
Connections between neutrino interaction 
physics and astrophysics/astroparticle 

physics
Hallsie Reno (University of Iowa)

NuSTEC Summer School
CERN

June 10-13, 2024

Work supported in part by the US DOE.



Who am I?
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I’m a neutrino phenomenologist interested in neutrino astroparticle physics, 
neutrino interactions and BSM physics with neutrino (and neutrino-like) signals.

Professor at the University of Iowa (and now department chair), advisor of Luke 
Kupari who is here!

Also a member of the EUSO-SPB2 balloon mission collaboration and the 
nuSpaceSim Collaboration. 



Introduction
Neutrinos are special! 



Multimessenger astrophysics
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Fig. from Bartos and Kowalski, IOP 2017
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Neutrinos are special!
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Fig. from IceCube/WIPAC
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Sources of astrophysical neutrinos

1 TeV = 103 GeV
1 PeV = 106 GeV
1 EeV = 109 GeV
1 ZeV = 1012 GeV

Neutrinos arrive at higher 
energies than from any 
terrestrial/accelerator source.



Multimessenger connection
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Snowmass white paper: Ackermann et al., JHEAp 36 (2022) 55-110 https://arxiv.org/pdf/2203.08096

photons neutrinos cosmic rays

ZeV



F. Halzen and S. Klein, Physics Today, May 2008

Same production mechanism for accelerator beams, inside astrophysical 
objects, in the atmosphere, and for the cosmogenic neutrino flux.

Neutrino production



Plan for lectures

§ Neutrino cross sections: DIS and extrapolation to ultrahigh energies 
(UHE)

§ Glashow resonance, sub-leading contributions
§ Neutrino detection: across the energies

§ Atmospheric neutrinos
§ Astrophysical neutrinos: diQuse neutrino flux and transient sources
§ Cosmogenic neutrinos: diQuse neutrino flux from cosmic rays in transit 

through Universe
§ Some BSM physics examples with astrophysical neutrinos



Neutrino cross sections at VHE, 
UHE
Access to these cross sections are only possible with astroparticle sources of 
neutrinos. 
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Charged-current cross section at VHE, UHE
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To the extent that we can ignore Q2, 

� ⇠ G2
F s
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This means

s=2ME



Charged-current cross section at VHE, UHE
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(Remember the Q2 dependence of PDFs is logarithmic.)

gives a rough scaling:

𝜈𝑁



Charged-current cross section at VHE, UHE
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gives a rough scaling:

Fig. from Connolly, Thorne & Waters,
JHEP 08 (2011) 042

10!	 GeV10#$	 GeV
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x
pdg.lbl.gov

Parton Distribution Functions (PDFs)

NuSTEC Summer School 2024 Hallsie Reno, University of Iowa



Cross sections

PDFs: ct18nlo

Notice: 
§ change in energy behavior



CC cross section divided by energy
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BGR18 = Bertone, Gauld & Rojo, JHEP 01 (2019) 217 (NNLO+NNLx), CMS11 = Cooper-Sarkar, Mertsch & Sarkar, JHEP 
08:042 (2011) (NLO)
Figs. from  MHR, Ann Rev Nucl Part Sci 2023, blue and green with ct18nlo (NLO)

approx. power law 
at UHE



Cross sections

PDFs: ct18nlo

Notice: 
§ change in energy behavior
§ neutrino and antineutrino  

cross sections become 
equal – sea quark 
dominated

§ (for 𝜈̅ scattering, the (1-y)2 
goes to the quark, not 
antiquark)

§ NC/CC ratio is ∼ 0.4

⌫µd ! µu

⌫µū ! µd̄
<latexit sha1_base64="abAGcuzJn/S8IzY8S6jStW8Qud4=">AAACH3icbVBLS8NAGNz4rPVV9ehlsSieSlJFeyx48VjBPqApYbPZtks3m7APoYT8Ey/+FS8eFBFv/Tdu0ijaOrAwO/N97M74MaNS2fbMWlldW9/YLG2Vt3d29/YrB4cdGWmBSRtHLBI9H0nCKCdtRRUjvVgQFPqMdP3JTeZ3H4iQNOL3ahqTQYhGnA4pRspIXuXK5dpzQw2DM1dFMGPaxaL8Lbs+EolOf8z8HqRepWrX7BxwmTgFqYICLa/y6QYR1iHhCjMkZd+xYzVIkFAUM5KWXS1JjPAEjUjfUI5CIgdJni+Fp0YJ4DAS5nAFc/X3RoJCKaehbyZDpMZy0cvE/7y+VsPGIKE81opwPH9oqBk0YbOyYEAFwYpNDUFYUPNXiMdIIKxMpWVTgrMYeZl06jXnola/u6w2G0UdJXAMTsA5cMA1aIJb0AJtgMEjeAav4M16sl6sd+tjPrpiFTtH4A+s2RdH2aJ+</latexit>
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DGLAP=Dokshitzer, 
Gribov, Lipatov, Altarelli 
& Parisi

BFKL=Balitsky, Fadin, 
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Deep Inelastic Scattering Devenish & 
Cooper-Sarkar, Oxford (2004)
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High energy uncertainty

BGR18 = Bertone, Gauld & Rojo, JHEP 01 (2019) 217 (NNLO+NNLx), CMS11 = Cooper-Sarkar, Mertsch & Sarkar, 
JHEP 08:042 (2011) (NLO); Figs. from  MHR, Ann Rev Nucl Part Sci 2023, blue and green with ct18nlo (NLO);
Arguelles15 = PRD 92 (2015) 074040 (dipole motivated); Block14 = PRD 89 (2014) 094027 (ln2s form);  Albacete15 = 
PRD 92 (2015) 014027 (dipole model) 



More about the high energy cross section

Fig. from Aivazis et al PRD 50 (1994) 3102 (ACOT) 

⌫N :

Q1 = d, Q2 = u

Q̄2 = ū, Q̄1 = d̄
<latexit sha1_base64="Xkj49vBjzR7sl0XUMbKk8CmjQEE="></latexit>

example Leading order, can separate 𝑑, *𝑢 
but not so at NLO.



Quark flavor contributions to CC cross 
section

104 106 108 1010 1012

E [GeV]

10°7

10°5

10°3

10°1

101

∫
C

C
fla

vo
r

fr
ac

ti
on

bu

bc
btsu

sc

dc

du

Following Jeong & MHR, Phys.Rev.D 81 (2010) 114012 Garcia et al., JCAP 09 (2020) 025
Bertone et al., Eur. Phys. J. C 77 (2017) 837  See also Aivazis et al PRD 50 (1994) 3102 (ACOT) 

𝑚! ≠ 0	!



Average inelasticity in neutrino DIS



CC interactions: 𝜈!, 𝜈"  - lepton mass effects

Jeong & MHR, PRD 82 (2010) 033010
24

Kinematics plus 2 more structure 
functions.



Glashow resonance
Zhou & Beacom, PRD 101 (2020) 3

special status of the electron antineutrino

2meE⌫̄e = M2
W ! E⌫̄e = 6.3 PeV

<latexit sha1_base64="rc/d+nylMTeFxD8HqNmvvpOdzAU="></latexit>



Sub-leading cross sections & “hidden 
Glashow”

Hallsie Reno, University of Iowa 26

MHR, Ann Rev Nucl Part Sci 2023 adapted 
from Zhou & Beacom, PRD 101 (2020) 036011

See also, Alikhanov, PLB 741 (2016) 247.  

See also, Ballett et al. JHEP 01 (2019) 119
 



Where is the neutrino cross section 
measured?
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More on the IceCube measurement later.



LHC Run 3

NuSTEC Summer School 
2024
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SND@LHC

FASERv

Both experiments installed, in 
T12 and T18 existing injector 
tunnels on either side of the 
ATLAS IP.
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 on axis, 𝜂 > 8.5

SND@LHC 800 kg, 39 cm x 39 cm
 off axis, 8.5 > 𝜂 > 7

150 fb -1

Figures “not to scale.”

ASIDE



First neutrino events at LHC Run 3: 𝜈!𝐶𝐶 (muons)
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FASER Collab, PRL 131 (2023) 031801 SND@LHC Collab, PRL 131 (2023) 031802

ASIDE
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Envisioned Forward Physics Facility at 
the high intensity LHC :
§ Neutrinos produced in the forward 

region related to neutrino 
production in cosmic ray interaction 
processes.

§ Neutrino measurements in new 
energy regimes, nuclear targets.

Snowmass white papers 
short: Anchordoqui et al, 2109.10905 
Phys. Rept. 968 (2022) 1 (50 pages)

long: Feng et al, 2203.05090 
J. Phys. G 50 (2023) 030501 (411 pages)

and see references therein!

ASIDE
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Neutrino detection through the 
energies
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Snowmass white papers and reviews (and references therein): 
§ Ackermann et al., High-energy and ultra-high-energy neutrinos: A Snowmass 

white paper, JHEAp 36 (2022) 55-110 https://arxiv.org/pdf/2203.08096
§ Mammen Abraham et al., Tau neutrinos in the next decade: from GeV to EeV, 

J.Phys.G 49 (2022) 110501
§ Spiering, Neutrino Detectors Under Water and Ice, 
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§ Barwick & Glaser, Chapter 6: Radio Detection of High Energy Neutrinos in Ice,  

2208.04971
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Neutrino events
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Notice how steeply the flux falls relative to the rising neutrino cross section.

limit of measurements



Detector sizes – km3 scale detectors

Nevt = nnuc · Vdet · 2⇡ ·�t

Z

105 GeV
dE⌫�CC(E⌫)�⌫+⌫̄(E⌫)
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number of neutrinos

how much sky

obs time

�CC(E⌫) ' 5⇥ 10�33 cm2 (E⌫/10
8 GeV)0.33
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nnuc = NA⇢ = 6⇥ 1023/cm3
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E2
⌫�⌫+⌫̄ ' 2⇥ 10�8 GeV

cm2 s sr
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Neutrino events
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Notice how steeply the flux falls relative to the rising neutrino cross section.

limit of measurements

Higher energies mean larger volumes.



Earth diameter

Moon diameter

Sun diameter

Atmospheric column depth:

Vertical: 1,033 cmwe
Horizontal: 36,000 cmwe

Neutrino interaction length

NC, CC and total,
plus historic (dot-dash)

Take home lessons:
§ Neutrinos don’t go 

directly through the center 
of the Earth for E>40 TeV.

§ Hardly any interactions in 
the atmosphere, more 
likely horizontal than 
vertical.

Gandhi … MHR…et al., PRD 58 (1998) 093009
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Neutrino attenuation in Earth
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Angles relative to the local horizontal. Historic figure: Gandhi et al., PRD 58 (1998) 093009
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Water and ice Cherenkov detectors
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Speed of the charged particle faster than 
the speed of light in the medium

u > v =
c

n
<latexit sha1_base64="6Z99fhkX40ZxbbvZCyNY+CrHHkY=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyyCq5JUwW6UghuXFewD2lAm00k7dDIJ8yjUkC9x40IRt36KO//GaZuFth64cDjnXu69J0gYlcp1v63CxubW9k5xt7S3f3BYto+O2zLWApMWjlksugGShFFOWooqRrqJICgKGOkEk7u535kSIWnMH9UsIX6ERpyGFCNlpIFd1rfTm34oEE5xlvJsYFfcqruAs068nFQgR3Ngf/WHMdYR4QozJGXPcxPlp0goihnJSn0tSYLwBI1Iz1COIiL9dHF45pwbZeiEsTDFlbNQf0+kKJJyFgWmM0JqLFe9ufif19MqrPsp5YlWhOPlolAzR8XOPAVnSAXBis0MQVhQc6uDx8ikoExWJROCt/ryOmnXqt5ltfZwVWnU8ziKcApncAEeXEMD7qEJLcCg4Rle4c16sl6sd+tj2Vqw8pkT+APr8wcbcJNa</latexit>

https://www-sk.icrr.u-tokyo.ac.jp/en/sk/about/detector/



Water and ice Cherenkov detectors
P-one

IceCube

§ KM3-net: ORCA 1-100 GeV, ARCA 100-108 GeV, to 1 km3 
§ Baikal-GVD staged instrumentation since 2016, 1 km3 

by 2025
§ IceCube-Gen2 TBD

pathfinders in 2018, 2020
northern hemisphere
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Fig. from Ackermann et al., JHEAp 36 (2022) 55



IceCube event signatures

track-like
(muons)

cascade
(NC, CC)

double bang
(taus)

Size of spheres: energy, colors: timing – early red, late blue

Kowalski for IceCube, J Phys: Conf. Series 888 (2017) 012007
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Muon range helps detector effective volume
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Average range of muons in rock.
Energy > 1 GeV, accounting for 
electromagnetic energy loss.

Dutta, MHR,…et al, PRD 63 (2001) 094020

decay length, water, rock, iron

𝜏



Water vs ice for optical Cherenkov detection

Angular resolution,  better for water than ice because of less scattering, but 
shorter attenuation length means more detectors per unit volume. 
Ice is better for VHE, UHE neutrinos because of the volume benefit.

Water: wet, bioluminesce.
Ice: cold, infrastructure.cold vs wet, bioluminesce vs ice bubbles

Spiering, https://bib-pubdb1.desy.de/record/452265/files/Spiering2020_Chapter_NeutrinoDetectorsUnderWaterAnd.pdf
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Radio Cherenkov – Askaryan eVect
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§ Askaryan effect (JETP 14, 1962), in which interactions 
in material produce a 20% electron excess (time-
varying).

§ Showers produce electron-positron pairs and also 
scatter with atomic electrons to produce a radio-
frequency impulse.

§ The attenuation length at radio frequencies is of order 
2 km in South Pole ice – can increase detection 
volume at low cost! (Scattering & absorption of optical 
light is ~100 m, optical sensitive to air bubbles in ice.)

§ May be able to distinguish electron neutrinos and 
antineutrinos.

Figure from T. Jaeger, PhD thesis 2010

See review: Barwick & Glaser, arXiv:2208.04971 

Fig from Paudel et al., PoS 
ICRC2021 (2021) 429

https://arxiv.org/abs/2208.04971


Radio signals – sample trajectories

Figure from Barwick & Glaser, arXiv:2208.04971 
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§ Cherenkov angle 56 deg in 
deep ice.

§ Shower length is about 10 m.
§ Transverse size about 10 cm.
§ Sensitivity to 108 GeV to a few 

times 1010 GeV neutrinos, 
about a degree resolution.

§ Amplitude of electric field is 
proportional to the shower 
energy.

https://arxiv.org/abs/2208.04971


Radio Cherenkov Detectors
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ARIANNA@ the Ross Ice 
Shelf in Antarctica

ARA at South Pole

Developing understanding of in-ice radio 
detection techniques. 
Fig. from Ackermann et al., JHEAp 36 (2022) 55



Radio Cherenkov Detectors
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§ RNO-G in Greenland ice, 
1 km attenuation  length, 
detector station 
separation1.5 km.

§ Phased array of radio 
antennas.

§ Testbed for IceCube-
Gen2 Radio.

IceCube-Gen2 Radio will 
cover 500 km2 of South 
Pole ice.
Also, Askaryan from Moon! Fig. from Ackermann et al., JHEAp 36 (2022) 55



Optical Cherenkov in the atmosphere
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Index of refraction of air 𝑛&'( ≠ 1, Δ𝑛 = 2.9×10)* at sea level 

Energy thresholds in air:
electron: 20.75 MeV   pion: 5.6 GeV   proton: 39 GeV
muon: 4.4 GeV    kaon: 20.5 GeV

Cherenkov angle: 1.4 deg 

Index of refraction of air 𝑛+&,-( = 1.33

Energy thresholds in water:
electron: 0.75 MeV   pion: 204 MeV  proton: 1.4 GeV
muon: 159 MeV    kaon: 746 MeV
Cherenkov angle: 41.4 deg 



Earth diameter

Moon diameter

Sun diameter

Atmospheric column depth:

Vertical: 1,033 cmwe
Horizontal: 36,000 cmwe

Neutrino interaction in atmosphere? interaction length

NC, CC and total,
plus historic (dot-dash)

Low probability of 
neutrino interactions in 
the atmosphere – optical 
Cherenkov techniques 
target Earth-skimming 
tau neutrinos.

Neutrino 
interactions in 

air?
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Earth-skimming tau neutrinos for optical 
Cherenkov signals

Arguelles et al, PRD 106 (2022) 043008

§ No signals of high energy tau neutrinos 
that go straight through the center of 
the Earth – attenuation of the flux.

§ Earth-skimming neutrinos can yield 
signals from the tau decays (hadrons!).

§ Earth-skimming tau neutrinos can yield 
signals in the atmosphere:

⌫⌧N ! ⌧X

⌧ ! ⌫⌧X
<latexit sha1_base64="E7tA/UXN7Nr+FVAWL1reUVJJa18=">AAACGHicbZDNSsNAFIUn/tb4F3XpZrAormpSBbssuHElFWwbaEKYTCft0MkkzEyEEvoYbnwVNy4Ucdudb+M0jaCtBwY+zr2XO/eEKaNS2faXsbK6tr6xWdkyt3d29/atg8OOTDKBSRsnLBFuiCRhlJO2oooRNxUExSEj3XB0M6t3H4mQNOEPapwSP0YDTiOKkdJWYF14PAs8hTJ4B888lcCCXQ8LaBY4N3+a3MCq2jW7EFwGp4QqKNUKrKnXT3AWE64wQ1L2HDtVfo6EopiRiellkqQIj9CA9DRyFBPp58VhE3iqnT6MEqEfV7Bwf0/kKJZyHIe6M0ZqKBdrM/O/Wi9TUcPPKU8zRTieL4oyBvWts5RgnwqCFRtrQFhQ/VeIh0ggrHSWpg7BWTx5GTr1mnNZq99fVZuNMo4KOAYn4Bw44Bo0wS1ogTbA4Am8gDfwbjwbr8aH8TlvXTHKmSPwR8b0G8RinlI=</latexit>

“tau neutrino regeneration” makes 
the Earth more transparent to tau 
neutrinos (but not transparent!) 
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tau makes air 
shower with hadron 
decay products



Atmospheric optical Cherenkov detection 

Trinity: on a mountain top

POEMMA: twin satellite (future?)

PBR

EUSO-SPB2

51

Fig. from Ackermann et al., JHEAp 36 (2022) 55



Atmospheric radio Cherenkov
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Spiering, https://bib-pubdb1.desy.de/record/452265/files/Spiering2020_Chapter_NeutrinoDetectorsUnderWaterAnd.pdf

Paudel et al., PoS ICRC2021 (2021) 429
 https://arxiv.org/pdf/2108.06336

refracted Askaryan, signal 
generated in ice 

geomagnetic,
signal generated in 
atmosphere



Atmospheric radio Cherenkov detection 
Beacon GRAND PUEO

PUEO is successor to ANITA,
balloon detectors

TAROGE, TAROGE-M

Surface detectors
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Fig. from Ackermann et al., JHEAp 36 (2022) 55



Particle detectors
TAMBO (future?)

Pierre Auger Observatory uses showers, 
fluorescence. AugerPrime adds radio. 
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Fig. from Ackermann et al., JHEAp 36 (2022) 55

Fig from Jaime Alvarez-Muñiz



NuSTEC Summer School 2024 Hallsie Reno, University of Iowa 55

Fig. Mammen Abraham et al., J.Phys.G 49 (2022) 110501

optical Cherenkov
plus radio

radio Cherenkov

radio Cherenkov

optical  Cherenkov

particles/showers

Summary



The Earth as a neutrino converter

Fig. from Esteban et al., PRD 106 (2022)  023021
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Homework
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To the first approximation, at small x, the gluon PDF scales as 𝑥𝑔 𝑥, 𝑄. ∼ 𝑥)/(1!) 
and the sea quark PDFs are proportional to the gluon PDF.
Make a back of the envelope argument that the neutrino-nucleon cross section 
scales with energy to a power: 𝜎34 ∼ 𝐸5 and relate 𝛼 to 𝜆. 

From slide 15, can you estimate 𝜆 and find an approximate 𝛼?

 


