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Figure: Vitagliano, Tamborra, and Raffelt 2020
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C�B (relic neutrinos) 
decoupled from matter 
at the early universe 
(~ 1 second old).

Figure: Vitagliano, Tamborra, and Raffelt 2020

As the universe 
expanded, it further 
cooled down (∼ 1.95K).
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C�B (relic neutrinos) 
decoupled from matter 
at the early universe 
(~ 1 second old).

Figure: Vitagliano, Tamborra, and Raffelt 2020

As the universe 
expanded, it further 
cooled down (∼ 1.95K).

C�B is extremely difficult to detect!
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Outline

Previous Work Theory Results
Conclusion

and
Outlook

how did we do 
this?

what did we get?why did we want 
to do this?
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Previous Work

why did we want 
to do this?

Outline
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Previous Work

why did we want 
to do this?

l Limits on overdensity: 
Katrin constraint;

l Boosting C�B from UHECRs 
idea.

Outline
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Limits on 
Overdensity
C�B can reach higher 
density via gravitational 
effect or some beyond 
standard model mechanisms 
--> overdensity
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Limits on 
Overdensity
C�B can reach higher 
density via gravitational 
effect or some beyond 
standard model mechanisms 
--> overdensity

Figure: Irvine and Humphreys 1983

KATRIN placed an upper limit 
on neutrino overdensity Aker 
et al. 2022: 1011
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Is it possible for C� B to be boosted 
to higher energies?
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Is it possible for C� B to be boosted 
to higher energies?

YES!
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Is it possible for C� B to be boosted 
to higher energies?

Cosmic rays scattering off relic neutrinos → boost!

YES!
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Figure: C´ıscar Monsalvatje, Herrera, and Shoemaker 2024
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Boosted flux by the 
Milky Way and TXS 
0506+056

Figure: C´ıscar Monsalvatje, Herrera, and Shoemaker 2024
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Boosted flux by the 
Milky Way and TXS 
0506+056

Figure: C´ıscar Monsalvatje, Herrera, and Shoemaker 2024

Overdensity limits

Milky Way → ∼ 1013

TXS 0506+056 → ∼ 1010
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Boosted flux by the 
Milky Way and TXS 
0506+056

Figure: C´ıscar Monsalvatje, Herrera, and Shoemaker 2024

Overdensity limits

Milky Way → ∼ 1013

TXS 0506+056 → ∼ 1010

What if we consider ALL galaxies 
up to higher redshift?

Xiaolin Qi, Virginia Tech                                                            PHENO 2026                                                                                5



Previous Work

why did we want 
to do this?

Outline
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Previous Work Theory

why did we want 
to do this?

how did we do 
this?

Outline
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Figure: Herrera, Horiuchi, Qi, and Shoemaker 2026A schematic plot

� + � →  �  + �
NC Elastic scattering:

NC Deep inelastic regime:
� + � → � + �

CC quasi-elastic scattering:

etc.
� + �� → �+ + �
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We need some
Simplifications

To make the calculation simpler, we:
● assumed Cosmic Rays are made of protons
● considered NC elastic regime below �  =  2 

GeV, and NC deep inelastic regime above the 
threshold. 
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Double integral
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Double integral

Redshift evolution 
of Cosmic Ray flux
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Double integral

Redshift evolution of 
Cosmic Ray flux

�� � =
�� � 

�� ���� 
�� �  is the distribution of:

l SFR
l GRB
l QSO

Figure: 
Kotera, 
Allard, 
and 
Olinto 
2010
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Previous Work Theory

why did we want 
to do this?

how did we do 
this?

Outline
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Previous Work Theory Results

why did we want 
to do this?

how did we do 
this?

what did we get?

Outline
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Figure: 
Herrera, 
Horiuchi, 
Qi, and 
Shoemaker 
2026

�� = 0.1 ��
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�� = 0.1 ��

Figure: 
Herrera, 
Horiuchi, 
Qi, and 
Shoemaker 
2026
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huge 
enhancement



�� = 0.1 ��

Figure: 
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Horiuchi, 
Qi, and 
Shoemaker 
2026
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Figure: 
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Horiuchi, 
Qi, and 
Shoemaker 
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limit from 
DIS: ~ 10 



�� = 0.1 ��

Figure: 
Herrera, 
Horiuchi, 
Qi, and 
Shoemaker 
2026

huge 
enhancement

CC: marginal 
effect 

overdensity 
limit from 
DIS: ~ 10 

overdensity 
limit from 
ES: ~ 100 
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Figure: 
Herrera, 
Horiuchi, 
Qi, and 
Shoemaker 
2026
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Previous Work Theory Results

why did we want 
to do this?

how did we do 
this?

what did we get?

Outline
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Previous Work Theory Results
Conclusion

and
Outlook

why did we want 
to do this?

how did we do 
this?

what did we get?
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Takeaways
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Takeaways
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Relic neutrinos can reach 0(1010) GeV by boosting.
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Relic neutrinos can reach 0(1010) GeV by boosting.

IceCube Gen2 can set a strong overdensity upper 
limit to be ~ O(1)-O(1000).



Takeaways

C�B is within reach by combining 10 future, IceCube 
Gen2-like neutrino detectors!
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Relic neutrinos can reach 0(1010) GeV by boosting.

IceCube Gen2 can set a strong overdensity upper 
limit to be ~ O(1)-O(1000).



Outlook

Xiaolin Qi, Virginia Tech                                                            PHENO 2026                                                                                12



Outlook
l Heavy nuclei?
l Compare with 
Cosmogenic 
neutrinos?

l Simulation?
l Much more to 
explore!
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Outlook
l Heavy nuclei?
l Compare with 
Cosmogenic 
neutrinos?

l Simulation?
l Much more to 
explore!
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Work in progress...

Project members: Gonzalo Herrera, 
Shunsaku Horiuchi, Daniel Naredo, 
Xiaolin Qi, Ian Shoemaker. 
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Figure: https://www.phys.vt.edu/Undergraduate/a-day-in-the-life-of-physics-major-registratioin.html



Any Questions?

Figure: https://www.phys.vt.edu/Undergraduate/a-day-in-the-life-of-physics-major-registratioin.html
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Figure: Herrera, Horiuchi, and Qi 2024A schematic plot

� + � →  �  + �
Elastic scattering:

Deep inelastic regime:
� + � → � + �



Double integral

Maximal energy transferred to a 
neutrino in one scattering

Cosmological terms Differential cross section

Cosmic ray spectrumNeutrino density at redshift z

Neutrino energy at redshift z

Redshift evolution 
of Cosmic Ray flux



Cross section
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More 
results

Figure: 
Herrera, 
Horiuchi, 
and Qi 
2025
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Cosmic Ray Spectrum
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IceCube Gen2

Figure: https://icecube-gen2.wisc.edu/about/icecube-gen2/

l next-generation South Pole 
neutrino observatory

l ”A core detector will be 
the IceCube-Gen2 optical 
array, with a size eight 
times larger than the 
current IceCube and 
optimized to detect 
neutrinos with energies 
ranging from hundreds of 
TeV to tens or even a few 
hundreds of PeV.”


