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10-°

107

10-¢

10-9

isotropic y-ray
background

ga (Fermi)
&*fLEqif

++++-

High-energy gamma
opaque in Universe

I | I I I | I
10 100 103 104 10° 106 107

energy E [GeV]

108

107

lDlD

lDll




E?pp [GeV cm™2 s 1 sr1]

10-°

107

10-¢

10-9

isotropic y-ray
background

ga (Fermi)
m++

++++-

High-energy ga
opaque in Univ

10 100 103 104

(GeV cm'zsr'1s'1)

E%dN/dE

[ electrons if
XXX ¢

X
X

pogitrons x
i
10 | y
ﬁ* X
X
£ y
hd
10 | antiprotons

all-particle

Grigorov

JACEE +—— |

Akeno

DICE ¢

1 1
CAPRICE +—&—
AMS —e—
BESS98 +——=— |
Ryan et al. —»—

Tien Shan +———
MSU +——x—

CASA-BLANCA +—=—

HEGRA +—9— 1
CasaMia —e—
Tibet +—a—
Fly Eye —e—
Haverah +——=—

AGASA —a— |
HiRes +—e—

10° | :
10-10 | ] | L 1
10° 10° 10 108 108 100
Exn (GeV / particle)




E?pp [GeV cm™2 s 1 sr1]

10-°

107

10-¢

10-9

isotropic y-ray
background

ga (Fermi)
&*fLEqif

++++-

High-energy gamma
opaque in Universe

« Uultra-high energy

*  cosmic rays

Known high-energy
Universe through
charged particles

(Auger)

I | I I I | I
10 100 103 104 10° 106 107

energy E [GeV]

108 107 1010




Hillas plot
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FROM CLOUD CHAMBERS TO EXTENSIVE AIR SHOWERS

Particle shower universality: fundamental laws at over 10 orders of magnitude in energy




Air

1012
106
1020
102
10-28

F Cosmological v
I Solar v
. Supernova burst (1987A)
2 / Reactor anti-v
- Background from old supernovae
5 Terrestrial anti-v
I vfrom AGN
! \ .. Cosmogenic
- ‘ ‘ v
- Katz & Spiring, arXiv:1111.0507 .
10¢ 103 1 10° 10° 10° 10* 10" 102
pueV. meV eV keV MeV GeV TeV PeV EeV

. 11
Neutrino energy



Active galactic nucleus

===

Shock
fronts

3

)

<

Target Iy
nucleus 3
ory —
- e

-
”:l:
Ty, A

p v v v,

102
10°1
fg=2
102

1028

F Cosmological v

g Solar v
£ Supernova burst (1987A)

/ Reactor anti-v

Background from old supernovae

Terrestrial anti-v

Atmospheric v

Cosmogenic
\Y
Katz & Spiring, arXiv:1111.0507
D S ] N L RN N G N M B N T (R (A N M M U YEN G SN L. . CHE
102 10° 1 10° 10° 107 10 10" 108

peV.  meV eV keV MeV GeV TeV PeV EeV
Neutrino ene%rzgy



1012

106

10 20
10#
0

y v
, % &

Cosmological v

Solar v
Supernova burst (1987A)

/ Reactor anti-v

Background from old supernovae

Terrestrial anti-v

Atmospheric v

v from AGN
Cosmogenic
\Y
Katz & Spiring, arXiv:1111.0507
10¢ 10° 1 10° 10° 107 10" 10" 110
peV.  meV eV keV MeV GeV TeV PeV EeV

Neutrino ene%rggy




Neutrino productions at accelerator sites

* P-gamma vs pp

Photon energy [GeV]
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Astrophysical Extragalactic Scenarios

E,~ 0.04 E_: PeV neutrino < 20-30 PeV CR nucleon energy

Cosmic-ray Accelerators

(ex. UHECR candidate sources) Cosmic-ray Reservoirs

Starburst galaxy Galaxy group/cluster

Active galactic nuclei v-ray burst

p+y+Nn+X\ p+p—>Nra+X

- E20 E2® DxE-s
Slide from A N &
Kohta Murase obs. photon spectra _»</ gas density &
& source size source size \ ,: CR

S,#Scr $,~ScRr

0.1TeV PeV 0.1 TeV PeV




Why X-rays are important?

Threshold photon energy in proton's rest frame

* Pion productions
AT + (sa —m3)
p+v— — N+ e = P
Y
2;mp
s00L b D0, Cotdmal ot al. Phyr. Bow Latr. 25, 1670 | Observed photon energy required for pion
D. O. Caldwell, et al. Phys. Rev. Lett. 40, 1978 pl"OdUCtiOﬂ Wlth PeV pl"OtOﬂS
2
r € —1
p
i =15 (B () ey
§ 100 . K 10 1 PeV
S i
B L r
50 F I H . bulk Lorentz factor I' of the relativistic plasma (jets) 1~100
| ,' resonances in GRB, AGN, TDE...
} direct
|
I -———- DI - + €
’ in?l?pm TR T g, = 50TeV x (1 PpV)
— tota _ e
+ +
1 05 1 5 10 50 100
~50 TeV neutrinos from p—gamma jetted sources are
16

e (GeV)
expected to be accompanied by X-rays



. gamma neutrino UHECR

10
IceCube (HESE 4yr) KASCADE — all
== p — allflavor KASCADE - light
Murase — Beacom 2010 Auger (E x 1.05)
—— -6 TA + TALE (E x 0.91)
T 10 : == CR — all
B E"'H-_,_ == CR —medium/heavy
— +.,._,_+ = CR —light
| _7 =
NU’ 10 +4
| +H
5 T
O
N I
) 10 non-blazar
&,
Y
w 107°
10710 -
107 10% 10° 10° 1019
E[GeV]

Energy generation rates are all comparable to a few x 10%° erg Mpc yr'



E?pp [GeV cm™2 s 1 sr1]

After a decade of IceCube
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E?pp [GeV cm™2 s 1 sr1]

Violate Fermi diffuse gamma-ray if nu
sources are transparent to gamma
1075 A
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1-100 TeV gamma-ray dark sources 19
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Spectra features? Connection with UHE?




Highest-energy KM3Net/ARCA21 event

Partially constructed array in Nature 638, 376-382 (2025)
Mediterranean " cip o b e

1,600

Unique, high charge event detected Wi/ B

Assuming E~4 spectrum: k LR
— +570 ' T
> E, = 220*57%Pev

- Strong prior dependence, large
energy uncertainty
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https://www.nature.com/

UHE neutrinos: a smoking gun signature

* Photopion produced neutrinos
have 1/20 the primary energy-
per-nucleon

« CMB target: 10'9-7 eV energy
threshold => EeV energy
neutrinos

* CIB target: 10'8 eV energy
threshold => O(10 PeV)
neutrinos

o Ambient photons in source can
also serve as target
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The highest energy neutrinos

* 3 events with neutrino energy > 5 PeV over a decade of data taking

| Ap/8333(2016) -  Nature 591, 220-224 (2021)
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Deposited energy: 6.05 £0.72 PeV

Muon energy: 4.5+1.2 PeV
Nu energy ~6.3 PeV

Nu energy ~ 9 PeV

PoS-ICRC2023-1030 (2023)
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Nu energy ~11.4+2.5 PeV
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https://www.nature.com/

Hybrid air shower
detections from the
Pierre Auger Observatory
(2004 to now)

The highest
energy
cosmic rays

Observables: cosmic ray flux;
mass composition via Xmax




— 1<AL2 — T<AL19 — 40<A<56

CR SOU rce MOdel o le3s =Aso 0453 - Guluci |

[a—
(=)

» _ Muzio, LJnger,IFarlraF F.’RIZ')I(QO‘IQ) t  Auger2017 shifted ]

— 19 _ All three data sets

_ % ' 8 fit simultaneously
» Unger-Farrar-Anchordoqui model (UFA, SR AN ]
2015 PRD): Fosp N :
. . . :Fu 0.6 _ ) _
1. Inject CRs into source environment T o4l ]
2. CRs processed by photon 2 iy

interactions 00 10 107 100
E/eV

3. CRs escape source environment gso [ [ T e 2007 it |

4. CRs propagate to Earth

<X'IT]€IX } (g;CmZ)

» Accounts for observed spectrum
(>1017:5 eV) & composition (>1017:8 gV)

700

650

1613 “ H“lolg 1020
E/eV



Joint UHECR-neutrino likelihood maximization

* High energy neutrinos** * Ultra high energy cosmic rays

* Poisson distribution in energy- * Flux>10"~eV
zenith-flavor bins >5 PeV** « Full Xmax distributions >1018:6 gy**
* Non-observation of neutrinos

= Rather than fitting only first two
>15 PeV** moments

**NEW THIS ANALYSIS
InL =1In ﬁUHECR + In ﬁu

Assumptions: standard sources, SFR source evolution,
mixed composition injection, Sibyll2.3d hadronic
interaction model,

Auger energy scale shifted by +10, Xmax scale by -10 97
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Result: UHECR
parameters
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Common origin with UHECR?

Muzio, Yuan, Lu
arXiv:2502.06944

Assume KM3Net/ARCA exposure is ~2% of lceCube NT

Test 100 PeV and 1 EeV+additional proton component as two distinct
scenarios // combined fit with Auger mass/flux

10°°
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o
4

l—l
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Possible recovery at 30 PeV from UHECR

lceCube v EHE limit {2025)
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1 EeV + pure proton component scenario
Possibly a cosmogenic neutrino via GZK mechanism 59


https://arxiv.org/abs/2502.06944

P-ONE, %1 -4 km3~
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IceCube 1 km3/
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Future neutrino telescopes

POEMMA-Stereo

" “7‘“‘) ~300km £ @

525 km

UHE neutrino

POEMMA-Linnb
Surface Array | Station

Radio Array | Station

ee
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Tau~d !
€cay EA !
"’Wﬂﬁa‘{_ S Optical Array | Sensor SH kLS IceCube | Laboratory
i o HERI S Eas s e |3 HS ST v e Ty
1t Sl s ) e -

~2,300 km

f D Giant Radio Array for Neutrino Detection
Cosmic ray

radio photons

r * Antenna optimized tor horizontal showers

« Bow-tie design, 3 perpendicular arms
* Frequency range: 50-200 MHz

« Inter-antenna spacing: ﬂkr“h



IceCube cosmogenic v 90% limit (2025) —@— IceCube astrophysical v combined fit (2023)

Auger cosmogenic v 90% limit (2023) ¢ IceCube-Gen2: KM230213 modeled as cosmogenic origin
wefe= KM3NeT v 230213 (2025) ¢ IceCube-Gen2: KM230213 modeled as astrophysical origin
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CERNCOURIER | 2z esons
high-energy physics

Physics v | Technology v | Community v | Magazine

NEUTRINOS | FEATURE

e Read about future Discovering the neutrino sky
. 19 May 2025
neutrino detectors

Lu Lu looks forward to the next two decades of neutrino astrophysics,

exploring the remarkable detector concepts needed to probe ultra-high

energies from 1 EeV to1ZeV.

https://cerncourier.com/a/discovering-the-
neutrino-sky/

The neutrino sky

.......

---------------

The neutrino sky IceCube selects neutrinos by using the Earth as a cosmic-ray veto. This map, where 0° is the
projection of the Earth’s equator onto the sky, shows point-source candidates in the northern hemisphere
observed by the IceCube detector at the South Pole. The colour scale represents the statistical significance that a
signal is not just a random background. The hottest spot in the northern sky is NGC 1068: a barred spiral galaxy
47 million light-years away that hosts a supermassive black hole surrounded by gamma-ray-attenuating gas and
dust. Credit: IceCub Collab. 2022 Science 378 538


https://cerncourier.com/a/discovering-the-neutrino-sky/
https://cerncourier.com/a/discovering-the-neutrino-sky/
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Cross section measurement using Earth as the target
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Cross section

 Both tracks and
cascades

* Reaching energies
beyond accelerators

1074 5

v-nucleon (DIS: CC+NC), avgl(v, 1)

1073 5

1 & SyrCascades, lceCube preliminary
] == CSM52011

00 x=&7(E,)) » CSMS2011 (7.5yr HESE lceCube 2021)
== 1.30%3_ x CSMS2011 (1yr v, lceCube 2017)

lceCube Preliminary

4.0

] ]
45 50 55 60 65 7.0 75 8.0
log10(Ev/GeV)
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Neutrino oscillations over cosmic baselines

e For the first time tau candidates in
data

* Observed high-energy tau
neutrinos mainly due to neutrino
oscillations through astronomical
distances.

* Sensitive probe for physics beyond
the Standard Model

0.0
B Standard Model (vSM)

0.1 ® T decay: (1:2:0)g
New physics: .
v dec-fv-{ike 0.9 p-damped: (0:1:0)q

0.2 A ndecay: (1:0:0)q

New physics:
Lorentz violation 0.3

— [ceCube-Gen2 10 yr (68%) 0.1

- [ceCube 10 yr (68%)
/ / / / / / / / / /

0.0 0.1 02 03 04 05 06 07 08 09 1.0

Fraction of v, 36




Neutrino-electron scattering

at a neutrino energy of 6.3 PeV, the centre-of-mass energy

w- (80.5 GeV) is large enough to produce a real W boson
e 10 \
— v Total
10 --- v CC
»»»»»» v NC
2 107 —  pTotal
sIM
_ 2 4 - w»CC
o(s) = 24zl By -5, 4e ) 2 ) ) L i
NE 103
8 0%
8]

Vet+e =W~ — v/ +1

The Glashow resonance
A factor of 300 boost

ER —_ M%V/(Zme) = 6.32P6V 1073?01 100 10°  10° 10° 10° 100 10° 10° 10° 10%  10%

E [GeV]

Vet+e W™ — X | 107




W boson (Glashow) resonance — first hint of
electron anti-neutrino Noture 591, 220-224 (2021)
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Discovery of antimatter, positron W boson resonance , nuebar 6.3 PeV

Carl Anderson via cloud chamber, 1932 lceCube, 2021
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Neutrino flux from the galactic plane

Trials correcting for the three different templates - 4. 480 global p-

value
Contribution of ~¥6-13% to the total neutrino flux at 30 TeV

-+ KRA? Model —— KRA? Best-Fit v Flux
-+ KRAX Model —— KRA® Best-Fit v Flux

««=« 10 Model —— 1i° Best-Fit v Flux
"/ 1 IceCube All-Sky v Flux (22)

10—6_

2 dN -1 2
EY g& [GeV s~ cm 9]
—_—
S
i

v An Iy s Expectatio
Typ ical Event Uncertaintp -

10-8_

Pre-Trial Significance (n-0)
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v. 140626/1288692 : gfu-gold (2025-03-09
07:36:04.759174+00:00), 4132.80571793188TeV

Receive IceCube alerts

GCN notice and circular (O Sraviational
ixt:adentary events also —O
te

The Astrophysical Q\
Multimessenger High-energy

ground vand y Q
Observator‘y NetWO rk Observatories ~a

(AMON) O—

Augmented Reality app ' —— Evens
(ICEcCuBEAR) on Android ——>  Aents
and iOS. | | O—' Follow-up

Opticalfy-ray

Telescopes .
O Follow-up
telescopes
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Atmospheric nu

From Paolo’s talk

Primary
Cosmic Ray
7t KT > u® + v,0,) (63.5% for K) \
— — +
s e* + v (V) +7,(v,) = Y 'ﬂ;“ -
— Ey ~ 100/cosB GeV e :
o U’
K* — 7%uv, (5%)
K7 — meve (40%) v
F
Conv. P
. 1 :
— Ev ~ 100/cos@ TeV - |
|
l
K g — eV, (Gaisser & Klein 2014) (0.07 %) !'
prompt :
DA, —l0+vy+ ... (order %) \
1
nn — w




(GeV cm'zsr'1s'1)

E2dN/dE

10° + protons only

oo,
» ~,
*
*e
0‘ .
o, * all-particle
2 | *
107 Felectrons ¢
*
’0
‘0
- .
positrons
104 F

>,
5“%}

10 g antiprotons

|
Grigorov +——+—

Akeno X
MSU —8—
KASCADE u
Tibet

KASCADE-Grande +——e—
IceTop73 +——=—
HiRes1&2 =

TA2013 v

Auger2013 +———

Model H4a

CREAM all particle

108 + _
Fixed target
gﬂ?@ TEVATRON
l l LHC
10-10 ] ] | l 1 1
10° 10° 10* 10° 108 100

Eiot (GeV / particle)

See talk on cosmic rays

* 1956 discovery of neutrinos

* 1962 discovery of UHECR 10720 eV
e 1964 discovery of CMB

* 1969 theory cosmogenic neutrinos

P + YCMB —>p—|-7roﬁp—|—'y'y, and
P+ YcMB = N+ T = P+ Ve
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(atmospheric) Neutrino weather!

Lead by Aachen group

Temperature_A.2011.11.13.L3.RetStd001-850.0 hPa:Campaign_L2_v6_0_7 Varlation of AT and AR, Binning = 30 days, Observation zone: 90°< © < 120°
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In photon-proton interactions (y + p = X), the invariant mass W of the final state is related to the

incoming photon lab energy E., by:

W = \/m}% +2m,E,,

Where:
e M, is the proton mass = 0.938 GeV
o E7 is the photon energy in the lab frame

e W is the invariant mass of the system (center-of-mass energy)

Solve for Eq,:

P W? —m;  (1.232)2 —(0.938)>  1.518 — 0.88

~ 0.34 GeV
om, 2-0.938 1.876 °




| hope ‘diffuse” makes sense to you now
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Snowmass 2021: neutrino and high-energy neutrino
https://cds.cern.ch/record/2806792?In=en



https://cds.cern.ch/record/2806792?ln=en
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