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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

  

Introduction of Neutrino Flux
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Multi-messenger Paradigm

• Neutrino production is closely related
to the production of cosmic rays (CRs)
and �-rays.

‹ pion production in CR interactions with
gas (“pp”) or radiation (“p�”); neutrinos
with about 5% of CR nucleon energy

• 1 PeV neutrinos correspond to
20 PeV CR nucleons and
2 PeV �-rays

‹ very interesting energy range:

• Glashow resonance?

• galactic or extragalactic?

• isotropic or point-sources?

CR

⌫

�

Markus Ahlers (UW-Madison) Interpretation of Results on Cosmic Neutrinos May 3, 2016 slide 8

(a) K = 1 case

(b) K = 2 case

Figure 6: The integrated photon flux predictions corresponding to the 2� range around the bestfit
one-component (brown), two-component astrophysical (blue) and DM+astrophysical (magenta) neu-
trino fluxes for the p� (upper panel) and pp (lower panel) cases. Here all flavor compositions have
been taken as (1 : 1 : 1) for illustration. The twist in the bestfit regions around PeV is caused by the
galactic attenuation e↵ect. The red-shaded region is the 90% CL exclusion from the combination of
the existing gamma-ray constraints, with the experimental data points shown by red dots.

e↵ects. For the (4 : 7 : 7) astrophysical case, the results are similar, so not shown here. In the
future, with more data from multi-messenger probes, these two-component scenarios could
be decisively tested and distinguishable from each other.

Before closing, a few comments are in order:

(i) For the photon constraints, we only show the energy range till 108 GeV. This is because
the astrophysical neutrinos and their photon counterparts have roughly ⇠ 1 � 5% of
the typical CR energy. Thus for the CR having energy right before the GZK cuto↵
of 1011 GeV [144, 145], the corresponding ⌫ and � fluxes should have the maximum
energy around 108 GeV.

(ii) For the DM decay, apart from the � flux comparison, we also did an antiproton flux
comparison with the recent data from AMS-02 [138]. The specific DM decay channels

– 18 –

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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(a) Combined bestfit predictions for HESE with
(1 : 1 : 1)DM + (1 : 1 : 1)astro and comparison
with the one-component fit.

(b) Combined bestfit predictions for HESE with
(1 : 1 : 1)DM + (4 : 7 : 7)astro and comparison
with the one-component fit.

(c) Combined bestfit predictions for TG muons
with (1 : 1 : 1)DM+(1 : 1 : 1)astro and comparison
with the one-component fit.

(d) Combined bestfit predictions for TG muons
with (1 : 1 : 1)DM+(4 : 7 : 7)astro and comparison
with the one-component fit.

Figure 5: Event spectrum for the DM+astro two-component bestfit reconstruction of HESE and
TG data samples. The grey shaded part is the contribution due to atmospheric background and
the pink shaded part is the total contribution (two-compopnet+ bkg), with the green shaded part
the individual contribution from the DM component. The dashed blue curve in (a) and (b) is the
one-component HESE-alone bestfit [cf. Eq. (1.2)], while the dashed blue curve in (c) and (d) is the
one-component TG-alone bestfit [cf. Eq. (1.3)]. The IceCube data points for 6-year HESE and 8-year
TG samples are also shown.

this can be approximated by the following [18]:

E
2

��� '
4

K
E

2

⌫

�(⌫+⌫̄)tot

3

����
E⌫=0.5E�

(4.1)

where �(⌫+⌫̄)tot stands for the total ⌫ + ⌫̄ flux (summed over all flavors), and K is the ratio
of the charged to neutral pions, which is K ' 1 for the p� case and K ' 2 for the pp case.
For the muon-damped pion decay source, one should use Eq. (4.1) without the factor of 1/3,
because for the same neutrino flux, the photon flux is larger by a factor of 3 in this case.

As for the two-component case, we no longer have the simple correlation between the
photon and neutrino fluxes as in Eq. (4.1), since it will now be a↵ected by the energy-
dependent ratio of fluxes between the two components (�1(E⌫)/�2(E⌫)). However, we can

– 16 –

(a) (�0, �0) map for DM+(1:1:1)astro. (b) (�0, �0) map for DM+(4:7:7)astro.

(c) Mass (MDM) and decay time (⌧DM)
map for DM+(1:1:1)astro.

(d) Mass (MDM) and decay time (⌧DM)
map for DM+(4:7:7)astro.

Figure 4: Preferred regions of parameter space in the (�0, �) [top panels] and (MDM, ⌧DM) [bottom
panels] planes for the DM+astrophysical two-component neutrino flux, cf. Eq. (3.4), with (1 : 1 : 1)
[left panels] and (4 : 7 : 7) [right panels] astrophysical neutrino flavor compositions. The solid and
thin dashed contours show the 2� and 3� preferred ranges respectively, while the red dot in each map
shows the bestfit value as given in Table 2. The thick black dashed curve in the bottom panels is the
90% CL lower limit on the DM lifetime derived by the IceCube collaboration [63].

4 Multi-messenger Constraints from Gamma Ray Flux

As discussed in Section 2, the astrophysical neutrinos are produced via hadronic interactions
of the cosmic rays, such as pp, pn or p�, which lead to the production of mesons, mainly
⇡
± and ⇡

0. While the charged pion decays give rise to the neutrinos via weak interactions,
the neutral pions promptly decay to photons via electromagnetic interaction: ⇡0

! 2�. The
energy of the resultant �-rays is, on average, E� = 2E⌫ , taking into consideration the energy
correlations: E� = E⇡0/2, E⌫ = E⇡±/4 and E⇡0 ' E⇡± . This leads to a relation between the
photon and neutrino fluxes as well [27–29]. For the canonical pion and muon decay source,

– 15 –

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

2me
= 6.3 PeV

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

[Weiler (PRL ’82)]

Z-burst

E‹ =
m

2
Z

2m‹
> 10

14 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: Use SM 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 be dominated by vector meson resonance

(JPC = 1≠≠) and axial-vector current to be dominated by axial-vector resonance
(JPC = 1++).

Eres
‹ = m2

fl

2m‹(1 + z) = (3.0 ◊ 1018 eV)
(1 + z)

10.1 eV
m‹

2
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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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eVPaschos, Lalakulich 0206273; 
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 Signatures

@ resonance, becomes dominant

S. L. Glashow 1960

g

Y

Zee burst

E‹ =

m
2
h≠/H≠
2me

& 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

2me
= 6.3 PeV

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

[Weiler (PRL ’82)]

Z-burst

E‹ =
m

2
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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 Neutrino 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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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 ‹̄L‹R.
Majorana mass term mM ‹̄

c

L
‹L 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 v

2
/MPl ≥ 10≠5 eV and cannot explain the

atmospheric mass splitting.

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

Also allows for a Majorana mass term MR‹̄
c

R‹R.

M‹ =

3
0 mD

m
T

D MR

4
.

If MR = 0, lepton number is preserved and neutrinos are Dirac.
If MR ”= 0, neutrinos are Majorana.
If ||MR|| π ||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|| π ||mD|| is a logical possibility too.
[Wolfenstein (NPB ’81); Petcov (PLB ’82); Valle, Singer (PRD ’83); Kobayashi, Lim (PRD ’01)]

6

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 (��HHS)/M
2
Pl.

For ÈSÍ = vBL, leads to diagonal elements of M‹ of order v
2
vBL/M

2
Pl.

For vBL = (10
4 ≠ 10

14
) GeV, generates ”m

2 ≥ (10
≠22 ≠ 10

≠12
) eV

2.

Consistent with solar neutrino data. ©

Another example is left-right symmetry-based model with universal seesaw, where ”m
2

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

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

Dirac neutrinos: Concrete prediction for �Ne� & 0.14. [Abazajian, Heeck (PRD ’19); Babu, He, Su,

Thapa (JHEP ’22)]

How can we probe the pseudo-Dirac neutrinos with tiny ”m
2
?

Oscillation effects are suppressed, unless L and E are such that ”m
2
L/E ≥ 1.

8



How to probe Pseudo-Dirac Neutrinos?
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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/

�
2

Y v/
�

2 MR

�
, (1)

being v/
�

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

�
· 1�

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�k�

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)
�

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
�

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)
9

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:
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2
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
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2E‹
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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

13

First IceCube constraints on ”m2

Source Source Type ≠ log10 plocal 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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One in Four AGNs is Compton Thick in the Local Universe

[Malizia et al., 0906.5544 (MNRAS)]

Column density NH =
s

nedr Ø ‡≠1

T
ƒ 1.5 ◊ 1024 cm≠2 corresponds to unity optical depth.
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One in Four AGNs is Compton Thick in the Local Universe

[Malizia et al., 0906.5544 (MNRAS)]

Column density NH =
s

nedr Ø ‡≠1

T
ƒ 1.5 ◊ 1024 cm≠2 corresponds to unity optical depth.

7

• 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 supernova case: [Dighe, Smirnov, hep-ph/9907423 (PRD)]

Ô
2GF nres

e = �m2

i1

2E‹

cos 2◊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

Neutrinos from Compton-thick AGNs must undergo Matter Effect

[BD, Jana, Porto, 2312.17315]

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

Ô
2GF nres

e = �m2

i1

2E‹

cos 2◊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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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

16

• 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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Binary Neutron Star Merger GW170817

2

Multimessenger Observations

3



ALP Searches with NS Mergers
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Outline of the Talk

Probing ALPs using multimessenger data from GW170817
Use generic ALP feature: Coupling to photons.

L ∏ 1
2ˆµaˆµa ≠ 1

2m2
aa2 ≠ 1

4ga““aF µ‹ ÂFµ‹ .

Both production and decay of ALPs are
governed by the same coupling ga““ .

Use GW170817 data to draw constraints in the
(ma, ga““) plane.

Future prospects with improved gamma-ray
measurements.

Comparison with SN1987A constraints.

Can be extended to other ‘light’ (MeV-scale)
dark sector particles.

8

New Physics with Neutron Star Mergers

Light dark-sector: Axion-like particles (ALPs), CP-even scalars, dark photons, light ZÕ,....

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)

Outline of the Talk

Probing ALPs using multimessenger data from GW170817
Use generic ALP feature: Coupling to photons.

L ∏ 1
2ˆµaˆµa ≠ 1

2m2
aa2 ≠ 1

4ga““aF µ‹ ÂFµ‹ .

Both production and decay of ALPs are
governed by the same coupling ga““ .

Use GW170817 data to draw constraints in the
(ma, ga““) plane.

Future prospects with improved gamma-ray
measurements.

Comparison with SN1987A constraints.

Can be extended to other ‘light’ (MeV-scale)
dark sector particles.

8

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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Other Constraints: ALP Decay from SN2023ixf
[Müller, Carenza, Eckner, Goobar, 2306.16397 (PRD ’24)]
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Concluding Remarks: Supernovae vs NS Mergers

Both are interesting sources for probing new physics.

Similar core temperatures (≥ 30 – 40 MeV).
SN1987A was ≥ 1000 times closer than GW170817. Huge advantage!
But rate of GW-observable NS mergers [(10-1700)/Gpc3/yr] is higher than that of local,
neutrino-observable supernovae [1 per 40 ± 10 yr].
NS mergers give clean(er) timing information due to the GW signal.
No astrophysical background expected in the first second. [Kasliwal et al., 1710.05436 (Science ’17)]

Multi-messenger observation of the first second of the NS merger is crucial for BSM
physics.
Possible with future early-warning system. [Sachdev et al., 2008.04288 (ApJL ’20)]

28

• 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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governed by the same coupling ga““ .
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A new probe of pseudo-Dirac neutrinos

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

Oscillation probability:

P–— =
1

2

3ÿ

j=1

|U—j |2|U–j |2
5

1 + cos

3
”m

2
j Leff

2E‹

46
,

with Leff =
s

dz

H(z)(1+z)2 and H(z) = H0


�m(1 + z)3 + �� + (1 ≠ �m ≠ ��)(1 + z)2.
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