
February 6 2021

Multimessenger Study of Heavy Dark Matter

Kohta Murase
(Penn State/YITP) 

“What is Dark Matter?” 

Atsushi Naruko
(YITP) 

Nagisa Hiroshima
(Toyama U.) 

Toshihiro Fujii
(Hakubi-Kyoto U.) 

Masato Yamanaka
(Osaka City U.) 



Focus of A02 Group

• >10 orders of magnitude in energy 
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 



Golden era of multimesssenger astrophysics has come!
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FIG. 1: Constraints on the velocity-weighted annihilation cross section h�vi for the W+W� (left panel) and ⌧+⌧� (right panel)
channels derived from observations taken over 10 years of the inner 300 pc of the GC region with H.E.S.S. The constraints
for the bb̄, tt̄ and µ+µ� channels are given in Fig. 4 in Supplemental Material [16]. The constraints are expressed as 95%
C. L. upper limits as a function of the DM mass mDM. The observed limit is shown as black solid line. The expectations
are obtained from 1000 Poisson realizations of the background measured in blank-field observations at high Galactic latitudes.
The mean expected limit (black dotted line) together with the 68% (green band) and 95% (yellow band) C. L. containment
bands are shown. The blue solid line corresponds to the limits derived in a previous analysis of 4 years (112 h of live time)
of GC observations by H.E.S.S. [10]. The horizontal black long-dashed line corresponds to the thermal relic velocity-weighted
annihilation cross section (natural scale).
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FIG. 2: Left: Impact of the DM density distribution on the constraints on the velocity-weighted annihilation cross section h�vi.
The constraints expressed in terms of 95% C. L. upper limits are shown as a function of the DM mass mDM in the W+W�

channels for the Einasto profile (solid black line), another parametrization of the Einasto profile (dotted black line), and the
NFW profile (long dashed-dotted black line), respectively. Right: Comparison of constraints on the W+W� channels with the
previous published H.E.S.S. limits from 112 hours of observations of the GC [10] (blue line), the limits from the observations of
15 dwarf galaxy satellites of the Milky Way by the Fermi satellite [23] (green line), the limits from 157 hours of observations of
the dwarf galaxy Segue 1 [24] (red line), and the combined analysis of observations of 4 dwarf galaxies by H.E.S.S. [25] (brown
line).

increase of the sensitivity of the analysis presented here. In the right panel of Fig. 1, the observed 95% C. L. up-

Gamma-Ray Limits on Annihilating Dark Matter

HESS Collaboration 16 PRL

Dwarf & dwarf candidates
45 sources w. 6 year LAT data
Fermi Collaboration 17 ApJ
see also e.g., Ando+ 20 PRDR

Galactic center region
inner 300 pc w. 10 year data

2s best-fit regions for 
Galactic center excess
(not excluded by dwarf analyses)

weaker limits from 
Reticulum II 
/Tucana III 
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increase of the sensitivity of the analysis presented here. In the right panel of Fig. 1, the observed 95% C. L. up-

Gamma-Ray Limits on Annihilating Dark Matter

HESS Collaboration 16 PRL

Galaxy groups & clusters
~500 sources out to z~0.03
Lisanti+ 18 PRL

Galactic center region
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Galaxy Group Limit

See parallel session talk 
by Siddharth Mishra-
Sharma

Lisanti, Mishra-Sharma, Rodd, and Safdi [in preparation]

Stacked analysis of ~500 brightest galaxy groups out to z ~ 0.03

Limits are competitive with dwarf galaxies and put dark matter interpretation of 
GeV excess further into tension
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FIG. 6. 90% CL upper limit on the thermally-averaged dark
matter annihilation cross section h�A�i obtained for the com-
bined analysis as a function of the dark matter mass mDM

assuming the NFW halo profile for the ⌧+⌧� annihilation
channel. The limits from IceCube [19], ANTARES [17], VER-
ITAS [8], Fermi+MAGIC [9] and H.E.S.S. [7] are also shown.

construction. The better angular resolution provided by
�Fit is more beneficial when considering a “cuspy” dark
matter halo profile such as the NFW profile. Therefore,
the transition between the two reconstruction happens at
a lower dark matter mass for the NFW profile.

In Figure 6, we present the combined limit obtained
for the ⌧+⌧� channel and the NFW profile alongside the
previous ANTARES and IceCube limits. The present
analysis uses the datasets developed for these individ-
ual searches. When compared to the IceCube and
ANTARES stand-alone limits, the combined limit is bet-
ter by up to a factor 2 in the dark matter mass range con-
sidered, i.e. between 50 and 1000GeV. An enhancement
of the limit can also be seen for the other dark matter
annihilation channel and halo profile combinations pre-
sented in Figure 5, with an exception for the bb̄ channel
when considering the Burkert profile. For this particular
case, the combined limit is dominated by IceCube, which
has a better signal acceptance than ANTARES for the
entire mass range due to the very soft spectrum. In ad-
dition to the improvement due to the combination of the
two datasets, a di↵erence between the ANTARES limit
and the combined limit is also noticeable for dark mat-
ter masses close to 1 TeV, where the contribution from
IceCube is expected to be negligible. This divergence re-
sults mainly from the way under-fluctuations are treated
by this analysis and the previous ANTARES search.
When obtaining limits with lower values than sensitiv-

FIG. 7. Comparison of the 90% CL combined limit (solid
line) and sensitivity (dashed line) for the NFW halo profile
and the ⌧+⌧� annihilation channel, along with the expected
1� (green) and 2� (yellow) bands around the expected median
sensitivity.

ities, sensitivities were labelled as limits for the previ-
ous ANTARES analysis while limits remain unchanged
for our combined search. Furthermore, the ANTARES
analysis used the Neyman approach [38] with slightly
di↵erent PDFs for the �Fit reconstruction. The impor-
tance of these changes can be seen in Figure 7, where
the limit for dark matter annihilation into ⌧+⌧� for the
NFW profile is shown alongside the sensitivity. These
results are also compared with current limits obtained
with �-ray telescopes from searches of photons produced
in the self-annihilation of dark matter into ⌧+⌧� (see Fig-
ure 6). Gamma-ray limits are still several order of magni-
tude better for this particular channel although it needs
to be noted that the VERITAS [8] and the combined
Fermi+MAGIC limits [9] were obtained from the study of
dwarf spheroidal galaxies (dSphs), while the other limits
presented are for the Galactic Centre. Note as well that
the H.E.S.S. limit was obtained assuming the Einasto
halo profile [7]. Although both the NFW and Einasto
halo profiles assume a high dark matter density at the
centre of the galaxy, the di↵erence between the profiles
is non-negligible in the central region. Moreover, there
is considerable freedom in the choice of halo parameters,
and these choices are not made consistently between ex-
periments. The halo parameters used in this work are
conservative with respect to more optimistic values made
in other analyses, and this freedom is responsible for some
of the di↵erence between the limits set by IceCube and
the more stringent limits reported in [7].

CR & n Limits on Annihilating Dark Matter

anti-proton w. AMS-02 data

Galactic center
IceCube+ANTARES Collaboration 20

n w. IceCube/ANTARES data

Cuoco et al. PRL 17
Cui et al. PRL 17

DM+DM → b+bbar

Galaxy clusters
KM & Beacom 13

µ+µ-



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

unitarity bound: mDM < 100 TeV

• Nonthermal production (e.g., Wimpzilla)

(Griest & Kamionkowski 90)

(e.g., Chung et al. 98)

gravitational
production



More Mechanisms
Many recent ideas… 
• Thermal production via combination of co-scattering 

and decay
• Freeze-in through Higgs portal
• Freeze-out in the hidden sector
• During the phase transition
• Hawking radiation from primordial black holes
• Decay of cosmic string
…

(Kim & Kuflik 19) 

(e.g., Baker+ 20, Chway+ 20) 

(e.g., Lennon+ 18, Mmorrison+ 19)

(e.g., Berlin+ 16) 

(Kolb & Long 19) 



Largely Unexplored but Can be Relevant

• Direct/indirect detection limits
large parameter space allowed
especially if DM is composite

2

of asymmetric dark matter, see [38, 39] and references
therein.

If DM has a scattering interaction with nucleons (or
electrons [35]), then ambient DM will collect in pulsars.
A detailed calculation for the scattering of circumferen-
tial DM on pulsars [22, 32, 36, 40] determines that the
total capture rate is given by

CX '
r
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⇡

✓
⇢X
v̄X

◆
⇠NBv2esc
mX


1� 1� exp(�B2)

B2

�
f (�nX)

(1)

Here the local DM density is ⇢X , the velocity dispersion
is v̄X , the number of nucleons in the pulsar is NB , the
pulsar escape velocity is vesc, the DM mass is mX , and
f (�nX) = �sat (1� exp(��nX/�sat)) is a function of the
DM-nucleon scattering cross section �nX . Equation 1
includes refinements that take into account a maximum
DM-pulsar cross section �sat ⌘ R2

NS/(0.45NB⇠) where
RNS is the pulsar radius. The maximum scattering cross-
section of the pulsar along with the capture rate depend
on Pauli blocking, that is whether incoming DM can ex-
cite nucleons above the Fermi surface ⇠ ⇠ min[ mX

0.2GeV , 1]
(see [27, 32, 35, 36]). Finally, the term in square brackets
in (1) accounts for DM too energetic to be captured by

nucleon scattering, B2 = 6 v2
esc

v̄2
X

mXmB
(mX�mB)2 . For a nucleon

mass mB ⇠ GeV this will be negligible until the DM is
quite heavy, mX & 106 GeV.

The parenthetical term of (1) is the most salient feature
of the capture rate in this study. Capture scales as DM
density over velocity, and thus a 7 Gyr old pulsar near

the solar position, where ⇢X

v̄X
= 0.4 GeV/cm3

220 km/s has a smaller
captured DM mass than a 40 kyr pulsar located 0.1 pc

from the GC, where ⇢X

v̄X
⇠ 7⇥104 GeV/cm3

200 km/s . Indeed, these
separate observations will provide close upper and lower
bounds resulting in a well-defined relation between DM
mass and nucleon scattering.

In order for the DM captured by a pulsar to collapse
into a BH, the DM must clump within a small enough
space that its energy is minimized at the Schwarzschild
radius. This clumping occurs because the DM rescatters
with partons in the pulsar until it has thermalized at a
pulsar temperature ⇠ 105 � 106 K. A recent calculation
of DM thermalizing in a non-relativistic Fermi gas via
heavy mediators [35] found a thermalization time of

tth ' 3.7 kyr
mX
mB

(1 + mX
mB

)2

✓
2⇥ 10�45 cm2

�nX

◆✓
105 K

TNS

◆2

,

(2)

where TNS is the temperature of the pulsar. This ther-
malization time substantially impacts pulsar collapse at
the GC, as shown in Figures 1 and 2. The radius of
thermalization can be estimated using the virial equa-

tion, rth =
⇣

9kBTNS
4⇡G⇢BmX

⌘1/2
, where ⇢B is the density of

nucleons in the pulsar.
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FIG. 1. Bosonic DM nucleon scattering cross-section bounds
for pulsar J0437-4715 outside the GC (black solid line), the
newly discovered magnetar J1745-2900 (black dashed line),
and the lower bound on these parameters assuming DM has
collapsed millisecond pulsars 107 years old at the GC (black
dot-dashed line) are shown. If bosonic DM has collapsed mil-
lisecond pulsars, its parameters will lie in the shaded region
between these contours, except for the region below the no
thermalization contour (dashed, red), under which DM will
not settle into the core of a pulsar. The upper dashed line in-
dicates thermalization within 105 years, the lower, 109 years.
The upper panel shows bosonic DM with very small self-
interactions (� = 10�30), while the bottom panel assumes
bosonic DM with a small �|�|4 term (� = 10�15).

After DM has collected into a tight space in the
pulsar, it will collapse to a BH either by forming
into a Bose-Einstein condensate (BEC) or degenerate
fermions. Turning our attention to the bosonic case [34],
a BEC will form out of bosons in excess of NBEC =

⇣(3)

✓
kBTNSp

4⇡G(⇢B/3+PB)

◆3

, where ⇢B and PB ⇠ 0.3⇢B are

the core density and pressure of a pulsar [41].

This DM BEC will collapse to a BH when it passes the
Chandrasekhar limit [31]. For a bosonic field with a self-
coupling term �|�|4, the Chandrasekhar limit for bosons

is NChand = 2m2
Pl

⇡m2
X

⇣
1 + �m2

Pl

32⇡m2
X

⌘1/2
. The dark BH will

consume the pulsar rather than dissipating via Hawking

• DM  
- DM implosion could explain
the paucity of pulsars at GC

- 1-100 PeV DM help SNe Ia

(e.g., Harigaya+ 16, Digman+ 19) 

(Bramante 16 PRL) 

Bramante  & Linden14 PRL 

(Cappiello+ 20)



Many Motivations to Give Birth to Heavy Guys



Multimessenger Power 

IceCube

I 5160 PMTs

I 1 km3 volume

I 86 strings

I 17 m PMT-PMT
spacing per string

I 120 m string
spacing

I Angular resolution
⇠ 1o

I Completed 2010

50 m

1450 m

2450 m

2820 m

Eiffel Tower

324 m

IceCube Lab

Deep Core

N. Whitehorn, UW Madison IPA 2013 - 4



IceCube Neutrinos

IceCube Collaboration @ Neutrino 2020
IceCube Collaboration 20 PRL

arXiv:2008.04323

Decaying dark matter as the origin of IceCube neutrinos?
Feldstein+ 13, Esmaili & Serpico 14, Bhattacharya+ 14, Higaki+ 14, Rott+ 15…
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Multi-Messenger Emission of Decaying Dark Matter

• Galactic: g → direct (w. some attenuation), e� → sync. + inv. Compton
• Extragalactic → EM cascades during cosmological propagation

KM, Laha, Ando & Ahlers 15 PRL

DM → ne+ne (12%)
DM → b+bbar (88%)
(similar results in other 
models that are proposed)  

see also:
KM & Beacom 12
Esmaili & Serpico 15 

Testable with existing Fermi (sub-TeV g) and air-shower (sub-PeV g) data  



Gamma-Ray Excess?
Excessive g rays at high Galactic latitudes?

Upcoming diffuse TeV-PeV g-ray searches are crucial & promising
Tibet AS+MD, HAWC, LHAASO, ALPACA…

Neronov+ 18



Multi-Messenger Constraints on Decaying DM

Cohen, KM, Rodd, Safdi, and Soreq 17 PRL
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Multi-Messenger Constraints on Decaying DM
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Gamma-ray limits are improved independently of astrophysical modeling

extragalactic w. astrophysical models
(Ando & Ishiwata 15)
extragalactic w.o. astrophysical models
(KM & Beacom 12)
Galactic 
(Fermi Collaboration 12)

Fermi-LAT
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Multi-Messenger Constraints on Decaying DM

Cohen, KM, Rodd, Safdi, and Soreq 17 PRL
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tension w. diffuse VHE g-ray limits that are important at ultrahigh energies 

VHE g rays w.o. inv.-Compton (Galactic)
(Kalashev & Kuznetsov 16)
(see also Ahlers & KM 14, KM et al. 15, 
Esmaili & Serpico 15)

CASA-MIA, KASCADE, Auger
diffuse limits on photon fraction

“cascade” bound 
(extragalactic)



Multi-Messenger Constraints on Decaying DM
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Anti-proton constraints are competing for soft channels such as DM→bb

Anti-proton (Galactic)
(Giesen et al. 15)
Positron (Galactic)
(Ibarra et al. 13)

AMS-02
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Three messengers give complementary constraints on heavy DM

g n
CR



Theoretical Issues
• Energy frontier

(ex. EW symmetry restoration, possible large Higgs multiplicity)
• Astrophysical information matters for the fate of SM particles

- EM cascades occur inside objects (“smeared density profile”)
- CR propagation depends on halo properties (e.g., outflows)
Not taken into account in most studies

Figure 3: Key predictions from dark-matter-only (DMO) cosmological simulations. a) Pro-
jected density contours of the Aquarius Aq-A-1 DMO cosmological simulation of a halo of Milky
Way mass (M200 ⇠ 1012M�), run with 4.2 billion dark matter super-particles (Springel et al.,
2008). The size of the Galactic disc out to the Sun position R0 = 8kpc (not modelled in this
simulation) is marked by the red horizontal line. b) The spherically averaged dark matter den-
sity profile from the GHALO suite of Milky Way mass halo simulations (Stadel et al., 2009).
Four di↵erent resolutions (super-particle numbers) are marked, showing excellent numerical con-
vergence. c) The dark matter density Probability Distribution Function (PDF) in the Aquarius
suite, calculated using a kernel average (64 smoothing neighbours) at each super-particle, nor-
malised to a power law model fit over a thick ellipsoidal shell at 6-12 kpc from the halo centre
(Vogelsberger et al., 2009a). Simulations Aq-A-1 through Aq-A-5 (of decreasing numerical reso-
lution, as marked) are over-plotted; only Aq-A-1 and Aq-A-2 resolve the high density tail due to
subhalos. The black dashed line shows the intrinsic scatter due to Poisson noise in the density
estimator. d) The dark matter velocity PDF averaged over 2 kpc boxes at 7-9 kpc from the halo
centre of Aq-A-1.
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Figure 1. Interaction length (solid curves) and effective loss length (dotted-
dashed curves) of high-energy photons for the pair creation process, the energy
loss length of electron–positron pairs for the inverse Compton process (dashed
curves), and the synchrotron cooling length for BEG = 101.5 nG (dotted curve).
Thick/thin curves represent cases without/with the CRB.
(A color version of this figure is available in the online journal.)

fpγ ≃ 0.88 × 10−3(Ep/1.6 × 1018 eV)
0.5

, while fpγ ≃
0.022 for typical high-luminosity (HL) GRBs with Lb

γ =
1051.5 erg s−1, εb

ob = 500 keV, Γ = 102.5, and r = 1014.5 cm
though the multi-pion production enhances fpγ by a factor of
∼3 (Murase 2007, 2008). Hadronic γ -rays are generated via
π0 → 2γ , and their generation spectrum is roughly expressed
as E2φgen ∝ fpγ E

2−p
p ∝ E1+α−p thanks to the short lifetime

of π0 (τπ0 = 8.4 × 10−17 s). Then, cascades in the source
happen at energies where the γ γ optical depth τγ γ is large.
On the other hand, UHE photons may also escape from syn-
chrotron sources (e.g., GRBs and high-peaked BL Lac objects)
due to synchrotron self-absorption suppression below εsa

ob in the
target photon spectrum (Razzaque et al. 2004; Li & Waxman
2007; Murase 2009).1 The escape fraction fesc is estimated to
be e−τγ γ for the instantaneous emission from a thin shell or
(1 − e−τγ γ )/τγ γ in the emitting slab. The escape can be easier
when more detailed effects are included (Granot et al. 2008).

We hereafter consider such UHE photon sources. The
typical energy of γ -rays produced by the pγ reaction is
Eγ ≈ 1019 eV Ep,20, so they can provide evidence of
UHECR acceleration (Murase 2009). They are cascaded
(or attenuated) in intergalactic space due to interactions
with the cosmic infrared, microwave, and radio background
(CIB/CMB/CRB). Their interaction length for γ γ pair creation
is λγγ ∼ 2.1 Mpc Eγ ,19(10/ ln(4200 Eγ ,19)) (see Figure 1), and
UHE pairs with γe ∼ 2 × 1013 Eγ ,19 are generated.

Our universe has large-scale structure and this inhomogeneity
is crucial for propagation and resulting cascades. Sources
should be embedded in structured regions, filaments, and galaxy
clusters, whose scale is l ∼ Mpc which is comparable to
the interaction length of UHE photons. Observations suggest
EGMFs with ∼µG in cluster centers and ∼0.1 µG in cluster
outskirts (e.g., Carilli & Taylor 2002). Based on a physically

1 The emission zone of UHE photons cannot be too strongly magnetized to
avoid 1γ pair creation, i.e., (Eγ /2Γmec

2)(B ′
⊥/BQ) ! 1 (B ′ !

2000 G Γ2.5 E−1
γ ,19), implying sufficient large emission radii. For GRBs, it can

be realized in afterglow and prompt emission when the target photon field
exists above the acceleration region of UHE protons (which is plausible).

motivated, turbulent dynamo model, sophisticated simulations
suggested that filaments have BEG ∼a few × 10 nG (Ryu et al.
2008; Cho & Ryu 2009). In addition, magnetic fields with
∼101−2 nG are expected in halos of old elliptical galaxies
(l ∼ 1–3 Mpc) or magnetized galactic winds from galaxies
(l ∼ 0.5–1 Mpc; e.g., Furlanetto & Loeb 2001; Bertone
et al. 2006), and small-scale fields could be even stronger. In
such magnetized regions, the synchrotron loss length, λsyn ≃
240 pc γ −1

e,13.5B
−2
EG,−7.5, is much shorter than l and the inverse

Compton (IC) loss length, λKN
IC ∼ 6.7 Mpc γe,13.5(10/[ln(5.8 ×

104γe,13.5)−2]) (in the Klein–Nishina regime), so UHE pairs are
quickly depleted via synchrotron emission with typical energies,

Esyn ≃ 0.37 TeVγ 2
e,13.5BEG,−7.5. (2)

Here, γe = 1013.5γe,13.5 and BEG = 10−7.5 G BEG,−7.5. Noticing
that the energy fraction of UHE photons converted into UHE
pairs is ∼(1 − e−l/λγγ ), the intrinsic synchrotron fluence (or
flux for a steady source) at Esyn ≈ 0.01(h̄eBEG/m3

ec
5) E2

p is
estimated to be

E2φ ∼ 1 − e−l/λγ γ

8πd2

(
1
2
fescfpγ Ẽ iso

CR

)
, (3)

where Ẽ iso
CR ≡ E2

p(dN iso
CR/dEp) is the differential cosmic-ray

energy input and d is the distance. The synchrotron spectrum of
the structured region is roughly expressed as E2φ ∝ E(α−p)/2

(in the limit of 1 − e−l/λγγ ∼ l/λγγ ). The deflection angle,
θEG ≈

√
2λsyn/

√
3rL ≃ 3.5 × 10−4γ −2

e,13.5B
−1
EG,−7.5, is typically

smaller than θj , so high-energy emission is beamed. The time
spread is crucial for transient sources, and from Equation (2)
we get

∆tEG ≈ θ2
EG(l/2c) ≃ 0.27 yr E−2

syn,11.5lMpc (4)

for l < λγγ , which suggests !yr transients at "0.1 TeV.
UHECRs themselves may leave the source, though details

of the escape process are uncertain. They can also make
synchrotron γ -rays in the structured regions (Gabici &
Aharonian 2005; Kotera et al. 2011). As recently studied, struc-
tured EGMFs cause significant deflections and time delays (e.g.,
Takami et al. 2006; Takami & Murase 2011). The deflection an-
gle is θCR ≈

√
2lλco/3rL ≃ 0.044B̄EG,−8(λco/l)1/2lMpc E−1

p,20

for volume-averaged fields of B̄EG ∼ 10 nG in filaments (Ryu
et al. 2008; Cho & Ryu 2009), and the time spread due to the
EGMF around the source,

∆tCR ≈ θ2
CR(l/4c) ≃ 1.6 × 103 yr B̄2

EG,−8(λco/l)l3
Mpc E−2

p,20,

(5)
is much longer than ∆tEG, where λco is the coherent length
of structured EGMFs. Equation (5) also agrees with numerical
calculations (Takami & Murase 2011). Note that, though the
volume filling factor is uncertain, such EGMFs imply effective
fields of Beffλ

1/2
eff ∼ 0.3 nG Mpc1/2, consistent with upper limits

from the Faraday rotation measure (Kotera & Olinto 2011;
Takami & Murase 2011). The total time spread ∆TCR can be
longer due to the void EGMF and intervening structured EGMFs
(Takami & Murase 2011).

We are mainly interested in emissions from the structured
regions, but emission may also come from the void region
in which the EGMF is weaker and then the IC cascade will
be developed (e.g., Murase et al. 2009, Neronov & Vovk

2
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From Dark to Bright in Future

Multi-messenger data in the 
next decade will enable us to 
probe more discovery space
even in the PeV-ZeV range
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KM, Laha, Ando & Ahlers 15 PRL

Nearby DM halos (clusters & galaxies)
“point/extended” sources

Virgo + M31

-- Higaki, Kitano & Sato 14
-- Esmaili & Serpico 13
-- Rott, Kohri & Park 14

source flux ∝ Mdm/tdm/d2

stacking/cross-correlation

very powerful independent 
of g-ray searches



High-Energy Particles as a Probe of Dark Matter

KM & Shoemaker 19 PRL
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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 � gV

µ

⌫̄�µ⌫ + gV
µ

X̄�µX,
where X denotes the DM with a mass m

X

. 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 n
X

). 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
R

MW

%local
X

⇠ H�1

0

%
X

& D%
X

, where R
MW

⇠ 10 kpc
is the typical size of the Milky Way. For the Galac-
tic contribution, the condition �T & R

MW

h✓2i/8 is
more easily satisfied, which may lead to �

⌫X

. 5.4 ⇥
10�24 cm2 (�T/1 d)(R

MW

/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

⌫

C2. 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

⌫

/⇣
n

M
pl

)n (where M
pl

is the Planck
mass), leading to �t = D(E

⌫

/⇣
n

M
pl

)n (e.g., [98, 122]).
For neutrino-neutrino scatterings, cosmological time de-
lays are dominant. On the other hand, the Milky Way

2

mass, elastic scattering cross sections between a neutrino
⌫ and a heavy particle � typically scale as � / E

2

⌫ . Large-
scale structure surveys provide the strongest constraint
on such interactions due to di↵usion damping of primor-
dial fluctuations, as they “bleed” power into the rela-
tivistic degrees of freedom: � < 10�40(m�/GeV)(T/T

0

)2

cm2, where the neutrino temperature today is T

0

(in
the case of constant cross section, � < 10�31(m�/GeV)
cm2) [22]. Concurrently, thermal contact between neutri-
nos and DM after neutrino decoupling (Tdec ' 2.3 MeV)
leads to injection of entropy into the neutrino sector as
the DM becomes nonrelativistic, which a↵ects both nu-
cleosythesis and recombination by accelerating the ex-
pansion rate of the Universe. Based on recent CMB
measurements and primordial elemental abundance de-
terminations, this second, independent e↵ect leads to the
constraintm� & 4 MeV for a real scalar andm� & 9 MeV
for Dirac fermionic DM [23].

At high energies, the approximation � / E

2

⌫ breaks
down for most viable particle interactions, since any me-
diating particle � starts to be resolved as the center of
mass energy approaches m�. We thus turn to two sim-
plified interaction models to illustrate our scenario: a)
a fermionic DM candidate coupled to neutrinos via a
spin-1 mediator (S�, S�) = (1/2, 1) and b) a scalar DM
particle, coupled via a fermion (0, 1/2). The former is
akin to a new Z

0 gauge boson [24], while the latter, in-
spired by right-handed sneutrino models (e.g., [25, 26]),
includes an s-channel diagram in the elastic scattering
matrix element and thus presents some resonant struc-
ture. This leads to qualitatively di↵erent phenomenol-
ogy, suggesting that resonant scattering at high energies
may be significantly more constraining than cosmological
constraints where E⌫ . eV ⌧ m�.

In both cases, we refer to the DM as � and the
mediator as �, and seek to constrain the particle masses
m�,m�, and three-point couplings g (setting the � � ⌫

and �� � couplings equal where relevant).

The extragalactic neutrino signal Since the dis-
covery of cosmic neutrinos in 2013 [27, 28], IceCube has
reported 53 HESE events. Several scenarios and source
classes have been proposed for the origin and production
of high-energy neutrinos (see [19, 29–35]). However, the
sources of IceCube’s highest energy neutrinos are still a
mystery, since – so far – all point source searches and
correlation studies have favored an isotropic distribu-
tion [36]. This, along with the relatively large observed
flux, implies that a large fraction of the energy in the
nonthermal Universe originates from hadronic processes.
The observed cosmic neutrino flux is predominantly ex-
tragalactic in origin, and its total energy density is simi-
lar to that of photons measured by the Fermi gamma ray
telescope [37]. This suggests a common origin of high-
energy neutrinos and gamma rays. That is, rather than
some exotic sources, IceCube is observing the same Uni-

Galactic

21.3 23log10(�DM/GeVcm�2)

-180∘180∘

90∘

-90∘

FIG. 1. The arrival directions of the 53 HESE neutrinos ob-
served in four years of IceCube data [17], in Galactic coordi-
nates. Crosses represent shower events, while x’s correspond
to tracks. Symbol size is proportional to the event energy, and
the circles represent the median angular uncertainty of cas-
cades. The color scale is the column density of DM traversed
by neutrinos arriving from each direction.

verse astronomers do.

In this work, we use the full four-year HESE
sample, which consists of 13 muon tracks and 40
cascades. They are compatible with a power
law spectrum given by E

2�(E) = 2.2 ± 0.7 ⇥
10�8(E/100TeV)�0.58 GeV cm�2 s�1 sr�1. No statisti-
cally significant clustering has been found in this event
selection, i.e., the spatial distribution is consistent with
being isotropic. Furthermore, correlation between the
neutrinos arrival directions and the galactic plane was
not found to be significant [17]. The flavor composition
of this sample is consistent with (⌫e : ⌫µ : ⌫⌧ ) = (1 :
1 : 1) [38, 39]. This is the composition expected for pi-
onic origin of the events and current measured neutrino
mixing angle [40]. Nonetheless, a di↵erent flavor compo-
sition at production would yield an oscillation-averaged
flux that is very close to (1 : 1 : 1) and, with current
statistics, would not be distinguishable within the space
of flavors allowed by oscillation [39]. In fact, as long
as the production mechanism is pion-dominated, the ex-
pected flavor ratio remains close to (1 : 1 : 1) even in
the presence of new physics in the propagation [41]. We
will consider spectral indices of the astrophysical flux be-
tween � = 2 (corresponding to the expected value from
Fermi acceleration) through to � = 2.9, consistent with
the best fit to the latest HESE data [39, 42].

We model the attenuation of extragalactic neutrinos
as they pass through the halo of DM particles that grav-
itationally bind the Milky Way. The bulk of the DM
lies in the direction of the Galactic center, (l, b) = (0, 0)
in Galactic coordinates, 8.5 kpc away from our loca-
tion. Its radial density distribution ⇢�(r) can be modeled
with the Einasto profile [43]. We employ shape param-
eters that fit the Via Lactea II simulation results [44]
(↵ = 0.17, Rs = 26 kpc), and a local DM density of
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• n-DM scatterings induce deflection or time delays
-> limits complementary to laboratory constraints

(often providing the best constraints)
• Probing models invoked to alleviate substructure problems 

and/or the Hubble tension (e.g., Z’ model with a MeV mediator)

Arguelles et al. 17 PRL



Gravitational Waves & New Physics
• cosmic strings
• first-order phase transition

spectra that provide 68% and 95% C.L. fits to the
NANOGrav 12.5 yr data. The apparent tension is also
visible in Fig. 2, which shows previous PPTA and
NANOGrav upper limits on the amplitude of a γ ¼ 13=3
SMBHmerger spectrum (vertical gray line) from the earlier
pulsar timing data releases cited above. According to the
NANOGrav Collaboration [12], their new analysis uses
improved priors for the intrinsic pulsar red noise (see
Ref. [56] for a recent discussion). Applying these new
priors to older data would ease the previous constraints and
tend to reduce the tension.
Figure 4 shows the spectra that fit the new NANOGrav

data at the 68% and 95% C.L.s over an extended frequency
range f ∈ ð10−9; 200Þ Hz. We also show the current
sensitivity of LIGO O2 [27] together with its design
sensitivity goal [24–26], as well as the projected sensitiv-
ities of SKA [14] and the upcoming GWexperiments LISA
[15,16], TianQin [17,18], AEDGE [19], AION/MAGIS
[20,57,58], and ET [21,22]. We see all the next-generation
GW experiments should be able to observe cosmic string
signals strong enough to fit the current NANOGrav data.
However, LIGO would, unfortunately not be able to
observe such a signal even after reaching its design
sensitivity [59].
We have focused throughout this section on cosmic

strings that always interchange partners upon crossing, so
that the intercommutation probability p ¼ 1, though this
could be reduced if the strings originated from superstring
theory [31,32]. In a first approximation this just corre-
sponds to the density of strings increasing as p−1 for any
given value of the tension, which leads to a similar increase
in the amplitude of the GW signal [64,65]. As a result, the
cosmic string curve in Fig. 2 would simply move up in

amplitude as A ∝
ffiffiffiffi
Ω

p
∝

ffiffiffiffiffiffiffiffi
p−1

p
. Since the rainbow curve

passes close to the top of the NANOGrav 68% C.L. region,
there is little scope for decreasing p while maintaining
consistency at the 68% C.L., with ΩGWh2 increasing by
< 50%. We note, however, that the dependence of the
density on the probability can be milder than the simple p−1

assumption [66], and that the final result is still a matter of
debate [35], so that this conclusion may need to be relaxed.
Before proceeding to our conclusions, we first mention

briefly other possible sources that could potentially fit the
new NANOGrav data. One possibility is SMBH mergers.
However, their rate is uncertain and, as already noted, a
simple model led to the prediction γ ¼ 13=3 [13] that is
apparently disfavored by the NANOGrav data, though this
is sensitive to the priors used in the data analysis [56,67].
Another possibility is primordial inflation [15,68], which
leads generically to a flat spectrum with γ ¼ 5 whose
magnitude is constrained by CMB measurements [69] at
fCMB ≈ 10−17 Hz to be orders of magnitude below the
amplitude of the observed signal. The inflationary spectrum
would therefore require modification if it is to fit the
observed abundance at PTA frequencies. This requires
β ≃ 0.68 [70], which gives a spectrum at PTA frequencies
with γ ≃ 4.32, a value very close to the SMBH merger
prediction [13] and again seemingly slightly disfavoured by
the current data. A third possibility is a signal from a first-
order phase transition in the early Universe. However, such
a signal typically peaks at a much higher frequency [71,72].
Lowering the frequency requires a transition at a lower
temperature, which is possible only in a model with a
hidden sector decoupled from the standard model [73],
since the frequency cannot be lowered by supercooling
[74,75], and models coupling to the standard model with
such low mass scales would already be observed. Even if a
hidden sector model is capable of accommodating a very
strong phase transition at a very low temperature, one
expects a spectrum at PTA frequencies which has a low-
frequency slope β ¼ 3 [76] and hence γ ¼ 2, which is
disfavored by the data. While some exceptions from that
scaling exist, they require either an extremely strong
transition [77] or modification of cosmological expansion
[78], both of which would be extremely difficult to realize
at low temperatures without violating other bounds.
Conclusions.—We have analysed the GW spectra

produced by cosmic string networks, recasting them
numerically as power laws in the frequency range f ∈
ð2.5 × 10−9; 1.2 × 10−8Þ Hz of interest to PTA experi-
ments. This allowed us to express the resulting amplitude
and slope as functions of the only free parameter in our
model, which is the string tension Gμ. We then use
these results to make contact with the recent NANOGrav
12.5 yr [12] data release, which finds evidence of a
stochastic common-spectrum process, analysed in terms
of power-law modeling, that could be interpreted as a
GW background. We find that a cosmic string tension

FIG. 4. Cosmic string spectra calculated for f ∈
ð10−9; 200Þ Hz with Gμ ∈ ð4 × 10−11; 10−10Þ (between the solid
black lines) and Gμ ∈ ð2 × 10−11; 3 × 10−10Þ (between the
dashed black lines) that fit the NANOGrav 12.5 yr data at the
68% and 95% confidence levels, respectively. We also show the
current sensitivity of LIGO O2 as well as its design sensitivity, as
well as the estimated reaches of the other planned and proposed
experiments SKA, LISA, TianQin, AEDGE, AION, ET, and CE.
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Summary
• Many motivations for heavy dark matter
• Multi-messenger approaches are powerful
• Connection to various astrophysical problems

→ Great synergies with other groups 
• Two postdocs will join the A02 group in 2021 

Don’t run away!




