler model—simple, but illustrative:

Higher altitude

Lower altitude

Heitler, The Quantum Theory of Radiation, 1954
Matthews, Astropart. Phys. 2005

Electron
splitting
length,

Each particle: E
(= 85 MeV in air)

d=X\1In2

*

Radiation
length

(g cm?)

After n
splitting
lengths,

Depth
traveled:
x=nhiIn2

Number of
particles (e + y):

N = 2" = ¢%/Ar

The cascade reaches its
maximum size N = N,
when all particles have
energy E. so that

E,=E:-N,,, -
But Ny.« = 2"¢, so
nc =In(FEy/Ec)/1In2
And X, =ncdis
Xmax = ArIn(Ey/Ec)



Shower development in the atmosphere

Heitler model—simple, but illustrative:

Higher altitude
E, |P
........................... R
\\\\\\\
\
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\
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\ Not all pion
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F\\ *\ Each particle: E&

Lower altitude

Heitler, The Quantum Theory of Radiation, 1954
Matthews, Astropart. Phys. 2005

n=

n=3
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Heitler model—simple, but illustrative:
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Higher altitude
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(Multiplicity N\ K 2
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Heitler, The Quantum Theory of Radiation, 1954
Matthews, Astropart. Phys. 2005
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Shower development in the atmosphere

Heitler model—simple, but illustrative:

Higher altitude
E, |P
n=1 .
------------------------- :‘\\\ Thickness After n lengths,
N rt \;\\\\:\\ 7° N M In2 Number of n*:
(Multiplicity \\\\\\\ 2 + Np = N§,
oc E1/5) W\
_______________________________________________ I _=_2 | Interaction Total energy
\ length (g cm?) in
\\ Not all pion (2/3)" Eq
\ lines shown
\ Per 7*:
n=3 ) o EO _
2 C

r\\ * Each particle: E& K -
Lower altitude Cascade development stops after n. lengths,
when the average pion energy E is such that

Heitler, The Quantum Theory of Radiation, 1954 the de cay length of T is < A
1

Matthews, Astropart. Phys. 2005



Shower development in the atmosphere

Heitler model—simple, but illustrative:

Higher altitude
E, |P
........................... CRREEEEEE
\\\\\\\
\
Nen gt W 7 Nen
(Multiplicity N\ K 2
oc E1/5) VY
\
\ .
\ Not all pion
hY lines shown

F\\ \ Each particle: E7,

Lower altitude

Heitler, The Quantum Theory of Radiation, 1954
Matthews, Astropart. Phys. 2005
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-------- Thickness
A In 2
_____ n _=_2 | Interaction
length (g cm?)
n=3

K Cascade development stops after n. lengths,
when the average pion energy E. is such that

Number of interactions to reach £, = E&: n

After n lengths,
Number of ©*:
N = N},
Total energy
in s
(2/3)" E,

Per w*:

E
B, = 0
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the decay length of n*is <,

_ In(Ey/EG)
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Shower development in the atmosphere

Heitler model—simple, but illustrative:

Higher altitude
. . In(Eo/EE)
E Number of interactions to reach £, = EJ: nc = 3
o | P In( SN, ch)
n=1 .
--------------------------- :\\\\ Thickness After n lengths,
Ng gt \:\\\:\\ 7° Nen My 1n 2 Number of 1 Let’s put this
(Multiplicity \\\:\\\ 5 + N, = N%. a.ll together to
o £1/5) |\ _ infer E, and
______________________________________________ D=2 1 TInteraction Total energy X f
\ length (g cm?) in max 1TOIMN
* Notall pion (2/3)" E, measured
\ lines shown . quantities
\ Per n*: olified
n=3 E (simp zﬁe
Er = 7 calculations)
(5Nen)

F\\ *\ Each particle: EZ, K -
Lower altitude Cascade development stops after n. lengths,
when the average pion energy E is such that

Heitler, The Quantum Theory of Radiation, 1954 the de cay length of T is < A
1

Matthews, Astropart. Phys. 2005



Shower development in the atmosphere
Inferring the primary UHECR energy:

Higher altitude
Ey | P
n=1
___________________________ CEREEEEEEEEEEE R,
\\\\\\\
A\
W 7
\W\
\\\\\\\
n=2
\
Y
n=3

v : :
r v\ All pions decay into muons:
Lower altitude N, muons each with £

Heitler, The Quantum Theory of Radiation, 1954
Matthews, Astropart. Phys. 2005



Shower development in the atmosphere
Inferring the primary UHECR energy:

Higher altitude Electromagnetic shower

v : .
r v\ All pions decay into muons:
Lower altitude N, muons each with £

. ) . . -
Heitler, The Quantum Theory of Radiation, 1954 At maximum: N, max partICIeS each with £ C
Matthews, Astropart. Phys. 2005



Shower development in the atmosphere
Inferring the primary UHECR energy:

Higher altitude Electromagnetic shower

(4

E, |P f
{

Y \

Measured by Energy of the primary: Measured by
fluorescence —/_?\ - particle detectors
detectors by = Ec MNonzse 9F EC N i/ on the ground

o=

Lower altitude N , INuons each with Eg

Heitler, The Quantum Theory of Radiation, 1954 At maximum: N, max partlcles each with
Matthews, Astropart. Phys. 2005



Shower development in the atmosphere

Inferring X,
Higher altitude T Proton-air interaction length:
Depth of
EO 1% first )\I — Op—air <mair>
interaction: A
X,
| Thickness Hard Easy
M In2
+ High-energy
proton-air
1 Interaction cross section
length (g cm?)

Average target mass of air
(needs model of density
profile of atmosphere)

Lower altitude

Heitler, The Quantum Theory of Radiation, 1954
Matthews, Astropart. Phys. 2005



Shower development in the atmosphere

800

700
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[mb]

500

Op.air

400

300

200

Equivalent c.m. energy Vs, [TeV]

q 2
10 1 10 10
| L [ I I 1 T T T I 1 I | L L | I I I | I 1 I I
— O Nam et al. 1975 ? ?
B A Siohan et al. 1978
" v Baltrusaitis et al.1984  TeV\/atron LHC The spread in
2 H. Mielke et al.1994 - P
C v ereeta e predictions
B A Honda et al.1999 A worsens with
— O Knurenko et al.1999 L Orsens
" W 1 Aielli et al.2009 W energy due to
» %/  Telescope Array 2015 extrapolation
[~ —W— Auger PRL 2012
— —@— Auger ICRC 2015
— L —— EPOS-LHC
- P hadronic
B Tt . . - -« QGSJETI-04 —
N Interaction
o models | == sBYLL-2.1
/)
1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIIII 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIIII 1 1 1 111l
13 15 16 18 19 20
10 10" 10 10 10" 10 10 10

Ulrich (for Auger Collab.), PoS ICRC2015

Energy [eV]



Shower development in the atmosphere

Inferring X,
Higher altitude T Proton-air interaction length:
Depth of
EO 1% first )\I — Op—air <mair>
interaction:

X,

T Thickness
M In2

+

1 Interaction
length (g cm?)

Lower altitude

Heitler, The Quantum Theory of Radiation, 1954
Matthews, Astropart. Phys. 2005



Shower development in the atmosphere

Inferring X, ...

Higher altitude T Proton-air interaction length:
Depth of
EO P first )\I — Op—air <mair>
interaction:
X,
1 Depth of first interaction:
Thickness
A In 2 X1 =A1n2
1 Interaction
length (g cm?)

Lower altitude

Heitler, The Quantum Theory of Radiation, 1954
Matthews, Astropart. Phys. 2005



Shower development in the atmosphere

Inferring X, ...

Higher altitude T Proton-air interaction length:
Depth of
EO P first )\I — Op—air <mair>
interaction:
X
1 Depth of first interaction:
Thickness
A In 2 X1 =A1n2
- + . Each photon from n° decay starts
1 Interaction

length (g cm?) @ shower of energy (Ey/3)/Na,

Lower altitude

Heitler, The Quantum Theory of Radiation, 1954
Matthews, Astropart. Phys. 2005



Shower development in the atmosphere

Inferring X, ...

Higher altitude T Proton-air interaction length:
Depth of
EO P first )\I — Op—air <mair>
interaction:
X
1 Depth of first interaction:
Thickness
A In 2 X1 =MX1n2
- + . Each photon from n° decay starts
1 Interaction

length (g cm?) @ shower of energy (Ey/3)/N,

Each e.m. shower reaches
maximum at Ar In[Fy /(3N )/ EG|

Lower altitude

Heitler, The Quantum Theory of Radiation, 1954
Matthews, Astropart. Phys. 2005



Shower development in the atmosphere

Inferring X,

Higher altitude T Proton-air interaction length:
Depth of
EO p first )\I — Op—air <mair>
interaction:
X
1 Depth of first interaction:
Thickness
M In2 X1 =AIn2
= * . Each photon from n° decay starts
1 Interaction

length (g cm?) @ shower of energy (Ey/3)/N,

Each e.m. shower reaches
maximum at Ap In[Ey/(3Nen )/ EE|

Depth of maximum of the p-initiated shower:
XP =Xi+ A ln[Eo/(?)NChEé)]

Heitler, The Quantum Theory of Radiation, 1954 max
Matthews, Astropart. Phys. 2005

Lower altitude



Shower development in the atmosphere

Inferring X,

Higher altitude T Proton-air interaction length:
Depth of
EO p first )\I — Op—air <mair>
interaction:
X,
n=1 | Depth of first interaction:

Thickness

M In2 X1 =AIn2
SN = Newyp=p 1 Inttraction Each photon from n° decay starts

length (g cm?) @ shower of energy (Ey/3)/N,

Each e.m. shower reaches
n=3 maximum at Ap In[Ey/(3Nen )/ EE|

Large Depth of maximum of the p-initiated shower:
errors from hadronic N

\)—I— Ar ln[Eo/(?)NChEé)]

Heitler, The Quantum Theory of Radiation, 1954 interaction models /
Matthews, Astropart. Phys. 2005

Lower altitude



Xmax and UHECR mass composition

(X__ ) [glem?]
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Alves Batista et al. (inc. MB), Front. Astron. Space Sci. 2019



Xmax and UHECR mass composition

(X__>[g/cm?]
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Alves Batista et al. (inc. MB), Front. Astron. Space Sci. 2019



Xmax and UHECR mass composition
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I
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Alves Batista et al. (inc. MB), Front. Astron. Space Sci. 2019



Xmax and UHECR mass composition

(X__>[g/cm?]
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Alves Batista et al. (inc. MB), Front. Astron. Space Sci. 2019



Xmax and UHECR mass composition

850 — ¢ Auger FD ICRC17
~ ¢ Auger SD PRD17
800 [ © TAFD ApJ18
& -
= -
L 750
) - )
¢ :9 _
£ 700 — "
X
650 — + — EPOS-LHC
R — Sybill2.3
600 -~ " e QGSJetll-04
a """‘;“\(Of\luuul | g | L
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Alves Batista et al. (inc. MB), Front. Astron. Space Sci. 2019



Xmax and UHECR mass composition

(X__>[g/cm?]
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Auger SD PRD17
TAFD ApJ18
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-
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-

— EPOS-LHC
----- Sybill2.3

---------- QGSJetll-04

Other mass
groups lie
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this band
(He, N, Si)

10%

Alves Batista et al. (inc. MB), Front. Astron. Space Sci. 2019



Xmax and UHECR mass composition

850 :_ ¢ Auger FD ICRC17 Other mass
¢ Auger SD PRD17 groups lie
C within
— 800 :— o TAFD ApJ18 this band
- - g | (He, N, Si)
L 750
2 - ,
X B
g 700 .
SN
B i This is why it’s
650 [~ EP(_)S LHC hard to suss out
L e e T Sybill2.3 contributions of
600 .= e QGSJetll-04 | different nuclei!
= I‘\(OI | | L1 11 | | | | 1 L1 11 | | | 1 1 L1 11
10" 10" 10" 10%

Alves Batista et al. (inc. MB), Front. Astron. Space Sci. 2019



UHECRSs: more sophisticated models

103 -
Use more data: :
Spectrum + mass composition (X,,,,) N
- 5 o8 Auger 2017
b 10- 5
Five mass groups: 7
H, He, N, Si, Fe 5
E 101 _
Common maximum rigidity: —
Max. rigidity is R.., = E,.../Z “
100 L : LA LY T I T B O B
Qz(F) x E~ Ve E/(ZRmax) 10° 1010 1011
E [GeV]
: .. . 900 H
Adq nuclei photqdlslptegrat1pn. 93 e i 60 -
During propagation, interaction of £ 800 - Fe 5 20 } He
nuclei on CMB or EBL breaks them up, L - I __In
’?é 700 A é 20 - -b Fe
A+~v—>(A-1)+7v > o3
600 +————rrr———r MR S
Heinze, Fedynitch, Boncioli, Winter, ApJ 2019 10° 1010 10 10° 1o+ 1o
See also: Romero-Wolf & Ave, [CAP 2018 E [GeV] E [GeV]

Alves Batista, Almeida, Lago, Kotera, JCAP 2019



UHECRSs: more sophisticated models

Use more data:
Spectrum + mass composition (X,,,)

Five mass groups:
H, He, N, Si, Fe

Common maximum rigidity:
Max. rigidity is R.., = E,.../Z

QZ(E) x E~ Ve E/(ZRmax) <@—"Peters cycle”

Add nuclei photodisintegration:
During propagation, interaction of
nuclei on CMB or EBL breaks them up,

A4+vy—=(A—-1)+~

Heinze, Fedynitch, Boncioli, Winter, ApJ 2019

See also: Romero-Wolf & Ave, [CAP 2018
Alves Batista, Almeida, Lago, Kotera, JCAP 2019

E3)[GeVZcm 25 1sr 1]

(Xmax) [9 cm~2]

103 -
e ® o0
a Auger 2017
101 n
100 LR | LA Y bl
10° 1010 1011
E [GeV]
900 H
He ’.“E 60 ou H
800 O 1 H
Fe E 40 1 T - Ne
s
700 A g 20 - -bFe
x
600 — © 0 —————————
10° 1010 1011 10° 1010 1011
E [GeV] E [GeV]



UHECRSs: more sophisticated models

Fedynitch, Boncioli, Winter, Sci. Rep. 2017

Use more data:
Spectrum + mass composition (X,,,,) 25| TALYS model ﬂ
+random offsets
Five mass groups: 20
H/ He, N, Sl, Fe
Common maximum rigidity: 15 Inject F
Max. rigidity is R, .« = Enax/Z N
Qz(E) x E~ Ve F/(ZRmax) 10 logy Ei'so erg)
III48
Add nuclei photodisintegration: 5 — | 47
During propagation, interaction of ig
nuclei on CMB or EBL breaks them up, ir . 41
0

A+~v—(A—-1)+~v

)
@)

10 15 20 25 30

See also: Romero-Wolf & Ave, [CAP 2018
Alves Batista, Almeida, Lago, Kotera, JCAP 2019
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Measuring the diffuse flux precisely

E2x ® [GeVs lsrlcm™2]

E2x @ [GeVs lsrlem—2]

10-5E
10°¢ |
10-7 |
10-5é

10~° 3

Astrophysical flux model

B ceCube-Gen2 (10 years) - (power law, index = -2.5)

IceCube
b i
v

f.!!gﬂgih"zt%‘i__ \ v
- LA
Ar 5

10710 |

10-55
10-6é
107
107

109 3

10—10 |

Astrophysical flux model

W IceCube-Gen2 (10 years) - (Aartsen et al., PRL 2020, model E)
IceCube
b4
, A ER
s, 4 +

103

104 10° 106 107 108 10° 1010

E [GeV]

1011

Assuming a power-
law v flux oc E°

Assuming a power-law v

flux with 100-TeV cut-otf
+ py bump at tens of TeV

Ackermann, MB et al., JHEAp 2022



Measuring flavor composition: 2015-2040

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

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

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

Volume [km?]

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

Volume [km?]

Mixing parameter

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

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

Volume [km?]

Song, Li, Argtielles, MB
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Measuring flavor composition: 2015-2040

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

Volume [km?]

Song, Li, Argtielles, MB, Vincent, JCAP 2021
T T T | T T T T T T T I T ¥ T T i

16E#=tamp0 (- 3

1o mmE-onE Based on
' KM3NeT =

8 F © Baikal GVD real _C_iata
C IceCube-Gen2

4'_ IceCube |
- l ! L Pr.oi.e(.:tl ons

2015 2020

2025

2030 2035 2040

<

<

0.0

~
B 2015: IC, cont.+thr. 1.0

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

[7] 2018: IC, cont. 0.1
[[] 2020: IC, cont. (w/ v7) 09 [ p-damped: (0:1:0)g
L1 2020 (proj.): IC 8 yr 0.2 A ndecay: (1:0:0)qg

[ 2040: IC 15 yr + Gen2 10 yr 0.8

I 2040: All v telescopes 0.3
N~

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

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

Fraction of v, fee




How knowing the mixing parameters better helps

— IceCube 15 yr (68%, 95%;, 99.7% C.R.)
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Theoretically palatable regions: 2020 — 2040

NO, upper 03 octant, 0.0
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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)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



Measuring the high-energy vN cross section

Number of detected neutrinos (simplified for presentation):

N x ®,0,ve N =®,0,ye LN

——
Neutrino flux Cross section

Downgoing neutrinos
(L short — no matter)

N (I),/O',/N

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 ®,0,ve N =®,0,ye LN

——
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):
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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):
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Neutrino flux  Cross section
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(L short — no matter) (L long — lots of matter)
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—— | ~ 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



A feel for the in-Earth attenuation

Earth matter density Neutrino-nucleon cross section
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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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Peeking inside a proton

(Parton distribution function)
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4. 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+... 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
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Limits on dark matter annihilation

Per annihilation channel
(assuming 100% branching ratio)

{Einasto profile Using 7.5 years of 90% C.L.
' IceCube HESE data

—_ 10—22
l(/J
g
=
= 10-23
o B
e bb
. p— S W
10_24__ — )|)
10° 106 107
m, [GeV]

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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Plus background of atmospheric neutrinos (anisotropic, but different)



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



Astrophysical neutrino sources Earth

| Galactic (kpc) or extragalactic (Mpc — Gpc) distance |
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Astrophysical neutrino sources

Earth
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Astrophysical neutrino sources
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Astrophysical neutrino sources
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Astrophysical neutrino sources
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Astrophysical neutrino sources Earth
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Standard case: v free-stream
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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
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Cross section: g = 8
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Resonance energy: Eieq = S
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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

— 2.00

s

il 1.75

N

|

g 1.50

Q

=

3 1.25

|

= 1.00

&

< 075

g

= 0.50

P

=

= 0.25

+

= 0.00
1

T T T T
"""" Free streaming

---- With attenuation
—— With attenuation + regeneration

M =10 MeV
=0.03
=0.1eV

@)
@

NIRRT | Ll L ful Ll L
104 10° 100 107

Neutrino energy E [GeV]



Secret interactions of high-energy astrophysical neutrinos

“Secret” neutrino interactions between
astrophysical v (PeV) and relic v (0.1 meV):
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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
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= Mediator mass
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Resonance energy: Eieq = S
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Cross section: g =
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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
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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
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No significant (> 30) 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 ¢
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No significant (> 3c) evidence for a spectral dip ... ... so we set upper limits on the coupling ¢
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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):

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

» Two-photon decay (v; = v, +y +y): 1> 10% (m,/eV)? yr 7 égf 4O,é I(J}l}’}li\)/*erse

» 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 4O,é I(J}l}’}li\)/*erse

» 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!
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» Decay can be incomplete Y
» Final-state v might be detectable or not v, lightest and stable
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(see Winter & Mehta, [CAP 2011)
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» 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)
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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
58 16
© W36
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% 0.1

(or worse)

Vi

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
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6 Song, Li, Argtielles, MB, Vincent, JCAP 2021
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Flavor composition

Song, Li, Argtielles, MB, Vincent, JCAP 2021
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https://github.com/songningqiang/FANFIC/

See also: Beacom et al., PRL 2002 / Baerwald, MB, Winter, JCAP 2012 /
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Glashow resonance (GR):

Event rate

v, + e > W — hadrons — shower

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 /
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Radio emission: geomagnetic and Askaryan
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Shower Front

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

» Dominant in air showers
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» 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
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