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The Standard Model of Cosmology 

Cosmological Parameters (PLANCK 2015 Results : CMB + LSS)

H0  = 67.74 ± 0.46 km/s/Mpc 

ΩDM h2 =  0.1188 ± 0.0010

ΩB h2 =  0.02230 ± 0.00023

ΩΛ =  0.6911 ± 0.0062 (→ Accelerating ! )

ΩK =  0.0008 ± 0.0040 (→ FLAT ! )

26% Dark Matter

5% Standard 
Model 

particles 

Energy of the Universe

69% Dark Energy

( ΩX =  ρX / 3 MPL2 H02   )

[ ΩX = 1  ↔ ρX  = 4.7 x 10-6 GeV/cm3~ 1011 M⊙/Mpc3 (critical density) ]



Galaxy Rotation Curve (ex : Milky Way Galaxy )

[Credit: Pearson Education Inc]

Thin Disk ~  6.5 x1010 M⊙

Halo ~  109 M⊙

Bulge ~  1.8 x 1010 M⊙

 Milky Way Rotation Curve 10

Figure 10. Circular velocity curve of the Galaxy and their individual components along a galactocentric distance (r). The blue marker represents the value of
vcirc obtained in the CME bins in r. Red solid line is our fit of the total potential. Black dotted and dotted-dashed lines are the fixed disk and the bulge circular
velocity profile for set of adopted values of masses and scale radii. Dashed line is the fitted NFW profile. Black dots with error bars are the collated vcirc values
given by Sofue et al. (2009) whereas yellow solid line is the average of the given observed values.

whereMdisk = 6.5×1010 M⊙, b = 3.5 kpc,Mbulge = 1.80×1010
M⊙, and a = 0.5 kpc (Sofue et al. 2009).
Note, the disk potential as given by Equation (10) is spher-

ically symmetric. It means the disk is considered to be a
spherical body with exponential surface density fall-off. To
get an idea on the error that is incurred due to the assump-
tion of the disk as a spherical body with the mass same
as the flattened disk we refer reader to Binney & Tremaine
(2008)(Figure 2.17). Roughly the maximum error in vcirc is
13%, which is at a distance about twice of the disk scale
length. However, at the larger distances along the mid-plane
the discrepancy is smaller. In the general case of triplanar
symmetry (elliptic disk), in reality, the disk potential has to
be the function of both polar and azimuthal coordinates and
in the special case of axial symmetry (circular disk) it has to
be the function of sole polar coordinates, in addition to the
radial coordinates (r). We here use the spherically symmetric
form for two reasons. Firstly, we make use of the the spher-
ical form of the Jeans equation given by Equation (7) which
demands a spherical potential. Secondly, it is to ease the com-
parison with earlier studies , e.g., Xue et al. (2008), that adopt
a similar definition. However, later on we consider a 3D disk
potential and discuss its consequences on the estimation of
mass. The function g in NFW potential is given by

g(c) = ln(1+ c)−
c
1+ c

and

Rvir =
(

2MvirG
H2
0Ωm∆th

)1/3

.

The total potential Φ(r) of the Galaxy is then simply

Φ(r) = Φbulge(r)+Φdisk(r)+ΦNFW(r) (13)

We adopt the value of Hubble constant, H0 = 70.4
kms−1Mpc−1, Ωm = 0.3 (Komatsu et al. 2011), and ∆th = 340
(Bryan & Norman 1998).
A NFW halo has two free parameters the massMvir and the

concentration c. Since we do not have enough data points
spanning a wide range in radius, we avoid fitting both the
parameters simultaneously. Instead we use the concentration
mass relation,

c = 327.3M−0.12
vir , 1011 !Mvir/M⊙ ! 1013, (14)

as has been reported in N body simulations of dark matter
halos (Macciò et al. 2007).
Finally, we can derive the resultant circular velocity

(vcirc) from the total potential (Equation 13) by computing
(rdΦ/dr)1/2. We fit the obtained theoretical rotation velocity
curve to our observed values of vcirc shown by the blue dots
in Figure 10, and the red line is our best fit circular velocity
curve. The vcirc profiles for the different components are also
shown separately. The dashed black line is the corresponding
best fit NFW halo profile. The best fit value for the fit param-
eter, Mvir, for our three component baryon and dark matter

gas emission

Halo Star

DM

Disk

Bulge

If no DM  → v∝ r -1/2  though vobs ~ const…
Galaxies are surrounded by the Dark Halo !

MDM Halo (R<300kpc) ~ 1012 M⊙
ρDM (at SUN)  ~ 0.4  GeV/cm3

Galaxy accumulated matter in a few Mpc
Density is enhanced by about 106.

Visible Entries of Milky Way

(Estimation of DM density in outer galaxies is lots easier.)

gas emission : 

CO line (115GHz -> 3mm)

HI line 21cm

[’12 Kafle, Sharma, Lewis Bland-Hawthorn]



Bullet Cluster (galaxy cluster 1E 0657-56)

Optical Blue : Gravitational Lensing  (HST)
Pink : X-Ray (Chandra)

Dark Matter

Hot Gas

v~ 4500km/s is estimated from the shock wave front of the hot gas.

Very rough constraints on the dark matter cross section : 

DM density : 1016 M⊙/Mpc3  at the core (R < 100kpc) of the galaxy cluster 
(see e.g. [’12 Newman, Treu, Ellis, Sand ] )

Mean free pass : (σv nDM )-1 > O(100) kpc  

→ σ/m < 10-24 cm2 / GeV ~ 1 barn /GeV

(cf. σhadron /GeV ~ 0.1 barn/GeV )



Structure Formation 

Structures (galaxies, galaxy clusters …) are 
formed from initial small density fluctuation.

Before recombination, baryon is tied to photon 
and the density fluctuation cannot grow due to 
high pressure. 

Baryon fluctuation grows  only after recombination, but there is not enough time 
to form e.g. galaxy cluster… 

δ(galaxy cluster) ~ 103 x 4(ΔT/T)CMB   <<  1
(ΔT/T)CMB ~ 10-5

The density fluctuation of “pressure free” dark matter starts growing before the 
recombination time !

→ We need Cold Dark Matter !



Known Properties  of Dark Matter

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

Neutral (does not couple to photon)

Stable / very long lived (lifetime >> 1017 sec )

→ New Particle not in the Standard Model ! 

→ non-trivial  (thermal history etc.)

→ charge assignment  (model building)

→ heavy or small velocity dispersion

Cold  (slow not to erase the structure)

→ by (accidental) symmetry 



 de Broglie length of dark matter in NGC3198 :

[ If we use consider dwarf galaxies with size  
O(100)pc with v < 10km/s, we might put 
severer constraint mDM > 10-28GeV ]

A&A proofs: manuscript no. N3198A_A2col
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Fig. 2. URC mass modelling of NGC 3198. Circular velocity data (filled circles with error bars) are modelled (thick red line) by the halo cored
component (thick green line), the stellar disk (magenta line) and the HI disk (azure line).
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Fig. 3. NFW mass modelling of NGC 3198. Circular velocity data (filled circles with error bars) are modelled (thick red line) by the stellar disk
(magenta line), the NFW halo profile (green line) and the HI contribution (azure line).

where Vd(Rl) is the disk contribution to the circular velocity at
the outermost radius Rl ⇡ 48 kpc. This estimate is very solid
and independent of the actual light profile in the inner part of the
galaxy. We find MD ' 4.4 ⇥ 1010M� (⇡ 2 times bigger than the
values found by de Blok et al. 2008) with a propagated uncer-
tainty of about ten percent. The corresponding virial mass and
virial radius are Mvir = 5.8+0.4

�0.8 ⇥ 1011M� and Rvir = 214+4
�11

kpc.The 1,2,3-� confidence regions for the best-fit parameters
are shown in Fig. 4. The central points correspond to the best-fit
values.

In the framework of the NFW mass models, we fitted data
in terms of the free parameters: the virial mass, the concen-
tration parameter and above defined the mass-to-light ratio
(Mvir, c,⌥3.6

⇤ ). The results of the best-fit are

Mvir = (8.9 ± 2.1) ⇥ 1011 M�;
c = (6.69 ± 1.46);

⌥3.6
⇤ = (0.79 ± 0.07).

In this case the reduced chi-square is �2 = 0.8, even slightly
better value than found for the URC-halo model. The best-fit
value of the concentration parameter c = 6.69 ± 1.46 is found
to be somewhat lower than what is expected from Eq. (5):
cNFW ⇡ 10 ± 1. It is worth recalling that in other galaxies, this
discrepancy in the concentration parameter is much larger (see
McGaugh et al. 2003; Salucci et al. 2010; Memola et al. 2011).

From Eq. (6) the disk mass, within a ten percent uncertainty,
is MD = 3.5 ⇥ 1010M�, a somewhat smaller value than found
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NGC3918 : arXiv:1503.04049

DM halo

Stellar disk

HI contribution

   λDM ~ 2π/MDMv ~ 40kpc (10-31GeV/mDM) 
                      (v ~ 200km/s @ R ~ 10kpc)

[ If dark matter is fermion, Trimaine-Gunn bound  (dwarf Spheroidal) 
                                                         MDM > 2keV  
               ρDM = MDM4 /8π3 ∫vmax dv v2 f(v) < MDM4/8π3 ∫vmax dv v2                     ]

[CAUTION : THIS IS A BACK-OF-THE-ENVELOPE CALCULATION]

How well do we know about the mass of dark matter ?

So far, we only managed to restrict its mass between 
10-31GeV and 1057GeV, 



 Mass of Milky Way : 
             M300kpc = 0.9 ± 0.3×1012 M⊙ (arxiv:1002.4565) → MDM << M300kpc 
              (M⊙ = 1.989x1033g = 1.111x1057GeV)                

 → Gas accretion onto DMs distorts CMB ! 
 → MACHO searches also put constraints.

MDM < 10-7 - O(1) M⊙

[ Neutron star capture ? arXiv:1301.4984  ] 
[ Continuous spectrum ? 
   arXiv:1501.07565 Clesse, Garcıa-Bellido 
   arXiv:1605.04974 Kawasaki, Mukaida, Yanagida ]

[CAUTION : THIS IS A BACK-OF-THE-ENVELOPE CALCULATION]

Particle DM with mass M >> MPL = Black hole  
               ( Schwarzschild radius = 2GMDM > Compton Length MDM-1 )
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FIG. 3: Constraints on f(M) for a variety of evaporation (magenta), dynamical (red), lensing (cyan), large-scale structure
(green) and accretion (orange) e↵ects associated with PBHs. The e↵ects are extragalactic �-rays from evaporation (EG) [11],
femtolensing of �-ray bursts (F) [187], white-dwarf explosions (WD) [188], neutron-star capture (NS) [36], Kepler microlensing
of stars (K) [189], MACHO/EROS/OGLE microlensing of stars (ML) [27] and quasar microlensing (broken line) (ML) [191],
survival of a star cluster in Eridanus II (E) [190], wide-binary disruption (WB) [37], dynamical friction on halo objects (DF) [33],
millilensing of quasars (mLQ) [32], generation of large-scale structure through Poisson fluctuations (LSS) [14], and accretion
e↵ects (WMAP, FIRAS) [15]. Only the strongest constraint is usually included in each mass range, but the accretion limits
are shown with broken lines since they are are highly model-dependent. Where a constraint depends on some extra parameter
which is not well-known, we use a typical value. Most constraints cut o↵ at high M due to the incredulity limit. See the original
references for more accurate forms of these constraints.

This peaks at E ⇠ M�1 with a value independent of M . The number of background photons per unit energy per
unit volume from all the PBHs is obtained by integrating over the mass function:

E(E) =

Z M
max

M
min

dM
dn

dM

dN�

dE
(m,E) , (30)

where Mmin and Mmax specify the mass limits. For a monochromatic mass function, this gives

E(E) / f(M)⇥
(
E3 M2 (E < M�1) ,

E2 M e�EM (E > M�1) ,
(31)

and the associated intensity is

I(E) ⌘ cE E(E)

4⇡
/ f(M)⇥

(
E4 M2 (E < M�1) ,

E3 M e�EM (E > M�1) ,
(32)

with units s�1 sr�1 cm�2. This peaks at E ⇠ M�1 with a value Imax(M) / f(M)M�2. The observed extragalactic
intensity is Iobs / E�(1+✏) / M1+✏ where ✏ lies between 0.1 (the value favoured in Ref. [192]) and 0.4 (the value
favoured in Ref. [193]). Hence putting Imax(M)  Iobs(M) gives [11]

f(M) . 2⇥ 10�8

✓
M

M⇤

◆3+✏

(M > M⇤ = 5⇥ 1014g) . (33)

[’16 Carr, Kuhnel, Sandstad]

How well do we know about the mass of dark matter ?

So far, we only managed to restrict its mass between 
10-31GeV and 1057GeV, 



Candidates in Particle Physics ?

Top down approach : DM candidates in Big pictures

Supersymmetry (Neutralino, Gravitino, Q-ball)

Extra Dimension (KK-Graviton)

Strong CP problem (axion)
…

Bottom up approach : DM model building

Composite Higgs Models 

Minimal models of Dark Matter 

Dark Matter with intriguing properties 
(cf. very heavy/light DM,  multi component DM,  
 self interacting DM, Primordial Black Hole … )

(We extend SM as minimal as possible.) 

Dark Matter models to explain “signals”
(cf. direct detection, cosmic ray, galaxy structure …)



Candidates in Particle Physics ?

[Credit: Tim M. P. Tait ]

We have lots of candidates…

Theorists keep building new DM models until the DM is discovered. 



WIMP



DM

DM

SM

SM

Dark Matter density is determined by the annihilation process 
and it does not depend on the initial condition !

Among various candidates, the so called WIMP models are the most popular !

Weakly Interacting Massive Particle (WIMP)

WIMP(‘)

WIMP

SM particles

WIMP

SM particles

SM particles×In variant models, we may replace SM particles with some light new particles.



DM

DM

SM

SM

Dark Matter can be detected by looking for remnants of its annihilation 
in the present universe !

Indirect detection via cosmic 
ray searches !

Among various candidates, the so called WIMP models are the most popular !

Weakly Interacting Massive Particle (WIMP)

WIMP(‘)

WIMP

SM particles SM particles

SM particles

In variant models, we may replace SM particles with some light new particles.

WIMP

Among various candidates, the so called WIMP models are the most popular !

×



DM

DM

SM

SM

Dark Matter can be detected by looking for DM scattering onto　
target materials !

Direct detection via  
DM scattering !

Among various candidates, the so called WIMP models are the most popular !

Weakly Interacting Massive Particle (WIMP)

WIMP(‘)

WIMP

SM particles SM particles

SM particles

In variant models, we may replace SM particles with some light new particles.

WIMP×



Among various candidates, the so called WIMP models are the most popular !

Weakly Interacting Massive Particle (WIMP)

WIMP(‘)

WIMP

SM particles SM particles

SM particles

In variant models, we may replace SM particles with some light new particles.

DM

DM

SM

SM

Dark Matter can be produced at collider experiments !

Missing Energy searches at 
colliders experiments.

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 ~ 1/(<σv> H) at TF 

• DM is in thermal equilibrium for T > mDM.

• For nDM < 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 

mDM/T

DM

DM
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Increasing ⟨σv⟩



WIMP abundance

• DM is in thermal equilibrium for T > mDM.

• For nDM < 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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Increasing ⟨σv⟩

ρDM (now) = mDM nDM (now) = mDM T03 (nDM (now)/T03 )

= mDM T03 (nDM (TF)/TF3 )

ΩDMh2 ≃ 0.1 ×
(

10−9 GeV−2

⟨σv⟩

)
DM abundance (for s-wave annihilation)

Abundance depends on the DM mass through <σv> .



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

This corresponds to physics beyond the Standard Model !

→ WIMP is interrelated to Big Picture of the BSM !



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



WIMP SUMMARY

Dark Matter density is determined by the annihilation process 
and it does not depend on the initial condition !

Dark Matter can be detected by looking for remnants of its annihilation 
in the present universe !

Dark Matter can be detected by looking for DM scattering onto　
target materials !

Dark Matter can be produced at collider experiments !

WIMP is often related to Big Picture !

WIMP mass range is rather limited (O(10)MeV < MWIMP < 300TeV)

DM

DM

SM

SM



WIMP detection



Direct WIMP Detection

Look for recoil of DM-nucleus scattering : DM + A → DM + A

(A : atomic number, Ψn : nucleon, FA, SA form factors, JA spin of nucleus )

Spin dependent Interaction 

Spin Independent Interaction  (A2 enhancement !)

Event Rate :



Direct WIMP Detection

Standard Halo Model (detection rate is model dependent)

( σv = 220km/s , vesc = 650km/s )

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

Annual modulation is O(1)% effect !

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


Constraints 
Spin Independent (zb = 10-45cm2) Spin dependent

http://resonaances.blogspot.jp/2016/09/weekend-plot-update-on-wimps.html

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,

L � ch��
2

h(��+ �†�†) + cZ�� �
†�̄µ�Zµ, (2)

then in the limit in which the DM is heavier than the nucleon, the SI and SD cross-sections are

�
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⇣ch��
0.1

⌘
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�
SD

= 3⇥ 10�39 cm2

⇣cZ��
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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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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.
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detection experiments. At the forefront of this experimental e↵ort is XENON100 [1], an un-
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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,

L � ch��
2

h(��+ �†�†) + cZ�� �
†�̄µ�Zµ, (2)

then in the limit in which the DM is heavier than the nucleon, the SI and SD cross-sections are

�
SI

= 8⇥ 10�45 cm2

⇣ch��
0.1

⌘
2

�
SD

= 3⇥ 10�39 cm2

⇣cZ��

0.1

⌘
2

. (3)

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

6

liquid argon, or the upgrades of the PandaX liquid xenon
experiment [45]: it first aims at a 500 kg detector, followed
by an even larger stage.

The next phase of the XENON program is cur-
rently being installed underground at LNGS (Italy): the
XENON1T detector [46] is a dual-phase TPC with a tar-
get mass of 2.0 t of liquid xenon (dimensions: ⇠1 m height
and diameter, total mass: 3.3 t), instrumented by 248 low
background photomultipliers [47]. The background goal
is <1 event for a 1 t⇥ 2 y exposure and will be achieved by
careful selection of low-background materials, shielding
by a 9.6 m diameter water shield operated as muon veto
as well as by liquid xenon, and by using the charge-to-
light ratio for discrimination. Detector commissioning is
planned for the second half of 2015, the sensitivity goal
of 2 ⇥ 10�47 cm2 for m� ⇠ 50 GeV/c2 can be achieved af-
ter 2 years of operation. All major detector components
of XENON1T are designed such that an upgrade to a to-
tal xenon mass of ⇠7 t is straightforward. This phase,
XENONnT, will increase the sensitivity by almost another
factor of 10.

3.2 Spin-dependent Interactions

If the WIMP couples to the unpaired nuclear spins of the
target nucleus via an axial-vector current, the cross sec-
tion does not simply scale with A

2 as for coherent spin-
independent interactions, but depends on a factor �2 =
J/(J+1) (a

p

hS
p

i+a

n

hS
n

i)2, see Eq. (6). This factor is non-
zero only for nuclei with an odd number of protons or neu-
trons, and is maximal for 19F (�2 = 0.86), followed by 7Li
(�2 = 0.11), which both have unpaired proton-spins. Some
of the experiments described in Section 3.1 contain iso-
topes which are sensitive to spin-dependent interactions,
even though to a lesser extent than 19F. These are 23Na
and 127I (unpaired protons) as present in DAMA/LIBRA,
29Si and 73Ge (unpaired neutrons) in CDMS, and 129Xe
and 131Xe (unpaired neutrons) in XENON.

The parameter space of spin-dependent WIMP-proton
couplings (assuming that a

n

= 0 in Eq. (6)) is therefore
dominated by experiments using targets which contain
19F, see Figure 3 (top). The tightest constraints on the
cross section come from COUPP [48], a bubble cham-
ber filled with CF3I, as well as SIMPLE [49] and PI-
CASSO [50]. These consist of superheated droplets of
C2CIF5 and C4F10, respectively, embedded in a gel. The
droplets work as “mini” bubble chambers, where incident
radiation causes the formation of bubbles, which are de-
tected acoustically and – in case of COUPP – also opti-
cally. The advantage of this technology is that the detec-
tors can be made almost insensitive to ER background ra-
diation by choosing the right detector parameters (temper-
ature and pressure), while the characteristics of the sound
signal can be used to partially discriminate between NRs
and ↵-particles [51]. In order to keep this forefront po-
sition also in the future, PICASSO and COUPP recently
merged to form the PICO collaboration, aiming towards a
ton-scale bubble chamber, operated with either a CF3I or a
C3F8 target.

Figure 3. Results on spin-dependent WIMP-nucleon scatter-
ing cross sections, presented assuming that WIMPs would cou-
ple only to proton- or to neutron-spins. (Top) The proton-
only case is dominated by results from experiments which em-
ploy a target containing 19F (COUPP [48], SIMPLE [49], PI-
CASSO [50]). The new results from the directional DRIFT de-
tector [52] and from indirect WIMP searches by IceCube [53] are
also shown. (Bottom) The best limit on neutron-only couplings
is from XENON100 [54] using 129Xe and 131Xe as target nuclei.
Figures adapted from [54], see more references there.

An interesting new result comes from the DRIFT-IId
detector. While all projects discussed so far measure only
the energy of an interaction, as well as the particle type and
multiplicity in some cases, DRIFT also detects the direc-
tion of the recoil in a low-pressure gas TPC. This allows
the distinction of WIMP-induced recoils, whose direction
is expected to be correlated with the rotation of the Earth,
from backgrounds. The detector was filled with a gas mix-
ture of CS2:CF4:O2 at a pressure ratio 30:10:1, searching
for spin-dependent WIMP interactions with 19F. No event
was observed in a background-free run observing 33 g of
fluorine gas over 46 d [52].

About 50% of the naturally abundant xenon isotopes
are the neutron-odd 129Xe and 131Xe, which are sensi-
tive targets for spin-dependent neutron-only interactions

Examples (neutron - Dirac Dark Matter : χ )

→ → 

[’14 Schumann]

http://resonaances.blogspot.jp/2016/09/weekend-plot-update-on-wimps.html


Indirect WIMP Detection (see more arXiv:1511.08787 )

Look for the flux of the annihilation products  : DM + DM → SM particles

DM

DM
p, e, γ, ......

Cosmic Ray charged particle (proton, electron, etc...)

Gamma ray, neutrino fluxes : coming straight from the source. 

They change their direction during the propagation. 

Many independent targets (Galactic Center, Cluster, etc...)

http://arxiv.org/abs/arXiv:1511.08787


DM

DM

Cosmic Ray charged particle (proton, electron, etc...)

Flux :  ψ(E) ~ Q(E) x Min[ tdiff , tloss ]

tdiff = (time scale of diffusion) 
       ~ 1017sec x (E/GeV)-δ

tloss = Energy loss rate ~ E-1

DM annihilation : Qx(E) =(ρDM/mDM)2 <σv> dNx/dE

Pros : less sensitive to DM profile in the Milky Way
Cons : background/propagation uncertainties 3

FIG. 1: Comparison of the best fit of the p̄/p ratio to the AMS-02 data [13], with a DM component (left panel) and
without DM (right panel). The lower panels show the corresponding residuals. The fit is performed in the unshaded
area, i.e., for rigidities 5GV  R  10TV. The grey bands around the best fit indicate the 1 and 2� uncertainty,
respectively. The dashed black line (labeled “no SM”) shows the best fit without correction for solar modulation.

The dotted magenta line shows the best fit DM contribution. We also show, for comparison, the contribution from
astrophysical tertiary antiprotons denoted by the magenta dot-dashed line.

tematics related to the antiproton cross-section. On the
other hand, a more robust assessment of this issue re-
quires more accurate and comprehensive experimental
antiproton cross-section measurements.

In FIG. 3 we show that including a DM component
induces a shift in some of the propagation parameters. In
particular the slope of the diffusion coefficient, �, changes
by about 30% from a value of � ⇡ 0.35 without DM to � ⇡
0.25 when DM is included. This stresses the importance
of fitting at the same time DM and CR background. The
changes induced by a DM component in the other CR
propagation parameters are less than about 10%.

As a further estimate of systematic uncertainties, we
have extended the fit range down to a rigidity of R =
1GV. In this case, the fit excludes a significant DM com-
ponent in the antiproton flux, since the low-rigidity tail
of the potential DM signal overshoots the experimental
data, c.f. FIG. 1 (left panel). However, the fit includ-
ing data down to R = 1GV is considerably worse than
our baseline fit with a DM component and data down to
R = 5GV only. In particular, the low-rigidity fit cannot
accommodate the excess of antiprotons at R ⇡ 20GV.

Although the data at R <⇠ 5GV appear to disfavour
a DM component in the antiproton flux, the situation is
not conclusive: at rigidities R <⇠ 5GV, solar modulation
deviates from the simple force-field approximation and
exhibits also charge dependent effects [38, 39]. Thus, a
deeper scrutiny of the antiproton excess and of a poten-

tial DM signal will require a dedicated study of the solar

FIG. 2: Best fit regions (1, 2 and 3�) for a DM
component of the antiproton flux, using the antiproton
cross-section models of [37] (Tan & Ng) and [34] (di

Mauro et al.). For comparison, we also show the best fit
region of the DM interpretation of the Galactic center
gamma-ray excess [31], and the thermal value of the
annihilation cross-section, h�vi ⇡ 3⇥ 10�26 cm3s�1.
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FIG. 6. Top: p̄/p ratio as function of kinetic energy. Model calcu-
lations are shown in comparison with new data from AMS-02 [10]
and PAMELA [6]. The solar modulation level is set to � = 500MV.
The production cross-sections are evaluated using the MC genera-
tor EPOS LHC model [45]. Bottom: estimated uncertainties for the
p̄/p ratio arising from CR injection and propagation, production
cross-sections, and solar modulations.

principle, the CR propagation parameter uncertainties
already included the solar modulation uncertainties, be-
cause they have been accounted in the MCMC procedure.
However, charge-sign and mass dependent solar modula-
tion e↵ects are in general expected due to particle drift
or adiabatic losses of CRs in the heliosphere, that are un-
accounted by the force-field model. Hence the use of CR
proton data does not provide safe constraints on the solar
modulation of antiprotons. Following Giesen et al. [15],
we have varied the solar modulation potential from 200
MeV to 700 MeV to estimate this error. This estimate
encompasses the level modulation asymmetry between
protons and antiprotons, that we have tested using the
model of Cholis & Hooper [46]. The solar modulation er-
ror is dominant at 1 GV of rigidity and becomes negligible
at 15 GV in comparison with the uncertainties of the ex-
perimental data. A large uncertainty factor comes from
antiproton production cross-sections. The figure shows
that the cross-section contribution is 10% at 1 GeV/c and

increases slowly with energy to become 18% at about 1
TeV/c. The calculations of these errors can be found in
AppendixA. In the high-energy region, errors are domi-
nated by uncertainties in CR injection and propagation
parameters. In contrast to other works [15], our fitting
procedure lead to a unique astrophysical uncertainty fac-
tor which include the errors from propagation e↵ects and
those induced by primary nuclei. However no apprecia-
ble correlation is found the two contributions. At kinetic
energy above ⇠ 100GeV, this uncertainty is at the level
of ⇠ 30% and it is limited by the experimental errors of
the high-energy B/C ratio. Parameters describing CR in-
jection spectra of protons and He are better constrained
with the existing data, although their contribution to
the total p̄/p uncertainty band becomes non-negligible
at high energies. Within the present level of uncertainty,
the THM predictions are for secondary antiprotons ap-
pear to be consistent with the AMS-02 data, leaving no
room for exotic components of primary antiprotons. We
note, nevertheless, that the dominating contributions to
the uncertainties is CR propagation related. Hence the
situation will become more transparent with the avail-
ability of precise B/C data above TeV/n energies [2].

F. Positrons

Similarly to antiprotons, secondary positrons are gen-
erated by collisions of CR hadrons with the ISM. Thus
we consider the absolute flux of CR positrons rather
than positron fraction e+/(e� +e+), because it permits
to avoid further assumptions on the injection spectrum
of primary electrons. The predicted flux of secondary
positrons is shown in the top panel of Fig. 7. The black
solid line represents the THM model calculations under
the best-fit parameter set, while the shaded band is the
corresponding total uncertainty. The positron flux pre-
dicted by our model is significantly harder than that aris-
ing from the OHM setting. The main reason for this dif-
ference is that CR positrons detected at Earth have spent
a large fraction of their propagation time in the region
close to the Galactic disk. Given the shallow di↵usion of
CRs in the inner halo, the flux steepening e↵ect induced
by di↵usive propagation is expected to be milder for the
THM model, in comparison with standard OHM calcu-
lations. In addiction to di↵usive propagation, however,
energy losses arising from synchrotron radiation and in-
verse Compton processes have an important impact in
reshaping the spectrum of charged leptons. For these ef-
fects, the energy loss rate is of the type b(E) = b0E

2, with
b0

⇠= 1.4⇥10�16 GeV�1 s�1 [12]. The time-scale of these
processes is ⌧ = (b0E)�1, so that the typical di↵usion
scale distance is of the order of � ⇠ p

⌧ D. More pre-
cisely, for the propagation of CR electrons and positrons
from the Galactic disk, one can write

�(E,E0) = 2

(
D0E

�

b0E(1� �)

"
1�

✓
E0

E

◆��1
#) 1

2

, (11)

[arXiv: 1610.06182]

Uncertainties are underestimated !

Indirect WIMP Detection  (see e.g. [’15 Elor, Rodd, Slatyer, Xue] )



Gamma Ray Detection (many independent targets)
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Figure 7. The “prompt” emission factor from DM annihilation as a function of the Galactic longitude, for the
best fit Burkert (black continuous) and NFW (blue dashed) models, with their 2� regions (95.45% C.L.). Note
that for gamma rays in for instance the Fermi detector, below < 0.1–1� the point-spread function would smear
the observed profile, making it e↵ectively cored for any DM profile.

6 Indirect DM search: annihilation

The flux from DM annihilation is conveniently expressed in terms of the “prompt” emission factor

Jann(`) =
1
⇢̄2
�R̄�

Z

l.o.s.
⇢2

H(x) dx , (6.1)

which we normalize by using ⇢̄� = 0.4 GeV and R̄� = 8.3 kpc. The factor Jann, as a function of the
longitude ` from the galactic center, traces directly the angular profile of the dominant observed flux
from annihilation into gamma rays. For annihilation into other (charged) particles, which are then
subject to bremsstrahlung, scattering with ISR, and nontrivial galactic di↵usion, see [11].

In fig 7 we plot Jann for the URC Burkert + baryons and for the NFW + baryons models. We see
that for each mass model the uncertainties in the galactic parameters lead to variations of the expected
flux of a factor of ⇠ 5, in the innermost region. On the other hand, in direction of about 40–60� from
the galactic center the flux is predicted within a factor of 2 only, and independently of the profile
chosen.

In fact, the di↵erences between the two di↵erent mass models emerge only at ` < 15�, and with
a clear discriminating power only below ` < 10�, corresponding to r < 1.5kpc, i.e. inside the bulge
region. One should thus bear in mind that this plot extrapolates the DM density profile in the very
central region where observations can not constrain it. Indeed, the DM density in the bulge region
or at shorter scales may well deviate from purely cored or NFW profile, still without modifying the
present global fits.

For instance, if one is willing to consider the scenario in which a DM core results from baryon
feedback (mainly supernovae explosions) which erases the density cusp during galaxy formation,
the same mechanism may well leave a ‘mini-cusp’ in the central region, which would give a small
contribution to the total mass inside the solar circle, but depending on the very inner density slope,
may contribute to an evident annihilation signal from the inner zone, with a very localized source
region of at most few degrees in angular size.
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Figure 7. The “prompt” emission factor from DM annihilation as a function of the Galactic longitude, for the
best fit Burkert (black continuous) and NFW (blue dashed) models, with their 2� regions (95.45% C.L.). Note
that for gamma rays in for instance the Fermi detector, below < 0.1–1� the point-spread function would smear
the observed profile, making it e↵ectively cored for any DM profile.

6 Indirect DM search: annihilation

The flux from DM annihilation is conveniently expressed in terms of the “prompt” emission factor

Jann(`) =
1
⇢̄2
�R̄�

Z

l.o.s.
⇢2

H(x) dx , (6.1)

which we normalize by using ⇢̄� = 0.4 GeV and R̄� = 8.3 kpc. The factor Jann, as a function of the
longitude ` from the galactic center, traces directly the angular profile of the dominant observed flux
from annihilation into gamma rays. For annihilation into other (charged) particles, which are then
subject to bremsstrahlung, scattering with ISR, and nontrivial galactic di↵usion, see [11].

In fig 7 we plot Jann for the URC Burkert + baryons and for the NFW + baryons models. We see
that for each mass model the uncertainties in the galactic parameters lead to variations of the expected
flux of a factor of ⇠ 5, in the innermost region. On the other hand, in direction of about 40–60� from
the galactic center the flux is predicted within a factor of 2 only, and independently of the profile
chosen.

In fact, the di↵erences between the two di↵erent mass models emerge only at ` < 15�, and with
a clear discriminating power only below ` < 10�, corresponding to r < 1.5kpc, i.e. inside the bulge
region. One should thus bear in mind that this plot extrapolates the DM density profile in the very
central region where observations can not constrain it. Indeed, the DM density in the bulge region
or at shorter scales may well deviate from purely cored or NFW profile, still without modifying the
present global fits.

For instance, if one is willing to consider the scenario in which a DM core results from baryon
feedback (mainly supernovae explosions) which erases the density cusp during galaxy formation,
the same mechanism may well leave a ‘mini-cusp’ in the central region, which would give a small
contribution to the total mass inside the solar circle, but depending on the very inner density slope,
may contribute to an evident annihilation signal from the inner zone, with a very localized source
region of at most few degrees in angular size.
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Figure 2. Selected Milky Way dark matter halo density profiles. Profile parameters are mean values obtained by [29]; see
text for details.

where r is the distance from the center of the halo and r
s

is a scale radius. For the Milky Way,
r
s

⇠ 20 kpc (e.g., [29]), and the dark matter density at the Sun’s position is ⇠ 0.4 GeV/cm3 [32].
Some simulation results and observations suggest that the inner slopes of dark matter halos

di↵er from that of the NFW profile, and mechanisms that can modify the inner slope due to
interactions with baryons have been proposed. One such mechanism is adiabatic contraction,
which causes the profile to steepen due to the gravitational potential of the baryons pulling in
the dark matter [33–35]. Other mechanisms include feedback from supernovae and interactions
between an active galactic nucleus and the interstellar medium which eject gas; these can flatten
the inner profile by rapidly modifying the potential, leading to disruption of the dark matter
cusp [36–39]. The NFW profile can be generalized to allow for an arbitrary inner slope �,

⇢GNFW(r) =
⇢0⇣

r

rs

⌘
�

h
1 +

⇣
r

rs

⌘i3��

(3)

where � = 1 corresponds to the original NFW profile. The value of � inferred from observations
and simulations ranges from ⇠ 0 (a cored profile) to ⇠ 1.5 (as in the Moore profile [40]); see [41]
and references therein.
It has been noted in more recent simulations that the dark matter density profile in the

innermost regions of the halo shows deviations from a simple power law, and that a better fit
is achieved with a slope that varies with radius [28, 42, 43], such as in the profile proposed by
Einasto [44],

⇢Ein(r) = ⇢0 exp

⇢
�

✓
2

a

◆✓
r

r
s

◆
a

� 1

��
. (4)

This profile introduces an extra shape parameter ↵ with respect to the standard NFW profile.
For the Milky Way, ↵ ⇠ 0.2 [29, 45]. The scale radius r

s

is similar to the NFW case for the
Milky Way [29].
Observations of dwarf spheroidal [46] and low-surface-brightness [47] galaxies have found that

some objects are better described by flatter density profiles, and are consistent with the dark
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thermal relic dark matter candidate. This value is a good choice for a benchmark, however it
is important to keep in mind that in some scenarios the annihilation cross section required to
produce the observed relic density can vary significantly from the canonical thermal relic value
(see, e.g., [18]).
The weak-scale masses of WIMPs (tens of GeV to several TeV) imply a similar energy scale

for the prompt observable products of annihilation and decay. Indirect searches for WIMPs are
therefore focused largely on gamma rays and high-energy cosmic rays and neutrinos, although
searches for secondary emission at lower energy can also be competitive, as discussed in §6.1.2.
The framework of Supersymmetry o↵ers WIMP dark matter candidates, which are extensively

reviewed in [16]. Theories of universal extra dimensions also introduce WIMP dark matter candi-
dates, referred to as Kaluza-Klein particles. Here, however, I take a model-independent approach
and consider indirect signatures of generic WIMPs, specifying a model only by the WIMP mass
and its annihilation cross sections to di↵erent SM final states.

2.2. Superheavy dark matter

Superheavy dark matter (m
�

& 1012 GeV) is an example of a non-thermal relic dark matter
candidate, and can be produced in a variety of scenarios, including during or after inflation or
through topological defects [21]. These particles have extremely low interaction rates, and are
assumed be stable on cosmological timescales, but may annihilate or decay to SM particles which
could be detected as UHECRs (e.g., [22–24]).

2.3. Sterile neutrinos

The right-handed (or “sterile”) neutrino ⌫
s

was proposed by [25] as a dark matter candidate, and
it has been shown to be viable as cold, warm, or hot dark matter in di↵erent scenarios (see [26]
and references therein). In general, the neutrino flavor eigenstates (⌫

↵

, with ↵ = e, µ, ⌧, s) are
a linear combination of mass eigenstates (⌫

a

, with a = 1, 2, ...), and the sterile neutrino has
a very small mixing with active neutrinos. A heavier mass state can radiatively decay to a
lighter mass state (⌫2 ! ⌫1 + �, with m2 > m1), and since the sterile neutrino is predominantly
composed of ⌫2 (in this picture), this is often described as the sterile neutrino decaying to an
active neutrino. This produces a photon line at half of the sterile neutrino mass, which for most
viable dark matter candidates is in the keV to MeV energy range. Line emission provides a
means to indirectly detect sterile neutrino dark matter.

3. The dark matter distribution

The distribution of dark matter is a key input to predicting indirect dark matter signals, and
one of the largest uncertainties in those predictions. Dark matter clusters in halos, which may be
triaxial (e.g., [27, 28]) and typically host substructures. For simplicity, the smooth component of
dark matter halos is often modeled as a spherically-symmetric distribution; this is a very good
approximation in the central regions of halos.
The dark matter halo density profiles considered today are motivated largely by the results

of numerical simulations of structure formation; those simulations historically included dark
matter particles only, and did not model baryons. In the late 1990s simulations showed that
a 2-parameter model described the density profile of dark matter halos over a range of halo
masses [30, 31]. This density profile is referred to as the Navarro-Frenk-White (NFW) profile,

⇢NFW(r) =
⇢0⇣

r

rs

⌘ h
1 +

⇣
r

rs

⌘i2 , (2)
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Figure 3. Numerical simulation of the dark matter distribution of a galaxy like the Milky Way at the present time, from
the Aquarius Project. The dark matter halo hosts an abundance of subhalos. The luminous matter would be concentrated
in the inner ⇠ 10% of the image. The Aquarius simulations of cold dark matter galactic halos were carried out by the Virgo
Consortium [51].

matter profile having a central core. The Burkert profile [48] is an example of a cored profile,

⇢Burk(r) =
⇢0⇣

1 + r

rs

⌘⇣
1 + r

2

r

2
s

⌘ . (5)

The Burkert profile exhibits constant density for radii much smaller than the scale radius r
s

.
For the Milky Way r

s

⇠ 6 kpc for this profile [29].
The NFW, Einasto, and Burkert density profiles are illustrated in Fig. 2 using parameters

appropriate for the Milky Way (mean values reported in [29]). The distributions are very similar
at radii outside the solar circle, but can di↵er substantially in the inner regions of the halo,
leading to large variations in indirect signals.
Simulations and observations indicate that structure formed hierarchically in the universe,

with small halos of dark matter collapsing first, and subsequently merging to form larger objects,
although remnants of the original halos typically survive within the merged object. Consequently,
dark matter halos are populated with smaller, denser halos, called subhalos or substructure
(Fig. 3). N-body simulations in ⇤CDM cosmologies resolve the high-mass end of the subhalo
mass function [49–52], while theoretical arguments suggest that the halo of the Milky Way should
be teeming with subhalos of ⇠ 10�6 M� or smaller [53, 54]. The status of numerical simulations
of structure formation including implications for indirect detection is reviewed in [55].
Substructure can have a profound impact on predicted annihilation signals due to the fact that

subhalos are denser than the host halo and the rate of annihilation scales as the density squared.
Since the decay signal is directly proportional to mass density, clustering in substructure has an
e↵ect only if it modifies the total mass distribution with respect to that of the smooth component
alone; in general its e↵ect on halo emission profiles from dark matter decay is negligible except
when dealing with individual massive objects within a host halo.

4. Annihilation and decay signals

4.1. J-factors

The prompt flux emitted from the annihilation or decay of dark matter particles can be factored
into a part that depends on the particle physics model of the dark matter and a part that is
determined by the dark matter distribution. The latter is referred to as the J-factor, defined as

Jann( ) =

Z

los
⇢2( , l)dl (6)

(rs ~ 20kpc)

(rs ~ 6kpc)

Indirect WIMP Detection (see more arXiv:1511.08787 )
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overall γ-ray annihilation spectrum. Here a search for γ-
ray line-like signatures conducted with the H.E.S.S. ex-
periment in the energy range Eγ ∼ 500GeV − 25TeV
is reported, complementing a recent search at energies
between 7GeV and 200GeV with the Fermi-LAT instru-
ment [15] and studies discussing an indication for a line
feature at an energy of about 130GeV [16–18].
The search for a DM-induced spectral signature in the

H.E.S.S. data is performed separately for two sky regions
of interest. The first is the CGH, a promising region due
to its proximity and predicted large DM concentration.
Following [8], the search region is defined as a circle of
1◦ radius centred on the GC, where the Galactic plane is
excluded, by requiring |b| > 0.3◦. The second region is
the extragalactic sky covered by H.E.S.S. observations,
with regions containing known VHE γ-ray sources being
excluded from the analysis. For both data sets, the un-
certainty on the strength of a putative DM annihilation
signal is much reduced in comparison to the observations
of centres of galaxies: for the CGH, the very centre is not
considered, thus avoiding a region where the DM profile
is only poorly constrained [8]. For the extragalactic data
set, differences in DM density between individual sub-
structures are averaged out by observing many different
fields of view [19]. One should note, however, that a
potentially large (but highly uncertain) γ-ray flux from
Galactic DM annihilations may contribute to the extra-
galactic analysis [20].

METHODOLOGY AND RESULTS

The CGH data set is composed of 112 h (live time) of
GC observations recorded with the H.E.S.S. VHE γ-ray
instrument (see [21] and references therein) during the
years 2004–20082. The mean distance between the tele-
scope pointing positions and the GC is 0.7◦, with a max-
imum of 1.5◦ [8]. The extragalactic data set comprises
1153 h of H.E.S.S. observations taken during 2004–2007,
targeted at various extragalactic objects. Regions in the
field-of-view (FoV) containing known VHE γ-ray sources
are excluded by masking out a circular region (of radius
0.2◦ for point sources) around the source position.
Observations with zenith angles larger than 30◦ are

excluded from the analysis to lower the energy thresh-
old, resulting in a mean zenith angle of 14◦ (19◦) for the
CGH (extragalactic) observations. Only γ-ray-like events
are accepted for which the distance between the recon-
structed γ-ray direction and the observation direction of
the H.E.S.S. array is smaller than 2◦, avoiding showers

2 Data from later periods were excluded, since the gradual degra-
dation in time of the optical efficiency of the instrument would
result in an increased energy threshold.
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FIG. 1. Reconstructed flux spectrum of the CGH region, us-
ing 25 equidistant bins per unit of log10(Eγ). Flux points have
been multiplied by E2.7

γ . The data consist mostly of hadronic
cosmic ray background events, reconstructed using a γ-ray hy-
pothesis. The spectrum is well described by the parametriza-
tion introduced in Eq. 1, depicted by the black solid line. The
corresponding χ2-test probability is p = 0.34. The two contri-
butions P (x) and G(x) are shown by the dashed-dotted and
the dashed curve, respectively. Note that the shape of the
Gaussian function G(x) is much broader than the expected
monochromatic line feature from DM annihilations. As an
example, the red curve shows the expected signal of a line at
Eγ = 2TeV that would be detected with a statistical signifi-
cance of 5 standard deviations above the background.

being reconstructed too close to the edges of the ∼ 5◦ di-
ameter FoV of the H.E.S.S. cameras [21]. Furthermore,
events are considered only if they pass H.E.S.S. standard
γ-ray selection criteria defined in [21] and triggered all
four telescopes. Only 15% of the total event sample is
kept by the latter selection. However, compared to the
H.E.S.S. standard analysis, such selection leads to a bet-
ter signal to background ratio and an improved energy
resolution of Gaussian width σE (17% at 500GeV and
11% at 10TeV), and therefore increases the sensitivity
of the analysis to spectral features by up to 50%. The
energy threshold is 310GeV (500GeV) for the CGH (the
extragalactic) data set.

Differential flux spectra are calculated from the re-
constructed event energies separately for the CGH and
extragalactic data sets using zenith angle-, energy- and
offset-dependent effective collection areas from γ-ray sim-
ulations. Since sky regions containing known VHE γ-ray
sources were excluded from the analysis, the spectra con-
sist mostly of γ-ray-like cosmic-ray background events
(and a fraction of ∼ 10% of electrons). These spectra are
well described by the empirical parametrization

dN

dEγ
= a0

(

Eγ

1TeV

)−2.7

[P (x) + βG(x)] , (1)
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FIG. 2. Upper limits on γ-ray flux from monochromatic line
signatures, derived from the CGH region (red arrows with
full data points) and from extragalactic observations (black
arrows with open data points). For both data sets, the solid
black lines show the mean expected limits derived from a large
number of statistically randomized simulations of fake back-
ground spectra, and the gray bands denote the corresponding
68% CL regions for these limits. Black crosses denote the flux
levels needed for a statistically significant line detection in the
CGH dataset.
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[14]. The monochromatic line limits, assuming mχ = Eγ , are
shown for comparison.

20%, depending on the energy and the statistics in the
individual spectrum bins. The maximum shift is ob-
served in the extragalactic limit curve and amounts to
40%. In total, the systematic error on the flux upper
limits is estimated to be about 50%. All flux upper
limits were cross-checked using an alternative analysis
framework [24], with an independent calibration of cam-
era pixel amplitudes, and a different event reconstruction
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FIG. 4. Limits on the velocity-weighted cross section for DM
annihilation into two photons calculated from the CGH flux
limits (red arrows with full data points). The Einasto density
profile with parameters described in [20] was used. Limits ob-
tained by Fermi-LAT, assuming the Einasto profile as well, are
shown for comparison (black arrows with open data points)
[15].

and event selection method, leading to results well con-
sistent within the quoted systematic error.
For the Einasto parametrization of the DM density

distribution in the Galactic halo [20], limits on the
velocity-weighted DM annihilation cross section into γ
rays, ⟨σv⟩χχ→γγ , are calculated from the CGH flux limits
using the astrophysical factors given in [8]. The result is
shown in Fig. 4 and compared to recent results obtained
at GeV energies with the Fermi-LAT instrument.

SUMMARY AND CONCLUSIONS

For the first time, a search for spectral γ-ray signatures
at very-high energies was performed based on H.E.S.S.
observations of the central Milky Way halo region and ex-
tragalactic sky. Both regions of interest exhibit a reduced
dependency of the putative DM annihilation flux on the
actual DM density profile. Upper limits on monochro-
matic γ-ray line signatures were determined for the first
time for energies between ∼ 500GeV and ∼ 25TeV, cov-
ering an important region of the mass range of particle
DM. Additionally, limits were obtained on spectral sig-
natures arising from internal bremsstrahlung processes,
as predicted by the models BM2 and BM4 of [14]. It
should be stressed that the latter results are valid for
all spectral signatures of comparable shape. Besides, all
limits also apply for potential signatures in the spectrum
of cosmic-ray electrons and positrons.
Flux limits on monochromatic line emission from the

central Milky Way halo were used to calculate upper lim-
its on ⟨σv⟩χχ→γγ . Limits are obtained in a neutralino

[’13 H.E.S.S.]
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Figure 5. Comparison of J
0.5

(top) and D

0.5

(bottom) calculated from axisymmetric and spherical models. The red symbols denote the
results of this work. the blue, green, yellow and black ones are estimated by Geringer-Sameth et al. (2015b), Bonnivard et al. (2015b),
Ackermann et al. (2015) and Simon et al. (2015), respectively.
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DM profile can be estimated from motions of stars.
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Table 1. Observational data set for MW dSph satellites.

Object N

sample

RA(J2000) DEC(J2000) M

V

D� b⇤ q

0 Ref.a

[hh:mm:ss] [dd:mm:ss] [kpc] [pc] (axial ratio)

Classical dwarfs
Carina 776 06:41:36.7 �50:57:58 �9.1± 0.5 106± 6 250± 39 0.67± 0.05 1,6
Fornax 2523 02:39:59.3 �34:26:57 �13.4± 0.3 147± 12 710± 77 0.70± 0.01 1,6
Sculptor 1360 01:00:09.4 �33:42:33 �11.1± 0.5 86± 6 283± 45 0.68± 0.03 1,6
Sextans 445 10:13:03.0 �01:36:53 �9.3± 0.5 86± 4 695± 44 0.65± 0.05 1,6
Draco 468 17:20:12.4 +57:54:55 �8.8± 0.3 76± 6 221± 19 0.69± 0.02 1,7
Leo I 328 10:08:28.1 +12:18:23 �12.0± 0.3 254± 15 251± 27 0.79± 0.03 1,8
Leo II 200 11:13:28.8 +22:09:06 �9.8± 0.3 233± 14 176± 42 0.87± 0.05 1,9

Ultra faint dwarfs
Segue 1 73 10:07:04.0 +16:04:55 �1.5± 0.8 32± 6 29+8

�5

0.53± 0.10 1,10
Segue 2 24 02:19:16.0 +20:10:31 �2.5± 0.3 35± 2 35± 3 0.85± 0.13 1,11
Boötes I 37 14:00:06.0 +14:30:00 �6.3± 0.2 66± 2 242± 21 0.61± 0.06 1,12
Hercules 18 16:31:02.0 +12:47:30 �6.6± 0.4 132± 12 330+75

�52

0.32± 0.08 1,13
Coma Berenices 59 12:26:59.0 +23:54:15 �3.7± 0.6 44± 4 64± 7 0.62± 0.14 1,14
Canes Venatici I 214 13:28:03.5 +33:33:21 �7.9± 0.5 224+22

�20

554± 63 0.61± 0.03 1,14

Canes Venatici II 25 12:57:10.0 +34:19:15 �4.8± 0.6 151+15

�13

132± 16 0.48± 0.11 1,14

Leo IV 18 11:32:57.0 �00:32:00 �5.1± 0.6 158+15

�14

152± 17 0.51± 0.11 1,14
Leo V 5 11:31:09.6 +02:13:12 �5.2± 0.4 178± 10 135± 32 0.50± 0.15 1,15
Leo T 19 09:34:53.4 +17:03:05 �7.1± 0.3 417+20

�19

170± 15 ⇠ 1.00 1,14

Ursa Major I 39 10:34:52.8 +51:55:12 �5.6± 0.6 106+9

�8

308± 32 0.20± 0.04 1,14

Ursa Major II 20 08:51:30.0 +63:07:48 �3.8± 0.6 32+5

�4

127± 21 0.37± 0.05 1,14

Reticulum II 25 03:35:42.1 �54:02:57 �2.7± 0.1 32± 3 32+2

�1

0.41± 0.03 2,16

Draco II 9 15:52:47.6 +64:33:55 �2.9± 0.8 20± 3 19+8

�6

0.76+0.27

�0.24

3,17

Triangulum II 13 02:13:17.4 +36:10:42 �1.8± 0.5 30± 2 34+9

�8

0.79+0.17

�0.21

4,18

Hydra II 13 12:21:42.1 �31:59:07 �4.8± 0.3 134± 10 68± 11 0.99+0.01

�0.19

5,19
Pisces II 7 22:58:31.0 +05:57:09 �5.0± 0.5 ⇠ 180 ⇠ 60 0.60± 0.10 1,19

aReferences: (1) McConnachie (2012); (2) Bechtol et al. (2015); (3) Laevens et al. (2015b); (4) Laevens et al. (2015a); (5) Martin et al.
(2015b); (6) Walker et al. (2009a); (7) Walker et al. (2015); (8) Mateo et al. (2008); (9) Koch et al. (2007b); (10) Simon et al. (2011);
(11) Kirby et al. (2013); (12) Koposov et al. (2011); (13) Adén et al. (2009); (14) Simon & Geha (2007); (15) Walker et al. (2009c);
(16) Simon et al. (2015); (17) Martin et al. (2015a); (18) Martin et al. (2016); (19) Kirby et al. (2015);

classical dSphs, the above works in the literature investi-
gated the e↵ect of binary systems on velocity second mo-
ments and concluded that the influence of binary systems
in these dSphs is, in fact, negligible because their intrinsic
velocity second moments are much larger than the velocity
distributions inflated by binaries. Although not all of the
UFD galaxies were investigated for this e↵ect, some authors
considered that a binary star is unlikely to make the mea-
sured velocity second moments dramatically inflated (see Si-
mon & Geha 2007; Simon et al. 2011, 2015; Koposov et al.
2011; Kirby et al. 2013; McConnachie & Côté 2010). There-
fore, we suppose that the velocity data of each dSph is not
a↵ected by the presence of binary stars.

5 FITTING PROCEDURE

Our aim is to obtain the dark matter halo parameters and
determine their uncertainties by fitting our mass models to
the velocity second moments of each dSph. As described
above, the fitting procedure in the current work is di↵er-
ent from those in previous axisymmetric works. HC15 fitted
their mass models to line-of-sight velocity sec- ond moment
profiles built from the individual stellar velocities of dSphs,
whilst our work adopts the Gaussian distribution of the line-

of-sight velocity to compare the observed and theoretical ve-
locity second moments.

First, we assume that the line-of-sight velocity distri-
bution is Gaussian, centred on the systemic velocity of the
galaxy hui. Thus we define the likelihood function as follows,

L =
NY

i=1

1

(2⇡)1/2[�2
u,i

+ v

2(x
i

, y

i

)]1/2
exp

h
�1
2

(u
i

� hui)2
�

2

u,i

+ v

2(x
i

, y

i

)

i
,

(17)

where u

i

and �

u,i

are the line-of-sight velocity and the ob-
servational error of the ith star in the available kinematic
data set, (x

i

, y

i

) are the the two-dimensional sky position
with respect to the centre of the galaxy, and v

2(x
i

, y

i

) is the
theoretical line-of-sight velocity second moment specified by
model parameters (Q, b

halo

, ⇢

0

,�

z

,↵, i) and derived from ax-
isymmetric Jeans equations (see Section 3.1). The six model
parameters are the four parameters of the dark matter halo,
and the two parameters of the stellar properties, for which
we adopt uniform priors. The prior ranges of each parameter
are

• 0.1 6 Q 6 2.0;

c� 2016 RAS, MNRAS 000, 1–17

We observe gamma ray flux from entire dwarf galaxies .

→ less sensitive to the structure of the core region!

Less active, and hence, less background gamma ray.

Indirect WIMP Detection (see more arXiv:1511.08787 )
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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.

c� 2016 RAS, MNRAS 000, 1–17
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FIG. 2: Gamma ray spectrum from DM annihilation into various channels for a 100GeV DM fermion.

2 below. Here, the dimensionless parameter x is the gamma ray energy scaled by the dark matter mass. Analysis of
many models requires calculation of di↵erential gamma ray spectra from particles produced in non-symmetric pairs,
for example, in the analysis of models of section IV we have calculated the di↵erential spectrum of the Z� final state.
Limits are obtained by binned comparison of total expected flux from all DM annihilations to our combined upper
bounds.

MODELS WITH INDEPENDENT ANNIHILATION CHANNELS

We will now discuss the method of constraining the parameter space of models with multiple independent annihi-
lation channels. We will first assume an e↵ective Lagrangian which is the sum of several independent operators, each
of which couples Dark Matter to one and only one pair of SM particles. Therefore the Lagrangian has the form

L
f

= ⌃
i

O
i

= ⌃
i



⇤n

i

��X
i

X
i

. (3)

Here the � is the Dark Matter, and X is some Standard Model particle with particle index i. Any specific operator
will be gauge and Lorentz invariant and will have coe�cient /⇤n

i

, where the e↵ective cut-o↵ ⇤ appears with the
appropriate power to make the operator dimension 4.

The full parameter space of the EFT consists of the Dark Matter mass m
�

and the i operator coe�cients /⇤n

i

.
Each point in this parameter space specifies a total DM annihilation rate, the specific ratios of the i final state
annihilation channels, and the resultant �-ray flux. There are various slices of parameter space which can be studied.
The first one we will consider is slices of the parameter space on which the total DM annihilation rate is held constant.
Below we will show that along planes of parameter space with fixed annihilation rate, we will rule out masses and
e↵ective cut-o↵s below certain scales.

Fixed Annihilation Rate

The total annihilation rate, h�vi
tot

, is simply a linear sum of the thermally averaged annihilation cross sections
h�viOi to particle X

i

due to operator O
i

,

h�vi
tot

= Nh�vi
Th

= h�viO
1

+ h�viO
2

+ · · · (4)

We will first fix the desired total annihilation rate. This rate may be anything we like, for simplicity we will
consider it some numerical factor times the thermal annihilation rate Nh�vi

Th

. This constraint drops us 1 dimension
in parameter space; certain coe�cient values /⇤n

i

will satisfy the constraint for any specific DM mass. Having
fixed the total annihilations rate, we may then determine the limits of the operator coe�cients which saturate the
Fermi-LAT photon-flux bounds for any given Dark Matter mass.

A natural choice for the total annihilation rate is the thermal rate. However, in the spirit of model independence,
we will show Fermi-bounds on models with various annihilation rates which will correspond to models with various
non-thermal histories. The complete theory will have to account for this history, as well as the presence (and absence)
of specific operator coe�cients. We note that models where the total visible annihilation rate is below the thermal
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WIMP cross section has been excluded for mDM < 100GeV annihilating into bb!
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Standard Model Superparticles

supersymmetry

Supersymmetric Standard Model
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Advantage : Higgs Mass protection from quantum fluctuation !

same properties 
except for spins!

x2 x2

We just enlarge spacetime symmetry to supersymmetry !

WIMP example

(Supersymmetry is eventually broken spontaneously  
  → Superparticles are heavier than the Standard Model particles)



Just by introducing the superpartners at around TeV, the gauge coupling 
unification become more precise! 

Big Bonus !

Supersymmetric standard model is perfectly consistent with GUT !

SM MSSM (TeV)

Supersymmetric Standard Model

WIMP example



Supersymmetric Standard Model

WIMP example

Dark Matter Candidates = Superpartners of neutral particles.

Photon,  Z-boson, Higgs boson → Neutralino (Bino, Neutral Wino, Higgsino) 
Neutrino → Sneutrino
Graviton → Gravitino

(Sneutrino DM has been excluded by direct detection experiments : cZχχD~ 1)
(Gravitino DM is possible but it is not WIMP (too weak interaction).)

The Neutralino LSP DM is most successful !

How about the stability?

The lightest supersymmetric particle (LSP) can be stable !

The neutralino LSP is the lightest mixed state of Bino, Neutral Wino, Higgsino. 
The DM properties (abundance etc) depend on the compositions.

The composition depends on model parameters.



WIMP example

tuning. In this paper, we are agnostic about the possibility of fine-tunings in both electroweak
symmetry breaking and quantities relevant for DM phenomenology, such as ⌦(th)

� and �
SI,SD.

We survey the entire parameter space of thermal and non-thermal neutralino DM, regardless of
tuning. Indeed, it may be reasonable for a tuning of parameters to produce the observed ⌦ if
environmental selection plays a role in the DM abundance (although a tuning that produces a
small � would be more surprising). In addition, we see in Fig. (2) that the relic density curves
are steep for a wide range of M

1

, as is expected from the phenomenon of well-tempering. In
such a situation, where a large fraction of parameter space is highly sensitive to parameters,
perhaps one should not be surprised to end up with parameters that appear tuned. Despite
these misgivings about avoiding tuned regions, we do view it as interesting to identify regions of
parameter space especially sensitive to parameter choice. At times we will quantify the amount
of tuning in ⌦(th)

� and �
SI,SD. In order to identify DM tunings independently of a possible

electroweak tuning, we use a measure, defined in App. B, that mods out the dependence on the
direction of parameter space that changes the electroweak VEV.

4 Suppression of Dark Matter Scattering

In general, SI scattering is mediated by squarks, Z bosons, or Higgses. Since squark-mediated
scattering is model dependent—its e↵ects become negligible for su�ciently heavy squark masses—
we postpone our discussion of this scenario to Sec. 5.4. Similarly, we neglect scattering mediated
by the heavy Higgses, which decouple quickly in the limit mA � mZ . This leaves scattering
mediated by the light Higgs or Z, which may be suppressed compared to naive expectations by
two e↵ects. First, a suppression results whenever the DM is close to a pure gaugino or Higgsino,
and second, the relevant amplitude exactly vanishes at critical values of parameters, which we
call blind spots.

4.1 Suppression from Purity

The leading SI scattering is mediated by Higgs exchange, and the relevant coupling, ch��, orig-
inates, at tree-level, from gaugino Yukawa couplings of the form h†h̃b̃ and h†h̃w̃. Hence SI
scattering is suppressed if � is dominantly Higgsino or dominantly gaugino. Similarly, SD scat-
tering does not occur for pure bino or pure wino because they do not couple to the Z, and
likewise for pure Higgsino because as a Dirac fermion it carries no chiral couplings to the Z.

Recall that the neutralino mass matrix takes the form,

M� =

0

BB@

M
1

0 �1

2

g0v cos � 1

2

g0v sin �
0 M

2

1

2

gv cos � �1

2

gv sin �
�1

2

g0v cos � 1

2

gv cos � 0 �µ
1

2

g0v sin � �1

2

g0v cos � �µ 0.

1

CCA . (7)

Since we are interested in M
1

,M
2

, µ > MZ , Eq. (7) shows that gaugino-Higgsino mixing is gener-
ically small, so that some cross-section suppression is expected for a typical point in parameter
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Figure 10: Phase diagram of neutralino DM in the (M
1

,M
2

) plane, keeping µ fixed and less
than 1 TeV. The red, green, and blue regions correspond to DM that is mostly bino, wino,
or Higgsino-like. The thermal abundance, ⌦(th)

� , equals the observed abundance, ⌦
obs

, along
the brown curve, which resides at the boundary of the bino region and wino/Higgsino regions.
Within the bino-like region, the thermal abundance is too large and dilution is required; within
the wino and Higgsino regions the thermal abundance is too small and additional neutralino
production is required.

small couplings to the Higgs and Z bosons. While mixed bino/wino dark matter has been
explored in the past [11, 12, 13, 14, 15, 64], it has received substantially less attention than other
limits of neutralino dark matter. Part of the reason for this neglect is theoretical prejudice. In
particular, since thermal bino/wino dark matter originates via coannihilation, working models
typically require M

1

' M
2

, which is disfavored by gaugino unification. Moreover, as discussed
in Sec. 3, the coannihilation region is exponentially sensitive to the mass splittings in the theory.
Obviously, non-thermal or multi-component bino/wino dark matter require no such constraint
on the masses, and have greater freedom to evade bounds.

In this section we present a detailed study of non-thermal, multi-component, and thermal
bino/wino DM, focusing on present limits and future reach. Once again, we remove the physical
phases in the neutralino parameters by assuming CP conservation. In contrast with the previous
section, however, there are now two physical, relative signs in the theory. We continue to take �

25

Main component of the LSP

Pure Bino LSP : too small cross section to be WIMP

Pure Wino LSP :  WIMP cross section at Mwino ~ 3TeV

Pure Higgsino LSP :  WIMP cross section at MHiggsino ~ 1TeV

For WIMP with Mχ < TeV, we need appropriate mixing !

[’12 Cheung, Hall, Pinner, Ruderman]

→ Chχχ and CZχχ  tend to be unsuppressed. 

→ Direct detection cross sections are rather     
unsuppressed.
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On the brown lines, the dark matter abundance is consistent with observation !
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Figure 3: Contours of the tree-level cross-sections for SI (solid red) and SD (dashed blue)

scattering of bino/Higgsino DM. The brown band denotes regions with ⌦(th)

� within ±3� of ⌦
obs

.
The black dashed line is the SI blind spot, ch�� = 0, arising from the relation M

1

+µ sin 2� = 0.
The central gray region is excluded by LEP.

bino-like or Higgsino-like DM is, at present, rather poorly constrained by direct detection on
account of the relatively small mixing, and therefore small couplings to the Higgs and Z. Con-

15

[’12 Cheung, Hall, Pinner, Ruderman]

Direct detection searches give complemental information to the  
LHC searches and the indirect searches (<σv> ~ 10-9GeV-2).
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FIG. 1: Contours of fixed relic density, labelled in terms of their fraction of the full dark matter density. Dark-shaded lower
regions are ruled out because they produce more than the observed relic density of dark matter. Left : a close-up of the mass
region mS ⇠ mh/2, where annihilations are resonantly enhanced. The region ruled out by the Higgs invisible width at 2� CL is
indicated by the darker-shaded region in the upper left-hand corner. The projected 1� constraint from 300 fb�1 of luminosity
at the 14TeV LHC is shown as the lighter-shaded region, corresponding to a limit of 5% on the Higgs branching fraction to
invisible states [50]. Right : relic density contours for the full range of mS.

supplemented by the extra contribution from SS ! hh.
The perturbative tree level result for the SS ! hh cross
section is given in appendix A.

The tabulation of �
h

(m⇤

h

) in ref. [51] assumes that m⇤

h

is the true Higgs mass, associated with a self-coupling
� = (m⇤

h

)2/2v20 . Here � ⇡ 0.13 is fixed by the true Higgs
mass however, and we find that for

p
s & 300GeV, we

must revert to perturbative expressions for �
h

(
p
s), or

otherwise the Higgs 1-loop self interactions included in
the table of ref. [51] begin to overestimate the width.
Above mS = 150GeV we revert to the tree-level expres-
sions for the decay width, including all SM final states.
The expressions we use can again be found in appendix A.

To accurately determine the relic density for mS in the
vicinity of the resonance at 4m2

S ⇠ m
h

in eq. (4), it is
essential to carry out the actual thermal average [52]

h�vreli =
Z

1

4m2
S

s
p
s� 4m2

S K1(
p
s/T )�vrel

16Tm4
S K

2
2 (mS/T )

ds , (6)

where K1, K2 are modified Bessel functions of the second
kind, and to solve the Boltzmann equation for the relic
abundance [53].

The common approximation of setting the threshold
value of �vrel to the standard value of 1 pb·c fails badly
close to the resonance. This is because the integral in
eq. (6) can be dominated by the resonance at s = m2

h

even if mS is considerably below m
h

/2, possibly increas-
ing h�vreli by orders of magnitude relative to the thresh-
old value. If mS & m

h

/2, the thermal averaging pushes

h�vreli to lower values relative to the naive approxima-
tion. We compute h�vreli as a function of temperature
and solve the equation for the number density of thermal
relic WIMPs numerically,2 using both a full numerical
integration and a very accurate approximation described
in appendix B. The two methods agree to within less
than 1%.

The resulting contours of constant relic density are
shown in the plane of mS and the coupling �

hS in Fig. 1.
We display them both over the entire likely range of dark
matter mass values (45 GeV  mS  5TeV), and in the
region mS ⇠ m

h

/2 where annihilation is resonantly en-
hanced. Constraints from the Higgs invisible width are
also plotted in the low-mass region. Below m

h

/2, the
two constraints combine to rule out all but a small trian-
gle in the mS–�hS plane, including masses in the range
52.5�62.5GeV. In the region above m

h

/2, the relic den-
sity constrains the coupling as a function of mass in a
way that can be approximately fit by the dependence
log10 �hS > �3.63 + 1.04 log10(mS/GeV). We plot up to
�
hS ⇠ 8, which is at the (generous) upper limit of where

the theory can be expected to remain perturbative.

2

We henceforth refer to this as the ‘Lee-Weinberg equation’ with

reference to ref. [53], but note that it has also appeared earlier,

e.g. in ref. [54].

[e.g. ’13 Cline, Scott, Kainulainen, Wenigner]
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One of the simplest models of dark matter is that where a scalar singlet field S comprises some
or all of the dark matter, and interacts with the standard model through an |H|2S2 coupling to
the Higgs boson. We update the present limits on the model from LHC searches for invisible Higgs
decays, the thermal relic density of S, and dark matter searches via indirect and direct detection. We
point out that the currently allowed parameter space is on the verge of being significantly reduced
with the next generation of experiments. We discuss the impact of such constraints on possible
applications of scalar singlet dark matter, including a strong electroweak phase transition, and the
question of vacuum stability of the Higgs potential at high scales.

1. INTRODUCTION

Scalar singlet dark matter [1–3] is an attractive model
due to its simplicity; the essential couplings are just its
bare mass term and a cross-coupling to the standard
model (SM) Higgs field,

V = 1
2µ

2
S

S2 + 1
2�hSS

2|H|2 . (1)

After electroweak symmetry breaking, the S boson mass
receives contributions from both terms, giving

mS =
q
µ2
S

+ 1
2�hSv20 , (2)

where v0 = 246.2GeV is the Higgs VEV. Phenomenology
of this model has been studied in refs. [4–23].

The Higgs cross-term is generically expected to be
present because it is a dimension-4 operator that is not
forbidden by any symmetry. Apart from the S kinetic
term and its quartic self-coupling (which plays no ob-
servable role in phenomenology), the two terms in eq.
(1) are in fact the only renormalizable terms allowed by
general symmetry arguments. Terms cubic or linear in S
are excluded if one demands that S is absolutely stable,
and therefore a viable dark matter (DM) candidate, by
imposing the Z2 symmetry S ! �S. In this scenario S
is a classic weakly-interacting massive particle (WIMP);
although it is possible to make S a viable, metastable
DM candidate without the Z2 symmetry, here we focus
exclusively on the stable case.

⇤
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†
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‡

Electronic address: kimmo.kainulainen@jyu.fi
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The single S2|H|2 coupling is however enough to allow
for a contribution to the invisible decay of the Higgs bo-
son, scattering of S on nucleons through Higgs exchange,
and annihilation of S into SM particles, leading to in-
direct detection signatures and an allowed thermal relic
density. The scalar singlet model with Z2 symmetry is, in
essence, the simplest possible UV-complete theory con-
taining a WIMP. It is intriguing that natural values of
�
hS . 1 and mS below a few TeV1 simultaneously repro-

duce the observed DM relic density and predict a cross
section for scattering on nucleons that is not far from the
current direct detection limit.
These aspects have of course been widely studied, with

refs. [25–28] providing the most recent comprehensive
analyses. We believe it is worthwhile to update the re-
sults presented there, for several reasons.

1. Some [25, 26] were done before the mass of the
Higgs boson was measured by ATLAS and CMS,
and the dependence of the results on m

h

was shown
for only a limited number of Higgs masses.

2. With the exception of ref. [28], these recent studies
were performed prior to the release of updated di-
rect detection constraints by the XENON100 Col-
laboration [29].

3. The predicted direct detection cross section de-
pends on the Higgs-nucleon coupling. Recent re-
sults from lattice studies [30–40] and chiral pertur-
bation theory [41–47] have reduced the theoretical
uncertainty in this quantity.

1

These upper limits based on perturbativity in the �hS coupling

are more stringent than the unitarity bounds on the annihilation

cross-section [24].
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Abundance is explained by S+S→h+h annihilation !

Just add a stable scalar singlet S
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FIG. 6: Limits from direct detection on the parameter space of scalar singlet dark matter. The areas excluded by present
limits from XENON100 are delineated with solid lines and dark shading (not to be confused with the diagonal solid line and
corresponding dark shading indicating the relic density bound). Dashed, dotted and dot-dash lines indicate the areas that
will be probed by future direct detection experiments, assuming 5 times the sensitivity of XENON100 (dashes, medium-dark
shading), 20 times (dot-dash line, medium-light shading) and 100 times, corresponding to XENON 1-ton (dots, light shading).
Note that for cases where the scalar singlet is a subdominant component of dark matter, we have rescaled the direct detection
signals for its thermal relic density. Left : a close-up of the resonant annihilation region, with the area ruled out by the Higgs
invisible width at 2� CL indicated by the shaded region in the upper left-hand corner. Right : the full mass range.

di↵erential rate of detection dR/dE is proportional to
(⇢

�

/mDM)�SI, where ⇢
�

is the local DM mass density.
Thus the appropriate rescaling of the limiting value of
�SI is by the fraction frel = ⌦S/⌦DM of energy density
contributed by S to the total DM density. We assume
that there is no di↵erence in the clustering properties of
the singlet component and any other component, so that
the local energy density of S is frel ⇢�. We therefore
demand for every value of {�

hS,mS} that

�e↵ ⌘ frel �SI  �Xe , (24)

where �Xe is the 90% CL limit from XENON100. Unlike
with indirect signals, we do not perform this rescaling

if the thermal relic density exceeds the observed value.
This is because, unlike some indirect signals, the direct
detection limits depend on a mass measurement (i.e. the
local density of dark matter) that is largely independent
of cosmology, and therefore would not be upscaled even
if the relic density were extremely large.
The resulting constraints in the mS–�hS plane are

shown in Fig. 6, as well as projections for how these
limits will improve in future xenon-based experiments,
assuming that the sensitivity as a function of mass scales
relative to that of XENON100 simply by the exposure.
The contours showing improvements in the current sensi-
tivity by a factor of 5 or 20 will be relevant in the coming

Constrained by the direct detection experiments (Chχχ ~ λhs vH/ mS)

LUX ~ XENON100 x 5

[e.g. ’13 Cline, Scott, Kainulainen, Wenigner]
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One of the simplest models of dark matter is that where a scalar singlet field S comprises some
or all of the dark matter, and interacts with the standard model through an |H|2S2 coupling to
the Higgs boson. We update the present limits on the model from LHC searches for invisible Higgs
decays, the thermal relic density of S, and dark matter searches via indirect and direct detection. We
point out that the currently allowed parameter space is on the verge of being significantly reduced
with the next generation of experiments. We discuss the impact of such constraints on possible
applications of scalar singlet dark matter, including a strong electroweak phase transition, and the
question of vacuum stability of the Higgs potential at high scales.

1. INTRODUCTION

Scalar singlet dark matter [1–3] is an attractive model
due to its simplicity; the essential couplings are just its
bare mass term and a cross-coupling to the standard
model (SM) Higgs field,

V = 1
2µ

2
S

S2 + 1
2�hSS

2|H|2 . (1)

After electroweak symmetry breaking, the S boson mass
receives contributions from both terms, giving

mS =
q
µ2
S

+ 1
2�hSv20 , (2)

where v0 = 246.2GeV is the Higgs VEV. Phenomenology
of this model has been studied in refs. [4–23].

The Higgs cross-term is generically expected to be
present because it is a dimension-4 operator that is not
forbidden by any symmetry. Apart from the S kinetic
term and its quartic self-coupling (which plays no ob-
servable role in phenomenology), the two terms in eq.
(1) are in fact the only renormalizable terms allowed by
general symmetry arguments. Terms cubic or linear in S
are excluded if one demands that S is absolutely stable,
and therefore a viable dark matter (DM) candidate, by
imposing the Z2 symmetry S ! �S. In this scenario S
is a classic weakly-interacting massive particle (WIMP);
although it is possible to make S a viable, metastable
DM candidate without the Z2 symmetry, here we focus
exclusively on the stable case.
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The single S2|H|2 coupling is however enough to allow
for a contribution to the invisible decay of the Higgs bo-
son, scattering of S on nucleons through Higgs exchange,
and annihilation of S into SM particles, leading to in-
direct detection signatures and an allowed thermal relic
density. The scalar singlet model with Z2 symmetry is, in
essence, the simplest possible UV-complete theory con-
taining a WIMP. It is intriguing that natural values of
�
hS . 1 and mS below a few TeV1 simultaneously repro-

duce the observed DM relic density and predict a cross
section for scattering on nucleons that is not far from the
current direct detection limit.
These aspects have of course been widely studied, with

refs. [25–28] providing the most recent comprehensive
analyses. We believe it is worthwhile to update the re-
sults presented there, for several reasons.

1. Some [25, 26] were done before the mass of the
Higgs boson was measured by ATLAS and CMS,
and the dependence of the results on m

h

was shown
for only a limited number of Higgs masses.

2. With the exception of ref. [28], these recent studies
were performed prior to the release of updated di-
rect detection constraints by the XENON100 Col-
laboration [29].

3. The predicted direct detection cross section de-
pends on the Higgs-nucleon coupling. Recent re-
sults from lattice studies [30–40] and chiral pertur-
bation theory [41–47] have reduced the theoretical
uncertainty in this quantity.

1

These upper limits based on perturbativity in the �hS coupling

are more stringent than the unitarity bounds on the annihilation

cross-section [24].
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WIMP example
Minimal Dark Matter [’05 Cirelli, Fornengo, Strumia]

Just add 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.

12

[’12 Ibe,Mastumoto,Sato]

Decay mode :  χ± → χ0 + π± : τwino = O(10-10) sec.

mtriplet > 270GeV (8TeV&20fb-1)

[arXiv:1310.3675]

Disappearing track search at LHC
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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

WIMP example
Minimal Dark Matter [’05 Cirelli, Fornengo, Strumia]
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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].

19

Future prospect at CTA

[’16 Lefranca, Moulina, Panci, Sala, Silk]

Dwarf looks better target than the 
galactic center by taking the DM profile 
of the galactic center into account!



Hotter Dark Matter



Hotter Dark Matter

In the WIMP scenario, the DM decouples from thermal bath at T < mDM

If the DM couples to thermal bath more weakly, it can decouple at T >> mDM

→ HOT RELIC

 Neutrino (decouple at T ~ 1MeV)  Light Gravitino at TD >> m3/2

Hot Relic has a velocity  v ~ T/m at T < m .

Erases structure smaller than 

Lfs < 80 Mpc  (10eV/m )

→ HOT DARK MATTER 
      (INCONSISTENT !)

[Credit: Michael Kuhlen, Mark Vogelsberger, and Raul Angulo]



Warm dark matter

If we can dilute the dark matter appropriately, 

Lfs < 0.1 Mpc  (10keV/m )
gravitino can be warm dark matter

The “missing satellites” problem 

The Milky Way has only about 25 satellites. 
CDM  simulation predicts a very large number of subhalos.

Properties of WDM haloes 5

Figure 2. Images of our haloes at redshift z = 0. The panels show CDM-W7 (top), m2.3, m2.0, m1.6, and m1.5 (left to right, then top
to bottom). The image intensity and hue indicate the projected squared dark matter density and the density-weighted mean velocity
dispersion respectively (Springel et al. 2008a). Each panel is 1.5Mpc on a side.

c⃝ 2012 RAS, MNRAS 000, ??–21

CDM WDM(2.3keV)

[’13 Lovell, Frenk,Eke, Jenkins, Gao, Theuns]

Properties of WDM haloes 5

Figure 2. Images of our haloes at redshift z = 0. The panels show CDM-W7 (top), m2.3, m2.0, m1.6, and m1.5 (left to right, then top
to bottom). The image intensity and hue indicate the projected squared dark matter density and the density-weighted mean velocity
dispersion respectively (Springel et al. 2008a). Each panel is 1.5Mpc on a side.

c⃝ 2012 RAS, MNRAS 000, ??–21

The number of satellite galaxies 
is too small for mDM < 2.2 keV.

CDM + Baryon simulation are  
important !



Warm dark matter

If we can dilute the dark matter appropriately, 

Lfs < 0.1 Mpc  (10keV/m )
gravitino can be warm dark matter

Too Big to Fail problem

The Milky Way has only 3 satellites with VMAX  > 30km/s 

CDM  simulation predicts 10 subhalos with VMAX > 30km/s

[’14  Schneider1, Anderhalden,  Maccio, Diemand ]

WDM and small-scale inconsistencies 3

Figure 1. Circular velocities profiles of the 12 satellites with the highest V
max

at infall (green, magenta, red, and black lines). The
observed circular velocity at half-light radius of the nine classical dwarfs are added as black dots with error-bars (the LMC, SMC, and
Sagittarius are not displayed). From left to right: WDM with m

WDM

= 2, 3, 4, and CDM. The grey lines are the remaining satellites
above V

max

= 12 km/s with decreasing line width for smaller V
max

at infall.

the Lyman-↵ constraints is too cold to significantly alleviate
the too big to fail problem. During the publication process of
this work, Polisensky & Ricotti (2014) released a paper on
Milky Way satellites in WDM cosmologies with very similar
conclusions. In particular, they found that the profiles of the
largest satellites in a 4 keV WDM model are nearly identical
to their CDM counterparts.

4 HI VELOCITY FUNCTION

Another test of small-scale structure formation comes from
the HI velocity-width function measured in the local uni-
verse by recent 21 cm surveys like the Arecibo Legacy Fast
ALFA (ALFALFA) survey (Giovanelli et al 2005). The gen-
eral shape of the HI velocity-width function is characterised
by a power-law decrease followed by an exponential drop-
o↵, whereas the slope of the power-law is significantly shal-
lower than the one expected from CDM structure formation
(Trujillo-Gomez et al. 2011). This fact has motivated several
authors to consider a shift of the dark matter paradigm and
to suggest WDM as a more realistic scenario (Zavala et al.
2009; Papastergis et al. 2011). For example, Zavala et al.
(2009, hereafter Za09) used constrained simulations of the
local universe to show that a WDM model with m

WDM

= 1
keV leads to a velocity function in much better agreement
with observations2.

In the following, we revisit this finding in the light of the
new constraints of the WDM particle mass, in order to test
if a realistic WDM model with m

WDM

⇠ 4 keV still agrees
with observations. Since we are only interested in the gen-
eral shape of the HI velocity-width function, we will content

2 Recently, Obreschkow et al. (2013) pointed out that HI surveys
could be substantially incomplete due to a very broad disper-
sion of the HI mass. Using full semi-analytical modelling, they
find that the CDM prediction can be brought in agreement with
observations for W

50

> 50 km/s, which alleviates the flatness
problem of the HI velocity function.

ourselves with simplified analytical descriptions of the HI
content in galaxies, without running expensive hydrodynam-
ical simulations. The essential ingredient of our approach is
the WDM halo mass function developed in Schneider et al
(2013), which is based on the sharp-k window function and
works for cosmologies with arbitrary initial power spectra.
The functional form is given by

dn
d logM

=
⇢̄
M

f(⌫)
1

12⇡2�2(R)

P
lin

(1/R)

R3

, (1)

�(R) =

Z
dk3

(2⇡)3
P
lin

(k)⇥(1� kR), (2)

where ⇥ is the Heaviside step function and f(⌫) =

A
p

2⌫/⇡(1+⌫�p)e�⌫/2 with ⌫ = (1.686/�)2, A=0.322, and
p=0.3. The halo mass is assigned to the filter scale by the
relation M = 4⇡⇢̄(cR)3/3 with c = 2.7.

From the halo mass function, it is possible to construct
the HI velocity-width function using some simplified as-
sumptions. The procedure consists in first constructing the
maximum circular velocity function (short: velocity func-
tion) of haloes and then connecting the circular velocity to
the measured velocity-width of the HI disk.

We construct the halo velocity function in the same
way as Za09, an approach initially developed by Sigad et al.
(2000). The recipe is the following: (i) Producing a mock
sample of haloes that mimics the halo mass function for
WDM cosmologies (given by Eq. 1). (ii) Assigning an NFW-
profile to each halo with a randomly selected concentration
out of a log-normal distribution from Macciò et al (2008).
Using the fitting formula from Schneider et al. (2012) to
adopt the concentration to the WDM scenario. (iii) Calcu-
lating the maximum circular velocity (V

max

) for every mock
halo with the help of Eq. 7 in Sigad et al. (2000). (iv) Bin-
ning the haloes with respect to their value of V

max

in order
to obtain dn/d log V

max

.
The velocity function of haloes dn/d log V

max

is plotted
in the left-hand side of Fig. 2, where the blue, green, and
red lines represent WDM cosmologies with particle masses

c� 0000 RAS, MNRAS 000, 000–000

 mDM ~ 2 keV looks good 

Consistency with 
constraints from  
Lyman-α forests ? 



Warm dark matter

If we can dilute the dark matter appropriately, 

Lfs < 0.1 Mpc  (10keV/m )
gravitino can be warm dark matter

Core-Cusp Problem

Kinematical data show that the dwarf satellites seem to have cores  

CDM  simulation predicts cuspy density profile (NFW)
14 Oh et al.

Fig. 8.— The inner slope of the dark matter density profile plot-
ted against the radius of the innermost point. The inner density
slope α is measured by a least squares fit to the inner data point as
described in the small figure. The inner-slopes of the mass density
profiles of the 7 THINGS dwarf galaxies are overplotted with earlier
papers and they are consistent with previous measurements of LSB
galaxies. The pseudo-isothermal model is preferred over the NFW
model to explain the observational data. Gray symbols: open cir-
cles (de Blok et al. 2001); triangles (de Blok & Bosma 2002); open
stars (Swaters et al. 2003). See Section 6.3 for more discussions.

Using Eq. 15, we directly convert the total rotation
curves into mass density profiles. Here, we use the mini-
mum disk hypothesis (i.e., ignores baryons). As already
discussed in Section 5.1, our galaxies are mostly dark
matter-dominated and this “minimum disk” assumption
is a good approximation in describing their dynamics.
Particularly useful is the fact that it gives a hard upper
limit to the dark matter density.
In this way, we derive the mass density profiles of the

7 THINGS dwarf galaxies and present them in the Ap-
pendix. We also derive the mass density profiles using
the scaled rotation curves derived assuming minimum
disk in Fig. 6, and plot them in Fig. 7. The best fits of
the NFW and pseudo-isothermal models are also over-
plotted. Despite the scatter, the derived mass density
profiles are more consistent with the pseudo-isothermal
models as shown in Fig. 7.
To quantify the degree of concentration of the dark

matter distribution towards the galaxy center, we mea-
sure the logarithmic inner slope of the density profile.
For this measurement, we first need to determine a
break-radius where the slope changes most rapidly. The
inner density slope is then measured by performing a
least squares fit to the data points within the break-
radius. For the uncertainty, we re-measure the slope
twice, including the first data point outside the break-
radius and excluding the data point at the break radius.
The mean difference between these two slopes is adopted
as the slope uncertainty ∆α. The measured slope α
and slope uncertainty ∆α of the galaxies are shown in
the Appendix. In addition, we overplot the mass den-
sity profiles of NFW and pseudo-isothermal halo mod-

els which are best fitted to the rotation curves of the
galaxies. From this, we find that the mean value of the
inner density slopes for the galaxies is α=−0.29 ± 0.07
(and −0.27 ± 0.07 without Ho I which has a low incli-
nation. See Section 3.4 for details). These rather flat
slopes are in very good agreement with the value of
α = −0.2±0.2 found in the earlier work of de Blok et al.
(2001; see also de Blok & Bosma 2002) for a larger num-
ber of LSB galaxies. They are, however, in contrast with
the steep slope of ∼−0.8 predicted by ΛCDM simulations
(e.g., Stadel et al. 2009; Navarro et al. 2010) as well as
those by the classical simulations (e.g., Navarro, Frenk &
White 1996, 1997). This implies that the sample galaxies
show slightly increasing or even constant density profiles
towards their centers.
We also examine how the mass model differs when it

is based on the hermite h3 rotation curve instead of the
bulk one. For this, we use IC 2574 which shows strong
non-circular motions close to the center. As shown in the
“Mass density profile” panel of Fig. A.3, the mass den-
sity profile derived using the hermite h3 rotation curve
is found to be slightly lower than that from the bulk ro-
tation curve at the central regions. This is mainly due
to the lower hermite h3 rotation velocity, resulting in
smaller velocity gradients ∂V /∂R in Eq. 15 and thus
smaller densities. The measured inner density slope is
α=0.00± 0.19 which is similar, within the error, to that
(α=0.13± 0.07) based on the bulk rotation curve. This
supports earlier studies that suggest that the effect of
systematic non-circular motions in dwarf galaxies is not
enough to hide the central cusps (e.g., Gentile et al. 2004;
Trachternach et al. 2008; van Eymeren et al. 2009).
In Fig. 8, we plot the logarithmic inner density slope

α against resolution of a rotation curve. At high resolu-
tions (Rin < 1 kpc) the slopes of the NFW and pseudo-
isothermal halo models can be clearly distinguished but
at low resolutions (Rin ∼1 kpc) the slopes of the two
models are approximately equal (de Blok et al. 2001).
Because of their proximity (∼4 Mpc) and their highly-
resolved rotation curves, the innermost radius of the ro-
tation curves that can be probed for our galaxies is about
0.1-0.2 kpc. We also overplot the theoretical α−Rin rela-
tions of NFW and pseudo-isothermal halo models as solid
and dotted lines, respectively. The highly-resolved rota-
tion curves of our galaxies (i.e., Rin ∼0.2 kpc) deviate
significantly from the prediction of NFW CDM models.
In particular, around Rin ∼0.1 kpc where the predictions
of the two halo models are clearly distinct, the α − Rin
trend of our galaxies is more consistent with those of
pseudo-isothermal halo models.

7. CONCLUSIONS

In this paper we have presented high-resolution mass
models of the 7 dwarf galaxies, IC 2574, NGC 2366,
Ho I, Ho II, DDO 53, DDO 154 and M81dwB from the
THINGS survey, and examined their dark matter distri-
bution by comparison with classical ΛCDM simulations.
The THINGS high-resolution data significantly reduce
observational systematic effects, such as beam smear-
ing, center offset and non-circular motions. When deriv-
ing the rotation curves, we used various types of veloc-
ity fields, such as intensity-weighted mean, peak, single
Gaussian, hermite h3 and bulk velocity fields, and com-
pared the results. In particular the bulk velocity field

ρ ~ rα

[’11 Oh, de Blok1 , Brinks, Walter,  Kennicutt]

Warm Dark Matter cannot solve this 
problem… 

CDM + Baryon simulation are important !

[’13 Lovell, Frenk,Eke, Jenkins, Gao, Theuns]



Self Interacting Dark Matter



Self interacting dark matter

DM with strong (but short-range) interaction with σ/m ~ 10-24 cm2 / GeV
→ Self-interacting dark matter 

Model often involves new strong dynamics (like QCD) at  
O(100)MeV - O(1)GeV → rich phenomenology !

[’14 Elbert, Bullock, Garrison-Kimmel, Rocha, Onorbe, Pter]

Core Formation in Dwarf Halos with Self Interacting Dark Matter: No Fine-Tuning Necessary 3

Figure 1. Dark matter density of Pippin in CDM (left) and SIDM with �/m increasing from left to right: 0.5, 5, and 50 cm2 g�1. Boxes on the top span
100 kpc (R

v

= 55kpc) and the bottom panel zooms in to span a central 10 kpc box (with modified color bar). Notice that the global properties of the halos
on the scale of the virial radius, including the number and locations of subhalos, are nearly identical across all runs. The only difference is that the inner core
regions become less dense and somewhat puffed out in the SIDM cases. Note that the 50 cm2 g�1 simulation is somewhat denser in the inner core than the
5 cm2 g�1 case; it is undergoing mild core collapse.

Name M
v

R
v

V
max

N
p

(R
v

) �/m
(1010M�) (kpc) (km s�1) (106) (cm2 g�1)

Pippin 0.9 55 37 4.1 0, 0.1, 0.5,
5, 10, 50

Merry 1.2 59 38 5.4 0, 0.5, 1, 10

Table 1. Summary of simulated halos. The first four columns list identifying
names and virial-scale properties (virial mass, virial radius, and maximum
circular velocity). The fifth column gives number of particles within the
virial radius for the high-resolution runs and the last column summarizes
the cross sections each halo was simulated with. The virial-scale properties
of the halos listed are for the CDM cases (�/m = 0) but each of these
values remains unchanged (within ⇠ 5%) for all SIDM runs. M

v

and R
v

are calculated using the Bryan & Norman (1998) definition of ⇢
V

.

the six-dimensional phase-space halo finder ROCKSTAR (Behroozi
et al., 2013).

We chose two halos for our primary simulations using par-
ent cosmological volumes of 7 Mpc on a side. Initial conditions
were generated with MUSIC (Hahn & Abel, 2011) at z = 125
using cosmological parameters derived from the Wilkinson Mi-
crowave Anisotropy Probe-7 year data (Komatsu et al., 2011):
h = 0.71, ⌦m = 0.266, ⌦

⇤

= 0.734, ns = 0.963, and
�
8

= 0.801. Their global properties are given in Table 1. We re-
fer to the slightly smaller of the two dwarfs (V

max

= 37 km s�1)
as Pippin and the larger (V

max

= 38 km s�1) as Merry. Our high
resolution runs, which we analyze throughout, have particle mass
m

p

= 1.5 ⇥ 103 M� and a Plummer equivalent force softening
✏ = 28 pc. We have also checked that various basic parameters
of our target halos (spins, concentrations and formation times) are
within one standard deviation of what is expected for dwarf halos

based on a larger simulation box of 35 Mpc on a side (described in
Oñorbe et al., 2014).

In addition to �/m = 0 (collisionless CDM) runs, we sim-
ulate both halos with �/m = 0.5, 1, 10 cm2 g�1. Additionally
we have simulated Pippin with �/m = 0.1, 5, 50 cm2 g�1. In
all SIDM simulations, the dark matter self-interactions were calcu-
lated using an SIDM smoothing length equal to 0.25✏, as described
in Rocha et al. (2013).

Figure 1 shows visualizations of Pippin at high resolution, col-
ored by the local dark matter density, with collisionless CDM on
the far left and SIDM runs of increasing cross section to the right.
The upper panels visualize a box 100 kpc across (⇠ 2R

v

) and the
lower panels zoom in on the central 10 kpc of the halos, using a
color bar that has been rescaled to emphasize the highest densi-
ties. As these visualizations emphasize, bulk halo properties on the
scale of R

v

are virtually identical in CDM and SIDM; even the lo-
cations of subhalos remain unchanged. The fact that substructure
remains very similar in both SIDM and CDM is consistent with the
findings of Vogelsberger & Zavala (2013) and Rocha et al. (2013);
here, however, we examine mass scales well below those resolved
in any previous SIDM study, resolving substructure as small as
V
max

= 1 km s�1. The main differences are apparent in the core
regions (lower panels), where the SIDM runs are systematically
less dense than CDM. Note that the 50 cm2 g�1 run is actually
denser in its core than the 5 cm2 g�1 run. As discussed below, this
is a result of core collapse.

2.1 Resolution Tests

We have designed our high-resolution simulations explicitly to re-
cover the density structure at the ⇠ 300 pc half-light radius scale
of low-mass dwarfs based on the work of Power et al. (2003) for
CDM simulations. Power et al. (2003) showed that the differential

c� 2014 RAS, MNRAS 000, 1–9

[e.g. ’14 Boddy, Feng, Kaplinghat, Tait,  
’14 Hochberg, Kuflik, Murayama, Volansky Wacker ]

Core-Cusp problem can be solved for  σ/m ~ 10-24 cm2 / GeV !

in unit of cm2/g = 1.8 x10-24cm2/GeV



Self interacting dark matter

Dark matter behavior in Abel 3827

Dark matter in galaxy cluster Abell 3827 3
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Figure 1. Hubble Space Telescope image of galaxy cluster Abell 3827, showing the F160W (red), F606W (green) and F336W (blue)
bands. The colour scale is logarithmic. Labels show the four bright (plus one faint) central galaxies, foreground stars and background
lensed galaxies. An object previously referred to as N.5 is actually a star. All these identifications are confirmed spectroscopically.

calacs v2012.2 (Smith et al. 2012) and calwf3 v2.7 (Sabbi
et al. 2009). We stacked individual exposures using drizzle
(Fruchter & Hook 2002) with a Gaussian convolution kernel
and parameter pixfrac=0.8, then aligned the di↵erent ob-
servations into the common coordinate system of the F814W
data using tweakback. Figure 1 shows a multicolour image
of the cluster core.

2.2 VLT spectroscopy

We first obtained spectroscopy across the cluster core using
the VLT/VIMOS integrated field unit (IFU; Le Fèvre et al.

2003, 2013), programme 093.A-0237. Total exposure times
were 6 hours in the HR-blue filter (spanning a wavelength
range 370–535 nm with spectral resolution �/��=200) dur-
ing July 2014 and 5 hours in the MR-orange filter (490–
1015 nm, with �/��=1100) during August 2014. All obser-
vations were obtained in photometric conditions and < 0.006
seeing, using the 2700⇥2700 field of view; in this configuration,
each pixel is 0.0066 on a side.

Since the cluster core is high surface brightness across
the entire VIMOS field of view, we interspersed every three
exposures on target with one o↵set by ⇠ 20 to record (and
subtract) the sky background. The three on-source expo-

c� 2014 RAS, MNRAS 000, 1–15

Four galaxies have dark matter offset from the visible galaxies.

 [15 Massey et.al. ]

Dark matter implying lag due to friction with σ/m ~ 1.5cm2/g.

[’15 Kahlhoefer, Schmidt-Hoberg, Kummer, Sarkar]

Evidence of Self-interacting Dark Matter ??



Axion



Strong CP problem

Experimentally,  QCD is known to preserve CP symmetry very well.

Hadron spectrum respects CP symmetry very well.

CP violating transitions in the SM are caused by CP violation in the 
weak interaction (i.e. by the CKM phase).

Picture from : https://en.wikipedia.org/wiki/Kaon 



This feature is not automatically guaranteed in QCD .

QCD has its own CP-violating parameter : θ

θ - term violates the P and CP symmetries

The θ - term is highly constrained experimentally!

[ ’79 Crewther ] 

n n

γ
π

dn/e ~ 10-15 θ

dn/e < 2.9 x 10-26  @ 90%CL 
[hep-ex/0602020]

→ θ < 10-11

Why so small ?

Null observation of the neutron EDM :

 =  Strong CP Problem 

Strong CP problem



Axion Solution [’77 Peccei-Quinn, ’78 Weinberg, ‘78 Wilczek ]

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

(cf. π0  ,  η’ in QCD have similar coupling)

( fa : free parameter )

In terms of the axion, the PQ mechanism can be interpreted as a 
dynamical tuning of the θ angle.

a
θeff = 0

QCD strong dynamics leads to “potential of the axion”

Strong CP problem can be  solved !



fa is constrained by meson decay into axion.

Br( K± → π ± + a (invisible) )  
           = O( fπ2 / fa2 )  x Br( K± → π ± + π0)  
             < 5 x 10-11   [E787 hep-ex/0403034 ]

fa > O(1)TeV

K± 

π ±

π0
a

x

Axion mass

fπ = 93MeV, mπ = 135MeV

Axion Solution

fa > O(1)TeV → axion mass <  O(10)keV

Astrophysical constraints (such as SN cooling)  become important 

current lower limit : fa > 109 GeV 



V(a)

Axion Dark Matter = Coherent oscillation of axion field

x

y

a(x,y,z,t)

0

spacial fluctuation  
→ axion momentum

x

y

a(x,y,z,t)

0

coherent oscillation  
→ axion energy with v = 0  

a 0
time variation 
→ axion energy

ρa = ma2 | a0 |2

Axion energy density is given by the amplitude of the oscillation !



a 0

V(a)

T > ΛQCD

Axion starts oscillation when T < ΛQCD  = O(100)MeV.

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 explained for 

fa ~ 1012 GeV 

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

(ma ~ 10 μeV )

Axion Dark Matter = Coherent oscillation of axion field



Axion Dark Matter Search (ADMX)

ADMX “Gen 2”: Science Prospects 

Patras/CERN 30Jun14  LJR      
30 

Use axion-photon coupling

Some experimental details of the RF-cavity technique 

The search speed is 
quadratic in 1/Ts 

RF-cavity experiments obey the Radiometer Equation 
Patras/CERN 30Jun14  LJR      
11 

Large portion of parameter space will be tested in near future !



Primordial Black Hole



The density fluctuations of  δ = (ρ - ρaverage)/ρaverage  = O(1) collapse.

δ  = O(1)

Collapsed objects

Primordial Black Hole

If δ = O(1) for the fluctuation with a spacial size ~ H-1

δ  = O(1)

H-1

Collapsed objects : Mass ~ 4π/3 ρ H-3

Schwarzschild Radius of  : G Mass ~ H-1 > Object Size  !

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



At large scales, the fluctuations are

Primordial Black Hole

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

at H-1 ~ CMB, galaxy cluster sizes…

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

We prepare large fluctuation at very small structure scale !

k = 2π/L 

initial condition of δ

GalacticCosmic
≈

10-4

Inflation

V Cosmic
Galactic

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

PBH

PBH



Primordial Black Hole

MBH ~ 4π/3 ρ H-3
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FIG. 3: Constraints on f(M) for a variety of evaporation (magenta), dynamical (red), lensing (cyan), large-scale structure
(green) and accretion (orange) e↵ects associated with PBHs. The e↵ects are extragalactic �-rays from evaporation (EG) [11],
femtolensing of �-ray bursts (F) [187], white-dwarf explosions (WD) [188], neutron-star capture (NS) [36], Kepler microlensing
of stars (K) [189], MACHO/EROS/OGLE microlensing of stars (ML) [27] and quasar microlensing (broken line) (ML) [191],
survival of a star cluster in Eridanus II (E) [190], wide-binary disruption (WB) [37], dynamical friction on halo objects (DF) [33],
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M
min

dM
dn

dM

dN�

dE
(m,E) , (30)

where Mmin and Mmax specify the mass limits. For a monochromatic mass function, this gives

E(E) / f(M)⇥
(
E3 M2 (E < M�1) ,

E2 M e�EM (E > M�1) ,
(31)

and the associated intensity is

I(E) ⌘ cE E(E)

4⇡
/ f(M)⇥

(
E4 M2 (E < M�1) ,

E3 M e�EM (E > M�1) ,
(32)
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M
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◆3+✏

(M > M⇤ = 5⇥ 1014g) . (33)
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Abundance
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2δ̄2(M∗)
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−
1

18δ̄2(M∗)
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where δ̄(M∗) is the mass variance at horizon crossing. Assuming that only black holes with

mass M∗ are formed (this assumption is justified later), the density of the black holes ρBH

is given by

ρBH

s
≃

3

4
β∗T∗, (40)

where s is the entropy density. Since ρBH/s is constant at T < T∗, we can write the density

parameter ΩBH of the black holes in the present universe as

ΩBHh2 ≃ 5.6 × 107β∗, (41)

where we have used the present entropy density 2.9× 103cm−3 and h is the present Hubble

constant in units of 100km/sec/Mpc. Requiring that the black holes (=MACHOs) are dark

matter of the universe, i.e. ΩBHh2 ∼ 0.25, we obtain β∗ ∼ 5 × 10−9 which leads to

δ̄(M∗) ≃ 0.06. (42)

This mass variance suggests that the amplitude of the density fluctuations at the mass scale

M∗ are given by

δρ

ρ
≃ 2Φ ≃ 0.01, (43)

where Φ is the gauge-invariant fluctuations of the gravitational potential [9]. We will show

later that such large density fluctuations are naturally produced during the new inflation.

Since only fluctuations produced during the new inflation have amplitudes large enough

to form the primordial black holes, the maximum mass of the black holes is determined by the

fluctuations with wavelength equal to the horizon at the beginning of the new inflation. We

require that the maximum mass is ∼ 1M⊙. On the other hand, the formation of black holes

with smaller masses is suppressed since the spectrum of the density fluctuations predicted

by the new inflation is tilted (see eq.(19)): the amplitude of the fluctuations with smaller
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→ δ(M) ~ 0.05
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We have lots of candidates…

Theorists keep building new DM models until the DM is discovered. 

Please Find Dark Matter !!!
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WIMP example

• Suppression from purity.

χ-χ-Higgs interactions originate from 

tuning. In this paper, we are agnostic about the possibility of fine-tunings in both electroweak
symmetry breaking and quantities relevant for DM phenomenology, such as ⌦(th)

� and �
SI,SD.

We survey the entire parameter space of thermal and non-thermal neutralino DM, regardless of
tuning. Indeed, it may be reasonable for a tuning of parameters to produce the observed ⌦ if
environmental selection plays a role in the DM abundance (although a tuning that produces a
small � would be more surprising). In addition, we see in Fig. (2) that the relic density curves
are steep for a wide range of M

1

, as is expected from the phenomenon of well-tempering. In
such a situation, where a large fraction of parameter space is highly sensitive to parameters,
perhaps one should not be surprised to end up with parameters that appear tuned. Despite
these misgivings about avoiding tuned regions, we do view it as interesting to identify regions of
parameter space especially sensitive to parameter choice. At times we will quantify the amount
of tuning in ⌦(th)

� and �
SI,SD. In order to identify DM tunings independently of a possible

electroweak tuning, we use a measure, defined in App. B, that mods out the dependence on the
direction of parameter space that changes the electroweak VEV.

4 Suppression of Dark Matter Scattering

In general, SI scattering is mediated by squarks, Z bosons, or Higgses. Since squark-mediated
scattering is model dependent—its e↵ects become negligible for su�ciently heavy squark masses—
we postpone our discussion of this scenario to Sec. 5.4. Similarly, we neglect scattering mediated
by the heavy Higgses, which decouple quickly in the limit mA � mZ . This leaves scattering
mediated by the light Higgs or Z, which may be suppressed compared to naive expectations by
two e↵ects. First, a suppression results whenever the DM is close to a pure gaugino or Higgsino,
and second, the relevant amplitude exactly vanishes at critical values of parameters, which we
call blind spots.

4.1 Suppression from Purity

The leading SI scattering is mediated by Higgs exchange, and the relevant coupling, ch��, orig-
inates, at tree-level, from gaugino Yukawa couplings of the form h†h̃b̃ and h†h̃w̃. Hence SI
scattering is suppressed if � is dominantly Higgsino or dominantly gaugino. Similarly, SD scat-
tering does not occur for pure bino or pure wino because they do not couple to the Z, and
likewise for pure Higgsino because as a Dirac fermion it carries no chiral couplings to the Z.

Recall that the neutralino mass matrix takes the form,

M� =

0

BB@

M
1

0 �1

2

g0v cos � 1

2

g0v sin �
0 M

2

1

2

gv cos � �1

2

gv sin �
�1

2

g0v cos � 1

2

gv cos � 0 �µ
1

2

g0v sin � �1

2

g0v cos � �µ 0.

1

CCA . (7)

Since we are interested in M
1

,M
2

, µ > MZ , Eq. (7) shows that gaugino-Higgsino mixing is gener-
ically small, so that some cross-section suppression is expected for a typical point in parameter
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→ SI cross sections are suppressed for pure Higgsino/Gaugino neutralino. 

χ-χ-Z boson interactions originate from 

→ SD cross sections are also suppressed for pure Higgsino/Gaugino neutralino. 

¯̃H1γ5γµZµH̃2 + h.c.

space. However, if the two lightest states are nearly degenerate the mixing between them, ✓,
can be appreciable, giving ch��, cZ�� / ✓ with [15] ,

✓ =
(sin � ± cos �) sin ✓Wp

2

✓
MZ

�M

◆
, (8)

for gaugino/Higgsino DM and

✓ =
sin 2� sin 2✓W

2

✓
M2

Z

µ(M
2

�M
1

)

◆
, (9)

for bino/wino DM. Both results are valid for a mass splitting �M > MZ ; ✓W is the weak mixing
angle and the signs in Eq. (8) refer to the cases µ ' ±Mi.

For successful thermal freeze-out with ⌦(th)

� = ⌦
obs

some degree of degeneracy is required,
as seen in Fig. (2), so that SI and SD scattering may not be suppressed. However, significant
suppression is expected for typical parameters in the cases of non-thermal or multi-component
DM.

So far we have been considering tree-level scattering, which vanishes for pure gaugino or
Higgsino. But scattering between a pure Higgsino or wino and nuclei is generated by loop
diagrams, for example 1-loop box diagrams with the exchange of two gauge bosons. Naively the
1-loop scattering has a SI cross-section of � ⇠ 10�(47�46) cm2, which could be probed by the next
generation of direct detection experiments. However, an accidental cancellation [43, 44] among
various 1 and 2 loop diagrams leads, for pure Higgsino or wino, to cross-sections too small to
probe at XENON1T, � < 10�47 cm2.

4.2 Suppression from Blind Spots

To obtain a formally vanishing tree-level cross-section through purity, the gauginos or Higgsinos
must be completely decoupled, M

1,2 or µ ! 1. We now consider a di↵erent possibility: special
choices of parameters where the tree-level cross-section vanishes identically. At these blind spots,
the gaugino and Higgsino masses are finite and the mixing is non-zero.

Throughout our analysis, we assume that M
1

, M
2

, and µ are real parameters, but carry
arbitrary signs. However, only two of the three apparent signs are physical, as is clear from the
field redefinition

b̃ ! ib̃ (10)

w̃ ! iw̃ (11)

h̃u,d ! �ih̃u,d, (12)

which is equivalent to simultaneously sending the all the mass parameters M
1

, M
2

, and µ to
minus themselves. In many of our results, we will eliminate the unphysical, overall sign by fixing
the sign of a single theory parameter to be positive.

Let us denote the mass eigenvalues of M� by m�i(v), where i = 1, 2, 3, 4 and m�1 ⌘ m� is
the DM mass. Here we have emphasized the explicit v dependence in the masses. The coupling
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(H̃1,2 = (H̃0(Majorana)
u ± H̃0(Majorana)

d )/
√

2)


