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Neutrinos: The Least Known Sector of the SM

Flavor eigenstates = Mass eigenstates.
Am?L
Oscillation Probability : P,g ~ sin*(26) sin” ( Z@ )

P, # 0 = Non-zero neutrino masses and mixing —> BSM physics




Open Questions in Neutrino Physics

What is the neutrino mass ordering? Normal or inverted?
In which octant is the atmospheric mixing angle?
Is there leptonic CP violation?

Why neutrino mixing is so different from quark mixing?
Do neutrinos decay? What is their lifetime?
Do neutrinos have non-standard interactions?

Are neutrinos responsible for the observed baryon asymmetry?
Do neutrinos have anything to do with Dark Matter (DM)?
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https://arxiv.org/pdf/2503.21212

Nature of Neutrino Mass

neutrinos
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Majorana or Dirac?

From A. de Gouvea A massive charged fermion (s=1/2) is
described by 4 degrees of freedom:

(e; « CPT — e} Why is it a difficult question?
T “Lorentz”
(eg < CPT — e})

A massive fermion (s=1/2) is
described by 4 or 2 degrees of freedom:

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

Ax (my,/E)"

1 “Lorentz” ‘DIRAC’

Two ways around:
(vi,  CPT — 7r) * Find a process that violates L.
MAJORANA’ $ “Lorentz” * Find non-relativistic neutrinos.

(ER +— CPT — I/L) 6




Non-relativistic Neutrinos

History of the Universe
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Extremely challenging task, but worth trying. 7



Find a Lepton Number Violating Process

Goeppert-Mayer

(1935)
KamLAND-Zen S
2023
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Over 40 nuclei can do this. Only 10 experimentally feasible
8



https://arxiv.org/pdf/2310.20681
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What if there is no positive signalin OvBB? Need to find alternative probes of the nature of neutrino mass.



https://arxiv.org/pdf/2202.01787

Guidance from Theory

m Neutrinos are massless in the SM, because
m No right-handed partners for Dirac mass term mpvr Vr.
m Majorana mass term m s V7 vy, breaks SU(2)r,-gauge invariance.
m Non-perturbative sphaleron effects preserve B — L.
m Gravitational effects are at most O (v*/Mpi) ~ 10~° eV.

H Simplest solution: Add SM-singlet Dirac partners vr to write Dirac mass.
m Also allows for a Majorana mass term MrvULVR.

0 ™mp
mg MR .




Dirac, Majorana or Quasi-Dirac

m If Mr = 0, lepton number is preserved and neutrinos are Dirac.
m If Mr # 0, neutrinos are Majorana.
m If || Mr|| < |lmp||, neutrinos are quasi-Dirac (small active-sterile mass splitting).

® But isn’t it more natural to have || Mg|| > |Imp|| (seesaw)?
[Minkowski (PLB *77); Mohapatra, Senjanovic (PRL 80); Yanagida ’79; Gell-Mann, Ramond, Slansky *79]
m Maybe, but || MR|| < |/mpl| is a logical possibility too.
[Wolfenstein (NPB ’81); Petcov (PLB ’82); Valle, Singer (PRD ’83); Kobayashi, Lim (PRD ’01)]
B Any model of Dirac neutrinos with Planck-suppressed operators would predict
quasi-Dirac neutrinos.
®m Dirac neutrinos preferred by the swampland conjecture 1n string theory. [Ooguri,
Vafa (ATMP ’16), Ibanez, Martin-LLozano, Valenzuela (JHEP ’17); Gonzalo, Ibanez, Valenzuela (JHEP ’22); Casas,
Ibanez, Marchesano, 2406.14609]




Different from Quasi (Pseudo)-Dirac SM Singlets

* Inverse seesaw: WISESEIENGEEENI Mohapatra, Valle (PRD 1986)
* Linear Seesaw: /NEEIEVCETENI Malinsky, Romao, Valle, 0506296 (PRL)

* Radiative Inverse Seesaw: BD, Pilaftsis, 1209.4051 (PRD)

* In each case, light neutrinos are still purely Majorana.
* Unless we consider superlight steriles. Bb, Pilaftsis, 1212.3808 (PRD) 12
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Beacom, Bell, Hooper, Learned, Pakvasa, Weller, 0307151 (PRL); Martinez-Soler, Perez-Gonzalez, Sen, 2105.12736

Active-sterile oscillations
suppressed, unless

2L
6mE 1

Need astrophysical baselines

om? <1078 eV? from BBN,
10~ ¢V? from solar.

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




Solar Neutrino Constraint
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Ansarifad, Farzan, 2211.09105 (PRD)



SN1987A Constraint

SN 1987 A

Standard
Pseudo -Dirac KII
- IMB
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A New Probe of Qdinos using High-
Energy Astrophysical Neutrino Data

Karloni, Martinez-Soler, Arguelles, Babu, BD, 2212.00737 (PRDL) - point source analysis
Karloni, Porto, Arguelles, BD, Jana, 2503.19960 — diffuse source analysis

BD, Machado, Martinez-Soler, 2406.18507 (PLB) - all-flavor diffuse + CvB matter effect
BD, Dutta, Martinez-Soler, Verma, in preparation — flavor triangle + scalar NSI

16



High-Energy Astrophysical Neutrinos

hadro-nuclear production photo-hadronic production

_—

Starburst Galaxies, Galaxy
Clusters/Groups

GRB, AGN, Radio
Galaxies, Blazars,
supernovae ...

Multi-messenger connection




Small Flux. Need Huge Detectors

IceCube Lab
IceTo|

/81 Slalgms each with
2 IceTop Cherenkov detector tanks
2 optical sensors per tank
324 optical sensors

Cosmological v lceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string
5160 optical sensors

Solar v
Supernova burst (1987A)

December, 2010: Project completed, 86 strings

__-Reactor anti-v

" i = 1 480 optical sensors

Eiffel Tower
324 m

Background from old supernovae

Terrestrial anti-v

Atmosphericv

v from AGN

Cosmogenic

10-° 103 1 10° 10° 10° 10" 10" 108
ueV.  meV eV keV MeV GeV TeV PeV EeV
Neutrino energ




High-Energy Neutrino Signal

EM/Hadronic showers CC Muon track

N A | mi’i‘

Tau double-bang
e+ X (CC)
wyt X (NC)

%+NH{

Throughgoing muons,
more statistics

Showers: Good energy resolution (~ 155, buat poor angular resolution (~ 107)

Tracks: Poor encrgy resolution {~ 300%), but excellent angular resolution (~ 0.57).

Track evenis are ideal for astrophvsical source identification.

19



Multi-Messenger Neutrino Astronomy

[ Signal [ | Total
Background ¢ Data

Source Name Source Type «a[°] 0[] 7s 4 —logigPocat  Poo%
NGC 1068 SBG/AGN 40.67 -0.01 32 7.00.20) 9.6
PKS 14244240 BLL 216.76  23.80 35 40@B.70) 114
TXS 0506+056 BLL/FSRQ 7736 570 5 20 3.6(3.50) 7.5
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lceCube Collaboration, 2211.09972 (Science);
1807.08794 (Science). | 412 410 408 40.6 404 402

Right Ascension [deg]



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

Probing Qdino Oscillations

om” = 101" eV? NGC 1068

3
(szLff
|2 |2 R Rt
5 D Usil’IUas [1+cos( ) ) ,

j=1

with Leff: f W andH( ): HO Qm(1+Z)3 ‘|‘QA + (1 —Qm —QA)(]._'_Z)Q


https://arxiv.org/abs/2212.00737

First IceCube Constraints on Qdinos

ooz IceCube, current

Source Source Type  —1og;( Plocal
NGC 1068 SBG/AGN 7.0 (5.20) 3.2 0.0038 (16 Mpc)
PKS 1424+240 BLL 4.0 (3.70) 3.5 0.6047 (2.6 Gpc) — B-L gauge

TXS 05064056 BLL/FSRQ 3.6 (3.50) 2.0 0.3365 (1.4 Gpe)

NGC 1068

PKS TXS
14244240 05064056

IceCube-Gen2, projected

I
—19

10 5
om?/eV

I NGC 1068 SH 1044471 I B2 1520+31
PKS 14244240 IC 678 PKS 17174177
TXS 0506-+056 NGC 5380 I 3C 454.3

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


https://arxiv.org/abs/2212.00737

Hint of Qdinos in lceCube All-Sky Data

datasets models

Diffuse Astro SN1987A
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https://arxiv.org/abs/2503.19960

Flavor Triangle Analysis

oM ,,;, Energy averaged, Diffused flux

— Ices8
0.0 --—- IC %

1.0 —— Gen268
---- Gen2 95
M, Allowed
e 0M,, Excluded
*  Standard Oscillation

= |ceCube-Gen2 Point (spectral)

30

20
10

IceCube-Gen2 Diffused (flavor-triangle)
——— CASCADE+ ESTES Diffused (spectral)

10—17 10—15

BD, Dutta, Martinez-Soler, Verma (in preparation)

10—13
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Future is Promising

Energy resolution
l ' ).‘ "': IceCube Digital Optical Module
2'. | ”x| wmmmm ™ oow
30.0% -
= 50.0%

16 PMT option 18 PMT option

TeV-PeV v
telescopes,

OM: optical module

» Mediterranean Sea

» ARCA: high-energy
array

» Under construction

» Ve~ 2.5 km?

» 230 strings, 4100+ OMs

1ot L} ' l
IceCube

| » South Pole

» Completed 2011

» Ve~ 0.01 km® (10 TeV)
Vi ~1km? (>1PeV)

» 86 strings, 5000+ OMs

» Sees high-energy
astrophysical v

TeV-PeV
v telescopes
2030s

Baikal GVD

~ » Lake Baikal

y » Under construction

» Vo~ 1.5 km?

» 90 strings, 1000+ OMs

KM3NeT sensitivity 4 years

-

KM3NeT discovery 4 years

lceCube sensitivity 348+376 days
— — - IceCube sensitivity 4 years

Antares sensitivity 1339 days

-80

ICECUBE

-60

-40

Strebe/Wikipedia




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.

26
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