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Origin of
 neutrino 
masses

Hierarchy
 problem

Baryon
 asymmetry

 of the Universe

Strong CP 
problem

Nature of 
dark matter

Flavor puzzle

Open problems in particle physics

   1 
Call for new physics



  

What if the new physics is heavy?
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 Neutrino 
Masses

Weinberg operator

Weinberg, S. 1979



  

What if the new physics is heavy?
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Production
Propagation
Detection

Operators affecting neutrinos 
oscillations



  

Origin of Dark Matter

Gravitational
 lensing

Rotational
 curves

CMB 
anisotropies 

BBN 
constraints
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Many pieces of evidence



  

Origin of Dark Matter

Maybe the WIMP is heavier 
than anticipated

Other mechanisms, possible 
lighter scale particles

   4 

The WIMP window is closing

Misiaszek, M., & Rossi, N. 2024

No Luck @ LHC !
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The WIMP window is closing No Luck @ LHC !

Misiaszek, M., & Rossi, N. 2024



  

Portals

Scalar (Dark Higgs) Pseudoscalar (Axions, ALPs)

Vector (Dark Photon) Neutrino (HNLs)

   5 FIPs
Holdom 1986;   Batell, Pospelov, Ritz 2009;

Patt, Wilczek 2006; FIPs 2022 report.

 



  

Vector Portal: Dark Photon

Millicharged particles

Vector Portal

Dark current
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Holdom 1986;   Stueckelberg 1938;

Okun 1982;

 



  

Neutrino Portal

● Simplest extension of SM able to account for neutrino masses. Consists 
in the addition of fermion singlets (      ) to the SM field content:

Neutrino Portal

New Scale
Lepton 
Number
Violation

Baryon 
Asymmetry 

Leptogenesis
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Fukugita, Yanagida 1986 

 



  

Higgs 
mechanism

High scale 
See-saw

Low scale see-
saw

Symmetry protected 
scenarios 

Why so small? 

How do we give mass to neutrinos?

   8 
 

Mohapatra, & Valle 1986 ; Akhmedov, Lindner, 
Schnapka, and Valle 1996; Gonzalez-Garcia and 
Valle 1989; Gavela, Hambye, Hernandez 2009; 
Bernabéu, Santamaria, Vidal, Mendez, and Valle 
1987; Mohapatra 1986

 

Schechter and Valle 1980; Mohapatra and 
Senjanovic 1979; Minkowski 1977; Gell-Mann, 
Ramond and Slansky 1979; Yanagida 1980

 



  

How do we give mass to neutrinos?

New Physics scale M

Oscillations
Sterile 

Neutrinos

Averaged-out
Non Unitarity

HNL decay
eV keV MeV GeV TeV meV 

Not directly testable

   9 



  

Pseudoscalar Portal: ALPs

Why so small? 

Neutron electric dipole moment 

QCD Axion solution and Strong CP problem

Solves dynamically the 
Strong CP problem 

Warm dark 
matter

Appear in many 
new Physics 

models

   10 Abel, C., & Others. (2020). Measurement of the Permanent 
Electric Dipole Moment of the Neutron. Phys. Rev. Lett.

Peccei, Quinn 1977

Weinberg 1978
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How do we search for ALPs?
Neutrino Detectors

We will search 
for ALPs

FIPs 2022 Workshop Report

Similarly for other types of FIPs



  

(Millicharged particles,...)(HNL, ALPs, dark photon,...)
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How do we search for FIPs?



  

Searching for New Physics at 
Neutrino detectors

Part I Part II

ALPs HNLs

Light mediators

Millicharged particles
Dark 

PhotonNSI

Non-unitarity
Sterile neutrinos

Affecting the 3 neutrino 
oscillation picture Non-oscillation New Physics
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● Accelerator-based 
experiments

Neutrino 
Experiments
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● Reactor Neutrinos
● Solar Neutrinos
● Atmospheric Neutrinos
● CEvNS

● Accelerator-based 
experiments

Neutrino 
Experiments
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Neutrino detectors

Part I Part II

ALPs HNLs

Light mediators

Millicharged particles
Dark 
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Sterile neutrinos

Affecting the 3 neutrino 
oscillation picture Non-oscillation New Physics
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Neutrino 
Experiments

● Accelerator-based 
experiments



  

● P. Coloma, J. López-Pavón, S. Rosauro-Alcaraz, and S. Urrea, New physics 
from oscillations at the DUNE near detector, and the role of systematic 
uncertainties, JHEP 08 (2021) 065.

● P. Coloma, M. C. Gonzalez-Garcia, M. Maltoni, J. P. Pinheiro, and S. Urrea, 
Constraining new physics with borexino phase-ii spectral data, JHEP 2022 (July, 
2022) .

● P. Coloma, M. C. Gonzalez-Garcia, M. Maltoni, J. a. P. Pinheiro, and S. 
Urrea, Global constraints on non-standard neutrino interactions with 
quarks and electrons, JHEP 0 8 (2023) 032.

● P. Coloma, P. Hernández, and S. Urrea, New bounds on axion-like particles from 
MicroBooNE, JHEP 08 (2022) 025.

● P. Coloma, J. López-Pavón, L. Molina-Bueno, and S. Urrea, New physics 
searches using ProtoDUNE and the CERN SPS accelerator, JHEP 01 (2024) 
134.

● P. Coloma, J. Martín-Albo, and S. Urrea, Discovering long-lived particles at 
DUNE, Phys. Rev. D 109 (2024), no. 3 035013

Articles 

Part II

Part I

   14 



  

Part I: New Physics in Neutrino 
Oscillations



  

Non-unitarity and sterile neutrinos
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● Heavy neutrinos are not kinematically accessible in neutrino 
experiments

● Strong constraints from EW and flavour precision data

   16 

Non-unitarity

Lepton flavour universality

Invisible decay width of Z

Examples of observables constraining Non-unitarity

Blennow, Fernández-Martínez, Hernández-García, López-Pavón, 
Marcano, Naredo-Tuero 2023

Antusch, Biggio, Fernández-Martínez, Gavela, López-Pavón 2006

https://inspirehep.net/authors/2150451
https://inspirehep.net/authors/2150451


  

Non-unitarity at near detector

   17 

L = 0
Xing 2007; Xing 2011; Escrihuela, Forero, Miranda, Tórtola, Valle 2015 

Stronger constraints from EW data



  

● All massive neutrinos are now accessible at EW processes and the 
strong bounds disappear

● Produced in beams like DUNE and bounds from oscillation experiments

● Anomalies in short-baseline experiments like LSND and MiniBooNE 
suggest the presence of an extra neutrino around 1 eV.
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Sterile Neutrinos



  

Sterile Neutrinos 3+1
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Sterile neutrino 3+1 averaged-out limit vs non-
unitarity

   21 



  

DUNE will test the robustness of the three-neutrino 
picture

   22 

We will use the ND-LAr



  

Why is the shape uncertainty very important for the 
near detector?

The sensitivity comes from the spectral information

   23 See also: Miranda, Pasquini, Tórtola, Valle 2018 

Coloma, P., López-Pavón, J., Rosauro-Alcaraz, S., & Urrea, S. (2021). New physics from oscillations at the DUNE near 
detector, and the role of systematic uncertainties. JHEP, 08, 065



  

Results at DUNE ND
Coloma, P., López-Pavón, J., Rosauro-Alcaraz, S., & 
Urrea, S. (2021). New physics from oscillations at the 
DUNE near detector, and the role of systematic 
uncertainties. JHEP, 08, 065
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Sterile neutrinos analysis
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Appearance averaged-out results



  

Non-standard neutrino interactions 
(NSI)



  

● Affect detection and production.
● Strongly constrained by other 

observables like meson and lepton 
decays. 

● We do not include them.     

Charged current (CC) NSI

   26 

Biggio, Blennow, Fernández-Martínez 2019 



  

● Much more difficult to probe, main 
bounds from oscillation data.

● We do include them. Including for 
the first time NSI with e as well 
as quarks.    

Neutral current (NC) NSI

Simplifications

   27 

Propagation Detection
Detection



  

Our analysis includes data from:
● Solar: (Chlorine, Gallex/GNO, SAGE, SNO, SK[1-4], the first two 

phases of Borexino);
● Atmospheric: (SK[1-4], Deepcore, IceCUBE)
● Reactor: (KamLAND, Double-Chooz, Daya-Bay, RENO)
● Accelerator: (Minos, T2K, NovA)
● CEvNS: Dresden II, both the Ar target and the CsI target 

configurations of COHERENT.

(only vector NSI) (Both vector and axial NSI)
● Elastic scattering with 

electrons (ES)
● NC on  deuterium (Axial)
● CEvNS(Vector)

Experiments included in the Global fit

   28 



  

Neutrino Propagation 

   29 

(Average in 
Earth)

Atmospheric and LBL Solar Neutrinos and KamLand

Effective 2 families 
approximation

Coloma, P., Gonzalez-Garcia, M. C., Maltoni, M., Pinheiro, J. P., & Urrea, S. 
(2023). Global constraints on non-standard neutrino interactions with quarks 
and electrons. JHEP, 08, 032.

We derive 
bounds

2 degrees of freedom



  

Neutrino Propagation and LMA-Dark solution

Generalized mass-ordering degeneracy

Miranda,Tortola, Valle, 2006 

MCGG,Maltoni,Salvado 2011

Coloma, Schwetz, 2016

Farzan, 2015
LMA-D 
solution

Esteban, Gonzalez-Garcia, Maltoni, 
Martinez-Soler & Salvado 2018. 

   30 
Can the mass ordering determination be spoiled?



  

Results Global fit NSI
Coloma, P., Gonzalez-Garcia, M. C., Maltoni, M., Pinheiro, 
J. P., & Urrea, S. (2023). Global constraints on non-
standard neutrino interactions with quarks and 
electrons. JHEP, 08, 032.

Coloma, P. Gonzalez-Garcia, M. C.,  Maltoni, M.,Joao 
P. Urrea, S. (2022). Constraining new physics with 
Borexino Phase-II spectral data. JHEP, 07, 138



  

NSI from mediators with Mmed � 500 keV

∆
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Vector NSI with electrons and LMA-D solution

Without Scattering



  

NSI induced by mediators Mmed & 10 MeV
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Vector NSI with electrons and LMA-D solution

● Borexino+SNO+SK break the 
LMA-D degeneracy through ES.

● The limits improve 4-200 times 
over our results of Borexino 
phase II data only     
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With Scattering
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LMA-D solution
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LMA-D solution general status

   34 

Remember



  

LMA-D solution general status
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Remember



  

Part II: Neutrino detectors 
searching for FIPs



  

(Millicharged particles,...)(HNL, ALPs, dark photon,...)

Types of FIPs searches in neutrino detectors

   35 

See our paper New physics searches using ProtoDUNE 
and the CERN SPS accelerator where we study these 
searches in ProtoDUNE



  

DUNE-ND

ProtoDUNE

MicroBooNE

Neutrino experiments we used to look for FIPs
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DUNE-ND

MicroBooNE

Neutrino experiments we used to look for FIPs
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ProtoDUNE



  

Experimental set-up
 ProtoDUNE



  

ProtoDUNE: Extracted beam lines

37 



  

ProtoDUNE: Extracted beam lines

 38 



  

ProtoDUNE: T2 target

400 GeV protons

Meson production yield YM

(normalised per PoT)

Distributions obtained from Pythia 

We are only interested in mesons not affected 
by the magnets: short-lived or neutral

~5-7x1012 protons/spill with a spill duration of 4.8 s →3.5x1018PoT/year

   39 
Less back ground from neutrinos due to the 
magnets

A working group has been formed



  

HNLs



  

HNL: Production
W

e 
do
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NE

We consider the simplified phenomenological benchmarks of 
one HNL mixing with one SM neutrino of a given flavour
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HNL: Detection

We consider the simplified phenomenological benchmarks of 
one HNL mixing with one SM neutrino of a given flavour

   41 



  

Results HNLs ProtoDUNE
Coloma, P., López-Pavón, J., Molina-Bueno, L., & Urrea, 
S. (2024). New physics searches using ProtoDUNE and 
the CERN SPS accelerator. JHEP, 01, 134.



  

HNL: Decays into visible channels (combination)
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Sensitivity for 5 
years

(normalised per PoT)



  

Experimental set-up 
DUNE-ND



  

DUNE-ND complex
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ALPs



  2

Electroweak ALPs

   44 

Georgi, Kaplan, Randall 1986

Gavela, Houtz, Quilez Del Rey, Sumensari 2019. 



  Bauer, Neubert, Renner, Schnubel, Thamm 2020
Bauer, Neubert, Renner, Schnubel, Thamm 2021

Electroweak ALPs: Production

   45 

Coloma, P., Hernández, P., & Urrea, S. (2022). New 
bounds on axion-like particles from MicroBooNE. 
JHEP, 08, 025.



  

Production
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Detection



  

Results ALPs DUNE-ND
Coloma, P., Martín-Albo, J., & Urrea, S. (2024). 
Discovering long-lived particles at DUNE. Phys. Rev. 
D, 109(3), 035013.
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Electroweak ALPs at DUNE ND

   47 

BKG included

ND-GAr ND-LAr



  

Conclusions 

● Light New Physics is interesting since it can provide 
solutions to some of the SM open problems and 
might be accessible in laboratory experiments.

● Neutrino detectors offer a magnificent 
complementarity in the search of this light sectors.

● Future neutrino experiments are expected to push 
the boundary further and constraint and hopefully 
have hints of the existence of these new physics 
scenarios. 



  



  

Back-up



  

Extra Information
Motivation



  

INVERSE SEESAW



  

Solar ALPs

Bound coming from SNO



  



  

Strong CP problem
●  This term is a total derivative and 

its presence does not affect 
perturbation theory.

● Due the existence of instantons 
related to the non-trivial nature of 
the QCD vacuum, the      term will 
contribute to QCD non-
perturbative predictions.

Phases removed by chiral transformations 
   5 



  

Strong CP problem

Neutron electric dipole moment Why so small? 

   6 



  

Axion solution

Vafa-Witten 
theorem 

Axion 

Also they can be good warm dark matter candidates via the 
misalignment mechanism 

   7 



  

Hierarchy Problem

Chiral symmetry
Gauge symmetry

Light New 
Physics do not
worsen the HP

Beware 
of new scalars

Like SM Higgs

Planck
 Scale Fine 

tuning



  

Extra Results Part I Dune 



  

High scale non-unitarity

Blennow, Fernández-Martínez, Hernández-García, López-Pavón, 
Marcano, Naredo-Tuero 2023

Low scale non-unitarity

Snowmass 2021

https://inspirehep.net/authors/2150451
https://inspirehep.net/authors/2150451


  

Blennow, Fernández-Martínez, Hernández-García, López-Pavón, 
Marcano, Naredo-Tuero 2023

https://inspirehep.net/authors/2150451
https://inspirehep.net/authors/2150451


  



  



  



  

● 30% signal 0.5% NC 
background



  



  



  



  



  



  



  



  



  



  

Extra Results Part I NSI 
Global fit



  

One of the most paradigmatic models that give rise to NSI are light 
mediators.

To put a concrete example, let us consider models with a vector mediator 
coupling to electrons and neutrinos.

  

● Borexino scattering: 
● SNO and SuperK:
● CEvNS: COHERENT                                 Dresden II

  

  

The oscillation data can be used to constraint very light mediators but for 
scattering the mass of the mediator must be larger than the momentum 
transfer (q) of the neutrinos interacting

  

3



  

NSI induced by mediators Mmed & 10 MeV
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NSI from mediators with Mmed & 50 MeV
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● Includes both electron and 
quarks NSI 

● Important bounds to be 
considered in LBL experiments 
sensitivity studies    
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In most of the literature to simplify the computation the so-called adiabatic 
approximation is assumed

However in the presence of NSI, we can have the case in which                 , 
this is realized when: 



  

Results: Adiabaticity
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LMA, NSI with neutrons

● A good fit can be fake if we 
use the adiabatic 
approximation for non 
adiabatic points. 

● If we throw away the non 
adiabatic points we recover 
the correct sensitivity 
regions.    



  

Extra Results Part II
 ProtoDUNE
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HNL: Fluxes

● Wide HNL beam 
● Small changes in the 

geometry will not 
significantly change the 
results

● Any of the two ProtoDUNE 
detectors can be used

● Quite energetic HNL beam 

HNL at z = 677 m

HNL intersecting the detector
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Simulated with GENIE



  

Simulated with GENIE
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New Physics: stable particles

Detector(NP02)
Liquid Argon TPC

400 GeV protons



  

Millicharged particles

Detector(NP02)
Liquid Argon TPC

400 GeV protons



  

Extra Results Part II
DUNE-ND



  

TMS: Three-Dimensional Muon Spectrometer, SAND: System for on-Axis Neutrino Detection

PIP: Proton improvement plan



  

What is  SAND?

Always on axis,

Monitors the beam,

Interactions with different 
nuclei.
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UV completions

    

Bonnefoy, Q., Di Luzio, L., Grojean, C., Paul, A., & 
Rossia, A. N. (2021). The anomalous case of axion 
EFTs and massive chiral gauge fields. Journal of 
High Energy Physics, 2021(7). 
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Extra Results Part II
 MicroBooNE

Extra Results Part II
 MicroBooNE



  

Experimental set-up MicroBooNE

MicroBooNE. Search for a Higgs Portal Scalar 
Decaying to Electron-Positron Pairs in the 
MicroBooNE Detector. Physical Review 
Letters, 127(15). 



  

ALPs Production



  

Detection: ALPs decays
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Bound using MicroBoone data



  

c φ g Y

ma(MeV)

MicroBooNE Bound

e−e+, MicroBooNE

µ−µ+, MicroBooNE

γγ, MicroBooNE

CHARM

E787-E949

LHCb

Excluded

10−5

10−4

10−3

10−2

10−1

0 50 100 150 200 250 300 350

10−5

10−4

10−3

10−2

10−1

a→ e−e+

a→ µ−µ+

95% C.L

fa = 1 TeV 2.193 · 1021 PoT
c W

|g
a
γ
|( T

eV
−
1
)

ma(MeV)

BaBar

KTeV&NA48/2

E949&NA62

E137

NA62

LEP

NA64

10−5

10−4

10−3

10−2

10−1

0 50 100 150 200 250 300 350
10−5

10−4

10−3

10−2

10−1

a→ γγ

95% C.L

fa = 1 TeV 2.193 · 1021 PoT



  

More results

Dashed line cancellation in detection
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More results

Possible sensitivity in the line where a 
cancellation of diphoton channel give you 
larger lifetimes
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One of the most paradigmatic models that give rise to NSI are light 
mediators.

To put a concrete example, let us consider models with a vector mediator 
coupling to electrons and neutrinos.

  

● Borexino scattering: 
● SNO and SuperK:
● CEvNS: COHERENT                                 Dresden II

  

  

The oscillation data can be used to constraint very light mediators but for 
scattering the mass of the mediator must be larger than the momentum 
transfer (q) of the neutrinos interacting
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