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Neutrinos: The Least Known Sector of the SM

๏ Flavor eigenstates  Mass eigenstates
๏ Oscillation Probability: 

๏ Nonzero masses and mixing

๏ Evidence of BSM Physics.
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Pαβ ≃ sin2(2θ) sin2 ( Δm2L
4E )

Pαβ ≠ 0 ⟹
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Neutrinos: The least known sector of the Standard Model

Flavor eigenstates →= Mass eigenstates.

Oscillation Probability : Pωε ↑ sin2(2ω) sin2
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Pωε →= 0 =↓ Non-zero neutrino masses and mixing =↓ BSM physics
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Symmetry Magazine

Are there any more surprises?

https://arxiv.org/pdf/2501.08374
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Snowmass NF01 Report: 2212.00809

https://arxiv.org/pdf/2212.00809
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Snowmass NF01 Report: 2212.00809

What do we learn from these precision measurements?

https://arxiv.org/pdf/2212.00809
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Known Unknowns

๏ ‘ SM’ parameters — Must be measured as accurately as possible. 
๏ Possible implications for leptonic unitarity triangle, flavor puzzle, leptogenesis, … 

ν
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Snowmass NF01 Report: 2212.00809

What do we learn from these precision measurements?
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Cosmology

https://arxiv.org/abs/1912.03058
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Cosmology Beam-dump
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Bolton, Deppisch, BD, 1912.03058

Cosmology Beam-dump Collider

https://arxiv.org/abs/1912.03058
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Cosmology Beam-dump Collider EFT
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SBN Anomalies 

(M. Ross-Lonergan’s talk)

Bolton, Deppisch, BD, 1912.03058

Cosmology Beam-dump Collider EFT

https://arxiv.org/abs/1912.03058
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Nature of Neutrino Mass
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Majorana or Dirac?
Why is it a difficult question?

Because the Majorana nature is suppressed 
by the tiny neutrino mass itself.

Two ways around:
• Find a process that violates L.
• Find non-relativistic neutrinos.

From A. de Gouvea
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Why is it a difficult question?

Neutrinos: Majorana or Dirac
(or something in between)?

Only experiments can tell.

If neutrino masses were indeed zero, this is a nonquestion: there is no distinction
between a massless Dirac and Majorana fermion.
Processes that depend on the Majorana nature of the neutrino must vanish in the
limit mω → 0.
The amplitude for these processes is typically suppressed by some power of
neutrino mass: A ↑ (mω/E)n.
Two ways around it:

1 Find a process that only Majorana fermions can do, e.g. violate lepton number.
“Smoking gun signal”: Neutrinoless double beta decay.
Other promising probes: µ→ → e+ conversion, rare LNV decays, but no direct
connection to neutrino mass.

2 Find nonrelativistic neutrinos to overcome the mω/E suppression.
Cosmic relic neutrinos. Very hard to detect!

4
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Nature of Neutrino Mass

๏ Why is it a difficult question?
๏ The Majorana nature is usually 

suppressed by the tiny neutrino 
mass itself: .

๏ Two ways around:
- Find non-relativistic neutrinos.
- Find a process that violates 

lepton number (or enhances the 
effect).

๏ Both are difficult.

ℳ ∝ (mν/E)2
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Vitagliano, Tamborra, Raffelt, 1910.11878

https://arxiv.org/pdf/1910.11878
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Tν,0 = ( 4
11 )

1/3

Tγ,0 = 1.945 K = 1.7 × 10−4 eV
Vitagliano, Tamborra, Raffelt, 1910.11878
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Tγ,0 = 1.945 K = 1.7 × 10−4 eV

(Non)relativistic Fermi gas
Vitagliano, Tamborra, Raffelt, 1910.11878

Direct detection of C B could (in principle) answer the Dirac vs. Majorana question.ν

https://arxiv.org/pdf/1405.7654
https://arxiv.org/abs/1902.05508
https://arxiv.org/pdf/1910.11878
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νUHEν̄relic → Z → ff̄Z-burst:
Z-burst

[T. Weiler (PRL ’82)] [Eberle, Ringwald, Song, Weiler (PRD ’04)]

Resonant absorption happens at

Eres
‹ = m2

Z

2m‹(1 + z) = (4.2 ◊ 1022 eV)
(1 + z)

10.1 eV
m‹

2
Beyond the GZK cut-off!

But the cross-section is large: È‡ann
‹‹̄ Í = 2fi

Ô
2GF = 40.4 nb.

Observable effect, depending on redshift and source energy distribution of the (unknown)
super-GZK cosmic ray sources. [Davoudiasl, Hewett, Rizzo (PLB ’02); Csaki, Kaloper, Peloso, Terning (JCAP ’03);

Anchordoqui, Goldberg (PLB ’04)]

Resonance energy can be sub-GZK for secret neutrino interactions with light mediators.
[Ioka, Murase (PTEP ’14); Araki et al (PRD ’15); DiFranzo, Hooper (PRD ’15); Cherry, Friedland, Shoemaker (1605.06506);

Altmannshofer, Chen, BD, Soni (PLB ’16); Barenboim, Denton, Oldengott (PRD ’19); Esteban, Pandey, Brdar, Beacom (PRD ’21);...]
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Weiler (PRL ’82)

2405.06382

https://arxiv.org/pdf/2405.06382
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2405.06382

Possible in presence of new (BSM) source of UHE neutrinos, e.g. 
heavy dark matter decay:  Maitra, Suliga, Brdar, BD, 2508.21034 

https://arxiv.org/pdf/2405.06382
https://arxiv.org/abs/2508.21034
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New Idea: Use SM Meson Resonances

Recall vector meson resonances in e+e≠ scattering. [Lee, Zumino (PR ’67); Gounaris, Sakurai (PRL ’68)]

Apply it to UHE neutrino scattering off C‹B. [Bander, Rubinstein (PRD ’95); Paschos, Lalakulich

(hep-ph/0206273); BD, Soni (2112.01424)]

For s π m2
Z , expect vector-current to be dominated by vector meson resonance

(JPC = 1≠≠) and axial-vector current to be dominated by axial-vector resonance
(JPC = 1++).

Eres
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fl
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(1 + z)

10.1 eV
m‹
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What if there is no signal in 0ωεε experiments? Need alternative probes.
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Schechter, Valle (1982)
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Over 40 nuclei can do this. Only 10 experimentally feasible
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LNV searches at high-energy colliders is an alternative. 
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๏ If , lepton number is preserved and neutrinos are Dirac.
๏ If , lepton number is broken and neutrinos are Majorana.
๏ Typically,  — seesaw mechanism. 
๏ But  is also a logical possibility — Quasi-Dirac. 
๏ Any model of Dirac neutrinos with Planck-suppressed operators 

would predict quasi-Dirac neutrinos.
๏ In fact, Dirac neutrinos are preferred by the Swampland conjecture 

in string theory.  

mR = 0
mR ≠ 0

| |mR | | ≫ | |mD | |
| |mR | | ≪ | |mD | |

11

ℳν = (
0 mD

mT
D mR)

Minkowski (PLB ’77); Mohapatra, Senjanovic (PRL ’80); 
Yanagida ’79; Gell-Mann, Ramond, Slansky ‘79 

Wolfenstein (NPB ’81); Petcov (PLB ’82);  
Valle, Singer (PRD ’83)

Ooguri, Vafa, 1610.01533; Ibanez, Martin-Lozana, Valenzuela, 1706.05392;  
Gonzalo, Ibanez, Valenzuela, 2109.10961; Casas, Ibanez, Marchesano, 2406.14609   

https://arxiv.org/abs/1610.01533
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https://arxiv.org/abs/2406.14609


Bhupal Dev (Washington U.) Brookhaven Forum (10/24/25)

What if Neutrinos are Quasi-Dirac?

๏ If , lepton number is preserved and neutrinos are Dirac.
๏ If , lepton number is broken and neutrinos are Majorana.
๏ Typically,  — seesaw mechanism. 
๏ But  is also a logical possibility — Quasi-Dirac. 
๏ Any model of Dirac neutrinos with Planck-suppressed operators 

would predict quasi-Dirac neutrinos.
๏ In fact, Dirac neutrinos are preferred by the Swampland conjecture 

in string theory.  

mR = 0
mR ≠ 0

| |mR | | ≫ | |mD | |
| |mR | | ≪ | |mD | |

11

ℳν = (
0 mD

mT
D mR)

Minkowski (PLB ’77); Mohapatra, Senjanovic (PRL ’80); 
Yanagida ’79; Gell-Mann, Ramond, Slansky ‘79 

Wolfenstein (NPB ’81); Petcov (PLB ’82);  
Valle, Singer (PRD ’83)

Ooguri, Vafa, 1610.01533; Ibanez, Martin-Lozana, Valenzuela, 1706.05392;  
Gonzalo, Ibanez, Valenzuela, 2109.10961; Casas, Ibanez, Marchesano, 2406.14609   

https://arxiv.org/abs/1610.01533
https://arxiv.org/abs/1706.05392
https://arxiv.org/abs/2109.10961
https://arxiv.org/abs/2406.14609


Bhupal Dev (Washington U.) Brookhaven Forum (10/24/25)

What if Neutrinos are Quasi-Dirac?

๏ If , lepton number is preserved and neutrinos are Dirac.
๏ If , lepton number is broken and neutrinos are Majorana.
๏ Typically,  — seesaw mechanism. 
๏ But  is also a logical possibility — Quasi-Dirac. 
๏ Any model of Dirac neutrinos with Planck-suppressed operators 

would predict quasi-Dirac neutrinos.
๏ In fact, Dirac neutrinos are preferred by the Swampland conjecture 

in string theory.  

mR = 0
mR ≠ 0

| |mR | | ≫ | |mD | |
| |mR | | ≪ | |mD | |

11

ℳν = (
0 mD

mT
D mR)

Minkowski (PLB ’77); Mohapatra, Senjanovic (PRL ’80); 
Yanagida ’79; Gell-Mann, Ramond, Slansky ‘79 

Wolfenstein (NPB ’81); Petcov (PLB ’82);  
Valle, Singer (PRD ’83)

Ooguri, Vafa, 1610.01533; Ibanez, Martin-Lozana, Valenzuela, 1706.05392;  
Gonzalo, Ibanez, Valenzuela, 2109.10961; Casas, Ibanez, Marchesano, 2406.14609   

https://arxiv.org/abs/1610.01533
https://arxiv.org/abs/1706.05392
https://arxiv.org/abs/2109.10961
https://arxiv.org/abs/2406.14609


Bhupal Dev (Washington U.) Brookhaven Forum (10/24/25)

QDino Oscillations with Astrophysical Baselines

12

Beacom, Bell, Hooper, Learned, Pakvasa, Weiler, 0307151;  
Martinez-Soler, Perez-Gonzalez, Sen, 2105.12736
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QDino Search using HEN Point Sources
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IceCube, 2211.09972 

https://arxiv.org/abs/2211.09972
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QDino Search using HEN Point Sources
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A new probe of pseudo-Dirac neutrinos

Carloni, Martı́nez-Soler, Argüelles, Babu, BD, 2212.00737
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Constraining QDinos from IceCube Point-Source Data

14

First IceCube constraints on ”m2

Source Source Type ≠ log10 plocal n̂s “̂ z

NGC 1068 SBG/AGN 7.0 (5.2‡) 79 3.2 0.0038 (16 Mpc)
PKS 1424+240 BLL 4.0 (3.7‡) 77 3.5 0.6047 (2.6 Gpc)
TXS 0506+056 BLL/FSRQ 3.6 (3.5‡) 5 2.0 0.3365 (1.4 Gpc)

Carloni, Martı́nez-Soler, Argüelles, Babu, BD, 2212.00737 18

Carloni, Martinez-Soler, Arguelles, Babu, BD, 2212.00737

https://arxiv.org/abs/2212.00737
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New QDino Constraints from IceCube Diffuse Data
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Dark Side of Neutrinos

16

Neutrino-Dark Matter Interactions

[see also lectures by A. Ibarra and A. Smirnov]
69

How to ‘see’ the invisible?
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Constraints on Neutrino-DM Interactions
๏ Mostly applicable for ‘light’ dark sector.
๏ 3 types of constraints:

- Cosmological: BBN, CMB, Collisional Damping, 
Neutrino free-streaming, Relic Density*

- Astrophysical: Stellar, Supernova, High-energy 
neutrinos, Self-interacting DM

- Laboratory: Decays of mesons, muon, tau, W, Z; 
(double) beta decay. 

๏ Adopt a simplified model framework.

17

Modeling ‹-DM Interactions

Simplified EFT approach.
[Olivares-Del Campo, Bœhm, Palomares-Ruiz, Pascoli, 1711.05283;
Blennow, Fernandez-Martinez, Olivares-Del Campo, Pascoli, Rosauro-Alcaraz, Titov, 1903.00006]

Categorize models into DM and mediator types: Scalar, fermion, vector.

Secondary categorization: t-channel or s and u channel ‹-DM
scatterings, depending on the mediator type.

Only free parameters: DM and mediator masses and couplings.

72

BD, Kim, Sathyan, Sinha, Zhang, 2507.01000


https://arxiv.org/abs/2507.01000
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SN1987A Limits on Neutrino-DM Interactions
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DM Production in the Early Universe using Neutrino-DM NSI
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Dark Radiation Can Mimick (Flavor-Specific) Neutrino Self-Interaction
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Conclusions
๏ Neutrino oscillation is the first (and so far only) 
laboratory evidence of BSM physics. 

๏ Next-generation neutrino experiments are poised 
to resolve the remaining issues in the 3-neutrino 
oscillation paradigm.

๏ Still leave many open questions answered in 
neutrino physics. 

๏ Cast a broad net covering multiple experimental 
frontiers. 

๏ Possible connection to other puzzles, like dark 
matter and leptogenesis. 
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Conclusions

Neutrinos have given us the first (and so far only) laboratory evidence of BSM
physics.

Next-generation neutrino experiments will make unprecedented precision
measurements of the oscillation parameters.

Still many questions remain unanswered in neutrino theory.

Many models of neutrino mass, but which one is chosen by Nature?

Cast a broad net covering multiple experimental frontiers.

Connection to other puzzles, such as baryon asymmetry and dark matter.
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