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An Italian-American being forced to watch pineapple 
added to pizza for the first time (1914 Brooklyn, USA)

My talk is not that bad...

outline
1. High-energy, long propagation 
experiments 
2. High-intensity, high-precision 
experiments 
3. Challenges
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Discover New Physics with Neutrinos?
How to Where is new physics???
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Discover New Physics with Neutrinos?
How to Where is new physics???

High Energy High Intensity

Long propagation
High Precision



Paradigm shift from neutrino physics  
We continue our investigations of neutrinos...
 - Measure neutrino parameters and interactions with higher accuracy
 - Study persistent anomalies
 - Search rare processes (0nbb, proton decay, etc)

What else can we do? Where is new physics?
 - 3-massive active neutrino model  (nSM) paradigm is very successful 
 à New physics effect is small in current experiments

We explore all possible scenarios to look for new physics!
 - High energy
 - Low energy à high precision measurement
 - Long propagation à accumulate new physics effect
 - Short propagation à high intensity to find rare process 
Every neutrino experiments can be described by L and E 4
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L-E plot
Argüelles, Hostert, TK, in preparation



E (GeV)

3−10 2−10 1−10 1 10 210 310 410 510

L 
(m

)

210

310

410

510

610

710

810

high-energy astrophysical neutrino
Neutrino telescopes

solar neutrino
Super-Kamiokande/SNO/Borexino

atmospheric neutrino

Super-Kamiokamnde
KM3NeT-ORCA
IceCube-Upgrade

Baikal-GVD
KM3NeT
IceCube

KamLAND

RENO
Daya Bay

experiments
reactor
short-baseline

detectors
COHERENT

ND280 complex

FASERnu/SND/FPF

NuTeV/CCFR

MiniBooNE/MicroBooNE
SBND

ICARUS MINERvA

NOMAD/CHORUS

SHiP SND

SHiP HSDS

nuSTORM

NOvA
MINOS

OPERA

T2K/Hyper-Kamiokande
K2K

DUNE

ESSnuSB

P2O

JUNO

IsoDAR
LSND

CCM/KARMEN

2JSNS

6

L-E plot

Future high-precision beams 
may change this landscape
 - IsoDAR
 - NuSTORM
 - ENUBET
 - Tagged beam, etc 

Talk by Giulia Brunetti (Friday)
IsoDAR, PRD105(2022)052009
NuSTORM, ArXiv:2203.07545
Longhin, Ludovici, Terranova, EPJC75(2015)155
Mathieu Perrin-Terrin, EPJC82(2022)465

Argüelles, Hostert, TK, in preparation

reactor    pDAR                     DIF beam            collider

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.052009
https://arxiv.org/abs/2203.07545
https://link.springer.com/article/10.1140/epjc/s10052-015-3378-9
https://link.springer.com/article/10.1140/epjc/s10052-022-10397-8
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L-E plot 𝑃 𝐿, 𝐸 = 𝑠𝑖𝑛!2𝜃𝑠𝑖𝑛!
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Argüelles, Hostert, TK, in preparation

reactor    pDAR                     DIF beam            collider
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L-E plot
Argüelles, Hostert, TK, in preparation

High energy, high precision 
experiments 
 - Collider neutrino experiments

High energy, long 
propagation experiments 
 - Neutrino telescopes

High intensity, high 
precision experiments 
 - Short-baseline 
experiments

Low energy, long 
propagation experiments 
 - Underground low-
background detectors

reactor    pDAR                     DIF beam            collider

Talk by Albert De Roeck (Friday)
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L-E plot
Argüelles, Hostert, TK, in preparation

High energy, high precision 
experiments 
 - Collider neutrino experiments

High energy, long 
propagation experiments 
 - Neutrino telescopes

High intensity, high 
precision experiments 
 - Short-baseline 
experiments

Low energy, long 
propagation experiments 
 - Underground low-
background detectors

reactor    pDAR                     DIF beam            collider

Talk by Albert De Roeck (Friday)
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L-E plot
Argüelles, Hostert, TK, in preparation High energy, long 

propagation experiments 
 - Neutrino telescopes

Low energy, long 
propagation experiments 
 - Underground low-
background detectors

???

Snowmass, JHEA36(2022)55

https://www.sciencedirect.com/science/article/pii/S2214404822000416?via%3Dihub
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L-E plot
Argüelles, Hostert, TK, in preparation High energy, long 

propagation experiments 
 - Neutrino telescopes

Low energy, long 
propagation experiments 
 - Underground low-
background detectors

???

Snowmass, JHEA36(2022)55

radio

TAMBO (Cherenkov tank array)

POEMMA (Space camera)

Trinity (Air-shower telescope)

https://www.sciencedirect.com/science/article/pii/S2214404822000416?via%3Dihub
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Atmospheric neutrinos
 - Long baseline accumulates new physics effect 
 - High energy enhances new physics effect

𝑃~𝑒𝑥𝑝 −Γ ( 𝐿 , Γ~Γ!
𝐸
𝐸!

"

	

Snowmass21, EPJC83(2023)15, IceCube, Nature Physics 20 (2024) 913, JUNO, JHEP06(2022)062

Quantum 
decoherence

- Atmospheric neutrinos have higher 
sensitivity to most of new physics 
searches than accelerator-based long-
baseline experiments 

Atmospheric neutrino energy spectrum

En
true (GeV)

Neutrino 
detector

Atmospheric 
neutrinos ???

New physics

https://link.springer.com/article/10.1140/epjc/s10052-022-11049-7
https://www.nature.com/articles/s41567-024-02436-w
https://link.springer.com/article/10.1007/JHEP06(2022)062
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Snowmass21, EPJC83(2023)15, Snowmass, JHEA36(2022)55, COST Action CA18108 PPNP125(2022)103948
 

High-energy astrophysical neutrinos
 - Long baseline accumulates new physics effect 
 - High energy enhances new physics effect

𝐻~
𝑚#

2𝐸
+ 𝑉 𝑛𝑒𝑤	𝑝ℎ𝑦𝑠𝑖𝑐𝑠 , 𝑃~𝑉 𝑛𝑒𝑤	𝑝ℎ𝑦𝑠𝑖𝑐𝑠 ( 𝐿	

 - Energy spectrum, arrival time, flavor are affected 
by production, propagation, detection of neutrinos

Neutrino 
detector

High-energy 
Astrophysical 
objects ???

New physics

Quantum 
decoherence

Long range force

Lorentz violation

Neutrino – dark 
matter interactionNeutrino – dark 

energy interaction

IceCube, Nature Physics(2022), (2024), Klop,Ando, PRD97(2018)063006,Argüelles,Kheirandish,Vincent, PRL119(2017)201801, Bustamante,Agarwalla, PRL122(2019)061103, Amelino-Camelia, ,Di Luca, Gubitosi, Rosati, D’Amico, Nature Astronomy (2023)

etc

https://link.springer.com/article/10.1140/epjc/s10052-022-11049-7
https://www.sciencedirect.com/science/article/pii/S2214404822000416?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0146641022000096
https://www.nature.com/articles/s41567-022-01762-1
https://www.nature.com/articles/s41567-024-02436-w
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.063006
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.201801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.061103
https://www.nature.com/articles/s41550-023-01993-z
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COST Action CA18108 PPNP125(2022)103948

Violation of Lorentz invariance
 - Theoretically motivated (long list of models)
 - Neutrino interacting with new fields in vacuum
 - Matter potential in vacuum, but very small
 - Energy spectrum, arrival time, flavor are affected
 - Astrophysical neutrino flavor physics 

Neutrino 
detector

High-energy 
Astrophysical 
objects ???

Flavor mixing

https://www.sciencedirect.com/science/article/pii/S0146641022000096


muon neutrino

electron 
neutrino

tau 
neutrino

High-energy, long propagating neutrinos  
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=(0:1:0)
=(1:2:0)
=(1:0:0)
=(x:1-x:0) 

IceCube, Nature Phys. 18, 1287 (2022)

Neutrino 
detector

High-energy 
Astrophysical 
objects ???

Flavor mixing

Astrophysical neutrino flavor physics
 - Flavor triangle
 - Spectrum integrated flavor ratio 𝜈$: 𝜈%: 𝜈&
 - Standard production models include 𝜈$ and 𝜈%

https://www.nature.com/articles/s41567-022-01762-1


All possible 
flavor 

ratios at 
Earth

High-energy, long propagating neutrinos  
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muon neutrino

electron 
neutrino

tau 
neutrino

=(0:1:0)
=(1:2:0)
=(1:0:0)
=(x:1-x:0) 

IceCube, Nature Phys. 18, 1287 (2022)

Neutrino 
detector

High-energy 
Astrophysical 
objects ???

Flavor mixing

Astrophysical neutrino flavor physics
 - Flavor triangle
 - Spectrum integrated flavor ratio 𝜈$: 𝜈%: 𝜈&
 - Standard production models include 𝜈$ and 𝜈%
 - Flavor ratio observables on Earth is different
 - Deviation from this “island” is new physics signal 

https://www.nature.com/articles/s41567-022-01762-1


Neutrino 
detector

High-energy 
Astrophysical 
objects ???

Flavor mixing

High-energy, long propagating neutrinos  
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IceCube, Nature Phys. 18, 1287 (2022), IceCube, PRD104,(2021)022002, EPJC82(2022)1031

muon neutrino

electron 
neutrino

tau 
neutrino

IceCube 
data 

contours

All possible 
flavor 

ratios at 
Earth

Astrophysical neutrino flavor physics
 - Flavor triangle
 - Spectrum integrated flavor ratio 𝜈$: 𝜈%: 𝜈&
 - Standard production models include 𝜈$ and 𝜈%
 - Flavor ratio observables on Earth is different
 - Deviation from this “island” is new physics signal

Data contour covers most of flavor triangle
 - New physics cannot be discovered from current data
 - Limits are set on vacuum operators 

https://www.nature.com/articles/s41567-022-01762-1
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.022002
https://link.springer.com/article/10.1140/epjc/s10052-022-10795-y
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Lorentz violation searches in SME framework
 - Lower dimension operators à searches by tabletop experiments
 - Higher dimension operators à searches by astrophysical observations 

𝐻~
𝑚!

2𝐸
+ 𝑎(#) − 𝐸 5 𝑐 % + 𝐸! 5 𝑎 & − 𝐸# 5 𝑐(')⋯	

[1] IceCube, Nature Phys. 18, 1287 (2022) [2] WMAP, AstrophysJ.180, 330 (2009) [3] Allmendinger et al., PRL112, 110801 (2014) [4] Heckel et al., PRL97, 021603(2006) [5] Muon g-2, PRL100, 091602 (2008) [6] Kostelecký, Mewes,PRL110, 201601 (2013) [7] 
Kostelecký, Melissinos, Mewes, PLB 761, 1 (2016) [8] Nagel et al.,Nature Comm. 6, 8174(2015) [9] Smiciklas et al., PRL107, 171604 (2011) [10] Pruttivarasin et al., Nature 517, 592 [11] Maccione et al., JCAP 0904, 022 [12] Kostelecký, Tasson, PLB 749, 551

Argüelles, Hostert, TK, in preparation

Lorentz violation

https://www.nature.com/articles/s41567-022-01762-1
https://iopscience.iop.org/article/10.1088/0067-0049/180/2/330
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.110801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.97.021603
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.091602
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.201601
https://www.sciencedirect.com/science/article/pii/S037026931630421X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S037026931630421X?via%3Dihub
https://www.nature.com/articles/ncomms9174
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.171604
https://www.nature.com/articles/nature14091
https://iopscience.iop.org/article/10.1088/1475-7516/2009/04/022
https://www.sciencedirect.com/science/article/pii/S0370269315006619?via%3Dihub
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Physics MMA 

Weak interaction + small 
mass + mixing =  
macroscopic quantum 
system you cannot disturb

torsion 
pendulum

optical 
resonator

comagnetomator

vacuum 
birefringence

UHECRs

Lorentz violation searches in SME framework
 - Lower dimension operators à searches by tabletop experiments
 - Higher dimension operators à searches by astrophysical observations 

𝐻~
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[1] IceCube, Nature Phys. 18, 1287 (2022) [2] WMAP, AstrophysJ.180, 330 (2009) [3] Allmendinger et al., PRL112, 110801 (2014) [4] Heckel et al., PRL97, 021603(2006) [5] Muon g-2, PRL100, 091602 (2008) [6] Kostelecký, Mewes,PRL110, 201601 (2013) [7] 
Kostelecký, Melissinos, Mewes, PLB 761, 1 (2016) [8] Nagel et al.,Nature Comm. 6, 8174(2015) [9] Smiciklas et al., PRL107, 171604 (2011) [10] Pruttivarasin et al., Nature 517, 592 [11] Maccione et al., JCAP 0904, 022 [12] Kostelecký, Tasson, PLB 749, 551

Lorentz violation

Argüelles, Hostert, TK, in preparation

mystery of neutrinos!

Boris Kayser
(1938-2024)

https://www.nature.com/articles/s41567-022-01762-1
https://iopscience.iop.org/article/10.1088/0067-0049/180/2/330
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.110801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.97.021603
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.091602
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.201601
https://www.sciencedirect.com/science/article/pii/S037026931630421X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S037026931630421X?via%3Dihub
https://www.nature.com/articles/ncomms9174
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.171604
https://www.nature.com/articles/nature14091
https://iopscience.iop.org/article/10.1088/1475-7516/2009/04/022
https://www.sciencedirect.com/science/article/pii/S0370269315006619?via%3Dihub
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High energy astrophysical neutrinos have amazing new 
physics sensitivity, and it will increase more

Multi-messenger astronomy
 - High-energy astrophysical neutrino model errors will be 
reduced (spectrum, flavor, direction, time)

New neutrino telescopes
 - Higher statistics to reach higher energy events

Neutrino physics
 - Oscillation parameter errors will be reduced

Strong synergy between particle physics and astrophysics!

Talk by Kaeli Hughes (Wednesday)
Naoko Kurahashi (Wednesday)

Talk by Mariam Tórtola (Monday)

Song, Li, Argüelles, Bustamante, Vincent, JCAP04(2021)054

Talk by Maurizio Spurio (Tuesday)
Anna Franckowiak (Friday)

https://iopscience.iop.org/article/10.1088/1475-7516/2021/04/054
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L-E plot

reactor    pDAR                  DIF beam

Argüelles, Hostert, TK, in preparation

High energy, high precision 
experiments 
 - Collider neutrino experiments

High energy, long 
propagation experiments 
 - Neutrino telescopes

High intensity, high 
precision experiments 
 - Short-baseline 
experiments

Low energy, long 
propagation experiments 
 - Underground low-
background detectors
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New particle searches
 - Heavy neutral leptons
 - Long lived particles
 - Higgs Portal Scalar
 - Dark trident, etc

MicroBooNE, PRD106(2022)092006, PRL132(2024)041801, ArXiv:2312.13945, de Gouvêa, Fox, Harnik, Kelly, Zhang, JHEP01(2019)001,
T2K, PRD100(2019)052006, Snowmass2021 J.Phys.G50(2023)020501,Batell, Berger, Ismail, PRD100(2019)115039

𝐾! 𝐻𝑁𝐿

𝜇!𝑈"#
$

𝐻𝑁𝐿

𝜇∓𝜋±
𝑈"#

$ 𝜈𝑒!𝑒'

𝜈𝜋(
production      detection 

𝐻𝑁𝐿 → 𝜈𝑒(𝑒), 𝜈𝜋*	

Talk by David Caratelli (Monday)

MicroBooNE new particle search 

𝐻𝑁𝐿 → 𝜇∓𝜋±

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.092006
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.041801
https://inspirehep.net/literature/2739832
https://link.springer.com/article/10.1007/JHEP01(2019)001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052006
https://iopscience.iop.org/article/10.1088/1361-6471/ac98f9
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.115039
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Magill, Plestid, Pospelov,Tsai, PRL122(2019)071801, ArgoNeuT, PRL124(2020)131801
Waites et al., PRD107(2023) 095010, Hostert, McKeen, Pospelov, Raj, PRD107(2023)075034

Millicharged particle searches

New particle searches
 - Heavy neutral leptons
 - Long lived particles
 - Higgs Portal Scalar
 - Dark trident
 - Millicharged particles
 - Dark neutron, etc

𝑑𝜎
𝑑𝐸

~
2𝜋𝛼𝜀#

𝑚$𝐸0#

n’
n

IsoDAR “neutron-shinning-
through-a-wall” measurement

ArgoNeuT millicharged 
particle candidate event

mCP

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.071801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.131801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.095010
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.075034
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CCM, PRL129(2022)021801, PRD106(2022)012001:107(2023)095036:109(2024)095017,
COHERENT, PRL130(2023)051803, PRD106(2022)052004:109(2024)092005

CCM dark matter searches 

New particle searches
 - Heavy neutral leptons
 - Long lived particles
 - Higgs Portal Scalar
 - Dark trident
 - Millicharged particles
 - Dark neutron
 - All kinds of dark matter particles
   - scalar, pseudoscalar
   - vector, axion-like particle
   - Dirac, Majorana, pseudo-Dirac 
   - Leptophobic, etc

   ... New particle Zoo!

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.021801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.012001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.095036
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.095017
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.051803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.092005
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Pandey, PPNP134(2023)104078, Van Dessel, Pandey, Ray, Jachowicz, Universe9(2023)207
COHERENT, PRL126(2021)012002: 129(2022)081801, PRD109(2024)092005

Form factor model differencesCOHERENT future NSI model sensitivity

Talk by Alexey Lokhov (Wednesday)

Talk by Irina Nasteva (Friday)
Matt Green (Friday)

High-precision spectrum measurements
 - Beta and double-beta decays
 - Neutrino-electron scattering
 - Coherent elastic neutrino - nucleus scattering (CEvNS)
   - Next generation CEvNS new physics searchers may be 
affected with nuclear models

https://www.sciencedirect.com/science/article/abs/pii/S0146641023000595?via%3Dihub
https://www.mdpi.com/2218-1997/9/5/207
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.012002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.092005
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Anomalies are (mostly) explained by Strong interaction

QCD

Hadron 
physics

Nuclear 
physics
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Anomalies in particle physics are Strong interaction
QCD

Hadron 
physics

Nuclear 
physics

CLAS, Nature566(2019)354, Lovato, Carlson, Gandolfi, Rocco, Schiavilla,PRX10(2020)031068, Gysbers, Hagen, Holt et al, Nature Phys. 15(2019)428
Meyer, Walker-Loud, Wilkinson, Annu.Rev.Nucl.Part.Sci.72(2022)205, PNDNE, PRD109(2024)014503, PACS, PRD109(2024)094505

EMC effect
Axial FF anomaly gA quenching

2p2h effect

Many anomalies have explanations using Strong interaction
(QCD, nuclear physics, hadron physics)

Talk by Javier Menendez (Monday)Talk by Luis Alvarez-Ruso (Thursday)

https://www.nature.com/articles/s41586-019-0925-9
https://journals.aps.org/prx/abstract/10.1103/PhysRevX.10.031068
https://www.nature.com/articles/s41567-019-0450-7
https://www.annualreviews.org/content/journals/10.1146/annurev-nucl-010622-120608
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.014503
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.094505
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Anomalies in particle physics are Strong interaction
QCD

Hadron 
physics

Nuclear 
physics

Neutrino induced 2-pion production

Nakamura Kamano, Hayato, Hirai, Horiuchi, Kumano, Murata, Saito, Sakuda, Sato Rep.Prog.Phys.80(2017)056301
https://tendl.web.psi.ch/tendl_2015/tendl2015.html

2D
neutrino

µ-
p+
p+

neutrons

16O
15O

neutron neutrons

Next generation detectors use hadron final states to exploit 
neutrino information to look for new physics

Neutron total inelastic cross section on oxygen

https://iopscience.iop.org/article/10.1088/1361-6633/aa5e6c
https://tendl.web.psi.ch/tendl_2015/tendl2015.html


High-intensity, high-precision experiments - Summary

29

Nuclear physics in particle physics
 - Current neutrino experiments use state-of-the-art nuclear theories and models
 oscillation physics, CEvNS, 0nbb...  
 - Neutrino physics is a major topic in nuclear physics communities
 JLab, INT, ECT*, NUSTEC...
 - Good communication to remove misunderstanding 
 language, tools, approximations...

Particle physics will be better with the help from nuclear physicists and others!

Talk by Julia Tena Vidal (Friday)

https://www.jlab.org/
https://www.int.washington.edu/
https://www.ectstar.eu/
https://nustec.fnal.gov/
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Theorists and experimentalists
 - Theory-Experiment joint workshop
 Magnificent CEvNS, Short-baseline...
 Correct understanding of data and theory
 - Open data, open software for efficient work
 nuSQUID, Prometheus, DarkNews, SIREN...  

Theorists and experimentalists can work together to make particle physics better!

Open data
(experimentalists)

Open software
(Theorists)

https://indico.cern.ch/event/1342813/
https://indico.nevis.columbia.edu/event/6/
https://github.com/arguelles/nuSQuIDS
https://github.com/Harvard-Neutrino/prometheus
https://github.com/mhostert/DarkNews-generator
https://github.com/Harvard-Neutrino/SIREN
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Thank you for listening!

Conclusion: We must discover new physics with neutrinos!

Effective communication is the key for the new physics discovery

Cross-disciplinary effort is important 
 - Particle physics, astrophysics, nuclear physics, and more

Healthy Theory-Experiment relationship is important
 - Open data, open software
 - Joint Theory-Experiment workshop

Enjoy the conference!
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Low-energy, long propagation neutrinos  
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Snowmass21, EPJC83(2023)15, Abdullahi, Denton, PRD102(2020)023018

Neutrino decay limits and a hint

Supernova neutrinos 
 - Long baseline accumulates new physics effect

𝑃~𝑒𝑥𝑝 −Γ ( 𝐿 , Γ~
𝑔#𝑚#

𝐸
 - Core collapse supernova neutrinos and DSNB 
will be the great test to look for neutrino decays 
and other neutrino properties	

Neutrino 
detector

Supernova 
neutrinos

???
Neutrino decay

https://link.springer.com/article/10.1140/epjc/s10052-022-11049-7
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.023018


High-energy, high-precision experiments  
Collider neutrinos
 - High energy beam dump experiments
 - Forward production 
 - Searches of neutrinophillic mediators and particles 
 - Weak EFT framework
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FASERnu, J. Phys. G, 50(2023)030501, ArXiv:2403.12520, Fieg,Kling,Schulz,Sjöstrand, PRD109(2024)016010
Falkowski,González-Alonso,Kopp,Soreq,Tabrizi, JHEP10(2021)086 Talk by Albert De Roeck (Friday)

FPF

https://arxiv.org/abs/2403.12520
https://iopscience.iop.org/article/10.1088/1475-7516/2022/12/012
https://arxiv.org/abs/2403.12520
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.016010
https://link.springer.com/article/10.1007/JHEP10(2021)086
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Snowmass21, EPJC83(2023)15, Snowmass, JHEA36(2022)55, COST Action CA18108 PPNP125(2022)103948
IceCube, Nature Phys. 18, 1287 (2022), Stecker,Scully,Liberati,Mattingly,PRD91(2015)045009, Amelino-Camelia, ,Di Luca, Gubitosi, Rosati, D’Amico, Nature Astronomy (2023)

Neutrino 
detector

Violation of Lorentz invariance
 - Neutrino interacting with vector fields in vacuum
 - Matter potential in vacuum, but very small
𝑁𝑒𝑤	𝑝ℎ𝑦𝑠𝑖𝑐𝑠 < 𝑀123"45

67 𝐺𝑒𝑉67 , 𝑀123"45
6# 𝐺𝑒𝑉6# ⋯	

 - Energy spectrum, arrival time, flavor are affected 

???
Flavour mixing

Lorentz 
violation

neutrino 
Spectrum 
distortion

𝑍)

𝑒'
𝑒!

High-energy 
Astrophysical 
objects

neutrino 

Time delay 
photon 

GRB

Motivation
 - String theory
 - Loop quantum gravity
 - Horava-Lifshitz gravity
 - Lee-Wick theory
 - Non-commutative field theory
 - Supersymmetry
etc

https://link.springer.com/article/10.1140/epjc/s10052-022-11049-7
https://www.sciencedirect.com/science/article/pii/S2214404822000416?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0146641022000096
https://www.nature.com/articles/s41567-022-01762-1
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.045009
https://www.nature.com/articles/s41550-023-01993-z


Test of Lorentz violation with neutrinos

PRD82(2010)112003

IceCube 

PLB718(2013)1303

MiniBooNE 

PRD79(2009)102005

AMANDA

PRL101(2008)151601

MINOS ND

PRD72(2005)076004

LSND     

PRD95(2017)111101

T2K ND 

PRD91(2015)052003
Super-Kamiokande

PRD86(2013)112009

Double Chooz

PRL105(2010)151601

MINOS FD

IceCube 
Nature Physics 
14(2018)961

Sidereal variation
Daya Bay 

PRD98(2018)092013

SNO

PRD98(2018)112013

Spectral distortion 

Seasonal variationFlavor ratio
IceCube 

Nature Physics 18(2022)1287 
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2018 flavour ratio measurement
 - Likelihood is very shallow and fit often 
confuses between ne and nt 
 - Flavour ratio result has some power to 
distinguish ne and nt

IceCube, PRL114(2015)171102, Astro.J.809:98(2015), PRD99(2019)032004, PRD104(2021)022001

IceCube
1st flavour ratio result

(0.0:0.2:0.8)

IceCube
3rd flavour ratio result

(0.0:0.2:0.8)

IceCube
2nd flavour ratio result

(0.5:0.5:0.0)
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IceCube flavor ratio measurements

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.171102
https://iopscience.iop.org/article/10.1088/0004-637X/809/1/98
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.032004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.022001
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Energy dependence of flavor ratio
IceCube-Gen2, J.Phys.G48(2021)060501

Muon neutrino increases at higher 
energy
 
Future higher-statistics flavor 
measurement  

https://iopscience.iop.org/article/10.1088/1361-6471/abbd48
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Rasmussen, Lechner, Ackermann, Kowalski, Winter, PRD96(2017)083018

New physics models have different flavor ratios
 
Effective operator
 - It includes Lorentz violation 
 - Assuming all possible standard production 
models, (ne:nµ:nt) = (x:1-x:0), it covers 2/3 of the 
phase space.

New physics flavor ratio predictions

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.083018
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𝐾! 𝐻𝑁𝐿

𝜇!𝑈"#
$

𝐻𝑁𝐿

𝜇∓𝜋±
𝑈"#

$ 𝜈𝑒!𝑒'

𝜈𝜋(
production      detection 

𝐻𝑁𝐿 → 𝜇∓𝜋±𝐻𝑁𝐿 → 𝜈𝑒!𝑒', 𝜈𝜋(	

MicroBooNE, PRD106(2022)092006, PRL132(2024)041801, ArXiv:2312.13945, de Gouvêa, Fox, Harnik, Kelly, Zhang, JHEP01(2019)001,
T2K, PRD100(2019)052006, Snowmass2021 J.Phys.G50(2023)020501,Batell, Berger, Ismail, PRD100(2019)115039

Heavy neutral leptons (HNLs)
 - Produced at the NuMI beam dumps
 - Delayed from neutrino spill
 - Weaker limit for Dirac (HNL → 𝜇6𝜋; only)
 - 𝑚< +𝑚% < 𝑚=>? < 𝑚@ −𝑚%

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.092006
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.041801
https://inspirehep.net/literature/2739832
https://link.springer.com/article/10.1007/JHEP01(2019)001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.052006
https://iopscience.iop.org/article/10.1088/1361-6471/ac98f9
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.115039
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𝐾!
𝑆

𝜃$
production 

detection 
𝑒', 𝜇'

𝑒!, 𝜇!

𝜋!

MicroBooNE, PRD106(2022)092006, PRL127(2021)151803, Bhanderi, PhD thesis (Manchester)
Batell, Berger, Ismail, PRD100(2019)115039

Higgs Portal Scalars (HPSs)
 - Production at the NuMI beam dump
 - Life time ∝ 1/𝜃#
 - 2𝑚% < 𝑚=1? < 2𝑚<!

𝐻𝑃𝑆 → 𝑒!𝑒', 𝜇!𝜇'

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.092006
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.151803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.115039
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Dark trident
 - Dark matter pairs produced at 
the NuMI beam dump
 - Dark matter particle scatter off  
a dark photon, then it decays 
(dark trident event)

MicroBooNE, ArXiv:2312.13945, de Gouvêa, Fox, Harnik, Kelly, Zhang, JHEP01(2019)001

https://inspirehep.net/literature/2739832
https://link.springer.com/article/10.1007/JHEP01(2019)001
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CCM, PRL129(2022)021801, PRD106(2022)012001:107(2023)095036:109(2024)095017

Leptophobic dark matter searchCCM (Coherent Captain Mills) Scalar dark matter search
Axion-like particle search

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.021801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.012001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.095036
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.095017
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IsoDAR axion-like particle sensibility 

Neutron-shinning-through-a-wall 
experiment

IsoDAR

Waites et al., PRD107(2023) 095010, Hostert, McKeen, Pospelov, Raj, PRD107(2023)075034

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.095010
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.075034
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Millicharged particles (mCP)
 - Theoretically motivated
 - Important in cosmic evolution

Magill, Plestid, Pospelov,Tsai, PRL122(2019)071801, ArgoNeuT, PRL124(2020)131801
Gan,Tsai, ArXiv:2308.07951, CONNIE and Atucha-II collaborations, arXiv:2405.16316

Millicharged particle searches by 
current and future experiments

CONNIE/Atucha-II mCP search

ArgoNeuT millicharged particle candidate event

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.071801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.131801
https://arxiv.org/abs/2308.07951
https://arxiv.org/abs/2405.16316
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“Nuclear and particle physics are not only 
the most self-referential subfields, but are 
also separated by significant citation 
barriers from most other subfields. This 
isolation brings significant impact 
penalties: papers in those areas burn out 
very fast and have much lower ultimate 
impact than other subdisciplines”

Nature Physics 11(2015)791

https://www.nature.com/articles/nphys3494

