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Neutrinos: The Least Known Sector of the SM
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Open Questions in Neutrino Physics
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BD, 2503.21212

https://arxiv.org/pdf/2503.21212


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



Non-relativistic Neutrinos

7Extremely challenging task, but worth trying.



Find a Lepton Number Violating Process
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2310.20681

Goeppert-Mayer 
(1935)

Over 40 nuclei can do this. Only 10 experimentally feasible

https://arxiv.org/pdf/2310.20681


Future Prospect of 0νββ 
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What if there is no positive signal in 0νββ? Need to find alternative probes of the nature of neutrino mass. 

2202.01787

https://arxiv.org/pdf/2202.01787


Guidance from Theory
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Dirac, Majorana or Quasi-Dirac
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Different from Quasi (Pseudo)-Dirac SM Singlets

• Inverse seesaw: 

• Linear Seesaw:

• Radiative Inverse Seesaw: 

• In each case, light neutrinos are still purely Majorana. 
• Unless we consider superlight steriles. 12

Mohapatra, Valle (PRD 1986)

Malinsky, Romao, Valle, 0506296 (PRL)

BD, Pilaftsis, 1209.4051 (PRD)

BD, Pilaftsis, 1212.3808 (PRD)



How to Probe Quasi-Dirac Neutrinos (Qdinos) 
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Need astrophysical baselines 2

FIG. 1. Characterist ic energies and baselines of dist inct

experiments with reactor (lilac), accelerator (green), atmo-

spheric (light blue), solar (yellow), SN (emerald), DSNB (pur-
ple) and High Energy (violet ) neut rinos. Dot ted lines indi-

cate the sensit ivit y to ∆m2 via vacuum oscillat ions; we show
three specific values in red for |∆m2

3i |,∆m
2
21 , δm

2 , where,

in the Normal Ordering, ∆m2
31 = 2.51⇥ 10− 3 eV 2 ,∆ m2

21 =
7.42⇥ 10− 5 eV 2 [29], and δm2 = 6.31⇥ 10− 20 eV 2 .

Active-ster i le osci l lations.— One of the most austere

extensions of the SM to address neut rino masses consists

of adding at least two right -handed neut rinos, singlets

under the SM symmetries, and then implement the usual

Higgs mechanism. Nevertheless, gauge invariance allows

for Majorana mass terms for the right -handed neutrinos.

Thus, in general, the neut rino mass matrix below the

elect roweak scale is given by

M⌫=

✓
03 Yv/

p
2

Yv/
p

2 MR

◆

, (1)

being v/
p

2 the SM vacuum expectat ion value and Y

the Yukawa mat rix. We have not considered heretofore

any hierarchy in the mass mat rix. The well-known see-

saw mechanism [30–37] assumes that the right -handed

neut rino mass far exceeds the elect roweak scale MR

Yv, thus explaining the pet iteness of neutrino masses.

On the other hand, if MR ⌧ Yv, the small Majorana

terms break the degeneracy between the masses of the

left - and right -handed components, present in a purely

Dirac neut rino. In such regime, the mass matrix M⌫can

be diagonalized using the following unitary 6⇥ 6 mat rix

V [12]

V =

✓
U 0

0 UR

◆

·
1
p

2

✓
13 i13

' − i '

◆

, (2)

U and UR being the PMNS mat rix, and another unitary

mat rix that diagonalize the act ive and sterile sectors re-

spect ively. ' is a diagonal mat rix containing arbit rary

phases ' = diag(e− iφ1 , e− iφ2 , e− iφ3 ), while 13 is the 3⇥ 3

unitary mat rix. A flavor neut rino field ⌫βL (β = e, µ,⌧)

corresponds to a maximally-mixed superposit ion of an

act ive⌫ka and a sterile⌫ks field, (k = { 1, 2,3} ) [12]

⌫βL =
Uβk
p

2
(⌫ks + i⌫ka ) , (3)

having almost degenerate massesm2
ks,ka = m2

k ± δm2
k / 2,

respect ively. For simplicity, we assume that mass di↵er-

enceδm2
k , related to the mat rix elements of MR and Y , is

the same for all mass eigenstates, and simply write δm2

hereafter. Current const raints indicate that δm2 should

bemuch smaller than thesolar and atmospheric massdif-

ferences, δm2 ⌧ |∆m2
21,31|, and hence, over ast rophysical

baselines, oscillat ions induced by the former can happen

whereas those due to the lat ter average out . Thus, the

flavor oscillat ion probability Pβγ = P (
( − )

⌫β !
( − )

⌫γ ) can be

factorized in terms of an act ive-act ive survival probabil-

ity Paa t imes the standard averaged term [16]

Pβγ = Paa(E⌫;L , δm
2)
X

k

|Uβk |
2
|Uγ k |

2
(4)

where E⌫is the neut rino energy, and L is the distance

t ravelled. Neut rinos oscillat ions over ast rophysical dis-

tances are also suscept ible to decoherence due to sepa-

rat ion of wave packets, owing to di↵erent group veloci-

t ies of the mass-eigenstates. This is physically equiva-

lent to an energy-dependent “ dephasing” of the oscilla-

t ion phase [38]1. Including such decoherence e↵ects, Paa
is

Paa (E⌫) =
1

2

✓

1 + e
−
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L
L coh

⌘2

cos

✓
2⇡L

L osc

◆◆

. (5)

The PD oscillat ion L osc and coherence L coh lengths have

similar dependence on neut rino energy as in the standard

case,

L osc =
4⇡E⌫
δm2

⇡ 20 kpc

✓
E⌫

25 MeV

◆ ✓
10− 19 eV2

δm2

◆

,

(6a)

L coh =
4
p

2E⌫

|δm2|
(E⌫σx )

⇡ 114 kpc

✓
E⌫

25 MeV

◆ 2 ✓
10− 19 eV2

δm2

◆ ⇣ σx

10− 13 m

⌘
,

(6b)

where σx is the init ial size of the wave packet . We con-

clude that for 10− 21 eV2 . δm2 . 10− 18 eV2 the act ive-

sterileoscillat ionscan develop over scalesof O(kpc), right

on the ballpark of expected baselines and energies for SN

neutrinos. The init ial wavepacket sizecan bedetermined

from the processes producing the neutrinos in a SN, and

1 We thank Georg Ra↵elt for point ing this out .

Beacom, Bell, Hooper, Learned, Pakvasa, Weiler, 0307151 (PRL); Martinez-Soler, Perez-Gonzalez, Sen, 2105.12736

(PRD)
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𝛿𝑚2
𝐿

𝐸
∼ 1

Active-sterile oscillations 
suppressed, unless 

Need astrophysical baselines

Barbieri, Dolgov (PLB 1990); 
de Gouvea, Huang, Jenkins, 
0906.1611 (PRD)



Solar Neutrino Constraint

14Ansarifad, Farzan, 2211.09105 (PRD)



SN1987A Constraint
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Martinez-Soler, Perez-Gonzalez, Sen, 2105.12736 (PRD)



A New Probe of Qdinos using High-
Energy Astrophysical Neutrino Data

[1] Karloni, Martinez-Soler, Arguelles, Babu, BD, 2212.00737 (PRDL) – point source analysis
[2] Karloni, Porto, Arguelles, BD, Jana, 2503.19960 –  diffuse source analysis
[3] BD, Machado, Martinez-Soler, 2406.18507 (PLB) – all-flavor  diffuse + CνB matter effect
[4] BD, Dutta, Martinez-Soler, Verma, in preparation –  flavor triangle + scalar NSI
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High-Energy Astrophysical Neutrinos 
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Potential Sources
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Multi-messenger connection



Small Flux. Need Huge Detectors
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High-Energy Neutrino Signal
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High-energy neutrino signals at IceCube

ωω+ N →
ε + X (CC)

ωω+ X (NC)
Signatures of  signal events

Neutrino Event Signatures

9

CC Muon Neutrino
Neutral Current /Electron 

Neutrino 
CC Tau Neutrino

track (data)

factor of  ≈  2 energy resolution
< 1° angular resolution

cascade (data)

≈  ±15% deposited energy resolution
≈  10° angular resolution

(at energies ⪆ 100 TeV)

“double-bang”  and other signatures 
(simulation)

(not observed yet)

⌫µ + N ! µ + X ⌫⌧+ N ! ⌧+ X⌫e + N ! e +X

⌫x + N ! ⌫x +X

time

IceCube Preliminary

CC EM/NC all

(shower)

Signatures of  signal events

Neutrino Event Signatures
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CC Muon Neutrino
Neutral Current /Electron 

Neutrino 
CC Tau Neutrino

track (data)

factor of  ≈  2 energy resolution
< 1° angular resolution

cascade (data)

≈  ±15% deposited energy resolution
≈  10° angular resolution

(at energies ⪆ 100 TeV)

“double-bang”  and other signatures 
(simulation)

(not observed yet)

⌫µ + N ! µ + X ⌫⌧+ N ! ⌧+ X⌫e + N ! e +X

⌫x + N ! ⌫x+X

time

IceCube Preliminary

CC Muon (track)

Signatures of  signal events

Neutrino Event Signatures
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CC Muon Neutrino
Neutral Current /Electron 

Neutrino 
CC Tau Neutrino

track (data)

factor of  ≈  2 energy resolution
< 1° angular resolution

cascade (data)

≈  ±15% deposited energy resolution
≈  10° angular resolution

(at energies ⪆ 100 TeV)

“double-bang”  and other signatures 
(simulation)

(not observed yet)

⌫µ + N ! µ + X ⌫⌧+ N ! ⌧+ X⌫e + N ! e + X

⌫x + N ! ⌫x +X

time

IceCube Preliminary

CC tau ‘doublebang’

(only at Eε ↭ 100 TeV)

Throughgoing muon

(track only, huge

statistics)
[Picture courtesy: C. Kopper]

Showers: Good energy resolution (↑ 15%), but poor angular resolution (↑ 10→)

Tracks: Poor energy resolution (↑ 30%), but excellent angular resolution (↑ 0.5→).

Track events are ideal for astrophysical source identification.
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EM/Hadronic showers CC Muon track Tau double-bang

Throughgoing muons, 
more statistics



Multi-Messenger Neutrino Astronomy
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NGC 1068

[IceCube Collaboration, 2211.09972 (Science ’22)]

13

IceCube Collaboration, 2211.09972  (Science);
                                             1807.08794 (Science).

https://arxiv.org/abs/2211.09972
https://arxiv.org/abs/1807.08794


Probing Qdino Oscillations
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A new probe of pseudo-Dirac neutrinos

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

Oscillation probability:
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1
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H ( z ) ( 1+ z ) 2 andH (z) = H 0 Ωm (1 + z)3 + ΩΛ + (1 ≠ Ωm ≠ ΩΛ )(1 + z)2 .

Typical oscillation length: L osc = 2E ‹
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2
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Typical coherence length: [Kersten, Smirnov, 1512.09068 (EPJC ’16); Rink, Sen, 2211.16520]
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https://arxiv.org/abs/2212.00737


First IceCube Constraints on Qdinos

22
Carloni, Martinez-Soler, Arguelles, Babu, BD, 2212.00737 

https://arxiv.org/abs/2212.00737


Hint of Qdinos in IceCube All-Sky Data
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𝛿m2 [eV2]
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Diffuse Ast ro

Point  Sources

SN1987A

Carloni, Porto, Arguelles, BD, Jana, 2503.19960 Under reasonable assumptions on SFR distribution

https://arxiv.org/abs/2503.19960


Flavor Triangle Analysis
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Future is Promising
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Energy resolution

Current Future



Conclusions

• Nature of neutrino mass (Majorana, Dirac or quasi-Dirac) is an 
open question of fundamental importance. 

• Neutrinoless double beta decay may (or may not) address it. 
• An alternative probe of quasi-Dirac neutrinos using astrophysical 

baselines. 
• Enabled by recent breakthroughs in high-energy neutrino 

astrophysics.
• Future is promising. 
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