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This talk: some aspects neutrino phenomenology  

• Neutrino masses and the Standard Model

• Neutrino experiments to search for rare phenomena.

• Towards novel neutrino beams in a future -collider campus.μ
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Dark matter

Incompleteness:

Descriptive rather than predictive:

Why is the Higgs mass so small?

Matter-antimatter asymmetry?

Absence of CP violation in strong force?

STANDARD MODEL

 Neutrino masses and mixing

Fermion mass pattern?

The SM is not wrong…

But more than “reasonable doubt”  
that it is not the end of the story.
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Did we miss something along the way?
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Intensity Frontier

Energy Frontier

Neutrino experiments
and high-intensity facilities 

High-Energy Colliders
(Large Hadron Collider)

The Standard Model 
backyard
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The Standard Model

Quanta Magazine: A New Map of the Standard Model of Particle Physics

 particles?∼ 17

https://www.quantamagazine.org/a-new-map-of-the-standard-model-of-particle-physics-20201022/
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Field ϕ(x)

Energy

Particle

Energy

Particles are the smallest excitations of “quantum field”

Particles and Fields

Each particle is associated with its own field
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eR

uL dL dRuR

Matter Content Dynamics
(Symmetries)

Strong Force 
SU(3)

Electroweak Force 
SU(2) × U(1)

The Higgs Boson 

(Spin-0)

g

γ

W+

W−

Z

H

νe eL

All Fermions  

(Spin-1/2)

The “two" forces and their mediators 
Bosons (Spin-1)

The Higgs

The Standard Model (actually)

νR

More like ~76 different fields… 
with a rich symmetry structure.
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Matter Content Dynamics
(Symmetries)

Strong Force 
SU(3)

Electroweak Force 
SU(2) × U(1)

The Higgs Boson 

(Spin-0)

g

γ

W+

W−

Z

H

νe eL

All Fermions  

(Spin-1/2)

The “two" forces and their mediators 
Bosons (Spin-1)

The Higgs

The Standard Model (actually) More like ~76 different fields… 
with a rich symmetry structure.

https://www.quantumdiaries.org/2011/08/23/the-spin-of-gauge-bosons-vector-particles/

Chirality or “handedness" 
 

Just another quantum number like charge or spin. 

For ultra-relativistic (or massless) particles,  
it coincides with helicity: 

 

 
This turns out to be an extremely important in 

the Standard Model.

h =
⃗s ⋅ ⃗p

| ⃗p |
= ± 1

2

Right-handed h = + 1/2

Left-handed h = − 1/2
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Weak Interactions are “Left-Handed”

C.S. Wu, “Madame” Wu

⃗B

− ⃗B

Detector

e−
L →

←→J = 4
J = 1/2

J = 1/2
ν̄R

60Ni*

60Co

→J = 5

⃗B

Co unpolarized60Co polarized60

60Co →60 Ni* + e− + ν̄e

(J = 5) ⟶ (J = 4 +
1
2

+
1
2 )
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eR

νR

νμ μL

ντ τL

How many neutrinos?

If they exist,  neutrinos  
would not interact with any known force.

νR

μR

τR

νe eL νR

“Sterile” or “right-handed" neutrinos.

?



M. Hostert

Cartoonish picture  fermion masses from the Higgs field

Electron-Higgs interactions give rise to the electron mass. 

“ ” and “ ” are two sides of the same coin:  
The Dirac fermion “ ”

eL eR
e

This is a “phib” (a physics fib): see this nice discussion by M. Strassler

eL(x)
eR(x)

h(x)
eL eL

eR
eR

eL

eL eR
me

⟨h⟩

https://profmattstrassler.com/articles-and-posts/particle-physics-basics/how-the-higgs-field-works-with-math/
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νL(x)

νL

The problem with neutrinos

Without , the Standard Model predicts massless neutrinos. 

As you know, this is not compatible with the fact that neutrinos oscillate!

νR

h(x)
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Dirac Mass Majorana Masses

The Ambiguity of Neutrino Masses

Neutrinos carry no charge, so Majorana masses are allowed.

The only fundamental fermion we know of that can do this. 
 

 is “sterile” — it need not carry any (conserved) quantum number.νR

νR × νL

mR

QW = 0 −QW = 0

× ×

QW −QW

−QW QW

QW QW = 0

νL νRmD

h(x)
×

QW
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νR
νR

νL νL

νLh(x)

νL(x)
νR(x)

Dirac Neutrinos

Without a Majorana masses,  is just part of light neutrinos 
 

(“  and  are two sides of the same coin”)

νR

νL νR
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The seesaw mechanism

ν̄R

νL

νR → ν̄L

νL

νL
ν̄R

νR

δtδE >
ℏ
2

⟹ δt ∼
1

mR

h(x) + v

Light Majorana neutrinos become lighter  
the heavier the heavy Majorana neutrino becomes.

mν ∼
m2

D

mR
mν

νL νR

⟨h⟩ ⟨h⟩
Effectively:

ν̄L → νR
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Neutrino portal

×
Nν

Heavy Neutrinos

θ
HIDDEN SECTOR

STANDARD 
MODEL

New particles carry no SM charge. 

New fundamental mass scales. 

Light and feebly-coupled particles.
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Near detector

p+
νμ

νμ → νe

Far Detector

Accelerator Neutrino Experiments

Standard Oscillations
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p+

Near detector

Strong Force Weak Force 
(“for free”) Weak Force

 currentp+ Mesons NeutrinosTarget Decay Scatter

Accelerator Neutrino Experiments  
Near detectors / short-baselines

π+ → μ+νμ
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p+

Near detector

Strong Force Weaker-than-Weak 
 Force

Mesons New ParticlesTarget Decay Scatter/Decay currentp+

Weaker-than-Weak 
 Force

Accelerator Neutrino Experiments  
Near detectors / short-baselines

π+ → μ+νμ
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N → νe+e−π+ → μ+N
p+

Near detector

N
ν

e+

e−

ν
π+

μ+

Nν θ2

× ×
θ2

Accelerator Neutrino Experiments  
Near detectors / short-baselines

Production Decay
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νμ

40Ar

e+

e−
ν

ν4

DUNE near detector complex
T2K near detector

MicroBooNE detector

p+
N → νe+e−π+ → μ+N

Accelerator Neutrino Experiments  
Near detectors / short-baselines
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Parameter Space of Hypothetical Heavy Neutrinos

 github.com/mhostert/Heavy-Neutrino-Limits

http://github.com/mhostert/Heavy-Neutrino-Limits
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Lower bound Seesaw Mechanism

mν ∼ m 2
D

mR
= θ 2mN
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Parameter Space of Hypothetical Heavy Neutrinos

 github.com/mhostert/Heavy-Neutrino-Limits

http://github.com/mhostert/Heavy-Neutrino-Limits


M. Hostert

mν ∼ m 2
D
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= θ 2mN
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Parameter Space of Hypothetical Heavy Neutrinos

 github.com/mhostert/Heavy-Neutrino-Limits

Energy Frontier 
ATLAS / CMS 

Intensity Frontier 
Neutrinos, mesons, etc

Lower bound Seesaw Mechanism

http://github.com/mhostert/Heavy-Neutrino-Limits
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Lower bound Seesaw Mechanism

mν ∼ m 2
D
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http://github.com/mhostert/Heavy-Neutrino-Limits
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Parameter Space of Hypothetical Heavy Neutrinos

10°4 10°3 10°2 10°1 100 101 102 103

m4/keV
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9
1011

12

Ø kink (others) 95% CL

Ø kink (KATRIN) 95% CL

Gallium 2æ

Solar 99% CL

Reactors 99.9% CL

eV-scale sterile-neutrino  
driven oscillations 

“3+1 model” Δm2
31

Δm2
21ν1

ν2

ν3

ν4

Δm2
41

But see also:

O. Benevides Rodrigues, MH, K. J. Kelly,  
B. Littlejohn, P. A. N. Machado, I. Safa, T. Zhou  

PRL 135, 081801

http://arxiv.org/abs/2503.13594
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Neutrino portal

Dark photons

Dark Higgs

×

DARK SECTOR
STANDARD 

MODEL

γ
×

×

γd

hdh

Photon portal

Higgs portal

Nν

Heavy Neutrinos

Axions and Axion-like-particles

Axions  (goldstone bosons)



Neutrino portal

Dark photons

Dark Higgs

×

DARK SECTOR
STANDARD 

MODEL

γ
×

×

γd

hdh

Photon portal

Higgs portal

Nν

Heavy Neutrinos
Just the “starter” options.  
“Bottom up” approach.

χ

dark matter?

Axions and Axion-like-particles Axions  (goldstone bosons)
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E. Bertuzzo, S. Jana, P. A. N. Machado, R. Z. Funchal, PRL 121, 241801 (2018)

P. Ballett, M. Ross-Lonergan, S. Pascoli, PRD 99, 071701 (2019)


C. Argüelles,  MH, Y. Tsai, PRL 123, 261801 (2019)

P. Ballett, MH, S. Pascoli, PRD 101, 115025 (2020) 

A. Abdullahi, MH, S. Pascoli, PLB 820 136531 (2021)

Carbon

νμ N
ν

A′￼

e+

e−

A′￼

MiniBooNE detector 

36

New light particles produced in neutrino interactions: 

• Heavy Neutrinos? 

• Dark Photons? 

• Dark Higgses?

MiniBooNE 
Cherenkov detector

MiniBoonE coll., PhysRevD.103.052002

Dark Neutrinos  
A multi-portal exploration of dark sectors

+N A′￼

+

Multi-portal approach 
Heavy neutrinos interacting through dark photons:

https://arxiv.org/abs/1807.09877
https://arxiv.org/abs/1808.02915
https://arxiv.org/abs/1812.08768
https://arxiv.org/abs/1903.07589
https://arxiv.org/abs/2007.11813
https://doi.org/10.1103/PhysRevD.103.052002
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First dedicated experimental search for neutrino-induced  pairs:


MicroBooNE excludes minimal dark neutrino explanations to the MiniBooNE anomaly

e+e−

νμ

40Ar

MicroBooNE LArTPC

e+

e−
ν

ν4

=
θ2

  MA′￼

Dark Neutrinos @ MicroBooNE 
First (modern) experimental limits on neutrino upscattering

MicroBooNE coll.  
+  

MOU with A. Abdullahi, MH, D. Massaro, 
S. Pascoli, J. Zink. 

arxiv.org/abs/2502.10900

Darkν DarkNews
github.com/mhostert/DarkNews-generator

http://arxiv.org/abs/2502.10900
https://github.com/mhostert/DarkNews-generator
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Another example: axion-like-particles  
(pseudo-Goldstone bosons from, e.g., flavor symmetries)

ℒint =
∂μaℓ

fa ∑
i,j

cℓiℓj [ℓ̄iγμγ5ℓj + ν̄ℓi
γμγ5νℓj]

Y. Ema, P. J. Fox, MH, T. Menzo, M. Pospelov, A. Ray, J. Zupan PRD acc, arXiv:2507.15271

Angular mode of some complex scalar. 

Derivatively-coupled  couples preferentially to 3rd family 

Messenger of new physics at energy scale 

→

fa

a
τ+

μ+

f −1
a

a

μ−

f −1
a

μ+

https://arxiv.org/abs/2507.15271
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µBooNE (NuMI)

ICARUS (NuMI)

Proto-DUNE

DUNE ND

FASER

FASER-2

SHiP

Axion-Like-Particle  
(pseudo-Goldstone bosons from lepton flavor symmetries)

Using the off-axis NuMI beam at MicroBooNE and ICARUS.

Erin Yandel

Y. Ema, P. J. Fox, MH, T. Menzo, M. Pospelov, A. Ray, J. Zupan PRD acc, arXiv:2507.15271

https://arxiv.org/abs/2507.15271
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Axion-Like-Particle  
(pseudo-Goldstone bosons from lepton flavor symmetries)

Erin Yandel

Y. Ema, P. J. Fox, MH, T. Menzo, M. Pospelov, A. Ray, J. Zupan PRD acc, arXiv:2507.15271

Search for Hidden Particles 
(SHiP) 

Ep = 400 GeV with  POT. 
 

Largest acceptance. 
 

“Commissioning and first data-taking 
planned for 2031-2033” 

 
SHiP Collaboration & HI-ECN3 Project Team  

(ESPPU 2026)

𝒪(1020)

“Pyramidal frustum”

https://arxiv.org/abs/2507.15271
https://arxiv.org/abs/2504.06692
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μ+
e+

a

a

e+

e−

Detector

Hg

μ+

μ+

π+

νμ

p+

e+

MH, S. Urrea, arXiv:2509.14085

Spallation sources: 

 and  decay at rest. 
 

Low-energy source, less boosted .  

NPOT ≲ NAvo

π+ μ+

a

Axion-Like-Particle  
(pseudo-Goldstone bosons from lepton flavor symmetries)

Just one example from

In collaboration with  
B. Littlejohn + PROS-II coll.

PROSPECT-II @ SNS

https://arxiv.org/abs/2509.14085
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Looking to  
the future IceCube

Adapted from P. Ochoa-Ricoux, NPN 2025

IceCube

νe

e+
<latexit sha1_base64="dIBecrqGtlEyGLS7H3O11RPvuwk=">AAAB6nicbVDLSsNAFL2pr1pfVZduBosgCCXR4mNXdOOyon1AG8tkOmmHTiZhZiKU0E9w40IRt36RO//GSRpErQcuHM65l3vv8SLOlLbtT6uwsLi0vFJcLa2tb2xulbd3WiqMJaFNEvJQdjysKGeCNjXTnHYiSXHgcdr2xlep336gUrFQ3OlJRN0ADwXzGcHaSLf0/qhfrthVOwOaJ05OKpCj0S9/9AYhiQMqNOFYqa5jR9pNsNSMcDot9WJFI0zGeEi7hgocUOUm2alTdGCUAfJDaUpolKk/JxIcKDUJPNMZYD1Sf71U/M/rxto/dxMmolhTQWaL/JgjHaL0bzRgkhLNJ4ZgIpm5FZERlphok04pC+Eixen3y/OkdVx1Tqq1m1qlfpnHUYQ92IdDcOAM6nANDWgCgSE8wjO8WNx6sl6tt1lrwcpnduEXrPcv/SyNvg==</latexit>

8Be<latexit sha1_base64="bUKZVZR5jzO/I1n+V+NFgm7q2Gs=">AAAB8nicbVBNS8NAEN34WetX1aOXYBE8lUSL1lupF48V7AeksWy2k3bp5oPdiVhCf4YXD4p49dd489+4TYOo9cHA470ZZuZ5seAKLevTWFpeWV1bL2wUN7e2d3ZLe/ttFSWSQYtFIpJdjyoQPIQWchTQjSXQwBPQ8cZXM79zD1LxKLzFSQxuQIch9zmjqCXnrtZDeMC0AdN+qWxVrAzmIrFzUiY5mv3SR28QsSSAEJmgSjm2FaObUomcCZgWe4mCmLIxHYKjaUgDUG6anTw1j7UyMP1I6grRzNSfEykNlJoEnu4MKI7UX28m/uc5Cfo1N+VhnCCEbL7IT4SJkTn73xxwCQzFRBPKJNe3mmxEJWWoUypmIVzOcP798iJpn1bss0r1plquN/I4CuSQHJETYpMLUifXpElahJGIPJJn8mKg8WS8Gm/z1iUjnzkgv2C8fwFiFZF2</latexit>

8B<latexit sha1_base64="jw8IRBFdVjB61vPjuAyH/USv520=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0m0aL2VevFYwX5gG8tmu2mXbjZhdyKW0H/hxYMiXv033vw3btIian0w8Hhvhpl5XiS4Btv+tHJLyyura/n1wsbm1vZOcXevpcNYUdakoQhVxyOaCS5ZEzgI1okUI4EnWNsbX6Z++54pzUN5A5OIuQEZSu5zSsBIt3fVHrAHSOrTfrFkl+0MeJE4c1JCczT6xY/eIKRxwCRQQbTuOnYEbkIUcCrYtNCLNYsIHZMh6xoqScC0m2QXT/GRUQbYD5UpCThTf04kJNB6EnimMyAw0n+9VPzP68bgV92EyygGJulskR8LDCFO38cDrhgFMTGEUMXNrZiOiCIUTEiFLISLFGffLy+S1knZOS1XriulWn0eRx4doEN0jBx0jmroCjVQE1Ek0SN6Ri+Wtp6sV+tt1pqz5jP76Bes9y+gI5EH</latexit>

XENONnT



Next-generation accelerator neutrinos can boast about: 

1) Beam intensity: Multi-MW beams (J-PARC, LBNF)  
 

2) Detector size: DUNE: 10’s of kt, HyperK: 100’s of kt. 
 

3) Detector granularity: LAr is a microscope on neutrino byproducts 
 

4) Detector threshold: dark matter detectors for ’s 
 

But we are still having to find work-around for flux systematics. 
 

Beams from a parent particle we understand and can manipulate: Muons!

ν

?
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Symmetry Magazine Science Magazine

The Muon Collider

https://www.symmetrymagazine.org/article/this-is-our-muon-shot
https://www.science.org/content/article/muon-collider-could-revolutionize-particle-physics-if-it-can-be-built
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R. Taylor, 2nd USMCC meeting 2025

Proton Target 
 

multi-MW and ns-pulsed 

Muon cooling to  
increase luminosity 

 
Ionization in this case.

Low-energy  
acceleration Muon Collider



Forward Facility?Collider Detectorμ
−

→
ν μ

ν̄ e
e−

Forward and Tangential? physics: leverage the neutrino byproducts of a MuC.

Tangential Facility?
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Detector components  
following IMCC studies 

Beam-induced neutrinos
Tangential fluxes

°200 °175 °150 °125 °100 °75 °50 °25 0

°10

°5

0

5

10

Drift section

Bending magnets Focusing magnets 

MuC  
Detector

L. Bojorquez-Lopez (Undergrad), MH, C. A. Argüelles, Z. Liu  

The Neutrino Slice at Muon Colliders

https://arxiv.org/pdf/2203.07964
https://arxiv.org/abs/2412.14115
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Detector components  
following IMCC studies 

Drift section

MuC  
Detector

Bending magnets 

Neutrino “Slice” 
(mostly from main ring)

Neutrino “Halo” 
(mostly from straight section)

Beam-induced neutrinos
Tangential fluxes

Focusing magnets 

L. Bojorquez-Lopez (Undergrad), MH, C. A. Argüelles, Z. Liu  

The Neutrino Slice at Muon Colliders

https://arxiv.org/pdf/2203.07964
https://arxiv.org/abs/2412.14115
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Muon Collider 
Building toy models of muon collider

More neutrinos than we have ever detected by >3 
orders of magnitude. 

About 0.5 events per bunch crossing for 10 TeV

Luc Bojorques-Lopez (Harvard)  
Inaugural US muon collider community meeting @ Fermilab



M. Hostert 51

BIN interactions
Neutrino-nucleus scattering measurement

102 103

E [GeV]

10°1

100

æ
/E

∫
[1

0°
3
8

cm
2
/G

eV
]

MuC ∫e/µ CC

MuC ∫e/µ CC

MuC ∫ + ∫ NC

MuC ∫µN ! µ°cX

MuC ∫µN ! µ+c̄X

MuC 10 TeV with ±Nevt/Nevt = 1.5%

Total ∫µCC or ∫µCC (free normalization):

BEBC
NuTeV

NOMAD
CTFR

CCFR
E616

CDHS
FNAL-E0053

FASER (2024)

FASER sens.

Charm ∫µCC (from æµµ/æCC):

NOMAD
CCFR

CHORUS

This is what a  uncertainty on TeV neutrino  
cross sections would look like: 

Clearly more works required to understand if feasible at 
the neutrino slice, but such precision can undoubtedly 

be achieved with a forward detector if needed.

1.5 %
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Deep Inelastic Scattering CC and NC 
Charm production 
Inverse muon(tau) decay 
Elastic scattering on electrons 
Resonant meson production 
Neutrino trident production

High Energy  Interactionsν

MuC BINs would offer a high-  probe of 
fundamental matter with Weak interactions. 

Access to many other rare exclusive processes.

Q2

Example of classes of exclusive processes
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MuC Neutrino Energies

High energy and extremely collimated neutrino beam: ⟨EFASER
ν ⟩ ≲ ⟨EMuC-10-TeV

ν ⟩ ≲ ⟨EFCC
ν ⟩

From arXiv:2409.02163

Beam energies are not necessarily new, but flavor composition, sample size, and precision are.
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Muon Acceleration Neutrinos?
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PA RLA1

RLA2

Joel Choi  
(U. Iowa)

MINT 
 

Muon Induced  
Neutrino Tool

Currently investigating the entire low-energy acceleration  
stage of the Muon Collider complex.
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RLA1

Spans a wide range of energies:

Physics from 100’s of MeV to the TeV scale  
in the same machine.

A. Bogacz, 2015

https://indico.fnal.gov/event/8903/contributions/110580/attachments/71967/86347/Acceleration_NF_MC.pdf
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In fundamental physics there are no guarantees:
 

A fast (idea  result) turnover is usually the exception in Particle Physics.  
 

Theory work can be fast, but building experiments/collecting data can take time. 
 

Our job is to explore different topics and energy scales, learn about new 
technologies, and advance large-scale projects in science,  

Having an active phenomenology community is a sign of a healthy 
stream of data and ideas. 

 
The need to cast wide nets makes this a diverse field and that’s exciting!

→
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Take Home

There is “reasonable doubt” that the SM is incomplete already at low energies. 

Many possibilities: the challenge is in covering them all. Need data! 
 

Particle physics entered a new era of studying rare phenomena  
and phenomenology will be crucial to help us navigate it. 

 
More neutrinos, but can also hope for “better” neutrinos. 

 
A good time to ask:“Cool, what else can we do with this?”


