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Neutrinos: The Least Known Sector of the SM
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@ Evidence of BSM Physics. ,
Are there any more surprises?
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Open Questions in Neutrino Physics

1. What is the neutrino mass ordering?” Normal or inverted?
. In which octant is the atmospheric mixing angle?

. Is there leptonic CP violation?

What is the absolute neutrino mass scale?’

Are there other species of (sterile) neutrinos?

How do neutrinos get mass? Is it Dirac or Majorana?’
Why neutrino mixing is so different from quark mixing?
Do neutrinos decay? What is their lifetime?

9. Do neutrinos have non-standard interactions?

10. Are neutrinos responsible for the observed baryon asymmetry?
11. Do neutrinos have anything to do with Dark Matter (DM)?
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Open Questions in Neutrino Physics

1. What is the neutrino mass ordering?” Normal or inverted?

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

10. Are neutrinos responsible for the observed baryon asymmetry?
11. Do neutrinos have anything to do with Dark Matter (DM)?

2. In which octant is the atmospheric mixing angle?

3. Is there leptonlc CP violation”?

4. W hat the absolute neutrino mass scale?

9. Are there other species ot {; sterile) neutrinos?
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Known Unknowns

Snowmass NFO1 Report: 2212.00809

Atmospheric Mass Ordering 93 Octant sind # 0 for 50% of ¢
Optimistic 2030: 30 - -
JUNO Conservative 2030: 2.50 - -
DUNE Optimistic 2030: 50 2036: 30, 2040: 50 | 2035: 30, 2039: 50
Conservative 2032: 50 2040: 20 2037: 30
K Optimistic 2033: 50 2033: 50 2029: 30, 2032: 50
Conservative 2032: 30 2034: 30 2029: 30, 2037: 50
ceCube Optimistic 2030: 30, 2033: 40 - -
Conservative 2033: 20 - -
KM3NeT Optimistic 2026: 30, 2029 50 - -

Conservative
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2030: 30, 2032: 40
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Known Unknowns

Snowmass NFO1 Report: 2212.00809

Atmospheric Mass Ordering o3 Octant sind # 0 for 50% of ¢
Optimistic 2030: 30 - -
JUNO Conservative 2030: 2.50 - -
DUNE Optimistic 2030: 50 2036: 30, 2040: 50 | 2035: 30, 2039: 50
Conservative 2032: 50 2040: 20 2037: 30
UK Optimistic 2033: 5o 2033: 5o 2029: 30, 2032: 50
Conservative 2032: 30 2034: 30 2029: 30, 2037: 5o
ceCube Optimistic 2030: 30, 2033: 40 - -
Conservative 2033: 20 - -
KM3NeT Optimistic 2026: 30, 2029 50 - -

Conservative

2030: 30, 2032: 40

What do we learn from these precision measurements?
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Known Unknowns

Snowmass NFO1 Report: 2212.00809

Atmospheric Mass Ordering 6,3 Octant sind # 0 for 50% of ¢
Optimistic 2030: 30 - -
JUNO Conservative 2030: 2.50 - -
DUNE Optimistic 2030: 50 2036: 30, 2040: 50 | 2035: 30, 2039: 50
Conservative 2032: 50 2040: 20 2037: 30
K Optimistic 2033: 50 2033: 50 2029: 30, 2032: 50
Conservative 2032: 30 2034: 30 2029: 30, 2037: 5o
ceCube Optimistic 2030: 30, 2033: 40 - -
Conservative 2033: 20 - -
KM3NeT Optimistic 2026: 30, 2029 50 - -

® 'VSM’ parameters — Must be measured as accurately as possible.

Conservative

2030: 30, 2032: 40

What do we learn from these precision measurements?

® Possible implications for leptonic unitarity triangle, flavor puzzle, leptogenesis, ...
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Absolute Neutrino Mass Scale
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Addltlonal Neutrino Spemes
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Nature of Neutrino Mass
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Nature of Neutrino Mass
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Nature of Neutrino Mass

neutrinos de se pe
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From A.de Gouvea

\\ N /N N A massive fermion (s=1/2) is
V1 > described by 4 or 2 degrees of freedom:

ou )
d T “Lorentz” ‘DIRAC’
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Nature of Neutrino Mass

neutrinos de se Dhe
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From A.de Gouvea

\\ W A massive neutral fermion (s=1/2) is
VL > described by 4 or 2 degrees of freedom:
(v < CPT — vRr)

T “Lorentz” ‘DIRAC’

you >

(R « CPT — 1)

‘MAJORANA’ T “Lorentz”

(DR +— CPT — VL)

YOuU o

"

How many degrees of freedom are required

to describe massive neutrinos?
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Nature of Neutrino Mass

neutrinos de se pHe
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How many degrees of freedom are required

to describe massive neutrinos”?
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Nature of Neutrino Mass

neutrinos de se pe
i
Uu+He C @ 1@
e ue Te
() 3 —]
. < ) 5 & o
< < < <
From A.de Gouvea
A massive neutral fermion (s=1/2) is

6

you )

you e

4 ! | 14 B
b I ‘

T “Lorentz” ‘DIRAC’

(vp <+ CPT

(I/L +— CPT — I7R)
T “Lorentz”

(Vr < CPT — vy1)

‘MAJORANA’

HOV mMalny degreecs ( f freedom are required

Bhupal Dev (Washington U.)

described by 4 or 2 degrees of freedom:
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Majorana or Dirac?

® Why is it a difficult question?

® The Majorana nature is usually
suppressed by the tiny neutrino

mass itself: .7/ o (m,/E)".

® Two ways around:
- Find non-relativistic neutrinos.

- FiInd a process that violates
lepton number (or enhances the
effect).

® Both are difficult. Cxd



Relic Neutrino Background
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Relic Neutrino Background
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Neutrino flux ¢ [eV‘1 cm 2 s'1]
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‘Smoking Gun’ Signal of Majorana Neutrinos
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What if Neutrinos are Quasi-Dirac?

0O m
M. = P

L
mg Mp

o If my = 0, lepton number is preserved and neutrinos are Dirac.

o If myp # 0, lepton number is broken and neutrinos are Majorana.

: : Minkowski (PLB ‘77); Mohapatra, Senjanovic (PRL ‘80);
O Typlcally, ‘ ‘mR‘ ‘ > ‘ ‘mD‘ ‘ — seesaw mechanism. Yanagida '79; Gell-Mann, Ramond, Slansky ‘79

® But | |myp|| <« ||mp]|| is also a logical possibility — . Wolfenstein (NPB '81); Petcov (PLB '82);
Valle, Singer (PRD '83)

@ Any model of Dirac neutrinos with Planck-suppressed operators
would predict quasi-Dirac neutrinos.

® |n fact, Dirac neutrinos are preferred by the Swampland conjecture
In string theory.

Ooguri, Vafa, 1610.01533; Ibanez, Martin-Lozana, Valenzuela, 1706.05392;
Gonzalo, Ibanez, Valenzuela, 2109.10961: Casas, Ibanez, Marchesano, 2406.14609
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 QDino Oscillations with Astrophysical Baselines
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 QDino Oscillations with Astrophysical Baselines

Solar Data: Ansarifard, Farzan, 2211.09105
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QDino Search using HEN Point Sources
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QDino Search using HEN Point Sources
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Constraining QDinos from IceCube Point-Source Data
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New QDino Constraints from IceCube Diffuse Data
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Dark Side of Neutrinos

Weak ' Dark Matter
Interactions

Neutrinos

How to ‘see’ the invisible?
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Constraints on Neutrino-DM Interactions

® Mostly applicable for ‘light’ dark sector.

® 3 types of constraints:

- BBN, CMB, Collisional Damping,
Neutrino free-streaming, Relic Density”

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

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

® Adopt a simplified model framework.
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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.

Astrophysics and Cosmology

a

@ 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.

Nuclear Physics Particle Physics

® Cast a broad net covering multiple experimental
frontiers.

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