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New Team Members
Unfortunately, COVID-19 led to many complications…
But 2 postdocs have almost joined the team! 

Saikat Das – original plan: 2021 summer
→ started in 2021 fall 
working on multimessenger
emission at UHE energies

Deheng Song – original plan: 2021 winter
→ will start in 2022 spring
working on multimessenger
emission at MeV-TeV energies
and DM models



Focus of A02 Group

• >10 orders of magnitude in energy (above TeV)
It may not be a desert 

• Beyond LHC energies: “energy frontier"
• More challenging for direct detection
• Indirect searches are much more important

Our main target 



high-energy γ

γγ

CR

g gy γ

ν
magnetic field

dark matter 
decay

background radiation
(low-energy γ)

Earth

!"

!"

!"

dark matter 
annihilation

star
dwarf
galaxy
cluster

etc.

Multi-Messenger Approach
(dark matter)



Golden era of multimesssenger astrophysics has come!
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UHECR Constraints

Introduction Modeling p + p DM + astrophysical fluxes Integral �-ray flux DM decay rate Summary

Constraints on decay rate

Figura 4: Dark matter decay rate (Galactic + Extragalactic) constrained by the observed UHECR flux

S. Das, K. Murase, T. Fujii Minha apresentação 6

Updated constraints from the latest Auger data with composition
→ talk by Saikat Das

Das, KM & Fujii to be submitted



HSC CCDs can be used as cosmic-ray detectors
→ talk by Toshihiro Fujii



Search for Nearby DM Halos

- Galactic DM halo (e.g., Bai+ 14 PRD)

- Nearby DM halos (clusters & galaxies)
“point/extended” sources
decaying DM: signal flux ∝ Mdm/tdm/d2

stacking/cross-correlation
“independent” of g-ray bounds

IceCube Collaboration 20 PRL



Sensitivities from Nearby DM Halo Searches
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In future, stacking w. more clusters/galaxies can overwhelm diffuse n searches 

Chianese, Kheirandish & KM 22 in preparation

Virgo only Virgo only

Virgo only Virgo only



Ongoing Work
• Fermi gamma-ray constraints with 

spectral & spatial templates (Song)

• Application to other g-ray detectors 
(Das)

• Compile lists of the most promising 
targets for VHDM searches (Hiroshima)

• C02 tie-up project (Hiroshima)
building up a model describing the 
subhalo properties of arbitrary ranges 
of mass and redshift



Astrophysical Effects

AMES – Astrophysical Multimessenger Emission Simulator
simulating high-energy nonthermal emission
computing EM and n oscillation/cascades (w. BSM)

AMES-DM: module to compute DM-induced cascades
EM cascades with all relevant astro processes 

JCAP02(2013)028
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Figure 7. Spectra of cascaded gamma rays produced by annihilating dark matter. The annihilation
cross section is set to ⟨σv⟩χχ = 2.2 × 10−26 cm3 s−1 with substructures. The thick curves represent
cases with EBL attenuation, while the thin curves are for cases without the EBL attenuation. For
the bb̄ channel, there is a high-energy bump due to pionic gamma rays and a lower-energy tail due to
IC cascades. The Virgo cluster is considered, where the EBL attenuation is small. The Fermi limit
is E2FE ∼ 3× 10−9 GeV cm−2 s−1 [52].

-13

-12

-11

-10

-9

-8

-2 -1  0  1  2  3  4  5  6  7

lo
g(

E2  F
E 

[G
eV

 c
m

-2
 s

-1
])

log(E [GeV])

µµ (m=5 TeV)
bb (m=5 TeV)
µµ (m=50 TeV)
bb (m=50 TeV)

Figure 8. Spectra of neutrinos produced by annihilating dark matter. The annihilation cross section
is set to ⟨σv⟩χχ = 2.2 × 10−26 cm3 s−1 with substructures. The typical sensitivity of IceCube is

E2FE ∼ 10−9 GeV cm−2 s−1.

The full IceCube effective area is assumed to be three times as large as the IceCube-40
effective area [86, 87] with help of improvements in reconstruction techniques [59], and
constraints are set by the criterion, Nsig/

√

Nsig +Nbkg < 2. For the background Nbkg,
we use the conventional atmospheric muon neutrino background [86, 88]. For the signal
Nsig, we consider neutrinos from annihilating dark matter or from CRs. Neutrino mixing
is taken into account assuming θ12 = 0.59 and θ23 = π/4 [89]. At low energies (at least in
the ! 300TeV range), the atmospheric neutrino flux is dominant, and the constraints will
improve as the square root of time. At higher energies, the atmospheric neutrino flux is
negligible, and the constraints will improve linearly with time unless some other background
is detected. The above criterion would be conservative at higher energies.

– 13 –



Neutrino Interactions En Route
Standard Model
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FIG. 11: Total cross sections for ii ! ii (blue), ii ! jj (purple), and ij ! ij (brown), with parameters
m� = 10 MeV, �� = 10�4m�/(4⇡), m⌫i = 2m⌫j = 0.1 eV, and Gi = Gj = 10�2.

The contribution of the s-channel diagrams above depends crucially on the decay width of the
exchanged scalar. This can be computed if no other decay paths except for the two-neutrino
state exist,

�� =
m�

32⇡

X

i

|Gi|
2
. (A6)

In the scattering calculations above, we summed scalar and pseudo-scalar exchange diagrams,
ignoring the small mass splitting between these states. We now comment on the breaking of
scalar–pseudo-scalar mass degeneracy due to the explicit breaking of lepton number in the model.
Corrections to the near-degeneracy of the scalar (s) and pseudo-scalar (a) components of � =

(s + ia)/
p
2 arise as �m

2
� = m

2
s � m

2
a = 2�� µ

2 = 2��

G2 m
2
⌫ . This splitting means that scalar

and pseudo-scalar s-channel diagrams go resonant at slightly di↵erent neutrino energy, (✏res,s �
✏res,a)/✏res = �m

2
�/m

2
�, where ✏res denotes the mean resonance energy. This should be compared

to the width of each resonance, caused by the decay width of the states, �✏res/✏res = ��/m�.
In the parameter space of interest to us (m� & MeV, G & 10�3) and for reasonable values of
�� . 0.1, we see that the mass splitting is smaller than the width of the states, and can be

ignored: (✏res,s � ✏res,a)/✏res =
2��

G2
m2

⌫

m2
�
⌧ �✏res/✏res ⇠

G2
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Appendix B: Experimental constraints

Experimental constraints on ⌫⌫ interactions were considered in, e.g., [64–69], some of which
allowed for a light mediator and some took an e↵ective theory approach. Below we recalculate
the most relevant constraints, finding that the strongest generic bounds on G come from kaon
decays, independent of the scalar mass for m� ⌧ mK as is relevant for this work. Stronger
bounds exist from neutrinoless double-beta decay, but apply only for a light scalar m� < 2 MeV.
Strong constraints, though specific to our model with heavy sterile neutrinos, are found from
PMNS matrix non-unitarity, and apply regardless of the interactions of �.

a. Light meson decays. The decay mode ⇡
+

! e
+
⌫� opens the possibility for pion decay

into an electron with no helicity suppression [68, 69]. In the limit m� ⌧ m⇡ we find, in agreement
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FIG. 3: Expected constraints on secret neutrino interactions
via a vector mediator in the presence of DM. The neutrino
energy is set to E⌫ = 0.1 PeV, andD, m⌫ andN⌫ are the same
as in Fig. 2. Ly-↵ constraints from the kinetic decoupling
for neutrino-DM scatterings are shown as conservative limits
for di↵erent DM masses. The parameter space proposed to
solve the small scale structure abundance problem [30] is also
indicated (light shaded regions). The CMB constraints shown
in Fig. 2 are applied to the neutrino-neutrino scattering.

BSM interactions. Big Bang Nucleosynthesis gives a con-
straint of m� & a few MeV, although details depend on
uncertainty in the extra number of relativistic species
(e.g., [30, 44, 105]). Astrophysical and laboratory limits
are complementary. For example, if neutrinos interact
with the C⌫B through sterile neutrinos, the limits can
be relaxed, depending on mixing angles [31, 91].

Example 2: Neutrino-DM Interactions. — As a
further application of the idea of BSM-induced neutrino
echoes, we discuss neutrinophilic DM models in which
DM and neutrinos share a new interaction. Very intrigu-
ingly, such models give a possible solution to cosmological
issues [30, 31, 35, 38, 39, 42] and can explain the muon
anomalous magnetic moment [47, 48, 50]. For illustra-
tion, we consider a simple extension of the vector model
mentioned above in which the new gauge boson also cou-
ples to a Dirac fermion DM, L � gVµ⌫̄�

µ
⌫ + gVµX̄�

µ
X,

where X denotes the DM with a mass mX . New gauge
bosons appear in many BSM scenarios [106], and ad-
ditional broken U(1) gauge symmetries leading to vec-
tor bosons were predicted by grand unification theo-
ries [107, 108]. While the neutrinos and DM may have
di↵erent charge assignments, here we take them equal.

The above model is accompanied by neutrino-DM scat-
terings, and the resulting constraints are shown in Fig. 3.
As in the previous case, if a bright neutrino transient
with short duration is observed, we may place strong con-
straints even in the small optical depth limit, which can
be more stringent than previous ones [92, 101, 109–112].
Here the coupling should be regarded as an e↵ective pa-

rameter. The real coupling to the Standard Model can
be made neutrinophilic via coupling the gauge boson to
heavy sterile neutrinos. But their e↵ect is still felt as they
e↵ectively endow the active neutrinos with a mixing sup-
pressed coupling to the new mediator. Such models have
been explored in Refs. [113–115].

For the t-channel, we find that the multiple scattering
limit may not be applicable to most transients due
to large values of h✓2i for relatively heavy DM. The
cases for �T = 30 s are shown in Fig. 3, where the
constraint is given for the small optical depth limit (but
with the replacement of n⌫ with nX). The resulting
constraint is comparable to that expected from detailed
analyses with spatial and spectral information [101].
We note that the time delay from neutrino-DM scat-
terings receives contributions from both the Milky
Way DM halo and extragalactic DM components. As
known for decaying DM signals, the DM located in
the line-of-sight are almost comparable because of
RMW%

local
X ⇠ H

�1
0 %X & D%X , where RMW ⇠ 10 kpc

is the typical size of the Milky Way. For the Galac-
tic contribution, the condition �T & RMWh✓2i/8 is
more easily satisfied, which may lead to �⌫X . 5.4 ⇥
10�24 cm2 (�T/1 d)(RMW/10 kpc)�2

C
�2 (E⌫/0.1 PeV).

As we see, the limits are more stringent for lower-mass
DM. For models that lead to su�ciently small scattering
angles, the time delay in the large optical depth limit
becomes independent of the DM mass, implying �⌫X .
10�28 cm2 (�T/1 d)(D/1 Gpc)�2

C
�2 (E⌫/0.1 PeV).

Although such limits would be weaker than the cosmol-
ogy limits, �⌫X . 10�33 cm2 [116], it takes place at
much higher center-of-momentum energies.

Finally, we comment on other constraints that can be
relevant. If neutrino-DM scatterings are e�cient in the
early universe it can inject energy and potentially “heat”
the cold DM such that Lyman-↵ bounds on the small-
scale structure are violated [30, 116–118]. This e↵ect
can be used to explain small-scale structure problems of
cold DM [30], and the region favored by this argument is
shown in Fig. 3. Couplings above these regions are ex-
cluded. Additionally, note that neutrinophilic DM should
not thermalize for DM masses at the MeV scale [119], al-
though a narrow window of thermal neutrinophilic DM
exists below MeV [120, 121]. Lastly, in models with di-
rect couplings to active neutrinos laboratory constraints
from Z and meson decays can be strong [48, 103, 104].

Summary and Discussion.— We proposed detailed
time delay signatures as a novel probe of BSM neutrino
interactions. Notably, BSM-induced neutrino echoes gen-
erally predict �t / E

�1
⌫ C

2. This is distinct from predic-
tions of other BSM signatures such as LIV and WEP
violation (see a review [8]). For example, LIV shifts the
light velocity by (E⌫/⇣nMpl)

n (where Mpl is the Planck
mass), leading to �t = D(E⌫/⇣nMpl)n (e.g., [98, 122]).
For neutrino-neutrino scatterings, cosmological time de-
lays are dominant. On the other hand, the Milky Way

2

TABLE I: List of extragalactic high-energy neutrino sources,
where Ẽ iso

cr is the cosmic-ray energy per logarithmic energy,
Dmaxe↵

N⌫=1
is the critical distance at which the number of neutri-

nos detected in IceCube-Gen2 [55] is unity (with the assump-
tion of the maximum neutrino production e�ciency), pp/p�
is the typical neutrino production channel, �T em is the du-
ration of electromagnetic emission, and ⇢em0 is the local rate
density. All values remain as order of magnitude estimates.

Name Ẽ iso
cr Dmaxe↵

N⌫=1
pp/p� �T em ⇢em0

[erg] [Mpc] [s] [Gpc�3 yr�1]

LGRBa 1052.5 3000 p� 101�2 0.1� 1

SGRBb 1050.5 300 p� 0.1� 1 10� 100

SN (choked jet)c 1050.5 300 p� 101�4 102 � 103

SN (pulsar)d 1050 200 pp 103�6 103.5 � 104.5

SN (IIn)e 1049 50 pp 106�7 104

Jetted TDEf 1053 5000 p� 106�7 0.01� 0.1

Blazar flareg 1054 15000 p� 105�7 0.1� 1

aLong �-ray bursts. See Refs. [17, 56–61].
bShort �-ray bursts. See Refs. [62–64].
cSupernovae powered by choked jets. See Refs. [65–68].
dSupernovae powered by pulsar winds. See Refs. [69–71].
eType IIn supernovae powered by shocks. See Refs. [18, 72–74].
fJetted tidal disruption events. See Refs. [22, 23, 75–77].
gSee Refs. [78–84].

dard, secret neutrino interactions that may lead to e↵ec-
tive Lagrangians, e.g., L � gij ⌫̄i⌫j� (for scalars), L �
gij ⌫̄i(i�5

�)⌫j (for pseudoscalars), and L � gij ⌫̄i(�µ
Vµ)⌫j

(for vector bosons), where gij is the coupling parameter.
Note that although we do not specify whether neutrinos
are Dirac or Majorana types, the allowed interactions for
scalars and pseudoscalars are, e.g., L � g⌫L⌫L� + c.c.

and L � gNRNR� + c.c., where ⌫L is the left-handed
neutrino and NR is the right-handed neutrino. Re-
markably, it has been shown that a 1 � 100 MeV scale
mediator also enables us to resolve various cosmologi-
cal issues such as the tension in the Hubble parame-
ter [39–41] and the missing satellite and core-cusp prob-
lems [30, 31]. With the mediator mass m�, the reso-
nance interaction happens at E⌫ = m

2
�/(2m⌫) ' 1.25 ⇥

1014 eV (m�/5 MeV)2(m⌫/0.1 eV)�1, corresponding to
the IceCube energy range [31, 41, 47, 48, 53, 87–92].

Let us consider the neutrino-(anti)neutrino scattering
process via s-channel, ⌫⌫ ! � ! ⌫⌫. In this case, the
angular distribution of the scattered neutrinos is isotopic
in the center-of-momentum frame. (In general, details
depend on the mediator spin as well as the main scat-
tering channel.) In the C⌫B frame, because of the boost
⇠ E⌫/

p
s ⇠

p
E⌫/m⌫ , we may write:

p
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FIG. 2: Expected neutrino echo constraints on secret neutrino
interactions via a scalar mediator. The distance and neutrino
mass are D = 3 Gpc and m⌫ = 0.1 eV, respectively, and N⌫ =
10 is used for the small optical depth limit. The parameter
space relaxing the Hubble parameter tension for the cosmic
microwave background (CMB) [40, 44] is shown together with
constraints assuming ⇤CDM cosmology (shaded regions).

where ✓ is the scattering angle and C ⇠ 1 for a scalar
or pseudoscalar mediator in the neutrino-neutrino scat-
tering. More generally, for the di↵erential cross section
(d�/d⌦), the average scattering angle is evaluated via

h(1� cos ✓)i = 1

�

Z
d⌦ (1� cos ✓)

✓
d�

d⌦

◆
. (2)

For example, E⌫ = 0.1 PeV and m⌫ = 0.1 eV leads to
h✓i ⇡ 2.8⇥10�8 for a leading neutrino. Resulting angular
spreading may be too small to be seen as a “halo” around
the source, but can be big enough to make a sizable time
delay signal (“neutrino echo”). The geometrical setup is
analogous to �-ray “pair echoes” proposed as a probe of
intergalactic magnetic fields [93–98], although underlying
interaction processes are completely di↵erent. Neutri-
nos scattering during propagation was discussed for SN
1987A [99, 100], but detailed methodology to utilize the
time delay has not been studied.
Large optical depth (conservative) limit.— So far, the

expected number of high-energy neutrinos is limited.
However, even if statistics are not large, e.g., N⌫ ⇠ a few,
the sizable e↵ect of BSM interactions exists if the optical
depth to the neutrino scattering is larger than unity:

⌧⌫ = n⌫�⌫D & 1. (3)

The probability for neutrinos to experience the neutrino
scattering is given by 1� exp(�⌧⌫). In the large ⌧⌫ limit,
most of the neutrinos are scattered, and the spectral and
flux information can be used to probe BSM neutrino in-
teractions [91, 92, 101]. Large statistics would also be
required, and the current constraints are much weaker

motivated by cosmology & particle physics

not important for astrophysical n
but can be for VHDM



Neutrino Attenuation/Cascades as New Probes

 Cascade

X

C B

Scattering
Annihilation

Decay

Carpio, KM, Shoemaker & Tabrizi 21

modulation in time arrivals
(application to astro. transients)

modulation in spectra

KM & Shoemaker 19 PRL
Carpio & KM 22
Eskenasy, Kheirandish & KM 22
Carpio, Kheirandish & KM 22

or DM



Heavy Dark Matter Production
• Thermal production of CDM, freeze-out (e.g., WIMP)

unitarity bound: mDM < 100 TeV

• VHDM production mechanisms? 

(Griest & Kamionkowski 90)

DM with time-
dependent decay 
→ talk by Yamanaka 



Summary
• Updated constraints with the latest multimessenger data

- Das & Fujii

• n and g-ray searches for nearby dark matter halos for VHDM
(with EM cascades inside halos) – Song & Hiroshima

• Code development on astrophysical processes
(bonus: neutrino-neutrino, neutrino-DM interactions)

• Cosmological probes - Yamanaka & Naruko
- DM production mechanisms
- quantum phase transition & topological defects

More results will come out in 2022


