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Current knowledge of neutrino oscillations
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Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou (2020)



Roadmap for Neutrino Models
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Dirac Neutrino Models
Neutrinos may be Dirac particles without lepton number violation

Oscillation experiments cannot distinguish Dirac neutrinos from
Majorana neutrinos

Spin-flip transition rates (early universe, stars) are suppressed by
small neutrino mass:
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Neutrinoless double beta decay discovery would establish neutrinos
to be Majorana particles
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If neutrinos are Dirac, it would be nice to understand the smallness
of their mass

Models exist which explain the smallness of Dirac m,

“Dirac leptogenesis” can explain baryon asymmetry

Dick, Lindner, Ratz, Wright (2000)



Dirac Seesaw Models

Dirac seesaw can be achieved in Mirror Models

Lee, Yang (1956); Foot, Volkas (1995); Berezhiani, Mohapatra (1995),
Silagadze(1997)

Mirror sector is a replica of Standard Model, with new particles
transforming under mirror gauge symmetry:
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Effective dimension-5 operator induces small Dirac mass:
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B — L may be gauged to suppress Planck-induced Weinberg operator
(LLHH)/Mp) that would make neutrino pseudo-Dirac particle



Dirac Neutrinos from Left-Right Symmetry

> In left-right symmetric models with a “universal seesaw"”, neutrinos
are naturally Dirac particles

» Gauge symmetry is extended to SU(3). x SU(2). x SU(2)r x U(1)x

» These models are motivated on several grounds:

» Provide understanding of Parity violation

» Better understanding of smallness of Yukawa couplings
» Requires right-handed neutrinos to exist
>

Provide a solution to the strong CP problem via Parity

Davidson, Wali (1987) — universal seesaw

Babu, He (1989) — Dirac neutrino

Babu, Mohapatra (1990) — solution to strong CP problem via parity
Babu, Dutta, Mohapatra (2018) — Rp+ solution

Craig, Garcia Garcia, Koszegi, McCune (2020) — flavor constraints

Babu, He, Su, Thapa (2022) — neutrino oscillations



Left-Right Symmetry

» Fermion transformation:

QL (3,2,1,1/3) = (Zﬁ) Qr (3,1,2,1/3) = (Culg) ,
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» Vector-like fermions are introduced to realize seesaw for charged
fermion masses:

P(3,1,1,4/3), N(3,1,1,-2/3), E(1,1,1,-2).

> Higgs sector is very simple:

X Xk
XL (172717 1) = <X6> ) XR (1; 1727 1) = (XE‘)?)

L R

> (x%) = kg breaks SU(2)g x U(1)x down to U(1)y, and (x?) =k,
breaks the electroweak symmetry with kg > K|



Seesaw for charged fermions

Yukaw interactions:

L=y, (Quir+ Qr¥r)P + ya (Quxe + Qrxr)N
+ve (VixL + VrYR)E + h.c.

Vector-like fermion masses:
L:mass - ,wp0 IE)P"‘ M/\[O /\_/N+ MEO EE

Seesaw for charged fermion masses:
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0qcp = 0 due to Parity; ArgDet(MyMp) = 0; induced 6 = 0 at
one-loop; small and finite 6 arises at two-loop

There is no seesaw for neutrinos, since there is no corresponding
singlet fermion



Matter Content from SU(5). X SU(5)r
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» All left-handed SM fermions are in {(10,1) + (5,1)}, while all
right-handed SM fermions are in {(1,10) + (1,5)}

» There is vg in the theory, but no seesaw for neutrino sector
» Small Dirac neutrino masses arise as two-loop radiative corrections

» We have evaluated the flavor structure of the two-loop diagrams and
shown consistency with neutrino data

L,R



Two-loop Dirac Neutrino Masses

Higgs sector is very simple: x((1,2,1,1/2) + xr(1,1,2,1/2)
W,_Jr — Wg mixing is absent at tree-level in the model

W,_Jr — Wg mixing induced at loop level, which in turn generates
Dirac neutrino mass at two loop Babu, He (1989)

Flavor structure of two loop diagram needs to be studied to check
consistency

Oscillation date fits well within the model regardless of Parity
breaking scale Babu, He, Su, Thapa (2022)
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Loop Integrals
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Neutrino Fit in Two-loop Dirac Mass Model

Oscillation 30 range [ Model prediction |
parameters NuFit5.1 [ BPT(NH) [ BPI(NA) | BPI(H) [ BPV(H) |
Am3(10~° eV?) 6.82 - 8.04 7.42 7.32 7.35 7.30
Am§3(10*5 eV?)(IH) 2.410 - 2.574 - - 2.48 252
Am3; (10~3 eV2)(NH) 2.43 - 2,503 2.49 2.46 - -
sin® 615 0.269 - 0.343 0.324 0.315 0.303 0.321
sin 63 (IH) 0.410 - 0.613 - - 0.542 0.475
sin 653 (NH) 0.408 - 0.603 0.491 0.452 - -
sin 013 (IH) 0.02055 - 0.02457 - - 0.0230 0.0234
sin? 613(NH) 0.02060 - 0.02435 0.0234 0.0223 - -
scp (IH) 102 - 361 B B 271° 296°
Sap (NH) 105 - 405 199° 200° - -
Miight (107 °) eV 0.66 0.17 0.078 4.95
Me, /My, 917 3213 639 3505
Mg, /My, 0.650 193 154 5.03
Mg, /My, 0.010 126 0.054 294

» Ten parameters to fit oscillation data
» Both normal ordering and inverted ordering allowed
» Dirac CP phase is unconstrained

» Left-right symmetry breaking scale is not constrained
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Tests with Neg in Cosmology

» Dirac neutrino models of this type will modify N.g by about 0.14

106.75 \*/°
ANyg ~ 0.027 [ —= 2 3
. (g* ( Tdec) ) Eeft

ot = (7/8) x (2) x (3) =21/4
» Can be tested in CMB measurements: N.g = 2.99 +0.17
(Planck+BAO)

2 ! 5 TC%
G T3, ~ (T, ==
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Taec >~ 400 M =
dec = 400 eV( 70 ) (5 TeV

» Present data sets a lower limit of 7 TeV on Wg mass
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Pseudo-Dirac Neutrinos

In any model with Dirac neutrinos, quantum gravity corrections
could induce tiny Majorana masses via Weinberg operator

The active-sterile neutrino mass splitting should obey [dm?| < 1012
eV? from solar neutrino data — de Gouvea, Huang, Jenkins (2009)

B — L may be gauged in rder to control the small amount of
Majorana mass. (LLHH/Mp;) won't be allowed due to B — L, but
(LLHHp)/ M3, may be allowed — if ¢ has B — L of +2

In the current model (YrWrXRXR)/Mp1 is more important (if
allowed), but B — L gauging could forbid this operator, but may

permit (YrYRXRXRY)/MB)

Pseud-Dirac nature of neutrinos may be tested with high energy
astrophysical neutrinos via (L/E)-dependent flavor ratios —
Beacom, Bell, Hooper, Learned, Pakvasa, Weiler (2003)

For (xg) ~ (¢) ~ 10° GeV, Am* ~ 10716 eV?



lceCube Flavor Ratios for Pseudo-Dirac Neutrinos

> Flavor ratio at source from pion decay: (3, 2, 0)
» For Dirac neutrinos these ratios become at detector (%, %, %)

» For pseudo-Dirac neutrinos at the detector we have:

1
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Am?L
xj—sin2< 4[:1 )
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Conclusions

Neutrino may very well be Dirac particles

A left-right symmetric scenario is presented which is motivated on
several other grounds

Neutrinos may be pseudo-Dirac particles at a more fundamental
level

Neg in cosmology can test these models

IceCube can potentially distinguish a Dirac neutrino from a
pseudo-Dirac neutrino via (L/E)-dependent flavor ratios



