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Theory Frameworks to be Discussed:

The Minimal WIMP

Hidden Dark Sectors



Basic Assumptions

Annihilations set thermal abundance today

Interacts weakly with Standard Model

Single particle that does not interact with itself

2→2 annihilations primarily in s-wave

WIMPs provide a lamppost to guide searches for dark matter

The Minimal WIMP



Weakly interacting particle with mass ~100 GeV to 1 TeV  
gives observed density today
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The Minimal WIMP



How to Search for WIMPs

Gravitational Interactions Annihilations

Scattering Production

More Model-Independent Tests

More Model-Dependent Tests
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particle must be cosmologically stable production of associated states  
sometimes more promising
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required to set thermal abundanceplethora of small-scale structure
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Tests of Small-Scale Structure
10 M. Vogelsberger et al.

Figure 6. DM density projections of the zoom MW-like halo simulations for four different DM models. The suppression of substructure, relative to the CDM
model, is evident for the ETHOS models ETHOS-1 to ETHOS-3, which have a primordial power spectrum suppressed at small scales. The projection has a
side length and depth of 500 kpc.

times, where the density is high enough to cause at least some par-
ticle collisions during a Hubble time. We can try to quantify this
already at the resolution level that our parent simulation allows. To
do this, we measure the central or core density for all resolved main
haloes in the uniform box simulations, similar to the analysis pre-
sented in Buckley et al. (2014). The mass resolution of our uniform
box is slightly better than that of Buckley et al. (2014), and we
probe at the same time a volume which is about 3.8 times larger.
We can therefore sample a larger range of halo masses and with bet-
ter statistics. We define the central (core) density within three times
the softening length (8.7 kpc). The upper panel of Fig. 4 shows
the actual core density, while the lower panel shows the ratio with
respect to the CDM case. We take the median value of the distri-

bution within each mass bin. The plot shows the familiar scale of
density with mass at a fixed radius, with core densities that vary
from ⇠ 106 h2M�kpc

�3 for halo masses around ⇠ 1010 h�1 M�
to ⇠ 108 h2M�kpc

�3 for halo masses around ⇠ 1014 h�1 M�.
Models ETHOS-1 (red) and ETHOS-2 (blue) have a significantly
reduced core density compared to the CDM case for low mass
haloes. We note that the effect is strongest in the former than in
the latter, which points to the primordial power spectrum suppres-
sion as the main culprit since the cross section is lower for model
ETHOS-1 than for model ETHOS-2. Low-mass haloes in ETHOS-
1 are therefore less dense than in CDM, mainly because they form
later (analogous to the WDM case). Interestingly, ETHOS-3 shows
a different behaviour. Here the core density is most reduced for

MNRAS 000, 1–18 (2015)

Vogelsberger et al. (2016)

host halo

Low-mass dark matter halos that do 
not contain galaxies

CDM predicts an abundance down 
to Earth-scale masses (~10-6 M☉)

Mass distribution depends on 
fundamental properties of dark matter

Dark Matter Subhalos

(DM-only)
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Figure 11. The errorbars indicate the 95% confidence limits on the projected
differential number density of subhalos around SDP.81, derived using the
non-detection regions shown in Figure 10 and the detection of the 109 M�
subhalo. For comparison, the shaded band shows the 90% confidence region
from Dalal & Kochanek (2002).

Figure 12. Limits on the normalization (A) and slope (⌘) of the mass func-
tion dn/d logM = A(M/Mpivot)-⌘ , using the bounds in Figure 11. Here we
use Mpivot = 109

M�. The grey contours show constraints derived using Equa-
tion (26), while the red contours show how the constraints change if we ne-
glect the marginally detected subhalo with M ⇡ 108

M�. The top panel shows
the probability at ⌘ = 0.9. The red and black curves simply show a slice of
the probability of the lower panel at ⌘ = 0.9. For comparison, the histograms
show the distribution of A using assumptions based on ⇤CDM simulations
assuming two different values of csubs/chost, which are intended to be repre-
sentative. These values assume ⌘ = 0.9 and a distribution of host halo masses
and concentrations given by abundance matching. See Section 6 for details.

use the same set of high-resolution zoom-in simulations de-
scribed in Mao et al. (2015) with the addition of a very high-
resolution cosmological box, (40963 particles in a 400 Mpc/h

box, ds14_i) from the Dark Sky Simulations (Skillman
et al. 2014)14. This calibration is done by first assuming a
constant log–log slope (⌘), then finding the best-fit M0 for
each host halo in the simulations, and finally for all host ha-
los, finding the best-fit values of (↵,�,�) in

M0 = ↵M
�
hostc

�
host. (28)

With this model, we can then predict the subhalo mass func-
tion given the host halo mass and concentration and the log–
log slope.

The subhalo abundance predicted in the procedure de-
scribed above is for all subhalos within the virial radius of the
host halo. To convert our prediction to the relevant quantity
probed by strong lensing measurements, we need to assume
a spatial distribution for the subhalos. Here we make three
simplifying assumptions: (1) the subhalo spatial distribution
is independent from the subhalo mass function (i.e., subhalos
of different mass halos have the same spatial distribution); (2)
the angular distribution of subhalos is isotropic (see, however,
Nierenberg et al. 2011); and (3) the radial distribution of sub-
halos within their host halos follows an NFW profile with a
characteristic concentration csubs. In other words, we assume
the subhalo abundance factorizes into a mass dependence and
radial dependence, n(M,r) = n(M) f (r), where the radial de-
pendence f (r) is an NFW profile of concentration csubs.

To predict the projected abundance of substructure, our
model requires a prescription for the concentration of the
subhalo distribution, csubs. In ⇤CDM simulations, gener-
ally the radial distribution of subhalos is less centrally con-
centrated than the dark matter distribution of the host halo
(i.e., csubs/chost < 1) (e.g., Nagai & Kravtsov 2005; Gao et al.
2012), and at small radii the subhalo distribution may become
shallower than an NFW profile (e.g., Xu et al. 2015a). Ob-
servational results for real galaxies are less clear: some are
consistent with csubs/chost ' 1 (e.g., Guo et al. 2012; Yniguez
et al. 2014), while others imply that galaxies are less concen-
trated (e.g., Hansen et al. 2005) than the total mass distribu-
tion in their hosts. Also note that our assumption of spher-
ical symmetry might lead us to underestimate the average
substructure abundance around lenses, since strong lenses are
preferentially viewed along the major axis of their host halos
(Rozo et al. 2007; Hennawi et al. 2007).

Given the uncertainty in predictions for csubs, we treat it as
a free parameter, along with other parameters describing the
lens halo: the host halo mass and concentration (Mhost, chost),
and the log–log slope (⌘) of the subhalo mass function. Us-
ing these model ingredients, we can predict dn/d logM pro-
jected at the Einstein radius. The histograms in the top panel
of Figure 12 show an example, the distribution of A, i.e.,
dn/d logM at M = 109

M� computed with this model. For
this figure, we assume the mass function slope is ⌘ = 0.9, and
we show two possible values for the subhalo concentration,
csubs/chost = 0.2 and 1.0, which should span the range of un-
certainty described above. For the other two parameters, we
marginalize over possible values of the host halo mass and
concentration using the following prior. We first assign galaxy
luminosity to dark matter halos and subhalos with the abun-
dance matching technique (e.g., Conroy et al. 2006; Reddick
et al. 2013), and find the joint distribution of mass and con-

14 http://darksky.slac.stanford.edu
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Hezaveh et al. (2016)

Current constraints on subhalo mass function  
ALMA Science Verification Data
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18 Proposed strong lensing analyses over 

next decade will probe the CDM regime

CDM Expectation

Tests of Small-Scale Structure



Dark matter subhalos in the Milky Way halo can perturb stellar streams

In some cases a subhalo can actually break the stream by flying through it

e.g., Ngan and Carlberg (2014); Erkal et al. (2016) 

subhalo

Tests of Small-Scale Structure



LSST will have sensitivity to subhalo masses down to ~106 M☉, 
testing models beyond CDM with stream breaks

stream surface brightness
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LSST Dark Matter Working Group [1902.01055]

Tests of Small-Scale Structure
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Cartoon Overview of Approach

Needs improved 
experimental sensitivity!

Dark matter mass
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WIMP Annihilation
Annihilations to final states with 

GeV energies

DM

DM SM

SM

Annihilations to final states with 
TeV energies

DM

DM SM

SM

Over-predict relic abundance
Griest and Kamionkowski (1990)
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GeV Annihilation Constraints
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FIG. 3: Fermi-LAT limits at 95% C.L. for DM annihilation
100% to individual channels: electrons (blue), muons (pur-
ple), taus (red), b-quarks (gray), gluons (green), and light
quarks q = u, d, s, c (magenta). Thermal relic cross section is
the black dashed line [4].

where Ji is the J-factor for dwarf i. Following Ref. [62],
we treat the energy bins as independent, and obtain the
full likelihood Li (µ|Di), which is a function of the model
parameters µ and data Di, by multiplying the likelihoods
for each for the 41 dwarfs together. The uncertainty in
the J-factor is included as a nuisance parameter on the
global likelihood, modifying the likelihood,

L̃i (µ, Ji|Di) = Li (µ|Di) (7)

⇥
1

ln(10)Ji
p
2⇡�i

e
�(log10(Ji)�log10(Ji))

2
/2�2

i

as per the profile likelihood method [82]. For log10(Ji)
and �i, we use the values provided in [63] for a Navarro-
Frenk-White profile [83]. The likelihood is maximized to
produce an upper limit on the annihilation cross section
at 95% C.L.

Figure 3 shows our limits for the 100% branching frac-
tion scenario. For the channels for which results are
shown in Ref. [63], our results are comparable. Fermi
gamma-ray line searches prohibit a large branching into
gamma rays [84, 85]. Note that for TeV DM masses,
limits from Imaging Atmospheric Cherenkov Telescopes
(IACT) such as the High Energy Stereoscopic System
(H.E.S.S.) are stronger [86–89], but do not probe the
thermal relic cross section. H.E.S.S. gamma-ray line
searches take over where Fermi loses gamma-ray line sen-
sitivity, and prohibits a large branching into gamma rays.

FIG. 4: Conservative AMS limits at 95% C.L. for DM anni-
hilation 100% to individual channels: electrons (blue), muons
(purple), taus (red), b-quarks (gray), gamma rays (orange),
light quarks q = u, d, s, c (magenta), and gluons (green).
Thermal relic cross section is the black dashed line [4].

VI. AMS-02 POSITRON FLUX LIMITS

AMS measurements of electron and positron fluxes and
fractions [64, 65] provide the strongest constraints for
electron and muon final states. We use the positron flux
data to set a limit on DM annihilation to all final states.
As we aim to set a robust exclusion on the WIMP anni-
hilation cross section, and cosmic-ray propagation is not
precisely understood, we must take conservative param-
eter values at every step.

A. Cosmic-Ray Propagation

To propagate our positron spectra generated with
Pythia, we use the cosmic-ray propagation program
Dragon [90, 91].
The evolution of the number density Ni of injected

electrons and positrons is given by the di↵usion equation,

@Ni

@t
= ~r ·

⇣
D~r

⌘
Ni +

@

@p
(ṗ)Ni +Qi(p, r, z)

+
X

j>i

�ngas(r, z)�jiNj � �ngas�
in
i (Ek)Ni , (8)

where the convection and di↵usion in momentum space
have been set to zero, as it does not largely a↵ect the
spectrum in the energy region of interest [92]. In Eq. (8),
D is the spatial di↵usion coe�cient, parametrized as

D(⇢, r, z) = D0e
|z|/zt

✓
⇢

⇢0

◆�

, (9)
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FIG. 1: Planck CMB limits at 95% C.L. for DM annihilation
100% to individual channels: electrons (blue), muons (pur-
ple), taus (red), gluons (green), gamma rays (orange). Light
quarks and b-quarks overlap with the gluon line, so are not
shown for clarity. Thermal relic cross section is the black
dashed line [4].

IV. PLANCK CMB LIMITS

Anisotropies of the CMB provide powerful insight into
physical processes present during the cosmic dark ages.
Any injection of ionizing particles, including those from
DM annihilation, modifies the ionization history of hy-
drogen and helium gas, perturbing CMB anisotropies.
Measurements of these anisotropies therefore provide ro-
bust constraints on production of ionizing particles from
DM annihilation products. The most sensitive measure-
ments to date are by Planck [56], superseding earlier mea-
surements by WMAP [79].

A. Energy Injection from Annihilating DM

The power deposited by DM annihilation, controlled
by the parameter

pann = fe↵
h�vi

m�
, (2)

determines the strength of the CMB limit. Here h�vi is
the thermally averaged DM annihilation cross section and
m� is the DM mass. We calculate the weighted e�ciency
factor fe↵ by integrating our electron/positron and pho-

ton energy spectra from Pythia over the fe±,�
e↵

(E) curves

FIG. 2: Fraction of energy from primary DM annihilation
states into EM interacting products (electrons + positrons
+ photons). Shown are electrons e, muons µ, taus ⌧ , light
quarks q, b-quarks b, gluons g, W -bosons W , Z-bosons Z,
Higgs bosons H, and top-quarks t. The dashed line is the
hadronic resonance region.

calculated in Ref. [80],

fe↵(m�) =
1

2m�

Z m�

0
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(3)
Following Ref. [80], we neglect the contribution to en-
ergy deposition from protons and antiprotons; generally
only a small fraction of the total energy of the anni-
hilation products goes into pp̄ production, and protons
and antiprotons also deposit energy less e�ciently than
electrons, positrons, and photons [81]. Including these
contributions would slightly strengthen the constraints.
From Planck data, the 95% C.L. limit on pann is [56]

fe↵
h�vi

m�
< 4.1⇥ 10�28 cm3

/s/GeV. (4)

Figure 1 shows the single-channel limits on the cross sec-
tion from the CMB. Below 5 GeV DM mass, as there is
extra uncertainty in the Pythia spectra, we also present
arguments for the thermal WIMP exclusion based on
generic arguments about the e�ciency and energy injec-
tion rate, as discussed below.

B. Energy Injection Fractions

Figure 2 shows the fraction of power proceeding into
EM channels (electrons, positrons, and photons) is quite
stable as a function of DM mass, and is 26% or higher for

CMB Fermi AMS
annihilations inject energy gamma-rays from annihilations cosmic rays from annihilations

Leane et al. [1805.10305] 



 

Allowed WIMP Window
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FIG. 9: Bounds on the generic thermal WIMP window
(s-wave 2 ! 2 annihilation, standard cosmological history),
assuming WIMP DM is 100% of the DM. Shown is the con-
servative bound calculated in this work from data (Visibles),
and the unitarity bound [50]. The remaining WIMP window
is the orange line, and the white space is unprobed. Thermal
relic cross section is the dashed line [4].

lower than the mass of their progenitor particle; other-
wise the portion of DM energy split into each mediator’s
final states will be unequal [121, 122], introducing extra
model dependence to the calculation.

Note that 2 ! 3 bremsstrahlung processes can be
the dominant DM annihilation mode in the scenario
the 2 ! 2 annihilation mode is suppressed [123–138].
Bremsstrahlung can lift helicity suppression for direct
annihilation for Majorana DM to neutrinos, but the an-
nihilation rate is generally still not su�ciently large to
produce a thermal relic cross section.

3. Invisibles and Sub-Dominant Density

When the limit on the total cross section is below
the thermal-relic prediction, the WIMP is nominally ex-
cluded. There are two other possible interpretations.

First, the fraction below the limit can be interpreted as
the fraction required to proceed to invisible final states.

Second, the strength of the limit below the relic line
can also be used to set a bound on sub-dominant WIMP
content. For standard indirect detection analyses for
WIMP DM, the annihilation cross section and the den-
sity are often considered as independent, and are related
to the astrophysical flux F as

F =
h�vi

8⇡m2
�

Z
⇢
2

�d`, (14)

FIG. 10: Bounds on the generic thermal WIMP window
(s-wave 2 ! 2 annihilation, standard cosmological history),
assuming sub-dominant WIMP content. Shown is the con-
servative bound calculated in this work from data (Visibles),
and the unitarity bound [50]. Thermal relic cross section is
the dashed line [4].

where ⇢� is the DM density, and ` is the line of sight.
The upper limit is obtained from upper limits on F , i.e.,

h�vi < h�vlimiti ⌘ F
8⇡m2

�R
⇢2�d`

. (15)

For sub-dominant WIMP DM, if the WIMP density is
completely determined by the annihilation cross section,
they are no longer independent, as

⇢WIMPh�vWIMPi = ⇢�h�v�i, (16)

where h�v�i ⇠ 3⇥ 10�26 cm3
/s is the thermal relic cross

section. The annihilation flux from the sub-dominant
WIMP is then

F =
h�vWIMPi

8⇡m2
�

Z
⇢
2

WIMP
d`

=
h�vWIMPi

8⇡m2
�

Z ✓
�v�⇢�

h�vWIMPi

◆2

d` (17)

=
h�v�i

2

h�vWIMPi

1

8⇡m2
�

Z
⇢
2

�d`.

Therefore, an upper limit on the flux implies

h�v�i
2

h�vWIMPi
< h�vlimiti, (18)

which provides a lower limit on the sub-dominant WIMP
cross section,

h�vWIMPi >
h�v�i

2

h�vlimiti
. (19)

Leane et al. [1805.10305] 

Standard presentation assumes 100% branching fraction to given final state

Varying over branching fractions opens up parameter space
8

FIG. 5: Combined limit on the total annihilation cross sec-
tion for WIMP dark matter, in the conservative case (solid).
The bound on the total cross section at a given mass is de-
termined by the weakest combination of branching fractions.
Also shown is the thermal relic line (dashed), and comparison
with the standard 100% cases for Fermi ⌧ (dot-dashed) and
AMS electrons from Ref. [94] (dotted).

region is excluded for generic WIMPs. The drop in the
limit at ⇠ 105 MeV, the muon mass, is the kinematic
cuto↵ from a limit on muon final states, to electron and
photon final states.

0.135 ... m� ... 5.1 GeV: In this region, the CMB
is most constraining. For these masses, hadronic reso-
nances introduce extra uncertainty in spectra generated
with Pythia. However, taking the conservative limit
from Eq. (5), the bound still remains below the relic
line. The limit shown in this region is generated using
Pythia. This region is excluded for generic WIMPs.

5.1 ... m� ... 7 GeV: In this region, the CMB is most
constraining. There are no hadronic resonances, and
this limit simply comes from taking the least constrained
final state from the CMB, taus, shown in Fig. 1. As
shown in Fig. 5, this region is below the thermal relic
line, and so is excluded for generic WIMPs.

7 ... m� ... 1000 GeV: In this region, the combina-
tion limit from Fermi and AMS is most constraining.
This is shown as “Fermi+AMS” in Fig. 5 (note the
H.E.S.S. gamma-ray line search in this region prohibits
large branching into gamma-ray line photons). This
region is where the total cross section limit crosses the
thermal relic line, giving a model-independent lower
limit on the DM mass of m� & 20 GeV.

FIG. 6: Threshold branching fractions (least constraining
combinations) that set the exclusion limit. We sample briefly
at higher masses. Muons are the least constrained final state.

Figure 6 shows the threshold branching fractions for
fixed masses, with DM masses binned with width 1 GeV.
For the lower DM mass limit of 20 GeV, these are 60%
to muons, 30% to gluons, 10% to taus, and 0% to the
remaining final states. Note that the exclusion branching
fraction combination is not necessarily unique. For many
masses there are permutations of more than one final
state that give a comparable limit (i.e., swap the gluon
region with b-quarks, or some linear combination of b-
quarks and gluons). The muon contribution however is
generally present in all combinations, it is the smaller
remaining combinations that vary. Muons are the least
constrained among all the visible annihilation products.

B. Quantifying “Conservative”

Our limits are conservative; that is, we have consis-
tently made choices that lead to a weaker final limit,
within the parameter uncertainties. This is required to
claim a meaningful robust lower limit on the DM mass.
In this subsection, we detail steps taken to ensure a con-
servative limit for each experiment, and discuss variations
from astrophysical uncertainties and modeling.

1. AMS

Figure 7 compares our AMS limit for the �� ! ee

annihilation channel with the limit obtained in Ref. [94].
This shows our limit is more conservative – i.e. weaker –
compared to existing bounds in the literature. The di↵er-

https://arxiv.org/pdf/1805.10305.pdf


Rotating the Diagram…

Indirect detection constrains annihilation cross section, 
the key quantity that feeds into relic abundance calculation

Rotate diagram to  
get scattering…

time

h�Avi
<latexit sha1_base64="Kfm89KXDDdY1SkuE2ELil+hK99Y=">AAACA3icdZDLSgMxGIUz9VbrbdSdboJFcFVmaqHtruLGZQV7gU4ZMmmmDU0yQ5IplKHgxldx40IRt76EO9/GdFqhih4IHL7z/yQ5Qcyo0o7zaeXW1jc2t/LbhZ3dvf0D+/CoraJEYtLCEYtkN0CKMCpIS1PNSDeWBPGAkU4wvp7nnQmRikbiTk9j0udoKGhIMdIG+faJx5AYMgI9RYcc+VdwAj2ZId8uuiUnE3RKdaNqZWnqLvyOimCppm9/eIMIJ5wIjRlSquc6se6nSGqKGZkVvESRGOExGpKesQJxovpp9ocZPDdkAMNImiM0zOjqRoq4UlMemEmO9Ej9zubwr6yX6LDWT6mIE00EXlwUJgzqCM4LgQMqCdZsagzCkpq3QjxCEmFtaiuslvC/aZdL7mWpfFspNmrLOvLgFJyBC+CCKmiAG9AELYDBPXgEz+DFerCerFfrbTGas5Y7x+CHrPcvtG6Xjg==</latexit>

DM

DM SM

SM



Rotating the Diagram…
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Rotating the Diagram…

Scattering rate depends on mediator and couplings; 
predictions are more model-dependent 
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Direct Detection of WIMPs
Current experiments are probing Higgs-exchange regime



Invisible Decays of the Higgs
H→inv searches at colliders currently provide strongest constraints 

on Higgs portal models with m𝞆 <10-20 GeV
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renormalizable models predicting a vectorial DM candidate require an extended dark Higgs
sector, which may lead to modifications of kinematic distributions assumed for the invisible
Higgs boson signal, such interpretation is not provided in the context of this Letter. Figure 10
(right) shows the 90% CL upper limits on the spin-independent DM-nucleon scattering cross
section as a function of mc, for both the scalar and the fermion DM scenarios. These limits are
computed at 90% CL so that they can be compared with those from direct detection experiments
such as XENON1T [79], LUX [80], PandaX-II [81], CDMSlite [82], CRESST-II [83], and CDEX-
10 [84] which provide the strongest constraints in the mc range probed by this search. In the
context of Higgs-portal models, the result presented in this Letter provides the most stringent
limits for mc smaller than 18 (7) GeV, assuming a fermion (scalar) DM candidate.
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Figure 10: On the left, observed 95% CL upper limits on (s/sSM)B(H ! inv) for a Higgs
boson with a mass of 125.09 GeV, whose production cross section varies as a function of the
coupling modifiers kV and kF. Their best estimate, along with the 68% and 95% CL contours
from Ref. [4], are also reported. The SM prediction corresponds to kV = kF = 1. On the right,
90% CL upper limits on the spin-independent DM-nucleon scattering cross section in Higgs-
portal models, assuming a scalar (solid orange) or fermion (dashed red) DM candidate. Limits
are computed as a function of mc and are compared to those from the XENON1T [79], LUX [80],
PandaX-II [81], CDMSlite [82], CRESST-II [83], and CDEX-10 [84] experiments.

10 Summary
A search for invisible decays of a Higgs boson is presented using proton-proton (pp) collision
data at a center-of-mass energy

p
s = 13 TeV, collected by the CMS experiment in 2016 and

corresponding to an integrated luminosity of 35.9 fb�1. The search targets events in which a
Higgs boson is produced through vector boson fusion (VBF). The data are found to be consis-
tent with the predicted standard model (SM) backgrounds. An observed (expected) upper limit
of 0.33 (0.25) is set, at 95% confidence level (CL), on the branching fraction of the Higgs boson
decay to invisible particles, B(H ! inv), by means of a binned likelihood fit to the dijet mass
distribution. In addition, upper limits are set on the product of the cross section and branching
fraction of an SM-like Higgs boson, with mass ranging between 110 and 1000 GeV.

A combination of CMS searches for the Higgs boson decaying to invisible particles, using pp
collision data collected at

p
s = 7, 8, and 13 TeV (2015 and 2016), is also presented. The com-

bination includes searches targeting Higgs boson production via VBF, in association with a
vector boson (with hadronic decays of the W boson and hadronic or leptonic decays of the Z

CMS Collaboration [1809.05937] 



Simplified Models

Simplified models allow for translation of LHC to direct detection 
limits for wider breadth of scenarios

time

dm

sm sm

dm

mediator

SM

SM

gq gdm

DM

DM

Specify mediator mass, 
type and strength of couplings, 

and dark matter mass

See talks by M. McCullough and C. Doglioni



Minimal Dark Matter

Example: Add SU(2) triplet to Standard Model
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credit: T. Cohen

Minimal Dark Matter Models generically live at TeV-scale mass
Cirelli et al. [hep-ph/0512090] 



Wino Dark Matter
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FIG. 2: SI cross sections for low-velocity scattering on
the proton as a function of mh, for the pure cases indi-
cated. Here and in the plots below, dark (light) bands
represent 1� uncertainty from pQCD (hadronic inputs).
The vertical band indicates the physical value of mh.

tainty from pQCD (hadronic inputs). Subleading cor-
rections in ratiosmb/mW and ⇤QCD/mc are expected
to be within this error budget. Stronger cancellation
between spin-0 and spin-2 amplitudes in the doublet
case implies a smaller cross section,

�D

SI . 10�48 cm2 (95%C.L.) . (5)

We may also evaluate matrix elements in the nf =
4 flavor theory. Figure 3 shows the results as a func-
tion of the charm scalar matrix element. Cancella-
tion for the doublet is strongest near matrix element
values estimated from pQCD. Direct determination
of this matrix element could make the di↵erence be-
tween a prediction and an upper bound for this (al-
beit small) cross section.

Previous computations of WIMP-nucleon scatter-
ing have focused on a di↵erent mass regime where
other degrees of freedom are relevant [14], or have

neglected the contribution c(2)g from spin-2 gluon op-
erators [2]. For pure states, this would lead to an
O(20%) shift in the spin-2 amplitude [25], with an
underestimation of the perturbative uncertainty by
O(70%). Due to amplitude cancellations, the result-
ing e↵ect on the cross sections in Fig. 2 ranges from
a factor of a few to an order of magnitude.

Mixed-state cross sections. Mixing with an ad-
ditional heavy electroweak multiplet (of mass M 0)
can allow for tree-level Higgs exchange, but with
coupling that may be suppressed by the mass split-
ting � ⌘ (M 0

� M)/2. We systematically analyze
the resulting interplay of mass-suppressed and loop-
suppressed contributions through an EFT analysis in
the regime mW , |�| ⌧ M,M 0.

Consider a mixture of Majorana SU(2)W singlet
of Y = 0 and Dirac SU(2)W doublet of Y = 1

2 , with
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FIG. 3: SI cross sections for low-velocity scattering on
the proton, evaluated in the nf = 4 flavor theory as a
function of the charm scalar matrix element, for the pure
cases indicated. The pink region corresponds to charm
content estimated from pQCD [9]. The region between
orange (black) dashed lines correspond to direct lattice
determinations in [12] ([13]).

respective masses MS and MD. The heavy-particle
lagrangian is given by (1), where hv = (hS , hD1 , hD2)
is a quintuplet of self-conjugate fields. The gauge
couplings are given in terms of Pauli matrices ⌧a,

T a =

0

B@
0 · ·

·
⌧
a

4
�i⌧

a

4

·
i⌧

a

4
⌧
a

4

1

CA� c.c. , Y =

0

B@
0 · ·

· 02
�i12
2

·
i12
2 02

1

CA . (6)

The couplings to the Higgs field and residual mass
matrix are respectively given by

f(H) =
g21
p
2

0

B@
0 HT iHT

H 02 02

iH 02 02

1

CA+

"
iH ! H

1 ! 2

#
+ h.c. ,

�m = diag(MS ,MD14)�Mref15 , (7)

where Mref is a reference mass that may be conve-
niently chosen. Upon accounting for masses induced
by EWSB, we may present the lagrangian in terms of
mass eigenstate fields and derive the complete set of
heavy-particle Feynman rules; e.g., the Higgs-WIMP
vertex is given by ig22/

p
2 + (�/2mW )2 �̄v�vh0

with  ⌘
p
2
1 + 2

2 and � ⌘ (MS�MD)/2. We may
also consider a mixture of Majorana SU(2)W triplet
of Y = 0 and Dirac SU(2)W doublet of Y = 1

2 . Ex-
plicit details for the construction of the EFT for these
heavy admixtures can be found in [4].
Upon performing weak-scale matching [4] and map-

ping to a low-energy theory for evaluation of matrix
elements [5], we obtain the results pictured in Fig. 4.
For weakly coupled WIMPs, we consider  . 1. The
presence of a scale separation M,M 0

� mW , im-
plies that the partner state contributes at leading

Hill and Solon [1309.4092] 

Wino signal suppressed in direct detection



Production at Colliders
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Figure 1: The mass reach in the pure wino scenario in the monojet channel with L =

3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red). The

bands are generated by varying the background systematics between 1 � 2% and the signal

systematic uncertainty is set to 10%.

For reference, ignoring all systematics, at 14 TeV winos could be excluded at m�̃ ⇠
530 GeV and discovered at m�̃ ⇠ 380 GeV. At 100 TeV the exclusion reach would be

m�̃ ⇠ 1.8 TeV and the discovery reach would be m�̃ ⇠ 1.0 TeV.
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Figure 2: Chargino track distributions for the pure wino scenario showing the number of

tracks for a given track length (left) and the number of tracks for a given wino mass (right).

Only events passing the analysis cuts in App. A and containing at least one chargino track

with pT > 500 GeV are considered.

As mentioned, in the pure wino scenario, the mass splitting between the chargino and

neutralino is generated by loop e↵ects. The value of the splitting has been calculated at two-

loops to be � = 164.6 MeV in the large mass limit [83], though the mass splitting varies very

– 7 –

little with respect to wino mass. A mass splitting can also be generated by higher dimension

operators. For the pure wino, the lowest operator that can split the charged and neutral states

is dimension 7, so the splitting cited above is fairly model-independent. In our simulation

we use the lifetime calculated at one-loop. At a collider the lifetime in the lab-frame also

includes the velocity � and boost � so that d = ��c⌧ . Notice that �� can be substantially

larger at 100 TeV than at 14 TeV.

The distribution of chargino track lengths is shown in Fig. 2 (left). At ATLAS the disap-

pearing track search is conducted using the tracker which has a high e�ciency for selecting

disappearing tracks starting at dtrack ⇠ 30 cm. A detector with a similarly designed tracker

would observe a handful of tracks for WIMPs as heavy as m�̃ ⇠ 3 TeV. Fig. 2 (right) shows

directly the number of tracks for a given LSP mass for various requirements on the length

of a track. While no upper limit on track length is enforced in Fig. 2, as the distribution

is exponential the value of the upper limit, dtrack ⇠ 80 cm for ATLAS [64], has a negligible

impact4.
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Figure 3: The mass reach in the pure wino scenario in the disappearing track channel with

L = 3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red). The

bands are generated by varying the background normalization between 20 � 500%. Only

events passing the analysis cuts in App. A are considered.

Since the dominant background for a disappearing track search would be mismeasured

low pT tracks, it is not possible to accurately project the background in a yet-to-be-designed

detector at a 100 TeV proton-proton collider. Nevertheless, Fig. 2 can serve as a rough

guide. For example, one could require dtrack > 30 cm and there be tens of signal events

4
The pure wino scenario results in a chargino lifetime of c⌧ ⇠ 6 cm in the bulk of the mass range. Even

with the boost dtrack = ��c⌧ , most charginos decay before reaching the end of the inner detector. However, if

the chargino lifetime were modified such that c⌧ ⇠ dtracker, then the length of the tracker becomes a relevant

parameter.

– 8 –

Estimates for 3 ab-1 data

Low & Wang [1404.0682]

Searches for disappearing tracks may probe TeV-scale winos at future colliders

See talk by M. McCullough for projections
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FIG. 2: As in Fig. 1, but now exclusion contours assume the wino comprises all the DM as the
result of an unspecified non-thermal history.

above. The relevant exclusions from Fermi (red with dashed border) and H.E.S.S. (blue with

solid border) are also shown. Note that the Fermi limit is approximately independent of

uncertainties on the profile density because the relevant unknown astrophysical parameters

have already been marginalized over, while the H.E.S.S. limit assumes an NFW profile. A

detailed discussion of how the limits depend on the choice of profile is presented in Sec. IIIA.

H.E.S.S. places a limit on the total number of line photons from annihilation to � � with

energy E��. However, the process �0
�
0

! � Z
0 also produces line photons with energy E�Z .

The di↵erence between E�� and E�Z compares to the given resolution of H.E.S.S. as [36]

E�� � E�Z =
m

2
Z

4M2
< Eres =

8
<

:
0.17 ⇥ E� for E� = 500 GeV

0.11 ⇥ E� for E� = 10 TeV
(4)

in the entire probed range of M2. So, the H.E.S.S. result can be interpreted as a constraint

on the sum of the cross section for �
0
�
0

! � � plus half of the cross section for �
0
�
0

!

� Z
0. In fact, the � Z

0 final state typically dominates by a factor of 3. Note that we are

neglecting contributions from internal bremsstrahlung, which increase the number of photons

contributing to the line signal when energy smearing is taken into account [53].

The cross section for �0
�
0

! W
+
W

� is plotted as a dashed red line3 (the appropriate

3 The Fermi limit is on the total continuum cross section for a W+W� final state, but the shape of the

Wino Dark Matter

Hisano, Matsumoto, Nojiri [hep-ph/0307216]

image credit: T. Cohen

Annihilation signatures are promising due to 
Sommerfeld enhancement
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Cohen, ML, Pierce, & Slatyer [1307.4082] 



Wino Dark Matter
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A. Dark Matter Density Profile

Astrophysical uncertainties dominate the prediction of the wino annihilation flux. The

flux is proportional to the J-factor, defined as

J =
1

R�

✓
1

⇢0

◆2 Z

�⌦

d⌦

Z

los

⇢
2
�
r (s, l, b)

�
ds, (5)

where s is the line-of-sight distance, l (b) is the Galactic longitude (latitude), r =
p

s2 +R
2
� � 2sR� cos l cos b is the galactocentric distance, R� = 8.5 kpc is the distance to

the Sun from the Galactic Center, and ⇢0 = 0.4 GeV cm�3 is the local density [55–58]. The

functional form for the DM density ⇢(r) is highly uncertain. It is often modeled with the

NFW profile [59]

⇢NFW(r) =
⇢0

(r/rs) (1 + r/rs)
2 (6)

with rs = 20 kpc. Another often cited profile is Einasto [60], which takes the form

⇢Ein(r) = ⇢0 exp


�
2

�

✓✓
r

rs

◆�

� 1

◆�
(7)

Profile J/JNFW

NFW 1

Einasto 2

Burk(0.5 kpc) 103

Burk(10 kpc) 9 ⇥ 10�3

FIG. 3: The NFW [solid, red], Einasto [dashed, blue], and Burkert with rs = 0.5 [green, dotted]
and 10 kpc [purple, dot-dashed] profiles as a function of the distance from the Galactic Center. The
table shows the J-factors for each of these profiles in the H.E.S.S. region of interest, normalized to
JNFW = 0.60.
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FIG. 4: The current bounds from H.E.S.S. [blue, solid] and Fermi [red, dashed] for Burk(0.5 kpc),
Einasto, NFW, and Burk(10 kpc) [bottom to top]. The green band is excluded by direct searches
at the LHC and the yellow shaded circle corresponds to the thermal wino scenario. The dotted
grey line demarcates where the DM fraction constitutes all of the relic density. The dot-dashed
black line represents the fraction of the DM predicted by a thermal cosmological history. All cross
sections are computed in the tree-level-SE approximation. One-loop e↵ects have been shown to
reduce the cross section to line photons by as much as a factor of 4 (see Sec. III B).

with rs = 20 kpc and � = 0.17. Finally, the Burkert profile [61]

⇢Burk(r) =
⇢0

(1 + r/rs)(1 + (r/rs)2)
(8)

is an example of a cored profile that results in a large range of predictions for the J-factor for

di↵erent choices of rs. The NFW and Einasto profiles are favored by N -body dark matter

only simulations,5 see for example [64], but there is observational evidence for shallower or

cored profiles in some dwarf galaxies [65].

These di↵erent density profiles are illustrated in Fig. 3 and the table lists the correspond-

ing J-factors in the H.E.S.S. region of interest, which is a 1� circle at the Galactic Center,

with the Galactic plane masked out (|b| � 0.3�). The J-factor can vary over several orders

5 These N -body simulations only include collisionless dark matter. Recent work suggests that baryonic

processes can substantially modify the inner structure of dark matter halos, either flattening or steepening

them. Milky-Way-like halos in simulations that model these processes have been found to possess NFW-

like profiles into ⇠ 2 kpc from the GC [62], although a larger ⇠ 10 kpc core has been found in one

simulation [63].

Cohen, ML, Pierce, & Slatyer [1307.4082] 
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Wino can only constitute all the dark matter for extreme density profiles not generically 
produced in simulations of Milky Way-like galaxies 



Milky Way Density Profile
~9 kpc cores for the Milky Way 
technically allowed by dynamics

22

since
Vc,∗

Vc

!

!

!

!

!

2.2Rd

= 0.83± 0.04 . (43)

These measurements of the stellar disk scale length
and its contribution to the rotation curve allow us to
derive the mass of the disk. We can measure the surface
density of the stellar disk because the additional data
on the rotation curve described in § 5.1 combined with
the KZ,1.1(R) measurements from this paper allow us
to disentangle the stellar and dark-halo contributions to
Σ1.1(R). We find that the surface density of the stellar
disk at R0 is Σ∗(R0) = 38 ± 4M⊙ pc−2, for a total sur-
face density to 1.1 kpc of Σ1.1(R0) = 68 ± 4M⊙ pc−2,
13M⊙ pc−2 of which is assumed to be in the thin ISM
layer. As a consequence of ours being a full 3D dy-
namical model, this measurement of Σ1.1(R0) is a real
measurement of Σ1.1(R0) as opposed to a measurement
of KZ,1.1(R0) converted to Σ1.1(R0). The fact that it
agrees so well with the local normalization of our mea-
sured Σ1.1(R) profile in equation (27) is due to the fact
that the local slope of the circular velocity curve is very
close to flat in our best-fit model (see below). Our
measurement of the local surface density to 1.1 kpc is
consistent with all previous measurements (which are
really KZ,1.1(R0) measurements) but with a smaller
uncertainty (Kuijken & Gilmore 1989b; Siebert et al.
2003; Holmberg & Flynn 2004; Bienaymé et al. 2006;
Garbari et al. 2012; Zhang et al. 2013). We note in par-
ticular that the measurement of Garbari et al. (2012) of
Σ1.1(R0) = 105±24M⊙ pc−2 is consistent with our mea-
surement; our much smaller errorbar leads to a much
tighter measurement of the local dark matter density (see
below).
As mentioned above, none of the dynamical data in

§ 5.1 constrain the mass scale height of the stellar
disk: we obtain a flat PDF for zh over the prior range
100 pc < zh < 500 pc. To illustrate how zh can be con-
strained using measurements of the (surface density) at
heights different from |Z| = 1.1 kpc, we fit the dynami-
cal data from § 5.1 together with the constraint on the
total midplane density at R0 from Holmberg & Flynn
(2000): ρtotal(R0, |Z| = 0) = 0.102 ± 0.010M⊙ pc−3.
While all of the other dynamical parameters are un-
changed, in this case we do constrain the mass scale
height: zh = 370 ± 60 pc, in good agreement with the
measurements from star counts (zh ≈ 400 pc, see above
and BO12d) and constraints from the vertical profile of
KZ(R0, Z) (zh < 430 pc at 84% confidence; Zhang et al.
2013).
Using our measurements of the disk mass scale length

and the local disk normalization, we can derive the to-
tal mass of the disk, to the extent that a character-
ization of the disk with a single scale length makes
sense. We find that the total stellar disk mass is M∗ =
4.6± 0.3× 1010M⊙. Under our assumption that the lo-
cal ISM column density is 13M⊙ pc−2 and that the ISM
layer has a scale length twice that of the stellar disk, the
ISM contributes ≈ 0.7× 1010M⊙ for a total (stars+gas)
disk mass of Mdisk = 5.3 ± 0.4 × 1010M⊙. Note that in
our model the ISM layer’s scale length is tied to that of
the stellar disk and that the local normalization is fixed.
Therefore, the mass of the ISM layer is perfectly corre-

Fig. 19.— Contours of the joint PDF for the local dark-matter
halo density and its local logarithmic radial slope. The halo is
modeled with a power-law density profile ρDM(r) = ρDM(R0, Z =
0) (R0/r)α. Neither the measurements of the vertical mass profile
(local and KZ,1.1(R)) nor the measurements of the shape of the
circular velocity curve (terminal velocities Vterm and local slope
d lnVc(R0)/d lnR) constrain the radial profile of the halo very
much. However, the combination of these two dynamical probes
give a first constraint on the local halo profile: α < 1.53 at 95%
confidence. This combination is different from multiplying the red
and yellow PDFs, as both of these PDFs are marginalized over
the other parameters of the Galactic potential. In particular, the
steep halo-density peaks in the red and yellow PDFs correspond
to very different and mutually-inconsistent slopes of the rotation
curve, which is why they are disfavored in the combined PDF.

lated with that of the stellar disk, and the uncertainty
in the total disk mass would be 0.3× 1010M⊙. For this
reason, we have added an uncertainty of 0.3× 1010M⊙,
or almost 50% of the ISM mass, in quadrature to the for-
mal uncertainty in the disk mass. The bulge contributes
another ≈ 6× 109M⊙ (Binney & Tremaine 2008), while
the stellar halo mass is negligible, such that the total
baryonic mass of the Milky Way is

Mbaryonic = 5.9± 0.5× 1010M⊙ , (44)

assuming an uncertainty of 0.3 × 1010M⊙ on the bulge
mass. To derive these masses, we have assumed that
R0 = 8kpc. Changing R0 to a different value does
not change the measurements made in this subsection or
in subsequent subsections, except for the total masses,
which all increase by 1.5 × 1010M⊙ when increasing
R0 to 8.5 kpc; this change is approximately linear in
(R0− 8 kpc). The change is so large because of the short
scale length of the disk: a small change in R0 leads to a
big change in R0/Rd. All other measurements are inde-
pendent of R0, in particular the disk scale length, disk
maximality Vc,disk/Vc,total at R = 2.2Rd, and the local
surface densities.
Our finding that the Milky Way’s disk has a short

scale length raises the question of whether such a mas-
sive disk is stable to axisymmetric perturbations, i.e.,
whether Toomre’s Q > 1 (Toomre 1964). We do not
discuss this here in detail as this needs to be looked at
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Constraints on core size should 
dramatically improve with Gaia
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FIG. 8: Left: Mean expected upper limits at 95% C.L. on the wino annihilation cross section h� viline as a function of the DM
mass mDM assuming the full line + endpoint + continuum spectrum considering ROIs up to 4�, where the profile is varied as
labeled in the legend. A 250 hour homogeneous exposure is assumed over all the ROIs. The NLL cross section for wino DM
is shown in gray. Right: Comparison of 95% C.L. mean expected upper limits on h� viline versus core radius size rc for a 2.9
TeV wino using the IGS observation strategy with respect to the H.E.S.S.-I-like observation strategy. The limits assuming a
500 hour homogeneous exposure over the ROIs up to 1� are also shown.

limits for pure wino DM (assuming it constitutes 100%
of the DM) as a limit on the total J-factor for the ROI.
We show this J-factor limit as a function of the DM mass
in Fig. 6. Due to the Sommerfeld enhancement, which
yields resonances in the annihilation cross section at spe-
cific DM masses, very strong constraints on the J-factor
are obtained at 2.3 and 9 TeV DM masses, respectively.

The left panel of Fig. 7 shows the impact of a cored
DM distribution in the GC on the 95% C.L. mean ex-
pected limit on h� viline. For cored profiles, the limits
degrade by a factor up to 200 compared to the Einasto
profile assuming core radii up to 5 kpc. For a 2.3 TeV DM
mass, DM profiles with core radii lower than 5 kpc can
be excluded. For DM mass of 9 TeV, DM profiles with
core radii lower than 3 kpc can be excluded, as shown in
the right panel of Fig. 7. At the thermal DM mass of 2.9
TeV, the forecast limit on the core size is approximately
2 kpc.

The H.E.S.S. collaboration is pursuing an inner
Galaxy survey (IGS) of the central several degrees of the
GC region [6]. While the H.E.S.S.-I-like observations of
the GC region were defined with pointing positions of the
telescopes up to 1.5� from the Galactic plane, the ob-
servation strategy currently carried out utilizes pointing
positions up to 3� in Galactic latitudes. We now com-
pute projected expected limits considering all the ROIs

up to 4� from the GC (IGS-like strategy) with a homoge-
nous exposure over all the ROIs with observations as-
suming only phase-I telescopes for the gamma-ray event
selection and reconstruction. We compute the signal and
background counts in all the ROIs up to 4� following the
procedure described in Sec. III. The left panel of Fig. 8
shows the 95% C.L. mean expected limit on h� viline as a
function of the wino mass for the DM profiles considered
in this study. For cored DM profiles the limits degrade
only by a factor up to ⇠ 70 compared to the Einasto
profile assuming core radii up to 5 kpc. The dependence
of the limits on the DM profile shape in the inner region
of the Milky Way is less pronounced with the IGS obser-
vation strategy compared to the H.E.S.S-I-like one. The
right panel of Fig. 8 shows the 95% C.L. mean expected
limit on h� viline as a function of the core radius size for
a wino DM mass of 3 TeV. Using the IGS observation
strategy, the limits improve significantly over the ones
obtained from H.E.S.S.-I-like one. For the Einasto and 3
kpc core DM profile, the improvement is a factor of 1.8
and 5, respectively. The ratio of the IGS-like limits over
the H.E.S.S.-I-like limits versus core radius size improves
up to a core radius of ⇠ 1 kpc. Beyond this radius, the
improvement follows the ratio between J-factors com-
puted in 1� and 4� ROIs. For the thermal wino mass of
2.9 TeV, this translates to a projected core size limit of

HESS will be able to exclude 
winos for <1 kpc cores

Rinchiuso et al. [1808.04388] 



Higgsino Dark Matter

Krall and Reece [1705.04843] 

Direct Detection Indirect Detection

Pure Higgsino Suppressed

used micrOMEGAs [38]. We have treated the W
+
W

� and ZZ final states as equivalent in terms
of the photons and antiprotons they yield; this is not exact, but is approximately true. One could
also include the tree-level internal bremsstrahlung process [65], but using this in a full likelihood
fit of Fermi-LAT data does not dramatically change the answer.1

The most recent release of AMS-02 data on antiprotons [66] has been used to place stringent
limits on dark matter annihilation to hadronic final states [67, 68]. As recently noted in [69], the
central exclusion curve of [67] (and the similar curve of [68]) excludes higgsino dark matter up
to masses of about 800 GeV. However, substantial systematic uncertainties exist in the interpre-
tation of antiproton data, including among others the unknown amount of convection in cosmic
ray propagation, the height of the di↵usion zone, and uncertainties in antiproton production cross
sections [70]. The conservative end of the systematic uncertainty band of [67] excludes higgsino
dark matter up to masses of about 480 GeV, while its optimistic end reaches above 930 GeV.
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Figure 6: Indirect detection constraints on higgsino dark matter. Left: predicted averaged annihilation cross
section toW+

W
� and ZZ (if higgsinos are all of the dark matter) compared to experimental constraints from

Fermi-LAT observations of gamma rays from dwarf galaxies [61] and AMS-02 measurements of antiprotons
[66] as interpreted by Cuoco et al. [67]. The shaded orange region represents the systematic uncertainty
band quoted in [67].

To summarize, although wino dark matter is under severe stress from indirect detection data,
higgsino dark matter is relatively safe. Light higgsinos, below around 500 GeV, are in tension
with antiproton data, while gamma ray data covers even less ground. Even the most strongly
constrained regions of higgsino parameter space still allow the higgsino to constitute about one-
third of all the dark matter in the universe. While it is possible that a significant reduction in
uncertainties about cosmic ray propagation could shrink the error bar associated with the AMS-02
exclusion, at the moment it seems prudent to attach a very large amount of uncertainty to the
result. Similarly, while further observations of stellar kinematics in dwarf galaxies could reduce
uncertainties in J-factors, this is unlikely to dramatically alter the interpretation of Fermi-LAT
data. More significant improvements might come with future gamma-ray telescopes. Still, future
telescopes like the Cherenkov Telescope Array (CTA) will struggle to cover the full higgsino dark
matter parameter space [64,71–73]. For these reasons, it is especially interesting to search for new

1Personal communication from Wei Xue.
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Bino/Higgsino 
Mixture

Suppressed

detection rate for higgsino dark matter via higgs exchange in the pure higgsino limit is tiny and
in the neighborhood of the so-called “neutrino floor” at which direct detection experiments are no
longer background-free [28, 31–35].
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Figure 3: Left: Direct detection constraints from the most up-to-date results of the PandaX experiment [36],
for the case of mixed bino/higgsino dark matter with µ > 0 and tan� = 2. Right: PandaX constraints (blue)
together with IceCube constraints (green) [37] in the case with µ < 0. The PandaX bound is from spin-
independent scattering via higgs boson exchange; the IceCube constraint from spin-dependent scattering on
protons in the Sun followed by annihilation. At left, because the bounds are quite strong, we also show
constraints on the dark matter fraction. In both plots the thin orange curves show the mass di↵erence
between the two lightest neutralino mass eigenstates and the red dashed curve is where the thermal relic
density ⌦h2 = 0.12, as computed with micrOMEGAs [38].

Currently the strongest constraints come from the PandaX-II experiment’s 2017 results [36].
These set bounds slightly stronger than Xenon1T [39], which even with a small fraction of its
eventual data has surpassed the LUX [40] and 2016 PandaX [41] bounds. Another constraint, which
strictly speaking is not direct detection but which we include here due to the similar physics, arises
from dark matter capture in the Sun [42–45]. Recently this has led to stringent constraints on many
dark matter models based on IceCube searches for neutrinos originating in dark matter annihilation
inside the Sun [37, 46]. In the context of mixed bino/higgsino dark matter, this constraint is most
relevant when µ < 0. We show the current PandaX and IceCube constraints in Figure 3. We
present the case tan� = 2 where the di↵erences between µ > 0 and µ < 0 are starker than at large
tan�. (For further discussion of the relevant dependence on tan� and the sign of µ, see [29,30,47].)
Both the spin-independent coupling probed by PandaX and the spin-dependent coupling probed by
IceCube rely on mixings with gauginos and hence the strongest constraints lie along the diagonal.
Relatedly, from the orange contours in the figures we see that the regions being probed have large
mass splittings between the two lightest neutralinos, which results from the large mixing. We
also see from the red curves that if we insist on a thermal relic abundance, the bulk of mixed
gaugino/higgsino parameter space is ruled out while the pure higgsino limit survives. In the case
µ > 0, the constraints are so strong that we find it useful to show regions where even a small

6



Higgsino Dark Matter

Pure Higgsinos will continue to remain challenging for future TeV observatories
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Figure 7. Comparison of h�vi limits from CTA observations of the GC, assuming di↵erent annihi-
lation channels and DM halo profiles. Einasto lines assume the main halo profile described in Sec. 3.
The contracted NFW profile with an inner slope of � = 1.3 can also be found in that section. All
lines assume 1% systematics, 100 hr of observations and include GDE.

analysis, di↵use astrophysical emission. The impact of including the galactic di↵use
emission can be observed in particular in Fig. 4, where the CTA di↵erential sensitiv-
ity is found to be substantially degraded (solid line) with respect to the case where
the GDE is neglected in the analysis (dashed green line). Although we only adopted
one particular GDE scenario (which is an extrapolation of Fermi LAT observations to
higher energies), we do not expect these conclusions to change when adopting other
realistic GDE models.

• Including systematic errors substantially degrades the CTA sensitivity. In this paper
we introduced a statistical framework that allowed us to account for the impact of
di↵erential acceptance uncertainties within a FoV on DM limits from CTA. This impact
can be seen in Fig. 5, where the sensitivity of CTA to DM annihilation is shown for
three di↵erent values of the magnitude of these systematics: 3% (dashed), 1% (solid)
and 0.3% (dash-dotted).

• A morphological analysis substantially improves the sensitivity of CTA. Our morpho-
logical analysis allows a proper exploitation of the shape di↵erences between the GDE,
which is concentrated along the Galactic plane, and the DM annihilation signal, which is
spherically distributed around the GC. The constraints derived under this approach are
more stringent by a factor of a few compared to those obtained with the Ring analysis.
This is best seen by comparing the red (morphological) and green (non-morphological)
curves in Figs. 5 and 6.

– 20 –

Expected CTA sensitivity ~10x too weak

Silverwood et al.  [1408.4131] 

Future collider searches can play an important role here (see talk by M. McCullough)



Theory Frameworks to be Discussed:

The Minimal WIMP

Hidden Dark Sectors
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Visible Sector Mediator(s)



Massively Composite, 
Black Holes…

WarmQCD AxionFuzzy

Hidden Sector Dark Matter

WIMPs

Many viable hidden-sector DM models for meV-to-GeV masses 

asymmetric, warm, freeze-out, freeze-in, SIMPs, ELDERs,  
axionlike particles, dark photons, scalars…

Lighter mass scales for both dark matter and mediators 
leads to distinctive phenomenology compared to WIMPs



How to Search for Dark Sectors

Gravitational Interactions Galactic-Scale Observables

Scattering or Absorption Production

DM

SM DM

SMSM

DM DM

SM

recoil energies typically smaller than WIMPs Either in colliders or beam-dump experiments

self-interactions can occur near 
centers of galaxies

non-trivial DM interactions can affect 
small-scale structure

DM



Tests of Small-Scale Structure

10 M. Vogelsberger et al.

Figure 6. DM density projections of the zoom MW-like halo simulations for four different DM models. The suppression of substructure, relative to the CDM
model, is evident for the ETHOS models ETHOS-1 to ETHOS-3, which have a primordial power spectrum suppressed at small scales. The projection has a
side length and depth of 500 kpc.

times, where the density is high enough to cause at least some par-
ticle collisions during a Hubble time. We can try to quantify this
already at the resolution level that our parent simulation allows. To
do this, we measure the central or core density for all resolved main
haloes in the uniform box simulations, similar to the analysis pre-
sented in Buckley et al. (2014). The mass resolution of our uniform
box is slightly better than that of Buckley et al. (2014), and we
probe at the same time a volume which is about 3.8 times larger.
We can therefore sample a larger range of halo masses and with bet-
ter statistics. We define the central (core) density within three times
the softening length (8.7 kpc). The upper panel of Fig. 4 shows
the actual core density, while the lower panel shows the ratio with
respect to the CDM case. We take the median value of the distri-

bution within each mass bin. The plot shows the familiar scale of
density with mass at a fixed radius, with core densities that vary
from ⇠ 106 h2M�kpc

�3 for halo masses around ⇠ 1010 h�1 M�
to ⇠ 108 h2M�kpc

�3 for halo masses around ⇠ 1014 h�1 M�.
Models ETHOS-1 (red) and ETHOS-2 (blue) have a significantly
reduced core density compared to the CDM case for low mass
haloes. We note that the effect is strongest in the former than in
the latter, which points to the primordial power spectrum suppres-
sion as the main culprit since the cross section is lower for model
ETHOS-1 than for model ETHOS-2. Low-mass haloes in ETHOS-
1 are therefore less dense than in CDM, mainly because they form
later (analogous to the WDM case). Interestingly, ETHOS-3 shows
a different behaviour. Here the core density is most reduced for

MNRAS 000, 1–18 (2015)

(DM-only)
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Figure 6. DM density projections of the zoom MW-like halo simulations for four different DM models. The suppression of substructure, relative to the CDM
model, is evident for the ETHOS models ETHOS-1 to ETHOS-3, which have a primordial power spectrum suppressed at small scales. The projection has a
side length and depth of 500 kpc.

times, where the density is high enough to cause at least some par-
ticle collisions during a Hubble time. We can try to quantify this
already at the resolution level that our parent simulation allows. To
do this, we measure the central or core density for all resolved main
haloes in the uniform box simulations, similar to the analysis pre-
sented in Buckley et al. (2014). The mass resolution of our uniform
box is slightly better than that of Buckley et al. (2014), and we
probe at the same time a volume which is about 3.8 times larger.
We can therefore sample a larger range of halo masses and with bet-
ter statistics. We define the central (core) density within three times
the softening length (8.7 kpc). The upper panel of Fig. 4 shows
the actual core density, while the lower panel shows the ratio with
respect to the CDM case. We take the median value of the distri-

bution within each mass bin. The plot shows the familiar scale of
density with mass at a fixed radius, with core densities that vary
from ⇠ 106 h2M�kpc

�3 for halo masses around ⇠ 1010 h�1 M�
to ⇠ 108 h2M�kpc

�3 for halo masses around ⇠ 1014 h�1 M�.
Models ETHOS-1 (red) and ETHOS-2 (blue) have a significantly
reduced core density compared to the CDM case for low mass
haloes. We note that the effect is strongest in the former than in
the latter, which points to the primordial power spectrum suppres-
sion as the main culprit since the cross section is lower for model
ETHOS-1 than for model ETHOS-2. Low-mass haloes in ETHOS-
1 are therefore less dense than in CDM, mainly because they form
later (analogous to the WDM case). Interestingly, ETHOS-3 shows
a different behaviour. Here the core density is most reduced for
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Vogelsberger et al. (2016)

Observational constraints on subhalo masses powerful test of dark sectors 

DM

DM

SIDM example that suppresses  
formation of low-mass subhalos: 

Dark Matter  
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Scattering off 
Dark Radiation 
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DR DR

Dissipative dark sectors can also  
affect small-scale structure



Galactic-Scale Observables

Over the age of the Universe,   
~one self-interaction near galactic center if
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such cross sections typical in e.g., hidden sector models with light mediators

Self-interactions can affect dark matter density distributions 
on galactic scales



Galactic-Scale Observables

2 Victor H. Robles et al.

Figure 1. Dark matter density (left), circular velocity (middle) and velocity dispersion profiles (right) for the MW host. In the SIDM
DMO simulation (cyan) a large core develops due to the self-interactions thermalizing the center of the halo, whereas the collision-less
CDM DMO (gray) simulation displays the usual central cuspy profile. When the simulations include the contribution of the time-
dependent baryonic potential the SIDM density profile (magenta) becomes denser than CDM (black). The stellar contribution has a
strong impact on the DM velocity dispersion within the region of the disk in both CDM and SIDM simulations. The CDM+disk run
shows an additional steep rise within R? (2.5 kpc at z = 0) in the velocity dispersion profile, which is not present in the SIDM+disk run
because of the thermalization process.

ture of subhalos likely to host dwarfs with stellar masses of
M? ⇠ 105M� (Zolotov et al. 2012; Sawala et al. 2016; Wetzel
et al. 2016; Garrison-Kimmel et al. 2018). Garrison-Kimmel
et al. (2017) show that embedding a time-dependent galaxy
potential at the center of a high resolution MW-mass DMO
simulation yields substructure populations in good agree-
ment with fully hydrodynamical simulations of comparable
resolution, but at substantially less CPU cost.

We describe our simulations in section 2, section 3 de-
scribes the host dark matter density profile, sections 4 and
5 discuss the radial distribution and density profiles of the
subhalos, in section 6 we explain the key features of the den-
sity profiles using an analytic model, in section 7 we discuss
the orbits of the satellites and we conclude in section 8.

2 SIMULATIONS

We simulate 4 cosmological MW-mass halos: CDM DMO,
CDM+disk1, SIDM DMO and SIDM+disk, all of them
evolve in a Planck cosmology (Planck Collaboration 2015),
with h = 0.675, ⌦m = 0.3121, ⌦b = 0.0488 and ⌦⇤ =
0.6879. We apply the ‘zoom-in’ technique (Katz & White
1993; Oñorbe et al. 2014) to simulate a high-resolution re-
gion (with dark matter particle massmDM ⇡ 30, 000M� and
physical Plummer equivalent softening ✏DM = 37pc) of the
same cosmological volume of a box length of 50 Mpc/h such
that the region contains a single MW-mass halo (1012M�)
within 10Rvir ⇠ 3Mpc from the selected halo at z=0.

We run all simulations using the code GIZMO (Hopkins
2015)2, we identify halos using Rockstar (Behroozi, Wech-
sler &Wu 2013) and use the halo catalogs that we build from
the merger trees using consistent-trees (Behroozi et al.

1 We will refer to the simulations that have an embedded bary-
onic potential as ‘disk’ simulations for simplicity, however, these
simulations also include a bulge component.
2 http://www.tapir.caltech.edu/ phopkins/Site/GIZMO.html

2013), all initial conditions were generated at z = 125 using
MUSIC (Hahn & Abel 2011) with second-order Lagrangian
perturbation theory. In the CDM+disk and SIDM+disk sim-
ulations, we include a baryonic disk following the same pro-
cedure described in Kelley et al. (2018) to generate initial
conditions starting at z = 3 from the DMO simulations.
As in Kelley et al. (2018), our disks are composed of two
components, gas and stellar, we additionally include a bulge
component modeled by a Hernquist sphere (Hernquist 1990)
with constant bulge-to-disk mass ratio set by present values,
all the baryonic components are chosen to agree with z = 0
MW observations.

The stellar disk mass and disk size increase with time in
the CDM+disk and SIDM+disk runs, the disk mass begins
to grow at z = 3 at the same rate as the halo mass follow-
ing the abundance matching relation (Behroozi, Wechsler &
Conroy 2013).

The MW baryonic gas and stellar disks are modeled
as exponential disks. In the simulations we achieve this, for
each component, by using three overlapping Miyamoto &
Nagai (1975) potentials that yield an e↵ective exponential
disk (Smith et al. 2015). The exponential radial and vertical
scale lengths and total masses at z=0 of the stellar and gas
disks are R? = 2.5 kpc, h? = 0.35 kpc, M? = 4.1⇥ 1010M�
and Rgas = 7 kpc, hgas = 0.084 kpc, Mgas = 1.86⇥1010M�,
in agreement with current constraints (Bland-Hawthorn &
Gerhard 2016). The bulge mass and scale radius at z = 0
are 9⇥ 109M� and 0.5 kpc.

The dark matter self-interaction implementation is the
same as the one used in Rocha et al. (2013); Robles et al.
(2017), i.e., we assume identical dark-matter particles under-
going isotropic, velocity-independent, elastic, hard-sphere
scattering with a cross section �. Our SIDM runs assume
�/m = 1 cm2/g to maximize any di↵erence with CDM while
remaining in the range of current constraints (Kaplinghat,
Tulin & Yu 2016).

c� 2018 RAS, MNRAS 000, 1–8

An Example: Core v. Cusp Problem

Self-interactions cause dark matter 
halos to thermalize near center, 
producing cored density profiles

Standard Statement:

Dark matter halo also feels baryonic 
gravitational potential 

If stars are concentrated near center, 
dark matter will be too

More Accurately:SIDM core 
(DM-only sim)

SIDM core 
(DM+disk)

Robles et al. [1903.01469]



Galactic-Scale Observables

SIDM yields wide variation of halo distributions (depending on galaxy properties) 

May explain observed diversity of rotation curves
2
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FIG. 1: SIDM fits (solid) to the diverse rotation curves across a range of spiral galaxy masses, where we take �/m = 3 cm2/g. The data
points with error bars are from the SPARC dataset [18]. Each panel contains 14 galactic rotation curves that are selected to have similar flat
rotation velocities at their furthest radial data points, and the corresponding Vf bins are 79–91, 91–126, 139–172 and 239–315 km/s, spanning
the mass range of the galaxies considered in this work. The galaxies are colored according to their relative surface brightness in each panel
from low (red) to high (violet).

relation (BTFR). We comment on future directions and conclude in Sec. VI. In the appendix, Methods, we provide detailed
information about the model and the fitting procedure. In Supplementary Materials, we present SIDM and MOND fits to 135
individual galaxies from the SPARC sample and additional results that support the main text, including model fits to simulated
halos.

II. THE DIVERSITY OF GALACTIC ROTATION CURVES

We select 135 out of 175 galaxies in the full SPARC sample based on the criteria that they must have a recorded value for the
flat part of the rotation curve, Vf . In our sample, 87, 42 and 6 galaxies have quality flags 1, 2 and 3, respectively. It spans a wide
range of galaxy masses and inner shapes of rotation curves with Vf ranging from 20 km/s to 300 km/s. In fitting to the data,
we utilize the analytical SIDM halo model [26, 29], where we assume the dark matter distribution in the inner halo follows the
isothermal density profile,

⇢iso(R, z) = ⇢0 exp
�
[�tot(0, 0)� �tot(R, z)] /�2

v0
�
, (1)

where ⇢0 is the central dark matter density, �v0 is the one-dimensional dark matter velocity dispersion, �tot(R, z) is the total
gravitational potential and R, z are cylindrical coordinates aligned with the stellar disk. We match this isothermal profile to a
Navarro-Frenk-White (NFW) form [32, 33] at r1, where a dark matter particle has scattered O(1) times over the age of the
galaxy, assuming continuity in both the density and the enclosed mass at r1. In this way, the isothermal parameters (⇢0, �v0)
directly map on to the NFW parameters (rs, ⇢s) or (rmax, Vmax). This model provides an approximate way to calculate the
SIDM distribution in a halo if its CDM counterpart is known, and vice versa. It correctly predicts the halo central density and its
scalings with the outer halo properties, stellar profiles and cross section, as confirmed in both isolated and cosmological N-body
simulations with and without baryons, see, e.g., [26, 28, 30, 34, 35]. See Methods and Supplementary Materials for a detailed
description of the model and additional comparisons between model predictions and cosmological simulations.

High Surface Brightness:  
SIDM halo is cuspier

Low Surface Brightness:  
SIDM halo is cored

Ren et al. [1808.05695]

data: SPARC galaxies 
lines: SIDM theory

An Example: Core v. Cusp Problem



Galactic-Scale Observables
An Example: Core v. Cusp Problem

Hydrodynamic simulations of halos will play a crucial role 
in making both the SIDM and CDM predictions more robust 

need to better understand role of baryonic feedback in halo formation

Dwarfs & low-surface brightness galaxies provide excellent SIDM laboratories; 
observational evidence will continue to improve 

these systems are expected to be cored in SIDM scenario



Complementarity

Many models with self interactions naturally have baryonic interactions

Both astrophysical and terrestrial searches needed  
to uncover complete dark matter model

DM
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see e.g., Del Nobile, Kaplinghat, and Yu [1507.04007] 



1 TeV

WIMPs

1 keV 1 GeV1 eV 1 MeV

Hidden Sector DM 

DM Absorption DM Scattering

need to probe 
interactions w/ 

nuclei and electrons

DM DM

SM SM

mediator

SM

SM

DM

1 meV

(bosonic DM < 1 keV)



Mediator Production/Decay

SM, DM

SM, DM

WIMPsHidden Sector DM 

mediator

1 TeV1 keV 1 GeV1 eV 1 MeV1 meV

(at beam-dumps or colliders…)



If the dark-sector states are produced at the LHC, they can  
lead to novel phenomenology such as:

Dark Sectors at Colliders

Hidden Valleys provide a classic example of such phenomenology
Strassler and Zurek [hep-ph/0604261]; Zurek [1001.2563]

displaced vertices

large particle multiplicities

multiple resonances

lepton or photon jets

semi-visible or emerging jets



Hidden Sector

SUd(2)

Scalar Quarks

Visible Sector Mediator(s)

Dark Sectors at Colliders
An Illustrative Example

2 flavors

𝜒1 𝜒2
Z 0
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Cohen, ML, H. K. Lou [1503.00009] 
Cohen, ML, H. K. Lou, and S. Mishra-Sharma [1707.05326]



Dark Sectors at Colliders
An Illustrative Example

Direct detection signal is highly suppressed, falling beneath neutrino floor 

Dedicated collider searches have discovery potential
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Semi-visible jet 

Cohen, ML, H. K. Lou, and S. Mishra-Sharma [1707.05326]



Conclusions

Gravitational Interactions

DM

Galactic-Scale Observables

Production

DM

SM DM

SM

Scattering or Absorption

SM

DM DM

SM

Annihilations

DM

DM SM

SM

Over next few decades, important advancements in both astrophysical and 
terrestrial probes will test WIMPs and Hidden Dark Sectors


