
11/9/2020 
Masahiro Ibe (ICRR)

Overview on Dark Matter Models 



DM makes up  27% of total energy and 85% of matter

Neutral (does not couple to photon)

Stable or very long lived 

Cold  

ΩDM h2 ~  0.14

(Planck 2018 : ΩX =  ρX / 3 MPL2 H02  , H0 = 100h km/s/Mpc, h ~ 0.7)

ΩB h2 ~  0.022 0.0006 < Ων h2 <  0.0013

(small velocity dispersion at matter radiation equality)

Neutrinos have a large velocity dispersion and erases structures  
smaller than ~10Mpc and hence are HOT. 

The lifetime should be much loner than the age of the universe, 1017 sec  
(detailed constraints depend on the daughter particles)

 Dark Matter ?

There are Many Candidates …



The lightest particle charged under a new symmetry is stable.

Stability (not exclusively categorized)

Stability by Symmetry

New Symmetry ↔ New Dark Matter Candidates

Stability due to very weak coupling

A new particle which couples to other particle very very weakly  
can have a long lifetime.

ex) Weakly Interacting Massive Particle (WIMP)

ex) Asymmetry Dark Matter (ADM)

ex) Feebly  Interacting Massive Particle (FIMP)

ex) Sterile Neutrino Dark Matter



Very Light Particle 

[Decay Rate] ∝ mDMn (n>0)

→ Very light particles have long lifetimes.

Very Heavy Particle 

Point-like particles heavier than MPL are Black Holes !

lcompton  ~  mDM-1 <  mDM/MPL2 ~ Schwartzchild Radius

They only evaporate by Hawking radiation 

ex) Fuzzy Dark Matter : mDM < 10-21 eV

ex) Axion Dark Matter : mDM < O(1-10) μeV

ex) Primordial Black Hole (PBH)

TBH ~ MPL2/mDM → τBH ~ mDM/TBH4 RBH2 

τ        [age of the universe] → mDM         1038 GeV ~ 10-19M⊙ ≫ ≫

Stability (not exclusively categorized)



Mass Range ?

Lower Limit (Uncertainty principle ΔxΔp > 1)

Lower Limit (Fermi’s exclusion principle)

Δp = mDM Δv

Dwarf  Spheroidal Galaxy (dSphs)  :  Δx ~ 1 kpc , Δv ~ 10 km/s{

For a fermionic dark matter localized spatially, there is an upper limit 
on the number of dark matter from the Fermi’s exclusion principle.

Nmax =          R3 pF ~ mDM(Δv2)1/2

ż

d3 p

p2πq3
θppF ´ pq
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→ mDM > 2keV  

mDM > 6 x 10-22eV

[e.g. 1906.11848  Safarzadeh, Spargel]

[ 1712.04597, Wang et.al. ]



Mass Range ?

Upper Limit

DM mass should be much smaller than the mass of the dSphs

mDM          1010M⊙		~ 1067GeV≪

PBH DM with mDM > 103M⊙	is constrained from the CMB constrraint 
caused by accretion onto the PBHs:

mDM  < 103M⊙		~ 1060GeV

10-22 eV  (2keV) < mDM  < 1060GeV
Model Independent Mass Range



How many DM goes through us ?

nDM ≃
0.004
cm3 ( 100 GeV

mDM )
ℱDM ≃

9.2 × 104

cm2 s ( 100 GeV
mDM ) ( vDM

230 km/s )

M⊙ ≃ 1.116 × 1057 GeV M⊙/pc3 ≃ 37.99 GeV/cm3

nDM ≃
0.0001

pc3 ( 1 M⊙

mDM )
ℱDM ≃

2.6 × 10−45

cm2 yr ( 1 M⊙

mDM ) ( vDM

230 km/s )



WIMP



WIMP abundance

Boltzmann Equation :

Number density (per comoving) is fixed when : 

DM cannot be produced from thermal bath : TF ~ mDM/20
DM cannot find its partner for annihilation any more : <σv>  nDM < H

nDM ~ H/<σv> at TF 

• DM is in thermal equilibrium for T > mDM.

• For mDM < T,  DM is no more created

• DM is still annihilating for mDM < T for a while...

• DM is also diluted by the cosmic expansion

• DM cannot find each other and stop 
annihilating at some point

• DM number in comoving volume is frozen

Thermal equilibrium 
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WIMP abundance

ρDM / s = mDM nDM /s 

ΩDMh2 ! 0.1 ×
(

10−9 GeV−2

〈σv〉

)
DM abundance (for s-wave annihilation)

Abundance depends on the DM mass only through <σv> !

nDM ∝ a-3

s ∝ T3 ∝ a-3 : entropy density{
ρDM / s is constant in time

ρDM / s = mDM H/<σv>s ~ 20/<σv>MPL  

ΩDM h2 ~  0.1  ↔  ρDM / s  ~ 10-10 GeV

After freeze out ( = mean free path > the size of the Universe (~ H-1) ) 

is constant in time.



WIMP Miracle !

ΩDMh2 ! 0.1 ×
(

10−9 GeV−2

〈σv〉

)
DM abundance (for s-wave annihilation)

Typical Annihilation Cross section :

<σv> ~ 
π α2

mDM2

DM

DM

DM

SM

SM

Observed Dark Matter Density can be explained for    

mDM ~ O(100)GeV - O(1) TeV and α ~ 10-2

→ WIMP is interrelated to Big Picture of the Beyond the Standard Model !



Mass Range of WIMP 

Dark matter freezes-out from the thermal bath at around

TF ~ MDM/O(10)

for <σv> ~ 10-9GeV-2 .

Freeze-out should complete before the neutrino decoupling and BBN 

Lower Limit on WIMP mass

MDM > O(10)MeV

If mDM < O(1)MeV, H is larger for a given T , and (n/p) becomes larger  
 → 4He abundance is increased compared with Hydrogen abundance.

If freeze-out after the neutrino decoupling at T ~ 1MeV, the DM annihilation 
increases or decreases effective number of the neutrino depending on the 
branching ratio.



The heavier the DM is, the larger couplings are required.

→ Unitarity Limit on WIMP mass (1990 Griest & Kamionkowski )

Each partial wave cross section is limited from above

( spineless case for simplicity)

→ MDM < 300 TeV

WIMP mass range :  O(10)MeV < MWIMP < 300TeV

<σv> ~ 
π α2

mDM2

Mass Range of WIMP 

Upper Limit on WIMP mass

~ 10-9GeV-2



What if dark matter annihilates as extended objets with geometric cross sections,  
σ ~ πR2 ? (1990 Griest & Kamionkowski ) 

Thermal WIMP beyond the unitarity limit ?

R
LMAX ~ MDM v R

SM  
    particles

SM  
    particles

 consistent with unitarity limit !

For R >> 1/(MDM v), we may have  
thermal relic dark matter much 
heavier than O(100)TeV !

Model Building is complicated though… 

see e.g. Harigaya, MI, Kaneta, Nakano, Suzuki 
 JHEP 1608 (2016) 151 



Direct WIMP Detection

By design, the WIMP is likely to be detected by direct detection!

Annihilation

DM
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solar velocity  : (0, 220 , 0 ) + (10 , 13 , 7) km/s 
earth velocity  : 30 km/s

https://www.hep.shef.ac.uk/research/dm/intro.php

nDM ≃
0.004
cm3 ( 100 GeV

mDM )
ℱDM ≃

9.2 × 104

cm2 s ( 100 GeV
mDM ) ( vDM

230 km/s )

https://www.hep.shef.ac.uk/research/dm/intro.php


Current Status 
Spin Independent : 1805.12562 Spin dependent : 1902.03234

 

Examples (nucleon - Majorana Dark Matter : χ )
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Figure 1: Present limits (filled or solid) and future reach (dashed) for SI/SD scattering of
DM, shown in terms of the cross-section (left axis) or DM Higgs/Z coupling (right axis). For
SI scattering we show the current limit from XENON100 [1] as well as the projections for
LUX [4], SuperCDMS [5], and XENON1T [3]. For SD scattering we show the current limit
from XENON100 [6] on DM-neutron scattering, as well as the current limit from IceCube [2]
on DM-proton scattering, assuming annihilations into W

+
W

� or tt̄ (estimated). We also show
our estimate for the reach of XENON1T [7] for DM-neutron scattering.

like to ask: what is the characteristic size for the SI and SD cross-sections expected of neutralino
DM which couples through the Higgs and Z bosons? Given the interactions,
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then in the limit in which the DM is heavier than the nucleon, the SI and SD cross-sections are
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While �SD is typically considerably larger than �SI, SI experimental constraints are commensu-
rately stronger than SD, so these two limits are comparable in strength [21, 22]. Note that �SI

depends on nuclear form factors, in particular the strange quark content of the nucleon. For our
analysis we adopt the lattice values of [20]. A more technical discussion of the strange quark
content of the nucleon is contained in App. A.

The SI scattering of DM with nucleons is highly constrained by null results from direct
detection experiments. At the forefront of this experimental e↵ort is XENON100 [1], an un-
derground, two-phase DM detection experiment which employs a 62 kg radio-pure liquid Xe
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Examples (neutron - Dirac Dark Matter : χ )

→ → 

4

determined from a simultaneous fit to calibration data
using ER [26] and NR [27] sources taken periodically
throughout the exposure. The signal region in the DM
search data was blinded prior to the determination of
the event selection and background models [8]. For each
WIMP mass, the SD signal recoil spectrum calculated
from Eq. (4) is propagated through the same MC simu-
lation to generate the expected distribution of S1s and
S2s from corresponding WIMP-nucleon interactions.

Statistical inference is done using a three-dimensional
(corrected S1, corrected S2 in the bottom PMT array,
and radius) unbinned extended likelihood, profiled over
nuisance parameters [28]. In addition to these three di-
mensions, the likelihood distinguishes between events in
an inner 0.65 t core and those in an outer section of
the fiducial mass to incorporate the di↵erence in the
expected neutron background rate, as in [8]. Nuisance
parameters are included to account for uncertainties in
ER response, detection and selection e�ciencies, and
background rates. To safeguard against interpreting an
under-prediction of ERs as a signal excess, an addi-
tional WIMP-like component is added to the background
model and constrained by ER calibration data [28, 29].
Upper limits and two-sided intervals are computed us-
ing a Feldman-Cousins-based method [30], with a Ney-
man band constructed from a profiled likelihood ratio
test statistic [31]. Background-only simulations are per-
formed to calculate the range of possible upper limits
under many repetitions of the XENON1T exposure.

Results.—For all WIMP masses considered, and for
both the neutron- and proton-only cases, the data are

FIG. 2. XENON1T 90% C.L. upper limit on the spin-
dependent WIMP-neutron cross section from a 1 ton year ex-
posure. The range of expected sensitivity is indicated by the
green (1�) and yellow (2�) bands. Also shown are the experi-
mental results from XENON100 [24], LUX [32] and PandaX-
II [33].

consistent with the background-only hypothesis. The lo-
cal discovery p values at WIMP masses of 6, 50, and
200 GeV/c2 in the neutron-only (proton-only) case are
0.6, 0.4, and 0.2 (0.6, 0.3, and 0.1), respectively. Fig-
ure 2 and Fig. 3 show the 90% C.L. upper limits, as well
as the 1� and 2� sensitivity bands, on the SD WIMP-
neutron and WIMP-proton cross sections, respectively.
Di↵erences between the limit and the median sensitivity
due to fluctuation of the background are within the 2�
statistical uncertainty.

The mean values of the structure factors are used both
for the observed limits and the sensitivity distributions.
To estimate the impact of the theoretical uncertainty on
the result, a cross-check was performed by taking the
minimum and maximum values of the structure factors,
and using the asymptotic distribution of the test statistic
to set limits for each case [34]. At 50 GeV/c2, the upper
limit on the WIMP-neutron cross section shifts down-
ward (upward) by a factor of 1.1 (1.1) when taking the
minimum (maximum) structure factor values. Similarly,
the upper limit on the WIMP-proton cross section shifts
downward (upward) by a factor of 1.6 (2.2) due to the
larger dependence of the proton-only sensitivity on the
uncertain two-body component.

The neutron-only limit (Fig. 2) is the most strin-
gent constraint from a direct detection experiment for
WIMP masses above 6 GeV/c2, with a minimum of
6.3 ⇥ 10�42 cm2 for a 30 GeV/c2 WIMP. The proton-
only limit (Fig. 3) is the most stringent constraint from a
LXe direct detection experiment, though fluorine-based
superheated liquid experiments such as PICASSO [35],
SIMPLE [36], and PICO-60 [37, 38] have consistently led
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FIG. 3. XENON1T 90% C.L. upper limit on the spin-
dependent WIMP-proton cross section from a 1 ton year ex-
posure. The range of expected sensitivity is indicated by the
green (1�) and yellow (2�) bands. Selected experimental re-
sults are shown for XENON100 [24], LUX [32], PandaX-II
[33] and PICO-60 [38].

DM-proton

DM-neutron constraint is about 30  
times more stringent.
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FIG. 5: 90% confidence level upper limit on �SI from this
work (thick black line) with the 1� (green) and 2� (yel-
low) sensitivity bands. Previous results from LUX [6] and
PandaX-II [7] are shown for comparison. The inset shows
these limits and corresponding ±1� bands normalized to the
median of this work’s sensitivity band. The normalized me-
dian of the PandaX-II sensitivity band is shown as a dotted
line.

model to correctly describe events with enlarged S1s due
to additional scatters in the charge-insensitive region be-
low the cathode. These events comprise 13% of the to-
tal neutron rate in Table I. Third, we implemented the
core mass segmentation to better reflect our knowledge
of the neutron background’s Z distribution, motivated
again by the neutron-like event. This shifts the prob-
ability of a neutron (50 GeV/c2 WIMP) interpretation
for this event in the best-fit model from 35% (49%) to
75% (7%) and improves the limit (median sensitivity)
by 13% (4%). Fourth, the estimated signal e�ciency
decreased relative to the pre-unblinding model due to
further matching of the simulated S1 waveform shape
to 220Rn data, smaller uncertainties from improved un-
derstanding and treatment of detector systematics, and
correction of an error in the S1 detection e�ciency nui-
sance parameter. This latter set of improvements was
not influenced by unblinded DM search data.

In addition to blinding, the data were also “salted” by
injecting an undisclosed number and class of events in
order to protect against fine-tuning of models or selec-
tion conditions in the post-unblinding phase. After the
post-unblinding modifications described above, the num-
ber of injected salt and their properties were revealed to
be two randomly selected 241AmBe events, which had
not motivated any post-unblinding scrutiny. The num-
ber of events in the NR reference region in Table I is con-
sistent with background expectations. The profile like-
lihood analysis indicates no significant excesses in the
1.3 t fiducial mass at any WIMP mass. A p-value calcu-
lation based on the likelihood ratio of the best-fit includ-

ing signal to that of background-only gives p = 0.28, 0.41,
and 0.22 at 6, 50, and 200 GeV/c2 WIMP masses, respec-
tively. Figure 5 shows the resulting 90% confidence level
upper limit on �SI , which falls within the predicted sen-
sitivity range across all masses. The 2� sensitivity band
spans an order of magnitude, indicating the large random
variation in upper limits due to statistical fluctuations of
the background (common to all rare-event searches). The
sensitivity itself is una↵ected by such fluctuations, and is
thus the appropriate measure of the capabilities of an ex-
periment [44]. The inset in Fig. 5 shows that the median
sensitivity of this search is ⇠7.0 times better than previ-
ous experiments [6, 7] at WIMP masses > 50 GeV/c2.

Table I shows an excess in the data compared to the to-
tal background expectation in the reference region of the
1.3 t fiducial mass. The background-only local p-value
(based on Poisson statistics including a Gaussian uncer-
tainty) is 0.03, which is not significant enough, including
also an unknown trial factor, to trigger changes in the
background model, fiducial boundary, or consideration
of alternate signal models. This choice is conservative as
it results in a weaker limit.

In summary, we performed a DM search using an ex-
posure of 278.8 days ⇥ 1.3 t = 1.0 t⇥yr, with an ER
background rate of (82+5

�3 (sys) ± 3 (stat)) events/(t ⇥
yr ⇥ keVee), the lowest ever achieved in a DM search
experiment. We found no significant excess above back-
ground and set an upper limit on the WIMP-nucleon
spin-independent elastic scattering cross-section �SI at
4.1⇥10�47 cm2 for a mass of 30 GeV/c2, the most strin-
gent limit to date for WIMP masses above 6 GeV/c2. An
imminent detector upgrade, XENONnT, will increase the
target mass to 5.9 t. The sensitivity will improve upon
this result by more than an order of magnitude.
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Figure 4: Energy distribution between the final states particles: e
±, hadrons (p + d),

� and ⌫, for a set of characteristic annihilation channels. The inner (outer) pie refers to a DM
mass of 200 GeV (5 TeV). For each pie chart, the first caption gives the energy fraction going
into � and e

± (E�+e) with respect to the total. The second caption gives the energy fraction into
hadronic final states (Ep+d) with respect to � and e

±.
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Figure 6. Comparison of constraints on the dark matter annihila-
tion cross-section estimated from a stacking analysis of 19 dSphs
assuming spherical (dashed line) and axisymmetric (solid line)
mass models. The blue, purple, green and orange lines denote
bb̄, tt̄, W+W� and ⌧+⌧� channels, respectively. The horizon-
tal dashed line is the benchmark value of the thermal relic cross
section (Steigman et al. 2012).

Leo T, Reticulum II, Draco II, Triangulum II, Hydra II, and
Pisces II) to compare fairly between previous spherical and
our non-spherical mass models.7 It is found from this figure
that our analysis with non-sphericity obviously makes each
sensitivity line less stringent than the spherical one. This is
because, as described above, the estimated J-factor values
in our analysis have large 1� errors compared with previous
works due to the inclusion of some systematic uncertainties
such as non-sphericity, and thus, this is why the constraints
on the dark matter annihilation cross-section are relatively
weak.

Before closing this section, let us discuss the implica-
tions of the present analysis. First, let us remind ourselves
that the most generic s-wave cross-section of WIMP dark
matter, i.e. ⇠ 3⇥ 10�26cm3/s, is one of the primary targets
of the indirect searches for dark matter. In particular, the bb̄,
W+W�(ZZ) and tt̄ channels of this cross-section are highly
motivated as they are achieved for neutralino dark matter in
the supersymmetric Standard Model (Jungman et al. 1996).
The figure shows that the non-sphericity of the dark mat-
ter profile leads to constraints about a factor of two weaker
than the previous constraints. Accordingly, the constraints
on the WIMP mass with a cross-section ⇠ 3 ⇥ 10�26cm3/s
for the bb̄ channel is weakened by about a factor of two.

It should also be emphasized that the indirect searches
for dark matter using �-rays are the most important chan-
nels in the search for the so-called minimal dark matter
model (Cirelli et al. 2006, 2007). In the minimal dark mat-
ter model, dark matter fills a single SU(2)L gauge multiplet
and it couples only to SU(2)L gauge bosons in the Stan-
dard Model when it is a fermion. As a prominent feature,
the annihilation cross-section of dark matter is largely en-
hanced from ⇠ 3 ⇥ 10�26cm3/s by the so-called Sommer-
feld e↵ects (Hisano et al. 2004, 2005, 2006) in the present

7 Since we do not have the kinematical data of Ursa Minor, we do
not include it, which improves the LAT sensitivity ⇠ 30 per cent.

Universe, which makes the indirect searches accessible for a
higher dark matter mass region. In fact, for SU(2)L triplet
fermion dark matter, it has been argued that the dark mat-
ter mass up to about 3TeV is in tension with the �-ray
observations of the Galactic Centre in Fermi-LAT and the
HESS telescope (Cohen et al. 2013; Fan & Reece 2013). As
the present analysis shows, however, it is important to take
into account account the systematic uncertainties of dark
halo evaluations including the e↵ects of non-sphericity to
draw a final conclusion.

In regard to the SU(2)L triplet fermion dark matter,
let us also emphasize that it is also motivated in the so-
called anomaly-mediated supersymmetry breaking models
in the supersymmetric standard model. There, the SU(2)L
triplet fermion dark matter is naturally achieved as the light-
est gaugino (the superpartner of the gauge boson) and is
called the wino. After the discovery of the Higgs bosons by
the Large Hadron Collider experiments, the models with
anomaly-mediated gaugino mass are considered to be one of
the most attractive candidates in conjunction with the high-
scale supersymmetry breaking (Wells 2005; Ibe et al. 2007;
Ibe & Yanagida 2012; Ibe et al. 2012; Hall & Nomura 2012;
Hall et al. 2013; Nomura & Shirai 2014; Arkani-Hamed et al.
2012). This class of models explains the observed Higgs bo-
son mass about 125GeV (Okada et al. 1991a,b; Ellis et al.
1991a,b; Haber & Hempfling 1991) in addition to a good
dark matter candidate (i.e. the wino) simultaneously. To
have a better understanding of the systematic uncertainties
of dark halo evaluations, is quite important to find a hint
from the fundamental laws of physics such as supersymme-
try.

7 CONCLUDING REMARKS

The Galactic dSphs are ideal targets for constraining par-
ticle candidates of dark matter through indirect searches
for their annihilations and decays. To obtain robust limits
on dark matter particle candidates, understanding the true
dark matter distribution of these galaxies is of substantial
importance. In particular, the non-sphericity of the lumi-
nous and dark components of these galaxies is one of the
major systematic uncertainties of the astrophysical factors
for annihilations and decays. In this paper, by adopting non-
spherical mass models developed by HC15, we present non-
spherical dark halo structures of seven classical and 17 UFD
galaxies and estimate their astrophysical factors.

In our analysis, Triangulum II and Ursa Major II are
the most promising targets for an indirect search of dark
matter annihilation, even though they have large uncertain-
ties. The Draco classical dSph has a J factor only a factor
of three lower than those of the above two UFD galaxies but
with the very small uncertainties due to the larger number
of the sample data. For dark matter decay, Draco may be
the most detectable and reliable target among all the ana-
lyzed dSphs. Meanwhile, Ursa Minor classical dSph, which
we do not analyse due to not having data, may also be an
important object as reported by some works in the litera-
ture. Thus, we should investigate the dark matter structure
in this galaxy and evaluate its astrophysical factors in the
near future. We compare our results for astrophysical fac-
tors with other previous studies based on spherical works.
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Figure 1. Scheme of the relation between the coordinates of the
axisymmetric dark halo and the sky plane with respect to the line
of sight. The grey spheroidal denotes the axisymmetric dark halo
in cylindrical coordinates (R,�, z). (x, y) and ` are the coordinates
for the sky plane and line of sight, respectively. We define that
the dark halo coordinate � = 0 corresponds to the x-axis. The
z-axis is identical to the y-axis for i = 90�, i.e. edge-on.

ical factors of the Milky Way dSphs by considering a non-
spherical dark halo.

This paper is organized as follows. In Section 2, we in-
troduce the astrophysical factors J and D calculated from
axisymmetric dark matter distributions. In Section 3, we
explain the axisymmetric models for the density profiles of
stellar and dark halo components based on a Jeans analysis.
In Section 4 and 5, we briefly describe the photometric and
spectroscopic data for seven classical and 17 UFD spheroidal
galaxies in the Milky Way, and introduce the method of
fitting to the data and likelihood function we adopted, re-
spectively. In Section 6, we present the results of the fitting
analysis and the astrophysical factor values, and compare
them with previous works. We also estimate the sensitiv-
ity line of the dark matter annihilation cross-section with
respect to dark matter particle mass using our estimated
dark halo properties. Finally, our conclusions are presented
in Section 7.

2 ASTRONOMICAL FACTOR FOR
ANNIHILATION AND DECAY

The �-ray flux from dark matter annihilation and decay in
a dSph, measured over a solid angle �⌦, are estimated by
two important factors. The first factor is based on the mi-
croscopic physics of dark matter while the second reflects
its distribution on astronomical scales. The former factor is
related to the particle mass of dark matter, the velocity-
averaged annihilation cross-section (or decay rate for each
volume, for the other factor), the number of photons per en-
ergy produced by annihilation (decay), and the annihilation
(decay) branching fraction, and thus, it is largely dependent
on the particles physics properties. What we focus on here

is given by

J =

Z

�⌦

Z

los

d`d⌦ ⇢2(`,⌦) [annihilation], (1)

D =

Z

�⌦

Z

los

d`d⌦ ⇢(`,⌦) [decay], (2)

which are called J factor and D factor (e.g., Gunn et al.
1978; Bergström et al. 1998; Geringer-Sameth et al. 2015b).
These factors correspond to the line-of-sight integrated dark
matter density squared for annihilation and the dark matter
density for decay, respectively, within solid angle �⌦. The
goal of dark matter indirect detection is to obtain severe
limits on the nature of the dark matter particles, such as
mass and annihilation cross-section, using accurate deter-
minations of the J and D factors along with the observation
of �-ray.

When we calculate these astrophysical factors, we con-
sider axisymmetric dark matter distributions and thus, these
factors are functions of (x, y), which are the projected co-
ordinates on the sky plane, so that the integral variables
in equations (1) and (2) are able to transform d`d⌦ into
D�2dxdyd`, where D is the distance from the observer to
the center of the dSph. We also consider the e↵ects of the
inclination of the dark matter distributions on these factors.
From Fig. 1, we define the inclination angle i (which is de-
scribed later) between z and the line of sight, and then the
dark halo coordinates (R,�, z) are related to the ones in the
sky (x, y) and ` by
0

@
1 0 0
0 � sin i � cos i
0 � cos i sin i

1

A

0

@
x
`
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A =

0

@
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Since the azimuthal component can be written as � =
cos�1(x/R), de-projected coordinates (R, z) can be de-
scribed geometrically by the projected coordinates and the
line-of-sight distance as follows:

R2 = x2 + (y cos i+ ` sin i)2, (4)

z2 = (y sin i� ` cos i)2. (5)

From equations (1) and (2), the extent of the dark mat-
ter distribution is required in calculating the J and D fac-
tors. However, it is impossible for us to identify the edge
of a dark matter halo using current observational data and
dynamical analysis. In this work, we adopt the outermost ob-
served member star (xmax, ymax) as the edge of the dark mat-
ter halo because there is no clear criterion to define the size
of a dark matter halo. As defined by (x, y) above, the value
of the outermost star is not the de-projected distance (esti-
mated by GS15) but the line-of-sight projected distance from
the center of the dSph. Even if this underestimates the J and
D factor, we regard it as the most conservative dark mat-
ter halo size and use it in this paper. Thus, our estimation
of astrophysical factors is suitable for placing a conserva-
tive and robust constraint on the dark matter annihilation
cross-section.

3 MODELS AND JEANS ANALYSIS

The dark matter density distribution of dSphs is the key
to evaluating their J and D factors. There are various ap-
proaches to estimating the dark halo profile from stellar
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troduce the astrophysical factors J and D calculated from
axisymmetric dark matter distributions. In Section 3, we
explain the axisymmetric models for the density profiles of
stellar and dark halo components based on a Jeans analysis.
In Section 4 and 5, we briefly describe the photometric and
spectroscopic data for seven classical and 17 UFD spheroidal
galaxies in the Milky Way, and introduce the method of
fitting to the data and likelihood function we adopted, re-
spectively. In Section 6, we present the results of the fitting
analysis and the astrophysical factor values, and compare
them with previous works. We also estimate the sensitiv-
ity line of the dark matter annihilation cross-section with
respect to dark matter particle mass using our estimated
dark halo properties. Finally, our conclusions are presented
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croscopic physics of dark matter while the second reflects
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limits on the nature of the dark matter particles, such as
mass and annihilation cross-section, using accurate deter-
minations of the J and D factors along with the observation
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From equations (1) and (2), the extent of the dark mat-
ter distribution is required in calculating the J and D fac-
tors. However, it is impossible for us to identify the edge
of a dark matter halo using current observational data and
dynamical analysis. In this work, we adopt the outermost ob-
served member star (xmax, ymax) as the edge of the dark mat-
ter halo because there is no clear criterion to define the size
of a dark matter halo. As defined by (x, y) above, the value
of the outermost star is not the de-projected distance (esti-
mated by GS15) but the line-of-sight projected distance from
the center of the dSph. Even if this underestimates the J and
D factor, we regard it as the most conservative dark mat-
ter halo size and use it in this paper. Thus, our estimation
of astrophysical factors is suitable for placing a conserva-
tive and robust constraint on the dark matter annihilation
cross-section.

3 MODELS AND JEANS ANALYSIS

The dark matter density distribution of dSphs is the key
to evaluating their J and D factors. There are various ap-
proaches to estimating the dark halo profile from stellar
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troduce the astrophysical factors J and D calculated from
axisymmetric dark matter distributions. In Section 3, we
explain the axisymmetric models for the density profiles of
stellar and dark halo components based on a Jeans analysis.
In Section 4 and 5, we briefly describe the photometric and
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galaxies in the Milky Way, and introduce the method of
fitting to the data and likelihood function we adopted, re-
spectively. In Section 6, we present the results of the fitting
analysis and the astrophysical factor values, and compare
them with previous works. We also estimate the sensitiv-
ity line of the dark matter annihilation cross-section with
respect to dark matter particle mass using our estimated
dark halo properties. Finally, our conclusions are presented
in Section 7.

2 ASTRONOMICAL FACTOR FOR
ANNIHILATION AND DECAY

The �-ray flux from dark matter annihilation and decay in
a dSph, measured over a solid angle �⌦, are estimated by
two important factors. The first factor is based on the mi-
croscopic physics of dark matter while the second reflects
its distribution on astronomical scales. The former factor is
related to the particle mass of dark matter, the velocity-
averaged annihilation cross-section (or decay rate for each
volume, for the other factor), the number of photons per en-
ergy produced by annihilation (decay), and the annihilation
(decay) branching fraction, and thus, it is largely dependent
on the particles physics properties. What we focus on here

is given by

J =

Z

�⌦

Z

los

d`d⌦ ⇢2(`,⌦) [annihilation], (1)

D =

Z

�⌦

Z

los

d`d⌦ ⇢(`,⌦) [decay], (2)

which are called J factor and D factor (e.g., Gunn et al.
1978; Bergström et al. 1998; Geringer-Sameth et al. 2015b).
These factors correspond to the line-of-sight integrated dark
matter density squared for annihilation and the dark matter
density for decay, respectively, within solid angle �⌦. The
goal of dark matter indirect detection is to obtain severe
limits on the nature of the dark matter particles, such as
mass and annihilation cross-section, using accurate deter-
minations of the J and D factors along with the observation
of �-ray.

When we calculate these astrophysical factors, we con-
sider axisymmetric dark matter distributions and thus, these
factors are functions of (x, y), which are the projected co-
ordinates on the sky plane, so that the integral variables
in equations (1) and (2) are able to transform d`d⌦ into
D�2dxdyd`, where D is the distance from the observer to
the center of the dSph. We also consider the e↵ects of the
inclination of the dark matter distributions on these factors.
From Fig. 1, we define the inclination angle i (which is de-
scribed later) between z and the line of sight, and then the
dark halo coordinates (R,�, z) are related to the ones in the
sky (x, y) and ` by
0

@
1 0 0
0 � sin i � cos i
0 � cos i sin i

1

A

0

@
x
`
y

1

A =

0

@
R cos�
R sin�

z

1

A . (3)

Since the azimuthal component can be written as � =
cos�1(x/R), de-projected coordinates (R, z) can be de-
scribed geometrically by the projected coordinates and the
line-of-sight distance as follows:

R2 = x2 + (y cos i+ ` sin i)2, (4)

z2 = (y sin i� ` cos i)2. (5)

From equations (1) and (2), the extent of the dark mat-
ter distribution is required in calculating the J and D fac-
tors. However, it is impossible for us to identify the edge
of a dark matter halo using current observational data and
dynamical analysis. In this work, we adopt the outermost ob-
served member star (xmax, ymax) as the edge of the dark mat-
ter halo because there is no clear criterion to define the size
of a dark matter halo. As defined by (x, y) above, the value
of the outermost star is not the de-projected distance (esti-
mated by GS15) but the line-of-sight projected distance from
the center of the dSph. Even if this underestimates the J and
D factor, we regard it as the most conservative dark mat-
ter halo size and use it in this paper. Thus, our estimation
of astrophysical factors is suitable for placing a conserva-
tive and robust constraint on the dark matter annihilation
cross-section.

3 MODELS AND JEANS ANALYSIS

The dark matter density distribution of dSphs is the key
to evaluating their J and D factors. There are various ap-
proaches to estimating the dark halo profile from stellar

c� 2016 RAS, MNRAS 000, 1–17

Jdwarf ∼ 1018-20 GeV2cm−5

95%C.L.

http://astronomy.nmsu.edu/tharriso/ast110/class24.html
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Fig. 7 Limits on σ SD
χ−p, compared to results from other neutrino detectors and direct detection experiments [34–37]. The IceCube limits have been

scaled up to the upper edge of the total systematic uncertainty band. The colored points correspond to models from a scan of the pMSSM described
in Section 7 and are shown color coded by the ‘hardness’ of the resultant neutrino spectrum. Points close to the red end of the spectrum annihilate
predominantly into harder channels such as τ+τ−and can hence be excluded by the IceCube red line.

Fig. 8 Limits on σ SI
χ−p, compared to results from other neutrino detectors and direct detection experiments [34, 35, 38–40]. The IceCube limits

include the systematic uncertainties.

8.2. Constraints on Dark Matter Self-Annihilation Cross-Section 71

be rewritten in the form:

dFDWON

dE
� dFDWOFF

dE
=

< sAv >
2

(JDWON � JDWOFF)
Rscr2

sc
4pm2

c

dN
dE

. (8.4)

This upper limit can be evaluated for NFW, Moore and Kravtsov profiles, by us-
ing the different average signal intensities JDW corresponding to the assumed model.
The spectrum of annihilation products dN

dE for the considered annihilation channel is
calculated using DarkSUSY (see Sec. 6.4).

In this way one can determine the corresponding limit on < sAv > for assumed
mass of dark matter particle and annihilation channel. For the nn̄ annihilation chan-
nel, the upper limit in the given WIMP mass range is determined based on that
sample of FC SubGeV, FC MultiGeV, PC or UP-µ events, which dominates in that
energy range (see Fig. 5.2). The results for bb̄, W+W� and µ+µ� are based on all
µ-like events together, considered within 35� around GC. The results for the three
considered profiles are presented in Fig. 8.2. Each time 100% BR to a given annihila-
tion channel is assumed.

FIGURE 8.2: The upper 90% C.L. limit on dark matter self-
annihilation cross-section as a function of the dark matter particle
mass for bb̄ (blue), W+W� (maroon), µ+µ� (purple) and nn̄ (or-
ange) annihilation channels. The influence of the halo model choice
is shown as a band around the result for the benchmark NFW profile.

The derived constraints on the value of < sAv > strongly depend on the adopted
halo model. Obtained differences between benchmark model (NFW) and models
used as extreme cases (Moore and Kravtsov) can reach the order of magnitude. If
the size of an ON-source region is smaller, the difference between obtained limits
is even greater due to large discrepancies in the expected intensity of dark matter
annihilation products close to the Galactic Center for considered halo profiles (see
Fig. 6.3). Therefore, focusing on the GC makes the results very sensitive to the chosen
profile, but on the other hand, allows to obtain the best sensitivity for dark matter

constraints on ν flux from GC

[SK : 2005.05109 ]
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FIG. 9. The on-source o↵-source regions defined in equatorial
coordinates.

VI. ON-SOURCE OFF-SOURCE ANALYSIS

The on-source o↵-source analysis provides a data-
driven cross check of the analysis shown in the previous
section, albeit with weaker sensitivity. It has the advan-
tage of being able to estimate the background directly
from data. Equally sized on- and o↵-source regions are
defined in right ascension and declination as shown in
Fig. 9. Most of the signal is expected to come from the
on-source region centered around the GC (266� RA,�29�

DEC) while an independent background estimation is ob-
tained from the o↵-source region, which is o↵set 180� in
right ascension but at the same declination. Note that
the atmospheric neutrino background is expected to be
the same in both regions as they correspond to identical
zenith angles in SK’s local coordinate system. Therefore,
the expected number of events in the on-source region
can be interpreted as NON = N bkg

on
+Nsig

on
, while for the

o↵-source it is NOFF = N bkg

off
+ Nsig

off
. Here Nsig(N bkg)

stands for the number of signal (background) neutrinos
in the on-source (o↵-source) regions. In this analysis we
subtract the number of o↵-source events from the on-
source observation: NON �NOFF = Nsig

on
�Nsig

off
. This

number e↵ectively equals Nsig
on

as Nsig

off
is expected to be

significantly smaller than Nsig
on

assuming a true source
from the GC halo. The result of this subtraction is di-
rectly proportional to h�AV i. Systematic uncertainties
related to the background should equally e↵ect the on-
and o↵-source regions and therefore cancel in the sub-
traction.

The angular size of the on- and o↵-source regions is
determined to maximize S/

p
B, where S stands for the

number of expected signal events and B for the number of
background events. This optimization is performed with
the same signal and background Monte Carlo used in the
combined fit. As the angular resolution of an event de-
pends on the neutrino energy, the optimal size of the on-
and o↵-source regions di↵ers between the FC sub-GeV,

0.5− 0 0.5
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)/(NOFF-N

ON
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FIG. 10. Observed asymmetry between the number of neu-
trino events in the on- and o↵-source regions across the event
subcategories for the NFW halo model. Errors on the points
are statistical.

FC multi-GeV, PC and UP-µ event samples as shown in
Table II for the three considered halo profiles.

Event class Optimal size [�]
NFW Moore Kravtsov

FC sub-GeV 60 60 60
FC multi-GeV 30 25 55
PC 20 10 45
UP-µ 10 5 40

TABLE II. Optimal size of on-source and o↵-source regions
assuming DM annihilation for the NFW, Moore and Kravtsov
halo profiles.

The number NON � NOFF is obtained for each sub-
category of events and similar numbers of events are
observed in both the on- and o↵-source regions for all
classes. Figure 10 shows the asymmetry, A = (NON �
NOFF )/(NON +NOFF ), for the benchmark NFW model
and all event categories.
As no asymmetry in the event rate is observed, we

constrain h�AV i by introducing information on the halo
model, the mass of the DM particles and the annihila-
tion channel. Limits are calculated for M� in the range
from 1 GeV to 10 TeV for the bb̄, µ+µ�, W+W� and
⌫⌫̄ annihilation channels as shown in Fig. 11. Di↵erences
between the NFW model and the Moore and Kravtsov
models can reach an order of magnitude, due to large dis-
crepancies in the predicted densities of the DM particles
in the inner parts of the galaxy.
Figure 12 compares the results of this analysis with the

constraints from the combined fit presented in Section V.
The combined fit analysis yields limits that are roughly
one order of magnitude stronger than the on-source o↵-
source approach for bb̄, µ+µ� and W+W�. However,
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Fig. 7 Limits on σ SD
χ−p, compared to results from other neutrino detectors and direct detection experiments [34–37]. The IceCube limits have been

scaled up to the upper edge of the total systematic uncertainty band. The colored points correspond to models from a scan of the pMSSM described
in Section 7 and are shown color coded by the ‘hardness’ of the resultant neutrino spectrum. Points close to the red end of the spectrum annihilate
predominantly into harder channels such as τ+τ−and can hence be excluded by the IceCube red line.

Fig. 8 Limits on σ SI
χ−p, compared to results from other neutrino detectors and direct detection experiments [34, 35, 38–40]. The IceCube limits

include the systematic uncertainties.

ν flux from DM trapped in the SUN (sensitive to nucleon-DM cross section) 

[Icecube : 1612.05949]
( see also [IceCube : 2003.06614 ] )

Constraints on σannv by the ν flux from GC are weaker than the gamma-ray search.

Constraints on  σDM-N SD from the ν flux from the DM trapped in the SUN can be 
comparable with the direct detection experiments.
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provided that it is captured. I.e., the probability is computed as the ratio of the size
of the interval in energy losses leading to capture (�Emin < �E < �Emax) relative
to the whole possible interval (0 < �E < �Emax), assuming a flat distribution of the
scattering cross section in energy. In general, however, one needs to introduce the form
factors Fi(�E) that take into account the nuclear response as function of the momentum
transfer. Explicitly, |Fi(�E)|2 = e��E/E0, with E0 = 5/2mir2i for spin-independent and
E0 = 3/2mir2i for spin-dependent scattering (here ri ⇠

p
3/5A1/3

i 1.23 fm ' 0.754 ·
10�13 cm (mi/GeV)1/3 is the effective radius of a nucleus with mass number Ai and mass
mi). The numerator of the ‘ratio of sizes’ becomes then an integral of the form factor
over the energy loss �E:

}i(v, v�esc) =
1

E�max

Z E�max

E�min

d(�E) |Fi(�E)|2, (14)

Eq. (13) and (14) mean that the fraction of scatterings that lead to capture is largest for
nuclei with mass mi comparable to the DM mass MDM (�max is maximized) and for DM
particles that are slow (small v) and in the central regions of the body (large v�esc).

Fig. 1a shows the capture rate in the Sun having assumed a Spin Indipendent cross section
�SI

p = 1pb on protons. One sees that several elements contribute Fig. 1b shows the Spin
Dependent capture rate, with the corresponding assumption �SD

p = 1pb on protons. Only
Hydrogen matters for this kind of capture, with a very small contribution from Nitrogen.

The dotted lines in fig. 1 are simple approximations valid in the limit of heavy DM, MDM �
mi. In such a limit DM can be captured only if it is very slow,

v
MDM�mi

< 2v�esc

p
mi/MDM. (15)

Thereby the capture rate is proportional to 1/M2

DM
and can be approximated as

�capt

MDM�mi' ⇢DM

M2

DM

4⇡f�(0)
X

i

mi�iIi (16)

where

Ii =

Z R�

0

4⇡r2ni(r)

"
1

2

✓
E0i

mi

◆2

� E0i

mi
e�2miv2�esc(r)/E0i

✓
E0i

2mi
+ v2�esc

(r)

◆#
dr (17)

In the limit of negligible form factors, E0i � mi, the term in square brackets simplifies to
v4�esc

.
The integrals Ii are adimensional in natural units, and their values are given in table 1 for

the main capturing elements. Inserting their values we find

�capt '
5.90 · 1026

sec

 
⇢DM

0.3 GeV

cm3

!✓
100GeV

MDM

◆2
 
270 km

sec

ve↵
0

!3

�SD + 1200 �SI

pb
. (18)

8
[Cirelli, PPPC 4 DMν]

The annihilation rate is proportional to N2: two DM particles annihilate (hence the square).
It is given by

�ann =
1

2

Z
d3xn2(~x) h�vi = 1

2
CannN

2, (4)

where h�vi is the usual annihilation cross section averaged over the initial state2 and n(~x) is
the number density of DM particles at position ~x inside the Sun, such that the total number
of DM particles is N =

R
d3xn(~x). After capture, subsequent scatterings thermalize the DM

particles to the solar temperature T�, such that their density n(~x) acquires the spherically
symmetrical Boltzmann form

n(r) = n0 exp[�MDM �(r)/T�] (5)

where n0 is the central DM number density and �(r) =
R r

0
dr GNM(r)/r2 is the Newtonian

gravitational potential inside the Sun, written in terms of the solar mass M(r) enclosed within
a sphere of radius r. Taking for simplicity the matter density in this volume to be constant
and equal to the central density ⇢�, all the integrals can be explicitly evaluated . One finds
that DM particles are concentrated around the center of Sun,

n(r) = n0 e
�r2/r2DM , with rDM =

✓
3T�

2⇡GN⇢� MDM

◆1/2

⇡ 0.01R�

r
100GeV

MDM

. (6)

Within this approximation, one obtains from eq. (4)

Cann = h�vi
✓
GN MDM ⇢�

3T�

◆3/2

. (7)

Here ⇢� = 151 g/cm3 and T� = 15.5 106 K are the density and the temperature of matter
around the center of the Sun. The same expression would hold for other astrophysical bodies,
adapting these two quantities.

Neglecting �evap and solving eq. (3) with respect to time one finds

�ann =
�capt

2
tanh2

✓
t

⌧

◆
t�⌧' �capt

2
(8)

where ⌧ = 1/
p

�captCann is a time-scale set by the competing processes of capture and an-
nihilation. At late times t � ⌧ one can approximate tanh(t/⌧) = 1. In the case of the Sun,
the age of the body (⇠4.5 Gyr) and the typical values of the parameters in ⌧ indeed satisfy
this condition (in the case of the Earth this is not generally the case). Therefore one attains
the last equality of eq. (8). Physically, this means that the fast (compared to the age of the
Sun) processes of capture and annihilation come to an equilibrium: any additional captured
particle thermalizes and eventually is annihilated away.

2If DM is a real particle (e.g. a Majorana fermion) this is the usual definition of � and the factor 1/2 takes into
account the symmetry of the initial state. If DM is a complex particle (e.g. a Dirac fermion) then n ⌘ nDM+nDM

(here assumed to be equal) and the average over initial states is � ⌘ 1
4 (2�DMDM + �DM DM + �DMDM). In many

models, only DMDM annihilations are present, so that � = �DMDM/2.
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Feebly Interacting Massive Particle 
(FIMP)



Freeze-in FIMP

Assume DM has feeble interactions to the thermal bath through 
dimensionless coupling.

Initial condition @ T  ≫ mDM  :  nDM  = 0 

ṅDM + 3H nDM = < σv > nth 2

ex)
thermal 

bath DM
<σv> ~ λ2 / T 2

λ

The abundance of the FIMP is given by

mDM/T

nDM / T3

O(1)

Increasing ΓDM

DM abundance is fixed at mDM/T = O(1)

DM

DM abundance : Y = nDM / s ~ λ2 (MPL/mDM) 

mDMY ~ 10-10GeV    →  ΩDM h2 ~  0.1 ( λ / 10-13)2

(Freeze-in mechanism)

[09 Hall, Jedamzik, March-Russell, West ]

Variety of models have been proposed.

Since it has feebly interaction, it is difficult to test the scenario as it is…



FIMP production through higher dimensional interaction.

Assume DM has feeble interactions to the thermal bath through 
higher dimensional interaction.

nDM ~ Γprod x nrad x H-1

ex)
thermal 

bath DM Γprod ~ T 2n+1/ Λ2n

1/Λn

The FIMP production is dominated at the highest temperature: 

DM

DM abundance can be explained by appropriate reheating temperature.  

Ex) light gravitino is an example with n = 1

( case n + 4 dim operator)

@ T ~ TR

TR ∼ 10− 10
2n − 1 × 1018 GeV ( Λ

MPl )
2n

2n − 1

( GeV
mDM )

1
2n − 1

ΩDM h2 ~  0.1　→ mDMY ~ 10-10GeV   



By definition, the FIMP is difficult to be tested.

No universal channel for the FIMP detection.
Mass Range is wider than WIMP.

(Most channels rely on model dependent additional particles…)

We can test the FIMP if it decays (though it is not necessary). 
The following constraints are applicable to the decaying WIMPs.

Figure 3. 95% credible lower limits on dark matter lifetime ⌧dm as function of dark matter mass mdm,
for decay channels: (a) ⌫eµ�

µ
+ (⌫̄eµ+

µ
�) and ⌫µe

�
µ
+ (⌫̄µe+µ�), (b) µ+

µ
�, (c) ⌧+⌧�, (d)W±

µ
⌥, (e)

uds (ūd̄s̄), (f) bb̄. Astrophysical background models with Normal priors are adopted (Table 1). Thick
solid, dashed, and dotted curves correspond to the EGRB data with di↵erent foreground modeling
discussed in Ref. [24] (their models A, B, and C, respectively). Thin solid curve shows the lower limits
obtained with the 10-month Fermi-LAT data [34] and the phenomenological power-law background
modeling.

di↵erent foreground models, B and C adopted also in Ref. [24]. Models A–C nicely covers
regions shown as uncertainty band in Fig. 2. The dashed and dotted curves are the results
corresponding to models B and C, respectively. This shows that the foreground modelings
give uncertainty on lifetime constraints by about a factor of a few.

The results of more conservative approach with Flat priors in Table 1 are shown in
Fig. 4. As expected, in most cases, they are weaker than the ones with Normal priors (as
shown in Fig. 3) by about a factor of a few. Exceptions are at high dark matter masses
for (c)–(f), where they give stronger constraints; this is likely caused by interplay between
di↵erent choices of priors and the data (the total EGRB data for the Normal priors, while
the unresolved EGRB data for the Flat priors).

In order to compare our results with the previous ones in the literature (e.g., Ref. [32]),
we also computed the lifetime constraints by using the 10-month Fermi-LAT data [34]. Here
we modeled the other background component as a single power law (Table 2), and the re-
sults are shown as a thin curve in each panel of Figs. 3,4 and 5 for reference. Although the
statistics adopted here is di↵erent than that in Ref. [32] (Beyesian versus frequentist), our
results are in good agreement with theirs, proving the consistency of both the approaches.8

8
The result for ⌧+⌧�

in high mass region is di↵erent from Ref. [32]. This is because they used both

published and preliminary data for E� > 100 GeV (at that time) while we use the published 10-month data

only. In ⌧+⌧�
case, gamma-ray spectrum from cascade decay is hard and the peak of the intensity is out of

– 12 –

[Ando Ishiwata, 1502.02007]

Constraints from the extragalactic gamma-ray background (Fermi-LAT)

FIMP Search ?



[Ishiwata, Macias, Ando, Aritomo : 1907.11671]

Constraints multi-messenger astrophysical data (100% DM→b b*)

Figure 8. Conservative strong limits on the dark matter lifetime ⌧dm obtained in this work. The limits
are separated according to the region in which the DM CRs were originated (left panel corresponds
to the Galactic and right panel to extragalactic region). Shaded areas show regions of the parameter
space that are excluded by the CR data sets shown in the labels.

Figure 9. Same as Fig. 8, except that here we combine the extragalactic and Galatic DM limits
in the same panel. Dark blue area shows the total region of the parameter space excluded by our
analysis. Limits independently obtained by recent studies [25, 27, 28] are also shown for comparison.

– 16 –

Table 1. Observations of cosmic-ray particles which are used in the analysis. The fourth column
shows whether each experiment detected the corresponding CRs. Otherwise, the last column shows
the confidence level (CL) of the upper limits quoted in the references.

CRs Observations Energy [GeV] Detected CL upper limits
Gamma (�) Fermi-LAT [30] 10�1 – 103 X

CASA-MIA [36] 105 – 107 90%
KASCADE [35] 105 – 107 90%

KASCADE-Grande [35] 107 – 108 90%
PAO [40, 41] 109 – 1010 95%

TA [44] 109 – 1011 95%
Proton (p) PAO [47] 109 – 1011 X 84%
Anti-proton (p̄) PAO [47] 109 – 1011 X 84%

AMS-02 [31] 10�1 – 102 X
Positron (e+) AMS-02 [32] 10�1 – 103 X
Neutrino (⌫) IceCube [45] 105 – 108 X 90%

IceCube [46] 106 – 1011 90%
PAO [47] 108 – 1011 90%

ANITA [48] 109 – 1012 90%

cosmic microwave background (CMB) and extragalactic background light (EBL). It will be
shown that each CR species from DM has a characteristic spectrum in the energy range of
10�3 to 1016GeV that could in principle be detected in archival CR data. There are some
works that have a similar aim to our current study (see e.g., Refs. [21–29]). However, to the
best of our knowledge, self-consistent simulations of the propagation of all the stable particles
in the energy range of 10�3 to 1016GeV in both the Galactic and extragalactic regions have
not been attempted yet.

Here we simulate the production and propagation of DM decay yields, including p, p̄,
�, e±, ⌫ and ⌫̄, in the Galactic and extragalactic regions. Various types of CRs have been
observed in a wide energy range; MeV–TeV �, p̄ and e+ with Fermi-LAT [30] and AMS-
02 [31, 32], respectively; in the PeV energy range, photons are observed or constrained with,
e.g., KASCADE [33], KASCADE-Grande [34, 35], CASA-MIA [36, 37], CASA-BLANCA [38],
and DICE [39]. Furthermore, for energies in the EeV range, photon flux upper limits have
been obtained by (PAO) [40, 41] and Telescope Array (TA) [42–44]. Astrophysical ⌫ have
been observed/constrained by IceCube [45, 46], Pierre Auger Observatory (PAO) [47], and
ANITA [48]. The unprecedented high quality of the publicly available multi-messenger data
described above will allow us to impose robust constraints on the DM lifetime in a very wide
DM mass range. A list with the CR particles assumed in our analysis is given in Table 1
along with the corresponding references that we use to extract the data.

This paper is organized as follows. Section 2 presents the computation of the DM
decaying spectra for the di↵erent CR species and the model frameworks for the solution of
the CR transport equation in the extragalactic, Galactic region and Heliosphere, respectively.
In Sec. 3 we show the predicted CR spectra after propagation and the resulting limits on the
DM lifetime. Finally, we conclude in Sec. 4.

– 2 –

DM lifetime > 1026 sec for various decay modes

By definition, the FIMP is difficult to be tested.

No universal channel for the FIMP detection.
Mass Range is wider than WIMP.

(Most channels rely on model dependent additional particles…)

We can test the FIMP if it decays (though it is not necessary). 
The following constraints are applicable to the decaying WIMPs.

FIMP Search ?



Asymmetric Dark Matter 
(ADM)



Asymmetric Dark Matter (ADM)

Baryon-DM coincidence ?

ΩDM  :  Ωb     =    5  :   1 
close with each other…

ex) neutrino-DM : ΩDM  :  Ων (Σmν=0.06eV)     =    200  :   1 

If it were not for Baryogenesis, baryon should have annihilated…

ΩDM  :  Ωb (no-asymmetry) =  1 : 10-11

DM mass density is given by

ΩDM  ∝ mDM nDM 

→  mDM is independent of mp,n . nDM should be adjusted appropriately.

Baryon-DM coincidence = conspiracy between nDM and Baryogenesis ?

Ωb  (with asymmetry) = 0.02 ( η / 10-9 )
η = ( nB - nB ̅ )/ nγ



T ~ MR Leptogenesis

B-L asymmetry in  SM + Dark sector 

TDECOUPLE

ηSM = ASM ηB-L 

ηDM = ADM ηB-L

( ASM + ADM = 1 )

ηSM = ASM ηB-L 

TEW ~100GeV

ηDM = ADM ηB-L 

ηB = AB ηB-L ηL = AL ηB-L ηDM = ADM ηB-L

(  AB / ASM = 30/97 )

nB  = ηB nγ  →  nDM = (ADM / AB ) nB  =  (ADM/ASM )  (ASM/AB ) nB

ΩDM = (mDM/mp)  (ADM/ASM )  (ASM/AB ) ΩB 

mDM  = 5 mp  (30/97 ) (ASM/ADM ) x  (ΩDM /5ΩB)

Asymmetric Dark Matter (ADM)

ADM mass is typically O(1-10) GeV

Baryogenesis/



In most models, the asymmetry is shared between the DM and the SM sectors.

→ the DM and the SM sectors were likely in the thermal equilibrium
In the ADM sector, the symmetric components disappear through a large 
annihilation cross section…into what ?

O(1) GeV  DM cannot couple the SM particle strongly…
ADM annihilates into lighter particles in the DARK SECTOR.

ADM seems not annihilate in the present Universe (due to charge conservation)

Direct detection depends on models…

Fate of the lighter dark sector particles ? They should decay into the SM particles.
There should be some PORTAL to the SM (though model dependent).

ADM also exhibits DM - anti DM oscillation  
　　　　　　→ tiny fraction of DM is converted to the anti-DM 

DM annihilation may occur in the present Universe

Asymmetric Dark Matter Search ?



Ex).  A model with dark QCD & dark QED [1805.0687 Kamada, Kobayashi, Nakano MI] 

 DM = dark proton & dark neutron

DM annihilation cross section is large !

σv ~ 4π / mDM 2 

DM

DM DM

DM

DM

Dark QED can mix with QED through the kinetic mixing.

L “ ´
1

4
FµνF

µν
´

1

4
F

1

µνF
1µν

`
ε

2
FµνF

1µν
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Fμν : QED photon F’μν : dark QED photon ε : mixing parameter << 1
kinetic mixing

`
1

2
m

12

AA
1

µA
1µ

γ’
SM sector

γ
 DM sector

 DM sector

SM sector

εgQED

γ’
DM sector

DM sector

g’

The massive dark photon couples to QED current with ε gQED. 



Ex).  A model with dark QCD & dark QED [1805.0687 Kamada, Kobayashi, Nakano MI] 

 DM = dark proton & dark neutron

Dark photon decays into e++e-  ( μ++μ- ) ( 2me <  mγ’ )

γ’
e+

εgQED e-

μ+

μ-

Dark pions annihilate/decay into dark photons

π+DM

π -DM γ’

γ’

σv ~  πα’2/ mπ’ 2 

γ’

γ’

△π0DM

Γ ~  α’2/64π3  x mπ’ 3/ fπ 2

( mγ’  <  mπ’ <  mN’ )

(charged pion can also decay if dark Higgs VEV has QED’ charge 1)

These processes are important to transfer excessive entropy  
in the DM sector to the SM sector



Ex).  A model with dark QCD & dark QED [1805.0687 Kamada, Kobayashi, Nakano MI] 

Tiny Majorana mass induces pair annihilation of ADM at late times !

n’

n’ π’

π’ p’

n’
π’

…

π’

π’

π’

…

γ’

γ’

△π’0

e+

e-

e+

e-

Dark neutral pion decays into two pairs of e- + e+ 

Typical electron energy :

Ee  ~ 2mDM/5/4    

      ~ O(10) MeV - O(1) GeV

too soft to be detected…

→ Final state radiation and electron CR can be tested  in the 

average number of pions ~ 5 



Ex).  A model with dark QCD & dark QED [1805.0687 Kamada, Kobayashi, Nakano MI] 

FE
R
M
I-LA

T
bound

(95%
C
.L.)

V
oyager

bound
(M
E
D
)

(95%
C
.L.)

1 10 100 1000
1018

1019

1020

1021

1022

mDM[GeV]

t O
S
C
[s
e
c
]

Figure 6. Constraints on the oscillation time scale. The green and the yellow shaded regions
are excluded by the �-ray constraint (Fermi-LAT), and by the constraint on the e

+ + e
� flux

(Voyager-1), respectively. We here assume mn0 = mp0 = mDM and take nn0 = np0 . We also assume
m⇡0 ⌧ mDM while fixing m�0 = 40MeV. The red dotted line is a prospected lower limit by the
�-ray search from the dSphs by e-ASTROGAM in one year of e↵ective exposure.

⇢DM = 0.3GeV/cm3.

In the figure, we also show the interstellar e
+ + e

� spectrum observed by the Voyager-

1 [68, 69], where the data is taken from [76]. The figure shows that the e++e
� flux from the

late-time ADM annihilation is much smaller than the observed flux for (t0/tosc)2 ⇥ h�vi =

O(1) pb. We will summarize the constraints from the Voyger-1 in the next subsection.

C. Constraints on Parameter Space

As we have seen in the previous subsections, we can probe the time scale of the matter-

antimatter oscillation by the �-ray observation up to tosc = O(1021) sec for mDM ' 10GeV.

This oscillation time scale corresponds to the e↵ective annihilation cross section,18

✓
t0

tosc

◆2

h�vi ⇠ 10 pb

✓
10GeV

mDM

◆2 ✓1021sec

tosc

◆2

. (48)

18 The e↵ective cross section into the �-ray is further suppressed by Eq. (28).

21

e-ASTROGAM

In the model of 1805,0687,  the Majorana mass of n’ = oscillation 
time scale of the n’ and n’ is given byneutron. The typical time scale of the oscillation, tosc = m

�1
M
, is estimated as

tosc ' 3.3⇥ 1021 sec

✓
⇤0

QCD

2GeV

◆�6
 

M̃C

3⇥ 109 GeV

!4✓
MR

109 GeV

◆
. (26)

We now see that some fraction of n0 can convert into n̄
0 at late time, and then n

0
/p

0 and n̄
0

annihilate into the dark pions. The neutral dark pions decay into the dark photons, and the

dark photons finally decay into e
+
e
� pairs. � can be also emitted by the final state radiation

(FSR) process as depicted in figure 1.

Among the soft e
+
e
� and � produced by the late time annihilation, the �-ray signal

is the most promising channel to search for dark matter annihilation (e.g., [? ? ] for

review). In particular, the Dwarf Spheroidal galaxies (dSphs) in our galaxy are the ideal

targets to search for the �-ray signal, since they have high dynamical mass-to-light ratios,

(M/L ⇠ 10�1000), while they lack contaminating astrophysical �-ray sources [? ? ]. In the

following, we focus on the �-ray spectrum and discuss the testability of the ADM scenario.

First, we calculate the �-ray spectrum from the n
0
n̄
0 annihilation processes:

n
0
n̄0 ! m⇡

00 + l⇡
0+ + l⇡

0�
, (m, l = 0, 1, 2, · · · ) . (27)

The cascade spectrum can be calculated by using the technique developed by [? ? ? ].

We start to calculate the �-ray spectrum at the rest frame of �0. For m�0 � me, the

spectrum is given by the Altarelli-Parisi approximation formula [? ],11

dÑ�

dx0
=

↵EM

⇡

1 + (1� x0)2

x0


�1 + ln

✓
4(1� x0)

✏
2
0

◆�
, (28)

where ✏0 = 2me/m�0 and x0 = 2E0/m�0 with E0 being the energy of � at the rest frame of

�
0. ↵EM denotes the fine structure constant of SM QED.

Next step is to translate the spectrum in the rest frame of �0 to that in the rest frame of

11 In the appendix A, we compare the direct calculation of the FSR with the Altarelli-Parisi approximation

formula, and confirm the validity of the approximation in the parameter region we are interested in.

12

Some portion of the model parameters can be tested by the MeV-gamma ray 
and the electron/positron CR ! 

[MI, Kobayashi, Nagai, Nakano  1907.11464]



Sterile Neutrino Dark Matter



Sterile Neutrino Dark Matter

Add a sterile neutrino νs neutrino mixing with active neutrinos νa:

L  =  μ νa νs + ms νs νs  / 2+ h.c. 
mixing mass

νs does not contribute to the active neutrino mass : μ2/ms ≪ mν

μ ∝ [ Higgs expectation value ]

The sterile neutrinos are mainly produced via the neutrino oscillation

thermal  
bath

νa {νa

νs

: 1 - Pa→s 
:  Pa→s 

Pa→s   =   sin2 2θeff sin2(ms 2/T t ) ~ (sin2 2θeff)/2

oscillation

 sin2 2θeff  ~ 
μ6

μ6 + ms2( μ2  - 2 V(T , ηL)p )2

V(T , μL) ~  -100 GF2 T4p  + GF T3 ηL

Lepton asymmetry below the EWSB scale

ms ≫ active neutrino masses

 [1807.07938 Boyarsky et. al.]

( θs ~ μ/ms )



Sterile Neutrino Dark Matter

The sterile neutrinos are mainly produced via the neutrino oscillation

thermal  
bath

νa {νa

νs

: 1 - Pa→s 
:  Pa→s 

oscillation Production rate 

x       Γs ~  GF T5 sin2 2θs

ηL ≪	10-6

(non-resonant production)
ΩDMh2 ~ 0.1 

[’93 Dodelson, Widrow ]

ηL >10-6 ΩDMh2 ~ 0.1 
(resonant production)

[’99 Shi, Fuller ]

νs → νa + X-ray   constraint

Figure 14: Constraints on sterile neutrino DM. The solid lines represent the most important constraints
that are largely model independent, i.e., they can be derived for a generic SM-singlet fermion N of mass
M and a mixing angle ✓ with SM neutrinos, without specification of the model that this DM candidate is
embedded in. The model independent phase space bound (solid purple line) is based on Pauli’s exclusion
principle (c.f. Section 3.1). The bounds based on the non-observation of X-rays from the decay N ! ⌫�
(violet area, see Section 3.2 for details) assume that the decay occurs solely through mixing with the active
neutrinos with the decay rate given by eq. (29). In the presence of additional interactions, these constraints
could be stronger, see e.g. [520]. All X-ray bounds have been smoothed and divided by a factor 2 to account
for the uncertainty in the DM density in the observed objects. They are compared to two estimates of the
ATHENA sensitivity made in ref. [234]. The blue square marks the interpretation of the 3.5 keV excess as
decaying sterile neutrino DM [184, 188]. All other constraints depend on the sterile neutrino production
mechanism. As an example, we here show di↵erent bounds that apply to thermally produced sterile
neutrino DM, cf. section 4.2. The correct DM density is produced for any point along black solid line
via the non-resonant mechanism due to ✓-suppressed weak interactions (24) alone (Section 4.2.1). Above
this line the abundance of sterile neutrinos would exceed the observed DM density. We have indicated
this overclosure bound by a solid line because it applies to any sterile neutrino, i.e., singlet fermion that
mixes with the SM neutrinos. It can only be avoided if one either assumes significant deviations from the
standard thermal history of the universe or considers a mechanism that suppresses the neutrino production
at temperatures of a few hundred MeV, well within the energy range that is testable in experiments, cf. e.g.
[521]. For parameter values between the solid black line and the dotted green line, the observed DM density
can be generated by resonantly enhanced thermal production (Section 4.2.2). Below the dotted green line
the lepton asymmetries required for this mechanism to work are ruled out because they would alternate the
abundances of light elements produced during BBN [584]. The dotted purple line represents the lower bound
from phase space arguments that takes into account primordial distribution of sterile neutrinos, depending on
the production mechanism [22]. As a structure formation bound we choose to display the conservative lower
bound on the mass of resonantly produced sterile neutrinos, based on the BOSS Lyman-↵ forest data [268]
(see Section 3.3 for discussion). The structure formation constraints depend very strongly on the production
mechanism (Section 4). The dashed red line shows the sensitivity estimate for the TRISTAN upgrade of the
KATRIN experiment (90% C.L., ignoring systematics, c.f. Section 5.2).

58

{μ2
/m

s2

ms

Fig from [1807.07938 Boyarsky et. al.]

Phase-space constraint

Warm dark matter constraint 
Lyman alpha Forest 
[BOSS, 1706.03118, Baur et.al.]

[dSphs : 1712.04597, Wang et.al. ]

BBN constraint due to a large ηL

(There are controversies. See e.g. [2005.03039 Bodeker & Klaus] ) 



Sterile Neutrino Dark Matter

The sterile neutrinos are mainly produced via the neutrino oscillation

thermal  
bath

νa {νa

νs

: 1 - Pa→s 
:  Pa→s 

oscillation Production rate 

x       Γs ~  GF T5 sin2 2θs

ηL ≪	10-6

(non-resonant production)
ΩDMh2 ~ 0.1 

[’93 Dodelson, Widrow ]

ηL >10-6 ΩDMh2 ~ 0.1 
(resonant production)

[’99 Shi, Fuller ]

MW subhalo count constraint (Nsubhalo=47)
[1701.07874, Cherry & Horiuchi ]

νs → νa + X-ray   constraint

2

FIG. 1. The combined impact on the ⌫MSM parameter space
of previous NuSTAR searches [29–32] and this work is indi-
cated by the green region. This work provides the leading
constraints in the 10–12 keV mass range, as shown in Fig. 5.
The tentative E ' 3.5 keV signal [33–35] is indicated by the
red point. Constraints from other x-ray instruments [36–40]
are shown for comparison. Uncertainties associated with MW
satellite counts [28] and BBN [26, 27] are discussed in Sec. I.

plane.) This lower bound may evolve as calculations are
refined.

An additional indirect constraint on sterile-neutrino
DM arises from comparing the observed number of Milky
Way (MW) satellite galaxies to the results of N -body
cosmological simulations. Compared to cold DM, warm
DM particles are expected to suppress the matter power
spectrum at small scales, reducing the number of low-
mass DM subhaloes orbiting the Galaxy. In Fig. 1,
we adopt the result of Ref. [28] with Nsubhalo =47, de-
rived from SDSS data. Though a complete review of
subhalo constraints on the properties of particle DM is
beyond the scope of this paper, we note several impor-
tant points. First, the Milky Way satellite population
may not resemble that of a typical galaxy of its size
and morphology, and surveys of dwarf galaxies targeting
their stellar content must be corrected for completeness
[42]. To address the former issue, surveys such as Satel-
lites Around Galactic Analogues [43] aim to study the
satellites of Milky Way analogues in the local Universe.
Recent gravitational lensing surveys have also provided
strong constraints on the properties of low-mass (down
to . 108 M�) subhaloes at cosmological redshifts unbi-
ased by the haloes’ stellar content [44–54]. In all of these
cases, constrainingm� using structure observables—both
simulated and observed—also requires a model of the
DM power spectrum, which is a↵ected by its produc-

tion mechanism, with all of the sources of uncertainty
discussed in the previous paragraph [55–58].
Space-based x-ray observatories such as HEAO-1 [59],

Chandra [60, 61], XMM-Newton [59, 62–64], Suzaku
[38, 65], Fermi-GBM [39], and INTEGRAL [40, 66] have
provided the most robust constraints on the � ! ⌫ + �
decay rate for m� ' 1–100 keV. The observation of an
unknown x-ray line at E ' 3.5 keV (“the 3.5-keV line”) in
several analyses [33–35] has led to much interest, as well
as many follow-up analyses using di↵erent instruments
and astrophysical targets [29, 37, 38, 63, 64, 67–83].
Some suggest that the 3.5-keV line may be a signature
of sterile-neutrino DM [84] or other DM candidates [85–
89]; alternatively, modeling systematics [69, 71] or novel
astrophysical processes [90, 91] may play a role. Future
high-spectral-resolution x-ray instruments may also be
able to investigate the DM hypothesis for the origin of
the 3.5-keV signal via velocity spectroscopy [92, 93].
Since its launch in 2012, the NuSTAR observatory, due

to its unique large-angle aperture for unfocused x-rays,
has provided the leading constraints on sterile-neutrino
DM across the mass range 10–50 keV, leveraging observa-
tions of the Bullet Cluster [29], blank-sky fields [31], the
Galactic center [30], and the M31 galaxy [32]. In each
of these cases, the NuSTAR observations were originally
performed to study non-DM phenomena; therefore, DM
searches using these data had to contend with large astro-
physical backgrounds and/or reduced e↵ective areas from
masking bright point sources in the field of view (FOV).
Improving upon these constraints, and extending them
to the NuSTAR limit of E = 3keV (e.g., to test the ten-
tative 3.5-keV signal), will therefore require observations
with lower astrophysical backgrounds, as well as an im-
proved model of the low-energy NuSTAR instrumental
background.
In this paper, we present new constraints on the decay

rate of sterile-neutrino DM particles using two NuSTAR
observations, one ⇠10� above and the other ⇠10� below
the Galactic plane, chosen to minimize astrophysical
x-ray emission while still remaining near the center of
the Galactic DM halo. These are the first NuSTAR
observations dedicated to DM searches.

In Sec. II, we describe the data reduction and spectral
modeling of the NuSTAR data, consistently incorporat-
ing the flux from the focused and unfocused FOVs. In
Sec. III, we combine the line flux limits from these new
observations to constrain the � ! ⌫ + � decay rate for
sterile neutrinos in the mass range 10–40 keV, obtaining
the strongest constraints to date in the 10–12 keV mass
range. We conclude in Sec. IV.

II. NUSTAR DATA ANALYSIS

In this section, we outline the aspects of the NuSTAR
instrument that are relevant to our DM search, and
describe NuSTAR’s unique wide-angle aperture for un-
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BBN constraint due to a large ηL

[1908.09037 Roach et.al.]

(There are controversies. See e.g. [2005.03039 Bodeker & Klaus] ) 



Scalar field Dark Matter and Axion



V(φ) = mDM2φ2/2

Scala Field Dark Matter = Coherent oscillation of a scalar field

x

y

φ(x,y,z,t) φ(x,y,z,t)

0

spatial fluctuation  
→ DM momentum

x

y

0

coherent oscillation  
  → DM with v = 0  and cold 

φ 0

time variation

ρDM = mDM2 | φ0 |2

DM energy density is set by the amplitude of the oscillation 

where the oscillation starts at a cosmic temperature Tosc .

time variation



Scala Field Dark Matter

DM Equation of motion 

φ̈ + 3 H φ̇ = - mDM2 φ
Hubble friction

DM starts coherent oscillation at 

H ~ T2/MPL ~ mDM → Tosc ~ ( mDM  MPL )1/2

ρDM / s  ~  mDM2 φ02 / Tosc3   ~  

 Tosc ~ 0.3 keV (mDM/10-22 eV)1/2

 ΩDM h2 ~  0.1    ↔     φ0 ~ 1017.5 GeV (10-22 eV/mDM )1/4 

Initial condition with φ0 ≠ 0 is set during inflation (misalignment mechanism)

[ 00 Hu, Barkana, Gruzinov] Fuzzy Dark Matter 

10
´9

GeV

´ mDM

10´22eV

¯1{2
ˆ

φ0

1017 GeV

˙2
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Scala Field Dark Matter

Mass range (blue boxes have been excluded)

mDM < 10-21 eV 

mDM < 6 x 10-22 eV 

Lyman-α Forest

 dwarf Spheroidal

[1806.08371, Murgia et.al.]

[1906.11848, Safarzadeh et.al.]

mDM 

mDM < 10-22 eV 

CMB [1409.3544, Bozek et.al.]

BH Superradiance

7 x 10-20eV< mDM < 10-22 eV 

mDM ~ 10-21 eV  may solve the small scale problems (if they exist)

[1805.02016, Stott et.al.]



Axion couples to the θ-term of QCD to solve the strong CP problem.

Axion Dark Matter

Axion : pseudo scalar field a
Arrange models so that the axion couples to gluons via

The axion is a goldstone boson (like π0) associated with spontaneous 
breaking of the Peccei-Quinn symmetry, and hence, almost massless !

gluons

 fa ≫ 102 GeV ~ PQ breaking scale

a 0

V(a) ~ fπ2 mπ2 cos(a/fa)

fa

The axion obtains a scalar potential due to the strong dynamics of QCD

Axion mass

fπ = 93MeV, mπ = 135MeV



a 0

V(a)

T > ΛQCD

Axion obtains its potential at T < O(1)GeV. 
                                          → Tosc ~ O(1) GeV

a 0

V(a) ~ fπ2 mπ2 cos(a/fa)

T < ΛQCD

fa

Typically, the initial amplitude : a0 = O(fa) .

[’86 Turner]

Dark Matter Density can be naturally explained for 

fa ~ 1012 GeV 

(For a larger fa,  we need  a0/fa  ≪ 1 ) 

(ma ~ 10 μeV )

Axion Dark Matter



3 91. Axions and Other Similar Particles

E/N = 0 if the electric charge of the new heavy quark is taken to vanish. In general, a broad range
of E/N values is possible [28, 29], as indicated by the diagonal yellow band in Fig. 91.1. However,
this band still does not exhaust all the possibilities. In fact, there exist classes of QCD axion models
whose photon couplings populate the entire still allowed region above the yellow band in Fig. 91.1,
motivating axion search e�orts over a wide range of masses and couplings [30,31].

The two-photon decay width is

≈Aæ““ =
g

2
A““m

3
A

64 fi
= 1.1 ◊ 10≠24 s≠1

3
mA

eV

45
. (91.6)

The second expression uses Eq. (91.5) with E/N = 0. Axions decay faster than the age of the
universe if mA & 20 eV. The interaction with fermions f has derivative form and is invariant

Figure 91.1: Exclusion plot for ALPs as described in the text.

under a shift „A æ „A + „0 as behooves a NG boson,

LAff = Cf

2fA
Œ̄f “

µ
“5Œf ˆµ„A . (91.7)

Here, Œf is the fermion field, mf its mass, and Cf a model-dependent coe�cient. The dimensionless
combination gAff © Cf mf /fA plays the role of a Yukawa coupling and –Aff © g

2
Aff /4fi of a “fine-

structure constant.” The often-used pseudoscalar form LAff = ≠i (Cf mf /fA) Œ̄f “5Œf „A need not
be equivalent to the appropriate derivative structure, for example when two NG bosons are attached
to one fermion line as in axion emission by nucleon bremsstrahlung [32].

In the DFSZ model [25], the tree-level coupling coe�cient to electrons is [33]

Ce = sin2
—

3 , (91.8)

where tan — is the ratio of the vacuum expectation values of the two Higgs doublets giving masses
to the up- and down-type quarks, respectively: tan — = vu/vd.

1st June, 2020 8:32am

Axion Summary

 [From Particle Data Group]

Given the absence of axion-like signals, a 90% upper
confidence limit was set on the axion-photon coupling over
the scanned mass range. Due to the loss of sensitivity at
mode crossings, we do not report limits over some regions.

The fractional systematic uncertainties in the experiment
are listed in Table I, which are modeled as uncertainties on
the expected axion signal from the cavity. For models
where axions make up 100% of dark matter, these limits
exclude DFSZ axion-photon couplings between 2.66
and 3.31 μeV for both isothermal sphere halo models
and N-body simulations (Fig. 4). These results represent
a factor-of-4 increase in mass coverage over those reported
in Ref. [22].
ADMX will utilize a similar cavity with larger tuning

rods and improved thermalization between the dilution
refrigerator and quantum amplifier package to continue to
search dark-matter axions at higher masses with increased
sensitivity. These future searches, built on current research
and development [36,37], will probe even more deeply into
the well-motivated yet unexplored axion parameter space.

FIG. 4. 90% confidence exclusion on axion-photon coupling as a function of axion mass for the Maxwell-Boltzmann (MB) dark-
matter model and N-body model. Blue: Previous limits reported in Ref. [35]. Orange: Previous limits reported in Ref. [22]. Green:
Limits from this work. Darker shades indicate limits set for the MB model [22,33], and lighter shades indicate limits set for the N-body
model [22,34].

FIG. 3. An example of combined power spectra after a
Maxwell-Boltzmann shape filter, with blue indicating the initial
scan data and orange indicating data taken during a rescan with
roughly 4 times more integration time. The prominent peak
centered at 730.195 MHz corresponds to a blind signal injection
identified in the analysis that persisted after a rescan; the small
peak to the left at 730.186 MHz was a candidate that did not
persist in the rescan. Because of a mismatch between the receiver
spectral shape and the axion signal, the power at frequencies
surrounding the candidate is suppressed by the receiver spectral
background removal. This can be seen in the frequency back-
ground surrounding the 730.195 MHz candidate in the rescan
(orange) data.

TABLE I. Primary sources of systematic uncertainty within the
experiment. The total combined uncertainty was treated as an
uncertainty on the total axion power from the cavity.

Source Fractional uncertainty

B2*V*f 0.05
Q 0.011
Coupling 0.0055
RF model fit 0.029
Temperature sensors 0.05
SNRI measurement 0.042
Total on axion power 0.088
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Axion-photon coupling

Axion-Fermion coupling

2 91. Axions and Other Similar Particles

spontaneously broken global Peccei-Quinn symmetry U(1)PQ was introduced to solve this “strong
CP problem” [1,2], the axion being the pseudo-NG boson of U(1)PQ [3,4]. This symmetry is broken
due to the axion’s anomalous triangle coupling to gluons,

L =
3

„A

fA
≠ «̄

4
–s

8fi
G

µ‹a
G̃

a
µ‹ , (91.2)

where „A is the axion field and fA the axion decay constant. Color anomaly factors have been
absorbed in the normalization of fA which is defined by this Lagrangian. Thus normalized, fA is
the quantity that enters all low-energy phenomena [19]. Non-perturbative topological fluctuations
of the gluon fields in QCD induce a potential for „A whose minimum is at „A = «̄ fA, thereby
canceling the «̄ term in the QCD Lagrangian and thus restoring CP symmetry.

The resulting axion mass, in units of the PQ scale fA, is identical to the square root of the
topological susceptibility in QCD, mAfA = Ô

‰. The latter can be evaluated further [20, 21],
exploiting the chiral limit (masses of up and down quarks much smaller than the scale of QCD),
yielding mAfA = Ô

‰ ¥ ffimfi, where mfi = 135 MeV and ffi ¥ 92 MeV. In more detail one finds,
to next-to-next-to-leading order in chiral perturbation theory [22],

mA = 5.691(51)
A

109 GeV
fA

B

meV . (91.3)

A direct calculation of the topological susceptibility via QCD lattice simulations finds almost the
same central value, albeit with an about five times larger error bar [23].

Axions with fA ∫ vEW evade all current experimental limits. One generic class of models
invokes “hadronic axions” where new heavy quarks carry U(1)PQ charges, leaving ordinary quarks
and leptons without tree-level axion couplings. The archetype is the KSVZ model [24], where in
addition the heavy new quarks are electrically neutral. Another generic class requires at least two
Higgs doublets and ordinary quarks and leptons carry PQ charges, the archetype being the DFSZ
model [25]. All of these models contain at least one electroweak singlet scalar that acquires a
vacuum expectation value and thereby breaks the PQ symmetry. The KSVZ and DFSZ models are
frequently used as benchmark examples, but other models exist where both heavy quarks and Higgs
doublets carry PQ charges. In supersymmetric models, the axion is part of a supermultiplet and
thus inevitably accompanied by a spin-0 saxion and a spin-1 axino, which both also have couplings
suppressed by fA and are expected to have large masses due to supersymmetry breaking [26].
91.2.2 Model-dependent axion couplings

Although the generic axion interactions scale approximately with ffi/fA from the corresponding
fi

0 couplings, there are non-negligible model-dependent factors and uncertainties. The axion’s two-
photon interaction plays a key role for many searches,

LA““ = ≠
gA““

4 Fµ‹F̃
µ‹

„A = gA““E · B „A , (91.4)

where F is the electromagnetic field-strength tensor and F̃
µ‹

© ‘
µ‹⁄fl

F⁄fl/2, with Á
0123 = 1, its

dual. The coupling constant is [27]

gA““ = –

2fifA

3
E

N
≠ 1.92(4)

4
=

3
0.203(3) E

N
≠ 0.39(1)

4
mA

GeV2 , (91.5)

where E and N are the electromagnetic and color anomalies of the axial current associated with
the axion. In grand unified models, and notably for DFSZ [25], E/N = 8/3, whereas for KSVZ [24]
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Number counts of HB stars in a large sample of 39 Galactic GCs compared with the
number of red giants (that are not much affected by Primakoff losses) give a weak
indication of non-standard losses which may be accounted by Primakoff-like axion
emission, if the photon coupling is in the range |GAγγ | = (2.9± 1.8)× 10−11 GeV−1 [53].
Still, the upper bound found in this analysis,

|GAγγ | < 6.6 × 10−11 GeV−1 (95% CL), (111.13)

represents the strongest limit on GAγγ for a wide mass range, see Figure 111.1.
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Figure 111.2: Exclusion ranges as described in the text. The intervals in the
bottom row are the approximate ADMX and CAST search ranges. Limits on
coupling strengths are translated into limits on mA and fA using the KSVZ values
for the coupling strengths, if not indicated otherwise. The “Beam Dump” bar is
a rough representation of the exclusion range for standard or variant axions. The
limits for the axion-electron coupling are determined for the DFSZ model with an
axion-electron coupling corresponding to sin2 β = 1/2.

We translate the conservative constraint, Equation 111.13, on GAγγ to fA >

3.4 × 107 GeV (mA < 0.2 eV), using E/N = 0 as in the KSVZ model, and show the

June 5, 2018 20:09
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The density fluctuations of  δ = (ρ - ρaverage)/ρaverage  = O(1) collapse.

δ  = O(1)

Collapsed objects

Primordial Black Hole

When the spatial size of the over-dense region is about the Horizon scale  ~ H-1

δ  = O(1)

H-1

Collapsed objects : Mass ~ 4π/3 ρ H-3

Schwarzschild Radius of  : 2 GN Mass ~ H-1 ~ Object Size  !

δ = O(1) of a spatial size ~ H-1  → Black Hole 



Primordial Black Hole

MBH ~ 4π/3 γ ρ H-3

Abundance

Energy fraction at the formation

https://ned.ipac.caltech.edu/level5/Sept03/Peacock/Peacock6_2.html

 δ

~1/3

Energy fraction at the formation

Mass of the PBH formed at H ~ T2/MPL

ΩDM  ~  (1+ zproduction) β  Ωγ ~ 105 β( T/GeV ) ~ 105 β*( 0.066M⊙/MBH )1/2

ΩDM ~ 0.3 →  β*  ~ 10-6 → σ(M) ~ O(10-1-10-2)

[For details, see. e.g.  1801.05235, Sasaki, Suyama, Tanaka, Yokoyama]

∼ 0.01M⊙ × (GeV/T )2

where H := ȧ/a is a Hubble parameter, fPBH and ⌦CDM are respectively a fraction of PBHs
against the total dark matter component and a density parameter of the matter component at
present, and “form” and “0”, respectively, denote the values evaluated at the formation and the
present time. As we have mentioned in the previous subsection, the mass of PBHs formed in
the radiation dominated era can approximately be evaluated to be equal to the horizon mass,
MH(:= (4⇡/3)⇢H�3 with ⇢ being the total energy density of the Universe), at the formation,
and hence we have

MPBH = �MH

����
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= �
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⇢formH
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form
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3

3H2

form

8⇡G
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1
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form
. (21)

Here, we introduce a correction factor, �, which can be evaluated as � ' 0.2 in a simple analytic
calculation [37]. By using the above relation between the mass of PBHs and the Hubble parameter
at the formation, mass fraction of PBHs, �, can be written as (e.g., [7])

� ' 3.7⇥ 10�9

⇣ �

0.2

⌘�1/2
⇣g⇤,form
10.75

⌘
1/4

✓
MPBH

M�

◆
1/2

fPBH , (22)

where g⇤ is a number of relativistic degree of freedom. Thus, for each mass of PBHs, the
observational constraint on fPBH can be interpreted as that on �.

As we have shown in the previous subsection, during radiation-dominated era, PBHs are
basically considered to be formed when a su�cient overdense region, corresponding to the density
fluctuations with a su�ciently large amplitude at a certain scale, enters the Hubble horizon. Once
the probability distribution function of the density fluctuations is given, � can be regarded as
the probability that the density contrast is larger than the threshold for PBH formation, and we
can evaluate the mass fraction � as

� = �

Z
1

�th

P (�) d� , (23)

where �th is the threshold for PBH formation. For the Gaussian distribution function, � is
approximately given by

�(MPBH) = �

Z
1

�th

d�p
2⇡�MPBH

exp

"
� �2

2�2

MPBH

#

⇡ �p
2⇡⌫th

exp


�
⌫2
th

2

�
, (24)

where �MPBH
is the variance of the density fluctuations on the mass scale MPBH, and ⌫th :=

�th/�MPBH

#4. The variance �MPBH
is estimated as

�2

MPBH
=

Z
d ln kP�(k)W

2(kR) =

Z
d ln kW 2(kR)

16

81
(kR)4P⇣(k), (25)

where P� and P⇣ are, respectively, the power spectra of the primordial density fluctuations and
the curvature perturbations on comoving slicing and W (kR) is a window function smoothing over

#4Ref. [53] found that for the PBH formation in the matter dominated era the production probability of PBHs,
�, is approximately given by � ⇡ 0.05556�5

hor for �hor ⌧ 1. Here, �hor is a variance of the density fluctuations at
the horizon re-entry.
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where H := ȧ/a is a Hubble parameter, fPBH and ⌦CDM are respectively a fraction of PBHs
against the total dark matter component and a density parameter of the matter component at
present, and “form” and “0”, respectively, denote the values evaluated at the formation and the
present time. As we have mentioned in the previous subsection, the mass of PBHs formed in
the radiation dominated era can approximately be evaluated to be equal to the horizon mass,
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Here, we introduce a correction factor, �, which can be evaluated as � ' 0.2 in a simple analytic
calculation [37]. By using the above relation between the mass of PBHs and the Hubble parameter
at the formation, mass fraction of PBHs, �, can be written as (e.g., [7])
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where g⇤ is a number of relativistic degree of freedom. Thus, for each mass of PBHs, the
observational constraint on fPBH can be interpreted as that on �.

As we have shown in the previous subsection, during radiation-dominated era, PBHs are
basically considered to be formed when a su�cient overdense region, corresponding to the density
fluctuations with a su�ciently large amplitude at a certain scale, enters the Hubble horizon. Once
the probability distribution function of the density fluctuations is given, � can be regarded as
the probability that the density contrast is larger than the threshold for PBH formation, and we
can evaluate the mass fraction � as

� = �
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where �th is the threshold for PBH formation. For the Gaussian distribution function, � is
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where �MPBH
is the variance of the density fluctuations on the mass scale MPBH, and ⌫th :=

�th/�MPBH

#4. The variance �MPBH
is estimated as
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where P� and P⇣ are, respectively, the power spectra of the primordial density fluctuations and
the curvature perturbations on comoving slicing and W (kR) is a window function smoothing over

#4Ref. [53] found that for the PBH formation in the matter dominated era the production probability of PBHs,
�, is approximately given by � ⇡ 0.05556�5

hor for �hor ⌧ 1. Here, �hor is a variance of the density fluctuations at
the horizon re-entry.
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( correction factor γ~0.2)

Variance of the fluctuation
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At the large scales, the fluctuations are fixed to reproduce the CMB anisotropy

Primordial Black Hole

σ(CMB, galaxy cluster) ~  4(ΔT/T)CMB   ~ 10-4 

at H-1 ~ CMB, galaxy cluster sizes…

σ(PBH) ~ 0.1 at H-1 << CMB, galaxy cluster sizes

We prepare large fluctuation at very small structure scale !

k = 2π/L 

initial condition of δ(k)

GalacticCosmic
≈

10-4

Inflation

V
Cosmic

Galactic

In inflation theory, large fluctuation 
is achieved for  flat potential !

PBH
PBH

0.1

← Large scale Small scale →

[’67 Zel’dovich&Novikov, ’71 Hawking] 
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FIG. 1. Left: Mass function resulting from a flat power spectrum such that it peaks at ' 10�14M�, with A⇣ ' 5.8 · 10�3

and ks = 109kl ' 1.6 Hz, and PBHs comprise the totality of DM, i.e. fPBH = 1. In the tail of the population, around M�,
one can notice the bump in the PBH production due to the decrease of the threshold by QCD epoch equation of state [23, 46].
Shown are the most stringent constraints in the mass range of phenomenological interest coming from the Hawking evaporation
producing extra-galactic gamma-ray (EG�-bkg) [47], microlensing searches by Subaru HSC [48, 49], MACHO/EROS [50, 51],
Ogle [52] and Icarus [53], and those coming from CMB distortions by spherical or disk accretion (Planck S and Planck D,
respectively) [54, 55]. See Ref. [4] for a comprehensive review on constraints on the PBH abundance. Notice that there are no
stringent constraints in the PBH mass range of interest [56, 57]. Right: The abundance of GWs according to our scenario. In
black the 95% C.I. from the NANOGrav 12.5 yrs experiment is shown. For more details about the projected sensitivities see
the main text.

Results. We have collected our results in Fig. 1. In
the left panel, we have plotted the mass function corre-
sponding to the primordial curvature perturbation given
in Eq. (12). As described in Ref. [24], the peak of the
mass function for a broad flat spectrum (12) corresponds
to the mass inside the horizon when the shortest scale
⇠ 1/ks re-enters the horizon. At smaller masses, the mass
function goes as M3.8

PBH
due to the dinamics of the critical

collapse, while at larger masses falls down as ⇠ M
�3/2
PBH

and has a sub-dominant peak around ⇠ M� due to the
change of equation of state during the QCD phase transi-
tion [23, 46]. Given the absence of constraints in the mass
range of support of the PBH mass function, the integral
of the latter can be chosen in such a way that the PBHs
contribute to the totality of the dark matter, that is

fPBH =

Z
fPBH(MPBH)d lnMPBH = 1. (21)

As a consequence the first prediction of our scenario is
that the signal seen by NANOGrav, if interpreted as a
stochastic background of GWs produced as second-order
within the PBH model, is in agreement with the possibil-
ity that all the dark matter is in the form of extremely
light PBHs.
On the right panel of Fig. 1, we show the correspond-

ing spectrum of the second-order GW abundance as a
function of the frequency which falls within the 95% C.I.
from the NANOGrav 12.5 yrs observation. Shown are the
constraints coming from experiment EPTA [58], PPTA
[59], NANOGrav 11 yrs [60, 61] and future sensitivity
curves for planned experiments like SKA [62], LISA [5]
(power-law integrated sensitivity curve expected to fall

in between the designs named C1 and C2 in Ref. [63]),
DECIGO/BBO [64], CE [65], Einstein Telescope [66, 67],
Advanced Ligo + Virgo collaboration [68], Magis-AION-
space and Magis-100 [69]. Notice that a portion of
the 95% C.I. of NANOGrav 12.5 yrs is in tension with
NANOGrav 11 yrs and PPTA. However, according to
the NANOGrav Collaboration [1] the improved priors for
the intrinsic pulsar red noise used in the novel analy-
sis relaxes the NANOGrav 11 yrs bound. Nevertheless,
the predicted signal within our scenario falls below all
bounds. The GW abundance spectrum propagates flat
entering the LISA detectable region and decays rapidly
at the frequency corresponding to the shortest scale 1/ks.
The second prediction of our scenario is therefore that
the second-order GWs seen by NANOGrav should also
be detected by the forthcoming experiment LISA, and
eventually MS and BBO as well.

Both predictions of the scenario described in this paper
depend only on the choice of the shortest scale 1/ks and
the requirement of the PBH abundance being equal to
the dark matter one.

Conclusions. The discovery of a primordial stochas-
tic background of GWs would be another fundamental
pillar in GW astronomy. In this Letter, we have shown
that the recently published stochastic common-spectrum
process by the NANOGrav Collaboration, if interpreted
as an indication of a GW background, can be naturally
linked to the physics of PBHs. Indeed, the formation of
PBHs in the early universe due to the collapse of size-
able overdensities generated during inflation is inevitably
accompanied by the generation of GWs. Interestingly

PBH can explain the total  DM density. [Luca, Franciolini, Riotto  2009.08268.]

PBH constraints Gravitational wave signals
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and ks = 109kl ' 1.6 Hz, and PBHs comprise the totality of DM, i.e. fPBH = 1. In the tail of the population, around M�,
one can notice the bump in the PBH production due to the decrease of the threshold by QCD epoch equation of state [23, 46].
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producing extra-galactic gamma-ray (EG�-bkg) [47], microlensing searches by Subaru HSC [48, 49], MACHO/EROS [50, 51],
Ogle [52] and Icarus [53], and those coming from CMB distortions by spherical or disk accretion (Planck S and Planck D,
respectively) [54, 55]. See Ref. [4] for a comprehensive review on constraints on the PBH abundance. Notice that there are no
stringent constraints in the PBH mass range of interest [56, 57]. Right: The abundance of GWs according to our scenario. In
black the 95% C.I. from the NANOGrav 12.5 yrs experiment is shown. For more details about the projected sensitivities see
the main text.
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in Eq. (12). As described in Ref. [24], the peak of the
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and has a sub-dominant peak around ⇠ M� due to the
change of equation of state during the QCD phase transi-
tion [23, 46]. Given the absence of constraints in the mass
range of support of the PBH mass function, the integral
of the latter can be chosen in such a way that the PBHs
contribute to the totality of the dark matter, that is

fPBH =

Z
fPBH(MPBH)d lnMPBH = 1. (21)

As a consequence the first prediction of our scenario is
that the signal seen by NANOGrav, if interpreted as a
stochastic background of GWs produced as second-order
within the PBH model, is in agreement with the possibil-
ity that all the dark matter is in the form of extremely
light PBHs.
On the right panel of Fig. 1, we show the correspond-

ing spectrum of the second-order GW abundance as a
function of the frequency which falls within the 95% C.I.
from the NANOGrav 12.5 yrs observation. Shown are the
constraints coming from experiment EPTA [58], PPTA
[59], NANOGrav 11 yrs [60, 61] and future sensitivity
curves for planned experiments like SKA [62], LISA [5]
(power-law integrated sensitivity curve expected to fall

in between the designs named C1 and C2 in Ref. [63]),
DECIGO/BBO [64], CE [65], Einstein Telescope [66, 67],
Advanced Ligo + Virgo collaboration [68], Magis-AION-
space and Magis-100 [69]. Notice that a portion of
the 95% C.I. of NANOGrav 12.5 yrs is in tension with
NANOGrav 11 yrs and PPTA. However, according to
the NANOGrav Collaboration [1] the improved priors for
the intrinsic pulsar red noise used in the novel analy-
sis relaxes the NANOGrav 11 yrs bound. Nevertheless,
the predicted signal within our scenario falls below all
bounds. The GW abundance spectrum propagates flat
entering the LISA detectable region and decays rapidly
at the frequency corresponding to the shortest scale 1/ks.
The second prediction of our scenario is therefore that
the second-order GWs seen by NANOGrav should also
be detected by the forthcoming experiment LISA, and
eventually MS and BBO as well.

Both predictions of the scenario described in this paper
depend only on the choice of the shortest scale 1/ks and
the requirement of the PBH abundance being equal to
the dark matter one.

Conclusions. The discovery of a primordial stochas-
tic background of GWs would be another fundamental
pillar in GW astronomy. In this Letter, we have shown
that the recently published stochastic common-spectrum
process by the NANOGrav Collaboration, if interpreted
as an indication of a GW background, can be naturally
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Dark Matter Models

Stability Abundance Mass Range

WIMP Symmetry Annihilation cross 
section

10MeV - 300TeV 
(or Beyond)

ADM Symmetry Baryon asymmetry  
/ Mass

O(1)GeV

FIMP Very Weak Coupling
Interaction strength 
/ mass / reheating T

> O(1)keV 

Sterile ν Very Weak Coupling / 
Approximate Symmetry

 Mass / mixing angle 
/ lepton asymmetry

2keV ~ 100keV

Fuzzy DM Very light & Weak 
Coupling

Initial amplitude 
/ mass

> 10-21eV

Aixion DM Very light & Weak 
Coupling Axion decay constant ~ μeV

PBH DM Heavy Enough Black 
Hole

Density fluctuation  
/ mass 10-(12-14)M⊙

Dark Matter self-Interaction of σ/m ~ barn/GeV ~ cm2/g leaves  
visible impacts on the structure of (dwarf) galaxies.  



Self Interacting Massive  Particle 
SIMP



SIMP

DM

DM

DM

DM
DM self interaction affects the DM profile in dwarf galaxies.

ex) For a DM density ~ 10GeV/cm3 @ r ~ 100pc

∼
1

σselfnDM
∼ 𝒪(10) kpc[Mean free path]

for 
σself

mDM
=

𝒪(1) cm2

g
ρDM = 𝒪(1) GeV/cm3

2

our main conclusions.
II. SIDM halo model. Scattering between DM particles

is more prevalent in the halo center where the DM density is
largest. It is useful to divide the halo into two regions, sepa-
rated by a characteristic radius r1 where the average scatter-
ing rate per particle times the halo age (tage) is equal to unity.
Thus,

rate⇥ time ⇡
h�vi

m
⇢(r1) tage ⇡ 1 , (1)

where � is the scattering cross section, m is the DM parti-
cle mass, v is the relative velocity between DM particles and
h...i denotes ensemble averaging. Since we do not assume
� to be constant in velocity, we find it more convenient to
quote h�vi/m rather than �/m. We set tage = 5 and 10 Gyr
for clusters and galaxies, respectively. Although Eq. (1) is a
dramatic simplification for time integration over the assembly
history of a halo, we show by comparing to numerical simu-
lations that it works remarkably well.

For halo radius r > r1, where scattering has occurred
less than once per particle on average, we expect the DM
density to be close to a Navarro-Frenk-White (NFW) profile
⇢(r) = ⇢s(r/rs)�1(1+r/rs)�2 characteristic of collisionless
CDM [26]. In the halo center, for radius r < r1, scattering
has occurred more than once per particle. Here, we expect
DM particles to behave like an isothermal gas satisfying the
ideal gas law p = ⇢�2

0 , where p, ⇢ are the DM pressure and
mass density and �0 is the one-dimensional velocity disper-
sion. Since the inner halo achieves kinetic equilibrium due
to DM self-interactions, the density profile can be determined
by requiring hydrostatic equilibrium, rp = �⇢r�tot. Here,
�tot is the total gravitational potential from DM and bary-
onic matter, which satisfies Poisson’s equation r2�tot =
4⇡G(⇢ + ⇢b), where G is Newton’s constant and ⇢b is the
baryonic mass density. These equations yield

�2
0 r2 ln ⇢ = �4⇡G(⇢+ ⇢b) , (2)

which we solve to obtain ⇢(r) assuming spherical symmetry.
We model the full SIDM profile by joining the isothermal

and collisionless NFW profiles together at r = r1:

⇢(r) =

⇢
⇢iso(r) , r < r1
⇢NFW(r) , r > r1

(3)

where ⇢iso is the solution to Eq. (2). We fix the NFW param-
eters (⇢s, rs) by requiring that the DM density and enclosed
mass for the isothermal and NFW profiles match at r1. Thus,
our SIDM halo profile is specified by three parameters: the
central DM density ⇢0 ⌘ ⇢(0), velocity dispersion �0, and
r1. Lastly, we note that this model exhibits a two-fold degen-
eracy in solutions for h�vi/m. We keep the smaller h�vi/m
solutions but note that this situation may be indicative of the
degeneracy between halo profiles with cores that are growing
or shrinking in time [5].

III. SIDM fits. To constrain DM self-interactions, we con-
sider a set of six relaxed clusters and twelve galaxies with
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FIG. 1: Self-interaction cross section measured from astrophysical
data, given as the velocity-weighted cross section per unit mass as
a function of mean collision velocity. Data includes dwarfs (red),
LSBs (blue) and clusters (green), as well as halos from SIDM
N-body simulations with �/m = 1 cm2/g (gray). Diagonal
lines are contours of constant �/m and the dashed curve is the
velocity-dependent cross section from our best-fit dark photon model
(Sec. V).

halo masses spanning 109 � 1015 M�. These objects ex-
hibit central density profiles that are systematically shallower
than ⇢ / r�1 predicted from CDM simulations. To determine
the DM profile for each system, we perform a Markov Chain
Monte Carlo (MCMC) scan over the parameters (⇢0,�0, r1)
characterizing the SIDM halo, as well as the mass-to-light ra-
tio ⌥⇤ for the stellar density. The value for ⇢(r1) determines
the velocity-weighted cross section h�vi/m from Eq. (1), as a
function of average collision velocity hvi = (4/

p
⇡)�0 for

a Maxwellian distribution. We also verify our model and
MCMC fit procedure using a mock data set from simulations.

Clusters. We consider the relaxed clusters from the data
set of Newman, et al. [19, 27] for which spherical modeling
is appropriate (MS2137, A611, A963, A2537, A2667, and
A2390). These clusters have stellar kinematics as well as
strong and weak lensing measurements allowing the mass pro-
file to be measured from stellar-dominated inner region (⇠ 10
kpc) out to the virial radius (⇠ 3 Mpc). The baryonic and
DM densities are disentangled by constraining ⌥⇤ through
the assumption that all the clusters share a similar star for-
mation history. The inferred DM density profile is consistent
with CDM expectations except in the inner O(10) kpc region
where a mass deficit is inferred [19]. These small core sizes
dictate the preference for a velocity-dependent cross section.

We model each cluster using Eq. (3) and fit directly to the
stellar line-of-sight velocity dispersion data [27]. We include
the gravitational effect of the stars following Eq. (2) and allow
for a ±0.1 dex spread in ⇢b to account for systematic uncer-
tainties [19, 27]. Further, as a proxy for fitting to the gravi-
tational lensing data at large radii, we fit to posteriors of the
maximum circular velocity Vmax and the corresponding radius
rmax that have been obtained from the lensing data [27].

A phenomenological DM halo profile :

Iso-thermal inner core + NFW 
due to the self-interaction

σself = 𝒪(1) cm2 well explains the dwarf  

irregular and low surface brightness galaxies.

[1508.03339, Kaplinghat, Tullin, Yu] 

[1508.03339, Kaplinghat, Tullin, Yu] 

red : dwarf
blue : LSB
green : cluster
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How about ultra-faint dwarf spheroidal (UFD)?

Segue1/Willman1 put stringent constraint 
if we use the same phenomenological model.

Iso-thermal inner core + NFW 
due to the self-interaction

No UFDs favor self-interaction [2008.02529, Hayashi, MI, Kobayashi, Nakayama, Shirai] 3
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FIG. 1. The interval estimates of �/m for the 23 UFDs. The solid (dotted) segments show 1� (2�) intervals. The blue
segments show the Bayesian analysis with the log-flat prior of �/m. The red segments show the credible intervals of �/m with
MLE.

r200,MW = 210 kpc.

DATA

In this work, we investigate SIDM properties for 23
UFDs associated with the Milky Way (Segue 1, Segue 2,
Boötes I, Hercules, Coma Bernices, Canes Venatici I,
Canes Venatici II, Leo IV, Leo V, Ursa Major I, Ursa Ma-
jor II, Reticulum II, Draco II, Triangulum II, Hydra II,
Pisces II, Grus 1, Grus 2, Horologium I, Tucana 2, Tu-
cana 3, Tucana 4, and Willman 1).

The basic structural properties (the positions of the
centers, the distances, and the half-light radii with the
Plummer profile) of their galaxies are adopted from the
original observation papers [47–54]. For the stellar-
kinematics of their member stars, we utilize the currently
available data taken from each spectroscopic observa-
tion paper [55–67]. The membership selections for each
galaxy follow the methods described in the cited papers.
The unresolved binary stars in a stellar kinematic sample
may a↵ect the measured velocity dispersion of our target
galaxies due to binary orbital motion. However, several
papers show that binary star candidates can be excluded
from the member stars and suggest that such an e↵ect is
much smaller than the measurement uncertainty of the
velocity. Therefore, we suppose that the e↵ect of binaries
can be negligible.

ANALYSIS AND RESULTS

We perform the fitting with the likelihood function
log(Ltot) = log(Ldis)+log(LCDM)+log

�
Lr1/2

�
. The con-

tribution from the stellar kinematic data is calculated by,

�2 log(Ldis) =
X

i


(vi � V )2

�2
i

+ log
�
2⇡�2

i

��
. (10)

Here, i runs the member stars of each UFD with the
line-of-sight velocity vi and V is the mean line-of-sight
velocity of the member stars. The dispersion of the line-
of-sight velocity �2

i is the squared sum of the intrin-
sic dispersion in Eq. (3) and the measurement error "i:
�2
i = �2

l.o.s.(Ri) + "2i . We always take V to maximize the
likelihood Ldis, i.e., d log(Ldis)/dV = 0.

Besides, we impose the concentration-mass relation for
the NFW parameters, by including the likelihood,

�2 log(LCDM) =
(log10(c200)� log10(c

0
200))

2

�2
CDM

. (11)

Here, c200 is estimated from the NFW parameters and
c0200 is the median subhalo concentration-mass relation
in Eq. (9) with �CDM = 0.13 [44].

We also add the uncertainty of the half-light radius r1/2
in the Plummer profile by adding �2 log

�
Lr1/2

�
= (r1/2�

r01/2)
2/�r21/2, where r

0
1/2 and �r1/2 are the measured value

and its error, respectively.

Using the likelihood function, log(Ltot), we fit the 8
parameters, ⇢s, rs, �0,�1, r� , ⌘, r1/2, and �/m. In the
Bayesian analysis, we assume that the prior distribu-
tions of the NFW parameters and the half-light radius
are the flat distributions of the following expressions
in the ranges of �4  log10(⇢s [M�/pc3])  2, 0 

log10(rs,� [pc])  4, 1  ⌘  10, 0  2�0(1)  1(2)
and 0  r1/2 [pc]  1000, respectively. As for the
SIDM cross-section, we consider the log-flat distribution
in �3  log10(�/m [cm2/g])  3. We estimate the pos-
terior distribution via Markov chain Monte Carlo by the
algorithm of Ref. [68]. We also perform the fitting via
maximum likelihood estimation (MLE), which provides
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FIG. 2. The 1� parameter estimation of hvi-h�vi/m based on
MLE. We also show the SIDM cross-section which are favored
by the dwarf irregular galaxies (red), low surface brightness
galaxies (blue) and clusters (green).

prior-independent constraints.
In Fig. 1, we show the fitting results of �/m for tage =

10Gyr. For the Bayesian analysis, we show the median of
�/m with 1� and 2� credible intervals. The figure shows
that the posterior distributions of �/m reach the lower
limit of its prior distribution. Thus, no UFDs strongly
favor non-zero self-interaction cross-section. This also
means that the upper limit of �/m strongly depends on
the prior distribution in the Bayesian analysis.

For the MLE, we estimate the 1(2)� confidence inter-
vals via �2� log(Ltot) = 1 and 4. We have checked that
the estimated intervals by the MLE are consistent with
the bootstrap Monte-Carlo simulation. The figure again
shows that no UFDs favor non-zero cross-section. In par-
ticular, the fitting results for Segue 1 and Willman 1 are
consistent with zero cross-section at 1� C.L. and provide
the 2� upper-limit 8.6 ⇥ 10�2 cm2/g and 0.39 cm2/g,
respectively.

In Fig. 2, we show the 1� estimation of hvi-h�vi/m with
the MLE for Segue 1 and Willman 1, which correspond to
two dimensional contours of �2� log(Ltot) = 2.3. Com-
pared with the favored SIDM cross-section in the previ-
ous study using the dwarf irregular galaxies [9], the low
surface brightness galaxies [69] (blue), and galaxy clus-
ters [70] (green) (see Ref. [34] for details), the Segue 1
and Willman 1 place stringent upper limits.

CONCLUSION

We investigated the SIDM by using the stellar kine-
matics of the 23 UFD galaxies with the phenomenolog-
ical modeling of the SIDM halo profile. We found all
the UFD galaxies are consistent with collisionless DM.

In particular, Segue 1 and Willman 1 provide stringent
constraints on the self-interacting cross-section: �/m <
O(0.1) cm2/g. As seen in Fig. 2, our result with the UFDs
is in considerable tension with the DM self-interaction
strength preferred by the dwarf irregular and the low sur-
face brightness galaxies which are more a↵ected by the
baryonic feedback e↵ects than the UFDs. In the present
framework, it would not be easy to explain this discrep-
ancy with the DM velocity dependent cross-section, as
the typical velocities of the DM in the UFDs and those
in the dwarf irregular galaxies are close with each other
[71].
It should be emphasized that our analysis is based

on the simple steady-state modeling of the SIDM in
Refs. [34, 35]. If some of the UFDs are in the core-collapse
phase, for example, the simple model does not describe
their halo profiles properly, which could invalidate the
constraints obtained in this work. (See Ref. [72] for the
study of the SIDM using the classical dSphs in which
the core-collapse process is taken into account semi-
analytically [73].) The estimation of the core-collapse
time scale of the subhalo, however, may depend on sub-
tle dynamics such as the tidal-stripping, and hence, needs
further studies [12, 13, 16, 74–78].
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 Our result does not exclude SIDM, but exclude

profile. 

For further study, we need numerical simulation 
for the DM profile for given σself/m.



Backup



Constraints on Axion (No neutrino…)

Axion mass : fπ = 93MeV, mπ = 135MeV

Axion coupling to  γ L „

α

4π

a

fa
Fµν F̃

µν
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Axion mixes with π0 with a mixing angle  ~ fπ/fa

Constraint from Horizontal Branch 

Eloss > 10 g-1 erg s-1  ( THB core ~ 10keV ) 
                                         [arXiv:1110.2895]

The axion enhances the energy loss rate 
of the stars in Horizontal Branch of globular 
clusters via the Primakoff conversion

He2+ He2+

γ a

Supernovae Constraint (1987a)

E loss by axion < E loss by neutrino  
[arXiv:1008.0636]

a

N

NN

N
π

fa > 107GeV fa > 108GeV

These constraints are consistent with observed dark matter density 
which favors fa ~ 1012GeV

( TSN ~ 30MeV, mean free path > 10km )



Sterile Neutrino

Figure 14: Constraints on sterile neutrino DM. The solid lines represent the most important constraints
that are largely model independent, i.e., they can be derived for a generic SM-singlet fermion N of mass
M and a mixing angle ✓ with SM neutrinos, without specification of the model that this DM candidate is
embedded in. The model independent phase space bound (solid purple line) is based on Pauli’s exclusion
principle (c.f. Section 3.1). The bounds based on the non-observation of X-rays from the decay N ! ⌫�
(violet area, see Section 3.2 for details) assume that the decay occurs solely through mixing with the active
neutrinos with the decay rate given by eq. (29). In the presence of additional interactions, these constraints
could be stronger, see e.g. [520]. All X-ray bounds have been smoothed and divided by a factor 2 to account
for the uncertainty in the DM density in the observed objects. They are compared to two estimates of the
ATHENA sensitivity made in ref. [234]. The blue square marks the interpretation of the 3.5 keV excess as
decaying sterile neutrino DM [184, 188]. All other constraints depend on the sterile neutrino production
mechanism. As an example, we here show di↵erent bounds that apply to thermally produced sterile
neutrino DM, cf. section 4.2. The correct DM density is produced for any point along black solid line
via the non-resonant mechanism due to ✓-suppressed weak interactions (24) alone (Section 4.2.1). Above
this line the abundance of sterile neutrinos would exceed the observed DM density. We have indicated
this overclosure bound by a solid line because it applies to any sterile neutrino, i.e., singlet fermion that
mixes with the SM neutrinos. It can only be avoided if one either assumes significant deviations from the
standard thermal history of the universe or considers a mechanism that suppresses the neutrino production
at temperatures of a few hundred MeV, well within the energy range that is testable in experiments, cf. e.g.
[521]. For parameter values between the solid black line and the dotted green line, the observed DM density
can be generated by resonantly enhanced thermal production (Section 4.2.2). Below the dotted green line
the lepton asymmetries required for this mechanism to work are ruled out because they would alternate the
abundances of light elements produced during BBN [584]. The dotted purple line represents the lower bound
from phase space arguments that takes into account primordial distribution of sterile neutrinos, depending on
the production mechanism [22]. As a structure formation bound we choose to display the conservative lower
bound on the mass of resonantly produced sterile neutrinos, based on the BOSS Lyman-↵ forest data [268]
(see Section 3.3 for discussion). The structure formation constraints depend very strongly on the production
mechanism (Section 4). The dashed red line shows the sensitivity estimate for the TRISTAN upgrade of the
KATRIN experiment (90% C.L., ignoring systematics, c.f. Section 5.2).
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Sterile Neutrino lifetime

[Abazajian 2004.06170]
3.5keV X-ray line signal ?

XMM-Newton & Chandra observed  
3.5 keV X-ray signals 

Sterile DM @ (7keV, θ2 ~ 10-10 ) ?

The blank-sky observation   
put a stringent limit. 
[1812.06976, Dessert et.al.]

Figure 2: Shown here is the newly derived limit inferred from DRS when including the DM
density profile uncertainties and the presence of lines at 3.3 and 3.7 keV. I use the extra lines
limit from the SM of DRS, combined with the DM density profile uncertainties presented here.
Also shown are the parameters consistent with previous observations’ detections of the 3.5 keV
line as well as commensurate limits (for description, see Abazajian (2017), (1)). Expanding the
narrow energy window studied in DSR may enhance or relax the constraint further.

6

New limit from XMM-Newton  
117 cluster survey (3σ limit on flux) 
           
[2006.13955, Bhargava et.al.]

sin2 2θ < 4.4 × 10−11

Reinterpreted  
by Abazajian



WIMP example
Wino DM

SU(2) triplet fermion (←same charges with W&Z boson !)

2.1 SM contributions

When the sfermions, Higgsinos, and the heavier Higgs bosons are in the range of

O(10–100)TeV and decouple from the low energy physics below the TeV scale, the

neutral and the charged winos only couple to the SM particles through the SU(2)L

gauge interaction. In such cases, the radiative correction to the mass splitting from

the SM sector can be calculated by using the effective Lagrangian,

L = LSM +
1

2
¯̃χ0
(

i/∂ −M2

)

χ̃0 + ¯̃χ−
(

i/∂ −M2

)

χ̃−

−g
(

¯̃χ0 /W
†
χ̃− + h.c.

)

+ g ¯̃χ−
(

cW /Z + sW /A
)

χ̃−, (1)

where LSM is the SM Lagrangian and M2 is the invariant mass of the winos. The

notation for the SM gauge fields is understood, and SU(2)L gauge coupling is denoted

by g, while cW (sW ) = cos θW (sin θW ) with θW being the weak mixing angle.

The mass splitting between the charged and the neutral winos is caused by the

custodial symmetry breaking by U(1)Y gauge and Yukawa interactions. It should be

noted that the breaking of the custodial symmetry is highly suppressed at the tree-

level in the wino-SM system. In fact, at the tree-level, the breaking of the custodial

symmetry is mediated through the Higgsino mixing. As a result, the tree-level mass

splitting is highly suppressed by the Higgsino mass, µ, which is given by

δm|mixing "
m4

W (sin 2β)2 tan2 θW
(M1 −M2)µ2

"
14 keV

tan2 β

(

300 GeV

M1 −M2

)(

100 TeV

µ

)2

. (2)

Here, mW denotes the mass of the W -boson, β the Higgs mixing angle of the MSSM,

and M1 the mass of the bino.2 As we will see below, the above tree-level mass

splitting is sub-dominant compared to the radiatively generated mass splitting.3

2.1.1 The pole mass

The pole mass of a spin half particle can be extracted from the 1PI effective two-point

function,

Γ2 = /p−M0 + ΣK(p
2)/p + ΣM(p2) , (3)

2The mass splitting in Eq. (2) is valid for M1 −M2 # mZ .
3 In the Split Supersymmetry models [34] where the Higgsino can be as light as the gauginos,

the tree-level contribution to the mass splitting is not necessarily negligible.

3

All the interactions are determined by gauge interactions.
Free parameter = Mass !

(This is nothing but the PURE WINO LSP in supersymmetry)

Triplet fermion = Charged component + Neutral component  
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Figure 5: The wino mass splitting δm as a function of mχ̃0 . The dark green

band shows δm at the one-loop level which is evaluated by Eq. (10) with uncertainty

induced by Q dependence, and the red band shows δm at two-loop which is evaluated

by Eq. (5) in MS scheme. The light green band shows the uncertainty for one-loop

result evaluated by Eq. (16). The uncertainties for the two-loop result induced by

the SM input parameters and the non-logarithmic corrections are negligible (see

Tab. 1). An arrow shows the result of Ref. [29], which is given by δm = 164.4 MeV

for mh = 125 GeV and mt = 163.3 GeV.
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[’12 Ibe,Mastumoto,Sato]
Decay mode :  χ± → χ0 + π± : τwino = O(10-10) sec.

mwino > 460 GeV (13TeV&36fb-1ATLAS)

Disappearing track search at LHC
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(mwino ~850 GeV (14TeV&3000fb-1))
ATL-PHYS-PUB-2018-031



Indirect search by gamma-ray from dwarf Spheroidal galaxies are promising !

Fermi-LAT 6 years data excluded the 
triplet dark matter in 

mtriplet < 400 GeV (classical dSphs)

[For recent J-factor estimation ’16 Hayashi, 
Ichikawa, Matsumoto, MI, Ishigaki, Sugai]

Courtesy of S.Matsumoto
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Figure 7. EW multiplets with CTA. Continuous black lines: theoretical prediction
of the cross section into monochromatic photons h�vi��+�Z/2, for Wino DM (left) and
MDM 5plet (right). Overlaid lines: mean expected CTA sensitivities for 50 hours of
observation of Draco (dot-dashed ocra) and Triangulum-II(dotted ocra), and for 100
hours of observation of the GC, for a Burkert (dot-dashed magenta) and an Einasto
(dotted magenta) profiles. Vertical shadings as in fig. 1. The horizontal lines within the
vertical shading represent the improvement in sensitivity of each target, at that mass
value, from taking into account the lower energy photon continuum spectra, on top of
the �-ray line.

or discover, both thermal candidates. This last statement is however subject to a
collection of more kinematical data regarding Triangulum-II, necessary to con-
firm or disprove its potential for DM indirect detection. Draco has instead only
the potential to marginally test the MDM 5-plet. The prospects of CTA searches
for monochromatic �-ray lines, for values of MDM others than the thermal ones,
are alse readable o↵ fig. 7. Concerning CTA prospects for � lines from the GC, in
recent literature they have been given for both Wino [96, 97] and fiveplet [20, 98]
DM. The mild di↵erences with respect to our work are ascribable to the use of
previous determinations of CTA sensitivities by those works [93,99], as well as to
the choice of di↵erent DM profiles.

For the specific thermal mass values, and for the specific predictions of the
Wino and fiveplet, we show also the results of a continuum plus line analysis, see
secs. 3.1 and 4.2. One sees in fig. 7 that such a model-dependent analysis has the
potential to improve the sensitivities by a few tens of percent, with respect to
the sensitivities to �-ray lines only. We conservatively choose not to include the
prospects for this specific analysis in the case of a Burkert profile, because searches
for a �-ray continuum from the GC have so far required a morphological analysis.
This is based on the ON-OFF technique for signal vs background discrimination,
which is only reliable for cuspy DM profiles [41, 94].
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Dwarf looks better target than the 
galactic center by taking the DM profile 
of the galactic center into account!

WIMP example
Wino DM



Wino Dark Matter Search (direct detections, χN→χN )

Coupling to H and Z are highly suppressed for 
μH =O(10-100) TeV at the tree-level.

Wino-Nucleon @ higher loop level  
                       σp-N = (10-47)cm2   
( much smaller than the current reach...)
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Figure 1: One-loop contributions to effective interactions of Wino LSP and light quarks.
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Figure 2: Two-loop contributions to interactions of Wino LSP and gluon. Here, Q and q
represent heavy and light quarks, respectively.
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Next, let us discuss the effective interactions of the Wino LSP and gluon. As we
discussed in the previous section, the O(αs) correction to fG in Eq. (3) is relevant at the
leading order though it is induced by two-loop order. Three types of diagrams in Fig. 2
contribute to fG. The diagram (a) includes heavy quark loop (Q = c, b, t). The heavy
quark content of the nucleon is related to the gluon condensate as [22]

〈N |mQQ̄Q|N〉 = −
αs

12π
〈N |Ga

µνG
aµν |N〉 . (19)
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discussed in the previous section, the O(αs) correction to fG in Eq. (3) is relevant at the
leading order though it is induced by two-loop order. Three types of diagrams in Fig. 2
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quark content of the nucleon is related to the gluon condensate as [22]
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6

One-loop diagrams which contribute 
to the Wino-nucleon scatterings.

Darwin (multi-ton Argon/Xe detector) will 
reach down to 10-47cm2 for WIMP mass below 
300GeV.

The irreducible background from atmospheric 
neutrinos at about 10-48cm2.    
[arxiv:1003.5530]

[’10 Hisano, Ishiwata, Nagata]
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FIG. 5: 90% confidence level upper limit on �SI from this
work (thick black line) with the 1� (green) and 2� (yel-
low) sensitivity bands. Previous results from LUX [6] and
PandaX-II [7] are shown for comparison. The inset shows
these limits and corresponding ±1� bands normalized to the
median of this work’s sensitivity band. The normalized me-
dian of the PandaX-II sensitivity band is shown as a dotted
line.

model to correctly describe events with enlarged S1s due
to additional scatters in the charge-insensitive region be-
low the cathode. These events comprise 13% of the to-
tal neutron rate in Table I. Third, we implemented the
core mass segmentation to better reflect our knowledge
of the neutron background’s Z distribution, motivated
again by the neutron-like event. This shifts the prob-
ability of a neutron (50 GeV/c2 WIMP) interpretation
for this event in the best-fit model from 35% (49%) to
75% (7%) and improves the limit (median sensitivity)
by 13% (4%). Fourth, the estimated signal e�ciency
decreased relative to the pre-unblinding model due to
further matching of the simulated S1 waveform shape
to 220Rn data, smaller uncertainties from improved un-
derstanding and treatment of detector systematics, and
correction of an error in the S1 detection e�ciency nui-
sance parameter. This latter set of improvements was
not influenced by unblinded DM search data.

In addition to blinding, the data were also “salted” by
injecting an undisclosed number and class of events in
order to protect against fine-tuning of models or selec-
tion conditions in the post-unblinding phase. After the
post-unblinding modifications described above, the num-
ber of injected salt and their properties were revealed to
be two randomly selected 241AmBe events, which had
not motivated any post-unblinding scrutiny. The num-
ber of events in the NR reference region in Table I is con-
sistent with background expectations. The profile like-
lihood analysis indicates no significant excesses in the
1.3 t fiducial mass at any WIMP mass. A p-value calcu-
lation based on the likelihood ratio of the best-fit includ-

ing signal to that of background-only gives p = 0.28, 0.41,
and 0.22 at 6, 50, and 200 GeV/c2 WIMP masses, respec-
tively. Figure 5 shows the resulting 90% confidence level
upper limit on �SI , which falls within the predicted sen-
sitivity range across all masses. The 2� sensitivity band
spans an order of magnitude, indicating the large random
variation in upper limits due to statistical fluctuations of
the background (common to all rare-event searches). The
sensitivity itself is una↵ected by such fluctuations, and is
thus the appropriate measure of the capabilities of an ex-
periment [44]. The inset in Fig. 5 shows that the median
sensitivity of this search is ⇠7.0 times better than previ-
ous experiments [6, 7] at WIMP masses > 50 GeV/c2.

Table I shows an excess in the data compared to the to-
tal background expectation in the reference region of the
1.3 t fiducial mass. The background-only local p-value
(based on Poisson statistics including a Gaussian uncer-
tainty) is 0.03, which is not significant enough, including
also an unknown trial factor, to trigger changes in the
background model, fiducial boundary, or consideration
of alternate signal models. This choice is conservative as
it results in a weaker limit.

In summary, we performed a DM search using an ex-
posure of 278.8 days ⇥ 1.3 t = 1.0 t⇥yr, with an ER
background rate of (82+5

�3 (sys) ± 3 (stat)) events/(t ⇥
yr ⇥ keVee), the lowest ever achieved in a DM search
experiment. We found no significant excess above back-
ground and set an upper limit on the WIMP-nucleon
spin-independent elastic scattering cross-section �SI at
4.1⇥10�47 cm2 for a mass of 30 GeV/c2, the most strin-
gent limit to date for WIMP masses above 6 GeV/c2. An
imminent detector upgrade, XENONnT, will increase the
target mass to 5.9 t. The sensitivity will improve upon
this result by more than an order of magnitude.
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