
Probing Neutrino Mass Models at Neutrino Telescopes

Bhupal Dev
(bdev@wustl.edu)

Washington University in St. Louis



Friends across 20 orders of magnitude

J. L. Hewett et al, 1401.6077 (Snowmass Report)
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Ultra High-energy (UHE) Neutrinos: Astrophysical MessengersMulti-Messenger Astronomy

• Cosmic Messengers:

4 Cosmic Rays
4 Gamma Rays
4 Neutrinos

! Gravitational Waves

‹ Neutrino astronomy:

4 closely related to cosmic
rays (CRs) and �-rays

4 weak interaction during
propagation

4 ideal probe for
10 TeV-10 EeV anisotropy
and tomography

• Challenges:

8 low statistics
8 large backgrounds
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Markus Ahlers (UW-Madison) Interpretation of Results on Cosmic Neutrinos May 3, 2016 slide 2
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But the Flux is Small
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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!
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Need Very Large Detectors

IceCube	

Lake	Baikal	 ANTARES	
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Neutrino Detection at IceCube

ν` +N →
{

`+X (CC)
ν` +X (NC)

Events: Shower vs. Track; Contained vs. Throughgoing

Charged-current Neutral-current

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)
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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 ‘double bang’

Neutrinos are detected by looking for Cherenkov radiation from secondary particles 
(muons, particle showers)

The IceCube Neutrino Observatory
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μ

νμ

Cherenkov cone

IceCube Preliminary

Throughgoing muon
(track only)

High Energy Starting Events (HESE)

[IceCube Collaboration, PRL ’13; Science ’13; PRL ’14] [Picture courtesy: C. Kopper]
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7.5-year HESE Dataset
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FIG. VI.1. Deposited energy and reconstructed cos ✓z distributions. In these panels, the data is shown as crosses and the
best-fit expectation as a stacked histogram with each color specifying a given flux component: astrophysical neutrinos (golden),
conventional atmospheric neutrinos (red), and penetrating atmospheric muons (purple). Left: distributions of events and
expected event count assuming best-fit parameters as a function of the deposited energy; events below 60 TeV (light blue vertical
line) are ignored in the fit. Right: distribution of events with energy greater than 60 TeV in the cosine of their reconstructed
zenith angle. Up-going events are on the left side of this panel and down-going events on the right. The expected number of
events is split by components and displayed as a stacked histogram. The normalization of the prompt atmospheric neutrino
component fits to zero, and so is not shown in the stacked histogram. The distribution of data events appears to be largely flat
as a function of cosine zenith with a small decline towards the up-going region. The lower event rate in the up-going region
is expected as a result of the Earth’s absorption of the neutrino flux, and appears to be compatible with the Monte Carlo
expectation.

regions for the two variables on the horizontal and ver-
tical axes assuming two degrees of freedom. The impact
of the systematics on the parameters of this model are
shown in Fig. VI.4. The most relevant systematic affect-
ing the astrophysical normalization is the DOM efficiency
and the relative contribution of neutrinos from charmed
hadrons. The astrophysical spectral index is more weakly
affected by these systematics, but the normalization of
the neutrino flux from charmed hadrons has the largest
effect.

Our results agree with a previous iteration of this anal-
ysis [59] within the 2� confidence regions of the astro-
physical power-law parameters. The previous analysis
obtained a best-fit spectral index of �3 years

astro = 2.3+0.3
�0.3,

compared to �7.5 years
astro = 2.87+0.20

�0.19 in this analysis. This
difference is primarily driven by a higher number of low-
energy events observed in the latter 4.5 years compared
to the first 3 years. A smaller contribution comes from
the extension of the analysis energy range from 3 PeV
to 10 PeV, shifting the spectral index to a softer flux by
⇠ 0.1. Further extension of the analysis energy range
produces negligible changes.

To investigate the shift in spectral index between anal-
ysis iterations, an a posteriori analysis of the data’s time
dependence was performed. Specifically, we compared a
null hypothesis of a constant flux to a time-dependent
spectrum with different astrophysical spectra for each of
the two data partitions (first 3 years and latter 4.5 years),
where each spectrum is modeled as a single power law.
We performed a likelihood ratio based model comparison
test, which disfavors the null hypothesis with a p-value

of ⇠ 0.13. We conclude that there is no evidence for time
dependence in this data sample.

Additionally, we tested the effect of different systematics
on the fit. We found that the inclusion or exclusion of any
individual systematic or tested combination of systematics
did not appreciably affect the fit result or uncertainties.

Other crosschecks were performed with the sample:
comparing the spectrum of tracks and cascades, looking
for differences between the up-going and down-going spec-
tra, examining the summer and winter spectra, comparing
the spectra from events in different regions of the detector,
checking the charge distributions of events across many
categorizations, looking for differences between charge
calibrations, and checking for pulls resulting from recon-
struction and simulation changes. None of these checks
showed any statistically significant differences.

Although the uncertainty on �astro is numerically simi-
lar between this analysis and the 3 years analysis, this is
not the result of any additional systematic uncertainty or
analysis change. This is a direct result of the change in the
best-fit spectral index. With the same amount of data,
harder spectra can be measured with less uncertainty
than softer spectra. This effect is shown in Fig. VI.5,
where we plot the uncertainty for different injected spec-
tra (�astro = {2.3, 2.6, 2.9}) that have the same number
of expected events in the sample.

Plotted in Fig. VI.3 are the confidence regions for other
IceCube analyses. The orange contours show the results
of a single power-law fit to IceCube’s up-going muon neu-
trino data sample [94], the salmon contours show results
from IceCube’s 6yr cascade sample [63, 173], the purple

dΦν
dE

= Φastro

(
Eν

100 TeV

)−γastro
· 10−18 GeV−1cm−2s−1sr−1

with Φastro = 6.37+1.46
−1.62 and γastro = 2.87+0.20

−0.19.

[IceCube Collaboration, Phys. Rev. D 104 (2021) 022002 [arXiv:2011.03545 [astro-ph.HE]]
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A New Era of Neutrino (Astro)physics

[2203.08096]

Three main aspects:

Source: flux and initial flavor composition

Propagation: final flavor composition on Earth

Detection: showers and tracks, upgoing and downgoing events, features in the spectrum

8



A New Era of Neutrino (Astro)physics

[2203.08096]

Three main aspects:

Source: flux and initial flavor composition

Propagation: final flavor composition on Earth

Detection: showers and tracks, upgoing and downgoing events, features in the spectrum

8



Potential Sources

  

Introduction of Neutrino Flux
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Flavor Composition

2011.03561
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A New Probe of BSM Physics

Improved precision on the astrophysical neutrino flux measurement is expected.
Any anomalous feature could be used as a probe of BSM physics.

[2203.08096]

This talk: Probing Neutrino Mass Models using UHE Neutrino Resonance
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SM Resonances

[Glashow (Phys. Rev. ’60)]

Glashow resonance
Eν = m2

W
2me = 6.3 PeV

Recently observed by IceCube
[Nature 591, 220 (2021)]

[Weiler (PRL ’82)]
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New Resonances in Neutrino Mass Models

Particle Content Lagrangian term
η+(1,1, 1) or h+(1,1, 1) fαβLαLβ η

+ or fαβLαLβ h+

H
(
1,2, 1

2

)
=
(
H+, H0) YαβLα`

c
βH̃

S1
(
3̄,1, 1

3

)
λαβLαQβS1

S3
(
3̄,3, 1

3

)
=
(
ρ4/3, ρ1/3, ρ−2/3) λ′αβLαQβS3

R2
(
3,2, 7

6

)
=
(
δ5/3, δ2/3) λ′′αβLαu

c
βR2

R̃2
(
3,2, 1

6

)
=
(
ω2/3, ω−1/3

)
λ′′′αβLαd

c
βR̃2
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An Example: Zee Model
[Zee (PLB ’80)]

Scalar sector: η+(1,1, 1) and Φ1,2
(
1,2, 1

2

)
=
(
φ+

1,2, φ
0
1,2
)

.
Leads to the Yukawa Lagrangian and potential term

−LY ⊃ fαβL
i
αL

j
βεijη

+ + (y1)αβΦ̃i1Ljα`cβεij + (y2)αβΦ̃i2Ljα`cβεij + H.c. .

V ⊃ µΦi1Φj2εijη
− + H.c. .

Higgs basis:
(

H1

H2

)
=
(

cβ e−iξsβ
−eiξsβ cβ

)(
Φ1

Φ2

)
.

H1 =
(

G+

1√
2 (v +H0

1 + iG0)

)
, H2 =

(
H+

2
1√
2 (H0

2 + iA)

)
.

Charged scalars: h+ = cosϕη+ + sinϕH+
2 ,

H+ = − sinϕη+ + cosϕH+
2 ,

with sin 2ϕ = −
√

2 vµ
m2
H+−m

2
h+

.

Similarly, in the CP -even neutral sector:

h = cos(α− β)H0
1 + sin(α− β)H0

2 ,

H = − sin(α− β)H0
1 + cos(α− β)H0

2 .

where sin 2(α− β) = 2λ6v
2

m2
H
−m2

h

. Work in alignment limit.

14



An Example: Zee Model
[Zee (PLB ’80)]

Scalar sector: η+(1,1, 1) and Φ1,2
(
1,2, 1

2

)
=
(
φ+

1,2, φ
0
1,2
)

.
Leads to the Yukawa Lagrangian and potential term

−LY ⊃ fαβL
i
αL

j
βεijη

+ + (y1)αβΦ̃i1Ljα`cβεij + (y2)αβΦ̃i2Ljα`cβεij + H.c. .

V ⊃ µΦi1Φj2εijη
− + H.c. .

Higgs basis:
(

H1

H2

)
=
(

cβ e−iξsβ
−eiξsβ cβ

)(
Φ1

Φ2

)
.

H1 =
(

G+

1√
2 (v +H0

1 + iG0)

)
, H2 =

(
H+

2
1√
2 (H0

2 + iA)

)
.

Charged scalars: h+ = cosϕη+ + sinϕH+
2 ,

H+ = − sinϕη+ + cosϕH+
2 ,

with sin 2ϕ = −
√

2 vµ
m2
H+−m

2
h+

.

Similarly, in the CP -even neutral sector:

h = cos(α− β)H0
1 + sin(α− β)H0

2 ,

H = − sin(α− β)H0
1 + cos(α− β)H0

2 .

where sin 2(α− β) = 2λ6v
2

m2
H
−m2

h

. Work in alignment limit.

14



An Example: Zee Model
[Zee (PLB ’80)]

Scalar sector: η+(1,1, 1) and Φ1,2
(
1,2, 1

2

)
=
(
φ+

1,2, φ
0
1,2
)

.
Leads to the Yukawa Lagrangian and potential term

−LY ⊃ fαβL
i
αL

j
βεijη

+ + (y1)αβΦ̃i1Ljα`cβεij + (y2)αβΦ̃i2Ljα`cβεij + H.c. .

V ⊃ µΦi1Φj2εijη
− + H.c. .

Higgs basis:
(

H1

H2

)
=
(

cβ e−iξsβ
−eiξsβ cβ

)(
Φ1

Φ2

)
.

H1 =
(

G+

1√
2 (v +H0

1 + iG0)

)
, H2 =

(
H+

2
1√
2 (H0

2 + iA)

)
.

Charged scalars: h+ = cosϕη+ + sinϕH+
2 ,

H+ = − sinϕη+ + cosϕH+
2 ,

with sin 2ϕ = −
√

2 vµ
m2
H+−m

2
h+

.

Similarly, in the CP -even neutral sector:

h = cos(α− β)H0
1 + sin(α− β)H0

2 ,

H = − sin(α− β)H0
1 + cos(α− β)H0

2 .

where sin 2(α− β) = 2λ6v
2

m2
H
−m2

h

. Work in alignment limit.

14



Radiative Neutrino Mass

Rewrite the Yukawa Lagrangian in Higgs basis:

−LY ⊃ fαβL
i
αL

j
βεijη

+ + ỸαβH̃
i
1L

j
α`
c
βεij + YαβH̃

i
2L

j
α`
c
βεij + H.c. .

Charged lepton masses: M` = Ỹ 〈H0
1 〉 = Ỹ

v√
2
.

Lepton number violation is obtained by the cubic term

V ⊃ µHi
1 H

j
2εij η

− + H.c.

Open up the ∆L = 2 effective d = 7 operator O2 = LiLjLkecHlεijεkl to generates
neutrino mass at one-loop: [Zee (PLB ’80)]

Mν = κ (fM`Y + Y TM`f
T ) ,

where κ = 1
16π2 sin 2ϕ log

(
m2
h+

m2
H+

)
.

⟨H0
1⟩

H+
2η+

να ℓγ ℓcγ νβ
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How Light Can the Charged Higgs be?

[Babu, BD, Jana, Thapa, 1907.09498 (JHEP ’20)]

Can be as light as 100 GeV.
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‘Zee-burst’: New Resonance at IceCube

  

Glashow-Like Signatures

@ resonance, becomes dominant

S. L. Glashow 1960

g

Y

Zee burst

Eν =
m2
h−/H−

2me & 10 PeV (observable at IceCube)

[Babu, BD, Jana, Sui, 1908.02779 (PRL ’20)]
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Neutrino Non-Standard Interactions

LNSI = −2
√

2GF εfXαβ (ν̄αγµPLνβ)(f̄γµPXf)

[Wolfenstein (PRD ’78)]

ℓρL νβL

ναL ℓσL

η+

ℓρR
νβL

ναL ℓσR

H+
2

η+

H+
2

ℓρL νβL

ναL ℓσL

η+

H+
2

η+

ℓρR νβL

ναL ℓσR

H+
2

(small) (small)

εαβ ≡ ε
(h+)
αβ + ε

(H+)
αβ = 1

4
√

2GF
YαeY

?
βe

(
sin2 ϕ

m2
h+

+ cos2 ϕ

m2
H+

)
.
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A New Probe of NSI
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[Babu, BD, Jana, Sui, 1908.02779 (PRL ’20); Babu, BD, Jana, arXiv:2202.06975]
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May not have to wait 75 years!

[slide from M. Huber]
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Pseudo-Dirac Neutrinos
[Wolfenstein (NPB ’81); Petcov (PLB ’82); Kobayashi, Lim (PRD ’01)]

Consider a maximally mixed superposition of active and sterile states:

νβL = Uβk√
2

(νks + iνka)

with m2
ks,ka = m2

k ± δm2
k/2 (with k = 1, 2, 3).

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.

[Keranen, Maalampi, Myyrylainen, Riittinen (PLB ’03); Beacom, Bell, Hooper, Learned, Pakvasa, Weiler (PRL ’04);

Martinez-Soler, Perez-Gonzalez, Sen, 2105.12736]
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Pseudo-Dirac Neutrino-Induced Resonance at IceCube

L ⊃ Y sαβνcsαη+`βR + H.c.
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Conclusion

Detection of UHE neutrinos has ushered in a new era of Neutrino Astrophysics.

Also provides a new opportunity window for BSM physics searches.

Radiative neutrino mass models with (relatively) light mediators can give rise to distinct
resonance features.

Color-neutral mediators are accessible to IceCube and/or future neutrino telescopes
(IceCube Gen-2, KM3NeT, P-ONE) .

A new probe of NSI, complementary to other laboratory and collider probes.

Thank You.
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