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A New Era of Multi-Messenger Astronomy
2109.10841

2Great news for both Astrophysics and Particle Physics. 

See talks by 
D. Hooper, S. Agarwalla, and S. Rakshit

See talks by
J. Ellis and S. Bose

https://arxiv.org/abs/2109.10841


Outline

• Decaying Heavy Dark Matter [Sui, BD, 1804.04919 (JCAP); 

Brdar, BD, Maitra, Suliga (in preparation)]

• New (B)SM Resonances           [Babu, BD, Jana, Sui, 1908.02779 (PRL);

Brdar, BD, Plestid, Soni, 2207.02860 (PLB);

BD, Jana, Porto, 2312.17315]

• Pseudo-Dirac Neutrinos          [Carloni, Martinez-Soler, Arguelles, Babu, BD, 2212.00737 (PRDL); 

BD, Machado, Martinez-Soler, 2406.18507]

• Axion-like Particles                     [BD, Fortin, Harris, Sinha, Zhang, 2305.01002 (PRL) and work in progress]
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New Multi-Messenger Probes of (B)SM Physics

https://arxiv.org/abs/1804.04919
https://arxiv.org/abs/1908.02779
https://arxiv.org/abs/2207.02860
https://arxiv.org/abs/2312.17315
https://arxiv.org/abs/2212.00737
https://arxiv.org/abs/2406.18507
https://arxiv.org/abs/2305.01002


HENs: Multi-Messenger Connection
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Potential Sources
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Sui, BD 1804.04919 (JCAP)

• IceCube best-fit in tension with gamma-ray 
constraints. 

• Alternatives: Broken power-law, 2-component flux, 
neutrinophilic BSM contribution

Meszaros 1708.03577 (ARNPS)

https://arxiv.org/abs/1804.04919
https://arxiv.org/abs/1708.03577


Decaying Heavy Dark Matter
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Sui, BD 1804.04919 (JCAP)

Mild preference for a decaying dark matter component over purely astrophysical unbroken power-law flux

For a recent update, see Fiorillo, Valera, Bustamante, Winter 2307.02538 (PRD)

https://arxiv.org/abs/1804.04919
https://arxiv.org/abs/2307.02538


New SM Resonances with UHE Neutrinos
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SM Resonances

[Glashow (Phys. Rev. ’60)]

Glashow resonance

E ‹ =
m 2

W

2m e
= 6.3 PeV

Recently observed by IceCube

[Nature 591, 220 (2021)]

[Weiler (PRL ’82)]

Z -burst

E ‹ =
m 2

Z

2m ‹
> 1014 GeV

Beyond GZK cutoff

Unlikely to be seen

Rate is small [Paschos, Lalakulich, hep-ph/0206273; BD, Soni, 2112.01424; Brdar, de Gouvea, Machado, Plestid, 2112.03283]
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(Axial) vector meson resonance

New Idea: UseSM Meson Resonances

Recall vector meson resonances in e+ e≠ scattering. [Lee, Zumino (PR ’67); Gounaris, Sakurai (PRL ’68)]

Apply it to UHE neutrino scattering off C‹ B. [Bander, Rubinstein (PRD ’95); Paschos, Lalakulich

(hep-ph/0206273); BD, Soni (2112.01424)]

For s π m2
Z , expect vector-current to bedominated by vector meson resonance

(J PC = 1≠ ≠ ) and axial-vector current to bedominated by axial-vector resonance

(J PC = 1+ + ).
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Accessible at neutrino telescopes!
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Numerical coincidence:
GZK neutrino flux peaks at the rho-resonance.
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BD, Soni 2112.01424

Brdar, BD, Plestid, Soni, 2207.02860 (PLB)

https://arxiv.org/abs/hep-ph/0206273
https://arxiv.org/abs/2112.01424
https://arxiv.org/abs/2207.02860


New BSM Resonances with UHE Neutrinos
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‘Zee-burst’ : New Resonance at IceCube

  

Glashow -Like Signat ures

@ resonance, becomes dominant

S. L. Glashow 1960

g

Y

Zee burst

E ‹ =
m 2

h ≠ / H ≠

2m e
& 10 PeV (observable at IceCube)

[Babu, BD, Jana, Sui, 1908.02779 (PRL ’20)]
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Motivated by the  Zee model for neutrino mass 
A. Zee (PLB ‘80)

Zee-burst 

Babu, BD, Jana, Sui 1908.02779 (PRL)

SM Resonances

[Glashow (Phys. Rev. ’60)]

Glashow resonance

E ‹ =
m 2

W

2m e
= 6.3 PeV

Recently observed by IceCube

[Nature 591, 220 (2021)]

[Weiler (PRL ’82)]

Z -burst
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Can be of any 
flavor.

DM decay-induced 
Z-burst (or ρ-burst)

Brdar, BD, Maitra, Suliga (in preparation)

Multi-messenger
connection

https://arxiv.org/abs/1908.02779


Probing the Nature of Neutrino Mass
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Nature of neutrino mass remains unknown!

=∆ Nonzero Neutr ino Mass =∆ BSM Physics

Perhaps something beyond the standard Higgs mechanism?

Majorana or Dirac (or something in between)?

Only experiments can tell.

4

0‹ ——experiments ... maybe?

[A. Giuliani et al., 1910.04688]

What if the Majorana mass is small?

5

See talk by F. Deppisch

• What if there is no signal in NDBD experiments?
• Time to think about alternative probes.

See talk by S. Goswami



What do we know from Theory?
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How to probe Pseudo-Dirac Neutrinos?
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Need astrophysical baselines 2

FIG. 1. Characterist ic energies and baselines of dist inct

experiments with reactor (lilac), accelerator (green), atmo-
spheric (light blue), solar (yellow), SN (emerald), DSNB (pur-
ple) and High Energy (violet ) neut rinos. Dot ted lines indi-

cate the sensit ivit y to ∆ m2 via vacuum oscillat ions; we show
three specific values in red for |∆ m2

3i |,∆ m2
21 , δm2 , where,

in the Normal Ordering, ∆ m2
31 = 2.51 × 10− 3 eV 2 ,∆ m2

21 =
7.42 × 10− 5 eV 2 [29], and δm2 = 6.31 × 10− 20 eV 2 .

Active-ster i le osci l lations.— 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 neut rinos.

Thus, in general, the neutrino mass matrix below the

elect roweak scale is given by

M ν =
03 Yv/

√
2

Yv/
√

2 M R
, (1)

being v/
√

2 the SM vacuum expectat ion 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

neut rino mass far exceeds the elect roweak scale M R

Yv, thus explaining the pet iteness of neut rino masses.

On the other hand, if M R Yv, the small Majorana

terms break the degeneracy between the masses of the

left - and right-handed components, present in a purely

Dirac neut rino. In such regime, the mass mat rix M ν can

be diagonalized using the following unitary 6× 6 matrix

V [12]

V =
U 0

0 UR
·

1
√

2

13 i13

ϕ − iϕ
, (2)

U and UR being the PMNS matrix, and another unitary

matrix that diagonalize the act ive and sterile sectors re-

spect ively. ϕ is a diagonal mat rix containing arbit rary

phases ϕ = diag(e− i φ1 , e− i φ2 , e− i φ3 ), while 13 is the 3× 3

unitary mat rix. A flavor neut rino field νβL (β = e, µ, τ )

corresponds to a maximally-mixed superposit ion of an

act ive νka and a sterile νks field, (k = { 1, 2, 3} ) [12]

νβL =
Uβk
√

2
(νks + i νka ) , (3)

having almost degenerate masses m2
ks,ka = m2

k ± δm2
k / 2,

respect ively. For simplicity, we assume that mass differ-

enceδm2
k , related to the mat rix elements of M R and Y , is

the same for all mass eigenstates, and simply write δm2

hereafter. Current const raints indicate that δm2 should

bemuch smaller than thesolar and atmospheric massdif-

ferences, δm2 |∆ m2
21,31|, and hence, over ast rophysical

baselines, oscillat ions induced by the former can happen

whereas those due to the lat ter average out . Thus, the

flavor oscillat ion probability Pβγ = P (
( − )

νβ →
( − )

νγ ) can be

factorized in terms of an act ive-act ive survival probabil-

ity Paa t imes the standard averaged term [16]

Pβγ = Paa(Eν ; L , δm2)

k

|Uβk |
2

|Uγ k |
2

(4)

where Eν is the neut rino energy, and L is the distance

travelled. Neutrinos oscillat ions over ast rophysical dis-

tances are also suscept ible to decoherence due to sepa-

rat ion of wave packets, owing to different group veloci-

t ies of the mass-eigenstates. This is physically equiva-

lent to an energy-dependent “ dephasing” of the oscilla-

t ion phase [38]1. Including such decoherence effects, Paa

is

Paa (Eν ) =
1

2
1 + e

− L
L coh

2

cos
2πL

L osc

. (5)

The PD oscillat ion L osc and coherence L coh lengths have

similar dependence on neutrino energy as in the standard

case,

L osc =
4πEν

δm2
≈ 20 kpc

Eν

25 MeV

10− 19 eV2

δm2
,

(6a)

L coh =
4
√

2Eν

|δm2|
(Eνσx )

≈ 114 kpc
Eν

25 MeV

2
10− 19 eV2

δm2

σx

10− 13 m
,

(6b)

where σx is the init ial size of the wave packet . We con-

clude that for 10− 21 eV2 . δm2 . 10− 18 eV2 the act ive-

sterileoscillat ionscan develop over scalesof O(kpc), right

on the ballpark of expected baselines and energies for SN

neut rinos. The init ial wavepacket sizecan bedetermined

from the processes producing the neut rinos in a SN, and

1 We thank Georg Raffelt for point ing this out .

Beacom, Bell, Hooper, Learned, Pakvasa, Weiler, 0307151 (PRL ’04); Martinez-Soler, Perez-Gonzalez, Sen, 2105.12736 (PRD ’22)
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Need astrophysical baselines.

Beacom, Bell, Hooper, Learned, 
Pakvasa, Weiler 0307151 (PRL) 

Martinez-Soler, Perez-Gonzalez, Sen 
2105.12736 (PRD) 

https://arxiv.org/abs/hep-ph/0307151
https://arxiv.org/abs/2105.12736


Here comes Multi-Messenger Neutrino 
Astronomy
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NGC 1068

[IceCube Collaboration, 2211.09972 (Science ’22)]

13

IceCube Collaboration, 2211.09972 (Science);
1807.08794 (Science).

Padovani et al., 2405.20146 (Nature Astron.)

https://arxiv.org/abs/2211.09972
https://arxiv.org/abs/1807.08794
https://arxiv.org/abs/2405.20146


A New Probe of Pseudo-Dirac Neutrinos
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A new probe of pseudo-Dirac neutrinos

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

Oscillation probability:

P– — =
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s
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!

E ‹

1 T eV

" 1
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” m 2

2
.

Typical coherence length: [Kersten, Smirnov, 1512.09068 (EPJC ’16); Rink, Sen, 2211.16520]
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Ô
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Carloni, Martinez-Soler, Arguelles, Babu, BD, 2212.00737 (PRDL) 

https://arxiv.org/abs/2212.00737


First IceCube Constraints on Pseudo-Dirac Neutrinos
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First IceCube constraints on ”m2

Source Source Type ≠ log10 pl ocal n̂s “̂ z

NGC 1068 SBG/AGN 7.0 (5.2‡) 79 3.2 0.0038 (16 Mpc)

PKS 1424+240 BLL 4.0 (3.7‡) 77 3.5 0.6047 (2.6 Gpc)

TXS 0506+056 BLL/FSRQ 3.6 (3.5‡) 5 2.0 0.3365 (1.4 Gpc)

Carloni, Martı́nez-Soler, Argüelles, Babu, BD, 2212.00737
18

Carloni, Martinez-Soler, Arguelles, Babu, BD, 2212.00737 (PRDL) 

https://arxiv.org/abs/2212.00737


Energy-dependent Flavor Triangles
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CνB matter effect: Notzold, Raffelt (NPB ‘88)

BD, Machado, Martinez-Soler, 2406.18507

40 TeV1 TeV

https://arxiv.org/abs/2406.18507


MSW Resonance in Hidden Neutrino Sources
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• Roughly one in four AGNs is 
Compton thick.

• Maybe the reason why most of the 
HEN sources are unknown. 

Malizia et al., 0906.5544 (MNRAS) 

Neutrinos from Compton-thick AGNs must undergo Matter Effect

[BD, Jana, Porto, 2312.17315]

Resonant flavor conversion, analogous to supernovacase: [Dighe, Smirnov, hep-ph/9907423 (PRD)]

Ô
2GF n

r es
e =

∆ m2
i 1

2E ‹

cos2◊1i .

Numerically, need nH
e ¥ 1020cm≠ 3(100 TeV/ E ‹ ) and nL

e ¥ 1018cm≠ 3(100 TeV/ E ‹ )

for resonant conversion.

Are these number densities realistic for AGNs? YES. [1406.4502; 1411.0670; 1511.03503; 1806.04680]
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• Neutrinos from Compton-thick AGNs must undergo source matter effect.
• Resonant flavor conversion, analogous to the supernova case. 

BD, Jana, Porto, 2312.17315
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[BD, Jana, Porto, 2312.17315]

Resonant flavor conversion, analogous to supernovacase: [Dighe, Smirnov, hep-ph/9907423 (PRD)]
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Dighe, Smirnov, 9907423 (PRD) 

Can drastically change the flavor composition of HENs.

https://arxiv.org/abs/0906.5544
https://arxiv.org/abs/2312.17315
https://arxiv.org/abs/hep-ph/9907423


Flavor Matters but Matter Flavors HENs
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• Might be the only way to probe heavily Compton-thick neutrino sources 
with no electromagnetic counterparts.

• Important implications for modeling of cosmic X-ray background, black 
hole growth and galaxy evolution. 

BD, Jana, Porto, 2312.17315

https://arxiv.org/abs/2312.17315


GW170817: Another Multi-Messenger Frontier
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Multimessenger Observations

3



ALP Searches with NS Mergers
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New Physics with Neutron Star Mergers

Light dark-sector: Axion-like par ticles (ALPs), CP-even scalars, dark photons, light Z Õ,....

4

Dietrich, Clough, 1909.01278
(PRD); Harris, Fortin, Sinha, 
Alford, 2003.09768 (JCAP)

Fiorillo, Iocco, 
2109.10364 (PRD)

BD, Fortin, Harris, Sinha, Zhang, 
2305.01002 (PRL);
Diamond, Fiorillo, Marques-
Tavares, Tamborra, Vitagliano, 
2305.10327 (PRL)

Multi-messenger connection

Negligible effect

For small ALP mass
(below neV)

https://arxiv.org/abs/1909.01278
https://arxiv.org/abs/2003.09768
https://arxiv.org/abs/2109.10364
https://arxiv.org/abs/2305.01002
https://arxiv.org/abs/2305.10327


Supernova vs NS Merger: Which is Better?
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• NS merger can reach slightly 
higher core temperature (40-100 
MeV vs 30 MeV for SN).

• SN1987A was 1000 times closer 
than GW170817. 

• Rate of GW-observable NS 
mergers is higher (10-1700/Gpc3 

/yr) than that of local, neutrino-
observable SN (~1/50 yr).

• Both can give excellent timing 
information with early-warning 
system (AMON/SNEWS).

BD, Fortin, Harris, Sinha, Zhang, 
2305.01002 (PRL)

https://www.amon.psu.edu/
https://snews2.org/
https://arxiv.org/abs/2305.01002


Conclusions

• An exciting era of Multi-messenger Astronomy.

• Great for both Astrophysics and Particle Physics.

• Multi-messenger probes of (B)SM Physics, e.g.
• Decaying Dark Matter

• Resonances (ρ meson, new scalars/vectors) 

• New Matter Effects

• Nature of Neutrino Mass

• Light Mediators (ALPs, dark photons, Zʹ,…)

• New windows of opportunity into the BSM world. 
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A new probe of pseudo-Dirac neutrinos

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