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Nature of neutrino mass remains unknown!

=⇒ Nonzero Neutrino Mass =⇒ BSM Physics

Perhaps something beyond the standard Higgs mechanism?

Majorana or Dirac (or something in between)?

Only experiments can tell.
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0νββ experiments ... maybe?

[A. Giuliani et al., 1910.04688]

What if the Majorana mass is small?
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What do we know from theory?

Neutrinos are massless in the SM, because

There are no right-handed partners to write a Dirac mass term mD ν̄LνR.
Majorana mass term mM ν̄

c
LνL breaks SU(2)L-gauge invariance.

Even non-perturbative effects cannot generate a neutrino mass, because they preserve B − L.
Gravitational effects are at most of order v2/MPl ∼ 10−5 eV and cannot explain the
atmospheric mass splitting.

Simplest possibility: Add SM-singlet Dirac partners νR to write Dirac mass.

Also allows for a Majorana mass term MRν̄
c
RνR.

Mν =
(

0 mD

mT
D MR

)
.

If MR = 0, lepton number is preserved and neutrinos are Dirac.
If MR 6= 0, neutrinos are Majorana.
If ||MR|| � ||mD||, neutrinos are pseudo-Dirac (small active-sterile mass splitting).

But isn’t it more natural to have ||MR|| � ||mD|| (seesaw)?
[Minkowski (PLB ’77); Mohapatra, Senjanovic (PRL ’80); Yanagida ’79; Gell-Mann, Ramond, Slansky ’79]

Maybe, but ||MR|| � ||mD|| is a logical possibility too.
[Wolfenstein (NPB ’81); Petcov (PLB ’82); Valle (PRD ’82); Valle, Singer (PRD ’83); Kobayashi, Lim (PRD ’01)]
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Models of pseudo-Dirac neutrinos

A good starting point: Dirac neutrino models with mD naturally small and MR = 0 at
renormalizable level, e.g. in Dirac seesaw. [Roncadelli, Wyler (PLB ’83); Roy, Shanker (PRL ’84); Dick,

Lindner, Ratz, Wright (PRL ’00); Murayama, Pierce (PRL ’02); Gu, He (JCAP ’06); Joshipura, Mohanty, Pakvasa (PRD ’14); Ma,

Srivastava (PLB ’15); Ma, Popov (PLB ’17); Earl, Fong, Gregoire, Tonero (JCAP ’20); ...]

Global lepton number symmetry.

Broken by quantum gravity corrections and a small MR is induced.

Naturally realized in mirror models. [Berezhiani, Mohapatra (PRD ’95)]

Weinberg operators (ΨΨHH)/MPl and (Ψ′Ψ′H ′H ′)/MPl induce small diagonal Mν

entries =⇒ Pseudo-Dirac neutrinos.

Gives δm2 ≈ 2maδm ∼ 10−6 eV2 (for ma ' 0.05 eV).

But excluded by BBN and solar neutrino constraints (for maximal mixing). §

δm2 . 10−8 eV2 from BBN, [Barbieri, Dolgov (PLB ’90)]

10−11 eV2 from solar. [de Gouvêa, Huang, Jenkins (PRD ’09); Ansarifard, Farzan (PRD ’23)]
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Models of pseudo-Dirac neutrinos

An alternative is to gauge B − L.

Introduce a singlet scalar S carrying two units of B − L.

Lowest-order quantum gravity corrections are of the form (ΨΨHHS)/M2
Pl.

For 〈S〉 = vBL, leads to diagonal elements of Mν of order v2vBL/M
2
Pl.

For vBL = (104 − 1014) GeV, generates δm2 ∼ (10−22 − 10−12) eV2.

Consistent with solar neutrino data. ©

Another example is left-right symmetry-based model with universal seesaw, where δm2

depends on both SU(2)R and B − L breaking scales. [Babu, He (MPLA ’89)]

Concrete prediction for ∆Neff ' 0.14. [Babu, He, Su, Thapa, 2205.09127 (JHEP ’22)]

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

How to probe these tiny δm2 values?

Oscillation effects are suppressed, unless L and E are such that δm2L/E ∼ 1.
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Need astrophysical baselines 2

FIG. 1. Characteristic energies and baselines of distinct
experiments with reactor (lilac), accelerator (green), atmo-
spheric (light blue), solar (yellow), SN (emerald), DSNB (pur-
ple) and High Energy (violet) neutrinos. Dotted lines indi-
cate the sensitivity to �m2 via vacuum oscillations; we show
three specific values in red for |�m2

3i|,�m2
21, �m

2 , where,
in the Normal Ordering, �m2

31 = 2.51 ⇥ 10�3 eV2,�m2
21 =

7.42 ⇥ 10�5 eV2 [29], and �m2 = 6.31 ⇥ 10�20 eV2.

Active-sterile oscillations.— One of the most austere
extensions of the SM to address neutrino masses consists
of adding at least two right-handed neutrinos, 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 neutrino mass matrix below the
electroweak scale is given by

M⌫ =

✓
03 Y v/

p
2

Y v/
p

2 MR

◆
, (1)

being v/
p

2 the SM vacuum expectation value and Y
the Yukawa matrix. We have not considered heretofore
any hierarchy in the mass matrix. The well-known see-
saw mechanism [30–37] assumes that the right-handed
neutrino mass far exceeds the electroweak scale MR �
Y v, thus explaining the petiteness of neutrino masses.
On the other hand, if MR ⌧ Y v, the small Majorana
terms break the degeneracy between the masses of the
left- and right-handed components, present in a purely
Dirac neutrino. In such regime, the mass matrix M⌫ can
be diagonalized using the following unitary 6 ⇥ 6 matrix
V [12]

V =

✓
U 0
0 UR

◆
· 1p

2

✓
13 i13

' �i'

◆
, (2)

U and UR being the PMNS matrix, and another unitary
matrix that diagonalize the active and sterile sectors re-
spectively. ' is a diagonal matrix containing arbitrary
phases ' = diag(e�i�1 , e�i�2 , e�i�3), while 13 is the 3⇥3
unitary matrix. A flavor neutrino field ⌫�L (� = e, µ, ⌧)

corresponds to a maximally-mixed superposition of an
active ⌫ka and a sterile ⌫ks field, (k = {1, 2, 3}) [12]

⌫�L =
U�kp

2
(⌫ks + i ⌫ka) , (3)

having almost degenerate masses m2
ks,ka = m2

k ± �m2
k/2,

respectively. For simplicity, we assume that mass di↵er-
ence �m2

k, related to the matrix elements of MR and Y , is
the same for all mass eigenstates, and simply write �m2

hereafter. Current constraints indicate that �m2 should
be much smaller than the solar and atmospheric mass dif-
ferences, �m2 ⌧ |�m2

21,31|, and hence, over astrophysical
baselines, oscillations induced by the former can happen
whereas those due to the latter average out. Thus, the

flavor oscillation probability P�� = P (
(�)

⌫� ! (�)

⌫�) can be
factorized in terms of an active-active survival probabil-
ity Paa times the standard averaged term [16]

P�� = Paa(E⌫ ; L, �m2)
X

k

|U�k|2 |U�k|2 (4)

where E⌫ is the neutrino energy, and L is the distance
travelled. Neutrinos oscillations over astrophysical dis-
tances are also susceptible to decoherence due to sepa-
ration of wave packets, owing to di↵erent group veloci-
ties of the mass-eigenstates. This is physically equiva-
lent to an energy-dependent “dephasing” of the oscilla-
tion phase [38]1. Including such decoherence e↵ects, Paa

is

Paa(E⌫) =
1

2

✓
1 + e

�
⇣

L
Lcoh

⌘2

cos

✓
2⇡L

Losc

◆◆
. (5)

The PD oscillation Losc and coherence Lcoh lengths have
similar dependence on neutrino energy as in the standard
case,

Losc =
4⇡E⌫

�m2
⇡ 20 kpc

✓
E⌫

25 MeV

◆✓
10�19 eV2

�m2

◆
,

(6a)

Lcoh =
4
p

2E⌫

|�m2| (E⌫�x)

⇡ 114 kpc

✓
E⌫

25 MeV

◆2 ✓
10�19 eV2

�m2

◆⇣ �x

10�13 m

⌘
,

(6b)

where �x is the initial size of the wave packet. We con-
clude that for 10�21 eV2 . �m2 . 10�18 eV2 the active-
sterile oscillations can develop over scales of O(kpc), right
on the ballpark of expected baselines and energies for SN
neutrinos. The initial wave packet size can be determined
from the processes producing the neutrinos in a SN, and

1 We thank Georg Ra↵elt for pointing this out.

Beacom, Bell, Hooper, Learned, Pakvasa, Weiler, 0307151 (PRL ’04); Martinez-Soler, Perez-Gonzalez, Sen, 2105.12736 (PRD ’22)
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Astrophysical neutrinos
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High Energy Neutrino Astronomy:  Motivation!
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Confirmed by Fermi-LAT 
Science 339 (2013) 807.!

Supernova Remnants!

What is the origin of Cosmic Rays  with E up to 1020 eV ?  !

Low ν fluxes and small interaction cross section: !
need for 1 km3 detector- Neutrino Telescopes!

Neutrinos as probes of the HE Universe 

AGN !

GRB !

J. Kiryluk (SBU), ICHEP2014, 2-9 July 2014!

 Eν:  1010 eV  - 1018 eV!Need gigantic detectors to compensate for the tiny flux.
IceCube	

I.	Taboada	|	Georgia	Inst.	of	Tech.	 3	
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High-energy neutrino signals at IceCube

ν` +N →
{

`+X (CC)
ν` +X (NC)

Flavor composition:
(νe : νµ : ντ ) = (1 : 2 : 0)F −→ (1 : 1 : 1)⊕.

Signatures of  signal events
Neutrino Event Signatures

9
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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)
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(not observed yet)
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NGC 1068

[IceCube Collaboration, 2211.09972 (Science ’22)]
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A new probe of pseudo-Dirac neutrinos

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

Oscillation probability:

Pαβ = 1
2

3∑
j=1

|Uβj |2|Uαj |2
[

1 + cos
(
δm2

jLeff

2Eν

)]
,

with Leff =
∫

dz
H(z)(1+z)2 and H(z) = H0

√
Ωm(1 + z)3 + ΩΛ + (1− Ωm − ΩΛ)(1 + z)2.

Typical oscillation length: Losc = 2Eν
δm2 ≈ 6.4 Mpc

(
Eν

1 TeV

)(
2×10−18 eV2

δm2

)
.

Typical coherence length: [Kersten, Smirnov, 1512.09068 (EPJC ’16); Rink, Sen, 2211.16520]

Lcoh = 4
√

2E2
ν

|δm2| ≈ 1010 Mpc
(

Eν
1 TeV

)2 ( 2×10−18 eV2

|δm2|

)(
σx

10−10 m

)
� Losc.
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Event Distributions

Source Source Type − log10 plocal n̂s γ̂ z

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

[IceCube Collaboration, 2111.10299 (ApJ ’22)]

Φ(Eν) =


Φ0(Eν/E0)−γ (single power law)
Φ′0(Eν/E0)−γ

′
e−Eν/Ecutoff (SPL with cutoff)

Φ′′0 · (E/E0)−(α+β log(E/E0)) (log parabola)
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First IceCube constraints on δm2

Source Source Type − log10 plocal n̂s γ̂ z

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

Carloni, Martı́nez-Soler, Argüelles, Babu, BD, 2212.00737
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Future IceCube-Gen2 sensitivity
Source Source Type − log10 plocal n̂s γ̂ z

NGC 1068 SBG/AGN 7.0 79 3.2 0.0038
PKS 1424+240 BLL 4.0 77 3.5 0.6047
TXS 0506+056 BLL/FSRQ 3.6 5 2.0 0.3365
S5 1044+71 FSRQ 1.3 45 4.3 1.1500
IC 678 GAL 0.9 22 3.1 0.04799
NGC 5380 GAL 0.9 4 2.4 0.010584
B2 1520+31 FSRQ 1.0 35 4.3 1.48875
PKS 1717+177 BLL 1.0 34 4.3 0.137
3C 454.3 FSRQ 1.2 1 1.5 0.859
GB6 J1542+6129 BLL 1.9 16 4.3 0.117

Carloni, Martı́nez-Soler, Argüelles, Babu, BD, 2212.00737
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Effect of energy resolution

Lot of room for improvement with better technology.
Showers can do much better, if the angular resolution can be improved somehow.
Possible with KM3NeT or P-ONE (or something even bigger and better).
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Conclusion

The nature of neutrino mass (Majorana, Dirac, or pseudo-Dirac) has to be experimentally
determined.

We proposed a new experimental probe of pseudo-Diracness of neutrinos using
high-energy astrophysical neutrinos.

Made possible by recent breakthroughs in multi-messenger neutrino astrophysics.

Current IceCube data on the three most significant astrophysical neutrino sources
already constrain δm2 in the range of 10−21 − 10−16 eV2 with up to 2σ significance.

With additional sources and more statistics at IceCube-Gen2 (+KM3NeT), a larger range
of δm2 can be probed with higher significance.

Robust against astrophysical flux and flavor ratio uncertainties.

Thank You.
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Recovery of true pseudo-Dirac parameters
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Standard Model fits to pseudo-Dirac reality
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Linear models for energy resolution
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Solar neutrino constraint

Ansarifard, Farzan, 2211.09105
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