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Astro-Particle Physics in 2003
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§ In 2003, Astro-particle physics was still something of a                        
fledgling field

§ HESS, VERITAS, MAGIC, IceCube, Fermi, PAMELA,                                  
etc. were all still years away

§ These days, most particle theorists have written at                                   
least a few papers on dark matter or other topics in       
particle-cosmology; in 2003, working at the interface     
of particle-astrophysics was comparatively rare

§ Around this time, Subir was writing papers with titles like:

§ This was a big part of why I decided to go to Oxford for my first postdoc

Me (Circa 2003)



The conventional wisdom regarding ultra-high energy cosmic rays (2003):
1) UHECRs were protons
2) UHECRs exceeding the GZK cutoff had been observed

Subir the Contrarian
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The conventional wisdom regarding ultra-high energy cosmic rays (2003):
1) UHECRs were protons
2) UHECRs exceeding the GZK cutoff had been observed

Why was this conventional wisdom so blindly accepted at the time?

Subir the Contrarian
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Cosmogenic Neutrinos
§ Because of scattering with the CMB, our universe is opaque to protons with 

more energy than:

§ If the ultra-high energy cosmic rays were                  
mostly protons, this would lead to a large        
and “guaranteed” flux of ∼ 10! − 10" GeV            
neutrinos

§ This “guarantee” was often cited in the                    
context of IceCube, which was projected            
to be sensitive to this predicted flux Engle, Seckel, Stanev (2001)
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Fermi
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Protons
Helium
Oxygen
Iron



Looking Back, We Were Bearers of Bad News!

 

Heinze, et al, arXiv:1901.03338
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High-Energy Neutrinos as Probes of New Physics
§ Deep down, I am not particularly excited by most “astrophysical questions”  

(and I suspect that Subir is not either) 
§ High-energy astrophysics, however, is not only about astrophysics – it is 

also a powerful vehicle for testing the fundamental laws of physics 
§ In 2003, this was still a rather fringe view
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High-Energy Neutrinos as Probes of New Physics
§ Neutrino telescopes allow us to measure the interactions of neutrinos at higher 

energies and over longer baselines than is possible in any existing laboratory 
experiment 

 

Ackermann et al (Snowmass White Paper), arXiv:2203.08096
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Probes of New Interactions?
§ As an example, consider a light Z’ that couples to muons (or muons and taus), 

with a gauge coupling selected to explain the FNAL/BNL measurements of g𝜇-2
§ Over cosmological distances, such a Z’ would cause high-energy neutrinos to 

scatter with the cosmic neutrino background, leading to resonant absorption 
features at

§ This could even provide an explanation                  
for the observed dip at ~0.2-1 PeV

 
DH, Iguaz, Serpico, arXiv:2302.03571
DiFranzo, DH, arXiv:1507.03015
DH, arXiv:0701194
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Neutrino Decay?
§ Perhaps one or more neutrino species are unstable?
§ If one or two neutrino species decay into lighter neutrinos, this would impact the 

ratio of neutrino flavors that reach Earth
§ Neutrinos from pion decay are produced with 𝜈!: 𝜈": 𝜈# = 1: 2: 0, which after 

oscillations becomes 𝜈!: 𝜈": 𝜈# = 0.90: 1.18: 1.02
§ Current measurements are consistent with                          

these predictions, allowing us to constrain                                       
𝜏/𝑚 > 10 s/eV

 

Beacom, Bell, DH, Pakvasa, Weiler, arXiv:0211305
IceCube, arXiv:2011.03561

Dan Hooper –  Pondering Cosmic Rays with Subir



High-Energy Neutrinos as Probes of New Physics
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Living in the Age of High-Energy Neutrino Astrophysics
§ IceCube has measured a diffuse spectrum of astrophysical neutrinos, 

ranging in energy from tens of TeV to several PeV (at least)
§ Approximately isotropic, with a roughly power-law spectrum dN/dE ~ E-2.3

§ The origins of these particles remains unknown, but they are almost 
certainly connected to the origin of the (high-energy) cosmic ray spectrum 

 

IceCube, arXiv:2110.15051 
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The Neutrino/Gamma Ray/Cosmic Ray 
Connection

§ High-energy protons produce pions through their  
inelastic scattering with gas and radiation, and 
those pions decay to produce photons and 
neutrinos

§ Sources of cosmic rays are inevitably sources of 
gamma rays and high-energy neutrinos

Dan Hooper –  Pondering Cosmic Rays with Subir



From the Cosmic Ray Spectrum to the 
High-Energy Neutrino Spectrum

§ There is an argument that goes back to the late 1990s which relates the 
expected neutrino flux to the observed cosmic-ray spectrum (Waxman-Bahcall)

§ For sources that are optically-thin (with little absorption), these are related as 
follows:

𝑓! ∼
1
2
,
2
3
	

 

𝑓" ∼
3
4

The fraction of 
energy in CRs 
that goes into 𝜋’s 
 

𝜉 ∼ 1 − 6	(for realistic 𝑧 dist.)

“Waxman-Bahcall Bound” (for optically-thin sources)

Dan Hooper –  Pondering Cosmic Rays with Subir



IceCube’s High-Energy Neutrinos
§ In this context, let’s consider the diffuse neutrino spectrum measured by 

IceCube
 

IceCube, arXiv:2110.15051 
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IceCube’s High-Energy Neutrinos
§ In this context, let’s consider the diffuse neutrino spectrum measured by 

IceCube
§ This suggests that IceCube’s neutrinos originate from the sources of the 

high and ultra-high energy cosmic rays
 

IceCube, arXiv:2110.15051 

Waxman-Bahcall Bound (𝜉 = 1 − 6)
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IceCube’s High-Energy Neutrinos
Two Possibilities:
1) IceCube’s neutrinos come from the main sources of the cosmic 
rays, which feature 𝜖 ∼ 0.1 − 1
2) IceCube’s neutrinos come from optically thick sources (which 
absorb most of the particles they accelerate before they escape) 
 

IceCube, arXiv:2110.15051 

Waxman-Bahcall Bound (𝜉 = 1 − 6)
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IceCube’s High-Energy Neutrinos
Where do these neutrinos come from? Some long-standing hypotheses 
include:
-Gamma-Ray Bursts (GRB)
-Blazars
-Other Active Galactic Nuclei (AGN)
-Star-Forming/Starburst Galaxies
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Neutrinos from NGC 1068
§ Last year, IceCube reported an excess of 79 ± 22	TeV-scale neutrino events 

from the direction of the active galaxy NGC 1068 (post-trials significance of 4.2𝜎)
§ Upper limits on the very high-energy gamma-ray emission from NGC 1068 

indicate that the ~TeV photons from this source must be very efficiently 
absorbed and reemitted at energies below ~10-100 MeV,  making this an 
example of an optically thick “Hidden Source”

 

IceCube, Science, arXiv:2211.09972; Blanco, DH, Linden, Pinetti, arXiv:2307.03259

IceCube

Dan Hooper –  Pondering Cosmic Rays with Subir



The Future
§ Existing data indicates that IceCube’s neutrinos come from many relatively 

faint sources (ruling out blazars and GRB, for example)
§ Testing our best remaining hypotheses (non-blazar AGN, starburst galaxies) 

is beyond the current reach of IceCube, but within the reach of proposed 
next-generation efforts

Ackermann et al., Snowmass White Paper, 2203.08096
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Subir the Skeptic
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Pyrrho of Elis (360-270 BCE)

Carneades (213-128 BCE)

Subir of Oxford



Subir the Skeptic
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From Dark Cosmos, Pg. 213-14 (2006)



Subir the Skeptic
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From Dark Cosmos, Pg. 213-14 (2006)



Subir the Friend
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