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Evidence for dark matter is overwhelming…



So what is Dark Matter?

• As particle physicists, we want to know 
how dark matter fits into a particle 
description of Nature.

• What do we know about it?

• Dark (neutral)

• Massive (cold/non-relativistic)

• Still around today (stable or with a 
lifetime of the order of the age of the 
Universe itself).

• Nothing in the Standard Model of 
particle physics fits the description.“Cold Dark Matter: An Exploded View” by Cornelia Parker
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Lots of ideas…



WIMPs

• One of the most attractive proposals for dark 
matter is that it is a Weakly Interacting Massive 
Particle.  

• WIMPs naturally can account for the amount 
of dark matter we observe in the Universe.  

• WIMPs automatically occur in many models 
of physics beyond the Standard Model:

• Supersymmetric extensions with R-parity;

• Extra-dimensional theories with KK-parity; 

• Natural theories of electroweak symmetry 
breaking with T-parity.

Available in Blue Raspberry, Fruit 
Punch, and Grape flavors....

$80 CAD for 20 servings
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The WIMP Miracle
• One of the primary motivations for WIMPs is the 

“WIMP miracle”, an attractive picture explaining 
the density of dark matter in the Universe today.

•  The picture starts out with the WIMP in chemical 
equilibrium with the Standard Model plasma at 
early times.

• Equilibrium is maintained by scattering of WIMPs 
into SM particles, χχ -> SM.

• While in equilibrium at temperatures below its 
mass, the WIMP number density follows the 
Boltzmann distribution:

χ

χ
SM Particles

neq = g

!

mT

2π

"3/2

Exp [−m/T ]



Freeze-Out

• Expansion of the Universe eventually 
results in a loss of equilibrium.

• At the “freeze-out” temperature, the 
WIMPs are sufficiently diluted that they 
can no longer find each other to annihilate 
and they cease tracking the Boltzmann 
distribution.

• The temperature at which this occurs 
depends quite sensitively on σ(χχ -> SM): 
more strongly interacting WIMPs will stay 
in equilibrium longer, and thus end up with 
a smaller relic density than more weakly 
interacting WIMPs.

Universe 
Expands



Relic Density

• The observed quantity of dark matter is suggestive of ~ an electroweak cross 
section for annihilation into SM particles: <σv> ~ 3 x 10-26 cm3/s, roughly 
independently of the mass of the dark matter.

• The Higgs VEV is where all of the information about the weak scale is 
encoded.  If the WIMP miracle is not a red herring, the Higgs MUST be 
involved somehow…

x=m/T increasing
is

T decreasing
is

time increasing



The Power of Higgs
• For a scalar dark matter particle 

coupling to the Higgs, what we 
know about the Higgs already 
tells us a lot about dark matter.

• This specific plot is for the       
minimal 6-dimensional “chiral 
square” UED model.

• The measured Higgs mass 
essentially fixes the dark matter 
mass.  When one takes into 
account the fact that UED also 
predicts colored particles 
nearby, minimal version of this 
model are simply ruled out.

Figure 5: The region (shaded) of the mh vs. MB plane in which the BH thermal relic abundance is
within the range measured by WMAP (0.096 < ΩBH

h2 < 0.122).

denominator, in comparison with the a-term. Even near the resonance, however, the effect of

the b-term contribution on the relic abundance is suppressed by the velocity (v2
r ∼ 0.1) and

impacts the dark matter density at about the 10% level or less.

As shown in the left frame of Fig. 4, there are two regions consistent with WMAP around

the Higgs resonance, MB ∼ 180 GeV and MB ∼ 350 GeV. Note that in contrast to the 5D

case [3, 6] a light range of dark matter masses is preferred by data. This difference is to a

large extent due to the spin of the dark matter candidate. The dominant annihilation channel

of the spin-1 dark matter candidate in 5D is to fermion pairs, whereas annihilation of spinless

photons to pairs of light fermions is helicity suppressed. The multiplicity of light fermion

final states allows the former to annihilate more efficiently, leading to an increase in its mass

in order to remain consistent with data.

The relative contributions to the total annihilation cross section from different final states

are plotted for a large Higgs mass in the right frame of Fig. 4. We see that annihilation

to boson final states is dominant for a spinless photon mass above the boson production

threshold. As expected from the Goldstone boson equivalence theorem, the a-term for the

W+W− final state is twice that for the ZZ and hh final states in the limit of large MB. The

top quark final state is only significant for a small range of parameters; it is below threshold

for MB ! 170 GeV and helicity suppressed for large values of MB .

Note that the results in this figure are not reliable in the region of MB ≈ 250 GeV

as this corresponds to a spinless photon mass that is exactly half the Higgs mass and the
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Dobresu, Hooper, Kong, 
Mahbubani, ’07

W+

W−
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BH

h

Figure 1: The only tree-level contribution to BHBH annihilation into W+W−. The same diagram
with the W bosons replaced by Z bosons describes annihilation into Z pairs.

As we will see in this section, the only other (1,0) particles that affect the annihilation

cross section of BH are the KK modes of the top quark: T (1,0)
− , which is an SU(2)W -singlet

vectorlike quark, and T (1,0)
+ , which together with B(1,0)

+ forms an SU(2)W -doublet vectorlike

quark. The masses of other (1,0) quarks are necessary for computing the elastic scattering

cross section of BH with nucleons (see Section 4). The masses of the (1,0) leptons and vector

bosons are largely irrelevant for our present study. Nevertheless, we show in Table 1 the full

(1,0) spectrum from Ref. [21], which turns out to include sufficiently large mass splittings so

that coannihilation effects may be neglected. We loosely refer to all (1,0) particles as ‘level-1’

modes in what follows, and we label them using the superscript (1, 0).

2.1 Annihilation into boson pairs

The interaction of the BH with the Standard Model Higgs boson, h, is given by

Lh = −
g2
Y

8
BHBHh (h + 2v) , (2.1)

where gY is the hypercharge gauge coupling and v ≈ 246 GeV is the electroweak scale. There

are no tree-level interactions of the type BHH(1,0)h, ∂µBHH(1,0)0Zµ, or ∂µBHH(1,0)∓W µ±.

The annihilation cross section into a W+W− pair (see Fig. 1) is given by

σ(BHBH → W+W−) =
g4
Y (s2 − 4m2

W s + 12m4
W )

64πs
!

s − m2
h

"2

#

s − 4m2
W

s − 4M2
B

$1/2

, (2.2)

and the same expression with the W boson mass replaced by the Z boson mass yields the

cross section for BHBH annihilation into a ZZ pair

σ(BHBH → ZZ) =
1

2
σ(BHBH → W+W−)

%

%

%

%

mW →mZ

, (2.3)

where the factor of 1/2 results from having two identical particles in the final state. Here

s is the center-of-mass energy of the collision, while mW , mZ and mh are the the Standard

Model masses.

Expanding the cross section in powers of the relative speed between the BH bosons, vr,

gives

vr σ
!

BHBH → W+W−
"

= aW + v2
rbW + O

!

v4
r

"

. (2.4)
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SUSY



SUSY
• As long as the primary reason for SUSY is to solve the hierarchy problem, 

it is very closely tied to the Higgs.

• The EWSB scale is fixed by the SUSY-breaking scale.

• (But don’t forget the mu-problem…)

• The MSSM in particular must realize the Higgs quartic interaction as D-
terms from the electroweak sector.  This means that the Higgs mass is 
calculable, unlike in the SM where it is a free parameter.

• The mass and properties of the Higgs give indirect information about 
the rest of the MSSM parameters.

• At the same time, SUSY relates important couplings involved in (e.g.) 
neutralino and stop mixing to the Higgs couplings to SM particles.



pMSSM & Higgs

Cahill-Rowley, Hewett, 
Ismail, Rizzo 1407.7021

Figure 6: Values of the ratio r
bb

as a function of the lightest sbottom mass for the neutralino
model set incorporating the influence of the ATLAS direct SUSY searches. The lower panel
shows those models probed by the searches at 14 TeV.
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Neutralino LSP

Figure 7: Same as the previous figure but now for the gravitino model set.
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Gravitino LSP

Deviation in the Higgs coupling to bottom quarks



Figure 8: Same as the previous Figure but now for the low-FT model set.
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pMSSM & Higgs

Cahill-Rowley, Hewett, Ismail, Rizzo 1407.7021

Low Fine-tuning



pMSSM: Higgs & DM

Cahill-Rowley, Cotta, Drlica-Wagner, Funk,
Hewett, Ismail, Rizzo, Wood 1305.6921

Low Fine-tuning

Figure 2: Thermal relic density as a function of the LSP mass in our pMSSM model set, as
generated, color-coded by the electroweak properties of the LSP as discussed in the text.

5

The neutralino Higgs
couplings control
(with soft masses
M1 and M2) the
LSP composition.



Generic Features 
for DM



Particle Probes of  DM

• The common feature of particle searches for dark matter is that all of 
them are determined by how it interacts with the Standard Model.

Indirect Detection

χ

χ
SM ParticlesDM

Direct Detection

χ χ

SM Particles

DM
Collider Searches

χ

χ
SM Particles DM



Higgs Portal Probes
• If the dark matter communicates largely through the Higgs portal, there are 

systematic things we can expect:

• If the dark matter is light enough that the Higgs can decay into it, there 
will be strong constraints from the direct searches for invisible decay 
modes.  We already know the invisible BR is less than about 30%!

• There are also important constraints on this case from the total width of 
the Higgs.

• When the dark matter is too heavy, on-shell Higgs processes become 
ineffective.  Off-shell production is still important, but is less easily 
associated with the Higgs itself and tends to look more like generic MET 
searches.

• Direct detection is generically an effective means to search for Higgs portal 
dark matter, because the large coupling to gluons implies a large coupling to 
nucleons.



Direct Detection 6

individual di↵erential rates of isolated S1 pulses (f1) and
isolated S2 pulses (f2) are measured from WIMP-search
data. Due to their uncorrelated nature, these events are
modeled as uniform in {xS2, yS2, zS2}.

A protocol for blinding the data to potential NR
WIMP signatures, to reduce analysis bias, began on De-
cember 8th, 2014 and was carried through the end of the
exposure. Artificial WIMP-like events (‘salt’) were man-
ufactured from sequestered 3H calibration data and intro-
duced into the data at an early stage in the data pipeline,
uniform in time and position within the fiducial volume.
Individual S1 and S2 waveforms from this dataset were
paired to form events consistent with a nuclear recoil S2
vs S1 distribution. Some S2-only salt events were added
as well. The nuclear recoil energy distribution of these
events had both an exponential (WIMP-like) and flat
component. The four parameters describing these dis-
tributions (the exponential slope, the flat population’s
endpoint, the total rate, and the relative ratio of expo-
nential vs. flat rates) were chosen at random within loose
constraints and were unknown to the data analyzers. The
salt event trigger times were sequestered by an individual
outside the LUX collaboration until formally requested
for unblinding, after defining the data selection criteria,
e�ciencies, and PLR models.

Following the removal of salt events, two populations
of pathological S1+S2 accidental coincidence events were
identified in which the S1 pulse topologies were anoma-
lous. In the first of these rare topologies, ⇠80% of the
collected S1 light is confined to a single PMT, located in
the edge of the top PMT array. This light distribution
is inconsistent with S1 light produced in the liquid, but
is consistent with light produced outside the field cage
and leaking into the TPC. A loose cut on the maximum
single PMT waveform area as a fraction of the total S1
waveform area is tuned on ER and NR calibrations to
have >99% flat signal acceptance. The second popula-
tion of anomalous events also features a highly clustered
S1 response in the top array, as well as a longer S1 pulse
shape than typical of liquid interactions; these pulses are
consistent with scintillation from energy deposited in the
gaseous xenon. A loose cut on the fraction of detected
S1 light occurring in the first 120 ns of the pulse is simi-
larly tuned on ER and NR calibration data to have >99%
signal acceptance across all energies. These two cuts, de-
veloped and applied after un-blinding, feature very high
signal acceptance, are tuned solely on calibration data,
and only eliminate events that clearly do not arise from
interactions in the liquid.

The result presented here includes the application of
these two post-unblinding cuts, and additionally includes
31.82 live days of non-blinded data, collected at the be-
ginning of the WS2014-16 exposure before the start of
the blinding protocol.

WIMP signal hypotheses are tested with a PLR statis-
tic as in [9], scanning over spin-independent WIMP-
nucleon cross sections at each value of WIMP mass.
Nuclear-recoil energy spectra for the WIMP signal are
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FIG. 3. Upper limits on the spin-independent elastic WIMP-
nucleon cross section at 90% CL. Observed limit in solid black,
with the mean and 1(2)-� ranges of background-only trials
in dotted gray and shaded green(yellow). Also shown are
limits from LUX WS2013 [9] (gray), XENON100 [44] (red),
DarkSide-50 [45] (orange), PandaX-I [46], and PandaX-II [47]
(both purple). The expected spectrum of coherent neutrino-
nucleus scattering by 8B solar neutrinos can be fit by a WIMP
model as in [48], plotted here as a black dot. Parameters
favored by SUSY CMSSM [49] before this result are indicated
as dark and light gray (1- and 2-�) filled regions.

derived from a standard Maxwellian velocity distribu-
tion with v0 = 220 km/s, vesc = 544 km/s, ⇢0 = 0.3
GeV/cm3, average Earth velocity of 245 km/s, and a
Helm form factor. Detector response nuisance parame-
ters, describing all non-negligible systematic uncertain-
ties in the signal and background models, are listed with
their constraints and observed fit values in Table I. Sys-
tematic variation of the electric field models in the 16
exposure segments, constrained within the uncertainties
of the 3H-based NEST model fits, results in negligible
(<4%) change in projected sensitivity. The likelihood
is the product of terms for the full (signal plus back-

TABLE I. Model parameters in the best fit to WS2014-16
data for an example 50 GeV c�2 WIMP mass. Constraints
are Gaussian with means and standard deviations indicated.
Fitted event counts are after cuts and analysis thresholds.

Parameter Constraint Fit Value

Lindhard k [11] 0.174± 0.006 -

Low-z-origin � counts 94± 19 99± 14

Other � counts 511± 77 590± 34

� counts 468± 140 499± 39
8B counts 0.16± 0.03 0.16± 0.03

PTFE surface counts 14± 5 12± 3

Random coincidence counts 1.3± 0.4 1.6± 0.3

LUX 1608.07648



Invisible Higgs Width



MET Search Trends
8

FIG. 2: Dark matter discovery prospects in the (m�,�/�th) plane for current and future direct detection [51],
indirect detection [52, 53], and particle colliders [54–56] for dark matter coupling to gluons [57], quarks [57,
58], and leptons [59, 60], as indicated.

rate of both spin-dependent and spin-independent direct scattering, the annihilation cross section
into quarks, gluons, and leptons, and the production rate of dark matter at colliders.

Each class of dark matter search outlined in Sec. III is sensitive to some range of the interaction
strengths for a given dark matter mass. Therefore, they are all implicitly putting a bound on the
annihilation cross section into a particular channel. Since the annihilation cross section predicts
the dark matter relic density, the reach of any experiment is thus equivalent to a fraction of the
observed dark matter density. This connection can be seen in the plots in Fig. 2, which show the
annihilation cross section normalized to the value �th, which is required1 for a thermal WIMP to
account for all of the dark matter in the Universe. If the discovery potential for an experiment with
respect to one of the interaction types reaches cross sections below �th (the horizontal dot-dashed
lines in Fig. 2), that experiment will be able to discover thermal relic dark matter that interacts
only with that standard model particle and nothing else.

If an experiment were to observe an interaction consistent with an annihilation cross section
below �th (yellow-shaded regions in Fig. 2), it would have discovered dark matter but we would infer
that the corresponding relic density is too large, and therefore there are important annihilation
channels still waiting to be observed. Finally, if an experiment were to observe a cross section
above �th (green-shaded regions in Fig. 2), it would have discovered one species of dark matter,
which, however, could not account for all of the dark matter (within this model framework), and
consequently point to other dark matter species still waiting to be discovered.

In Fig. 2, we assemble the discovery potential and current bounds for several near-term dark
matter searches that are sensitive to interactions with quarks and gluons, or leptons. It is clear
that the searches are complementary to each other in terms of being sensitive to interactions with
di↵erent standard model particles. These results also illustrate that within a given interaction type,
the reach of di↵erent search strategies depends sensitively on the dark matter mass. For example,
direct searches for dark matter are very powerful for masses around 100 GeV, but have di�culty
at very low masses, where the dark matter particles carry too little momentum to noticeably a↵ect
heavy nuclei. This region of low mass is precisely where collider production of dark matter is easiest,
since high energy collisions readily produce light dark matter particles with large momenta.

1
For non-thermal WIMPs, e.g. asymmetric DM, the annihilation cross-section does not have a naturally preferred

value, but the plots in Fig. 2 are still meaningful.

1305.1605



Higgs Portal



Scalar Dark Matter
• If the dark matter is a scalar, there is a 

simple renormalizable portal to the SM 
through a quartic interaction.

• If the scalar is an EW singlet, this single 
coupling represents its sole 
renormalizable way of reaching the 
Standard Model.

• For a thermal relic, direct detection 
excludes everything except for the 
narrow window around the Higgs 
funnel.

Burgess, Pospelov, ter Veldhuis  hep-ph/0011335
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Figure 2: Four samples of the log λ–mS relationship between λ and mS, which gives

the correct cosmic abundance of S scalars. For these plots the Higgs mass is chosen to

be 100, 120, 140, and 200 GeV. The abundance is chosen to be Ωsh2 = 0.3

These expressions may be used with standard results for the Standard Model Higgs

decay widths to predict how the primordial S-particle abundance depends on the pa-

rameters mS and λ. Standard procedures [18] give the present density of S particles

to be

Ωsh
2 =

(1.07 · 109) xf

g1/2
∗ MPl GeV ⟨σvrel⟩

. (3.5)

Here g∗, as usual, counts the degrees of freedom in equilibrium at annihilation, xf =

mS/Tf is the inverse freeze-out temperature in units of mS, which can be determined

by solving the equation xf ≃ ln
!

0.038(g∗xf )−1/2MPl mS⟨σv⟩
"

. Finally, ⟨· · ·⟩ denotes

the relevant thermal average.

The abundance constraint is obtained by requiring Ωsh2 to be in the cosmologically

preferred range, which imposes a relation between λ and mS. For our numerical results

we use Ωsh2 = 0.3, which corresponds to a large value for Ωs = 0.6, perhaps the largest

possible value consistent with observations. We choose such a large Ωs in order to

be conservative in our later predictions for the signals to be expected in dark matter

9
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Figure 4: The predictions for the elastic cross section, σel, as a function of mS, which

follows from the λ(mS) dependence dictated by the cosmic abundance. Also shown by

a dashed line is the exclusion limit from the CDMS experiment [6] .

falsify than are more complicated models, with much of the parameter space covered

by the next generation of experiments [4]. Most importantly, the projected sensitivities

of the CDMS-Soudan and Genius experiments will completely cover the range mS ≤ 50

GeV, for values of the Higgs mass between 110 and 140 GeV. As we show in the next

section, this range of masses and coupling constants has important implications for the

Higgs searches at colliders. On the other hand, there exists the possibility of completely

“hiding” the dark matter by choosing 0.4mh <∼ mS ≤ 0.5mh. In this case annihilation

at freeze-out is very efficient, requiring small λ’s which lead to elastic cross sections

suppressed to the level of 10−48 cm2. These levels of sensitivity to σel(nucleon) are not

likely to be achieved in the foreseeable future.

Our model of a singlet real scalar predicts a smaller signal for underground detectors

than does a model where the dark matter consists of N singlet scalars (including the

model considered in ref. [10], for which N = 2). This is because the abundance of every

individual species must be 1/N of the total dark matter abundance, Ωi = Ωtot/N . This

requires a larger annihilation rate at freeze-out for every species, and so an enhancement

14
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Figure 5: The ratio, R, of the total Higgs width in the Standard model over the same

width in the Standard Model supplemented by the singlet scalar, plotted as a function

of mS.

where the last equality uses the fact that Higgs production rates are not affected by

the existence of a new scalar. R quantifies the deterioration (relative to the SM result)

of the expected signal for Higgs decaying into visible modes due to the adding of the

new scalar. We plot R, in fig. (5), against mS up to the Higgs mass for the same values

of mh and λ as in fig. (2).

As is clear from the plot, for mh = 100, 120 and 140 GeV and 2mS < mh the

invisible width dominates the total width everywhere except in the immediate vicinity

of 2mS = mh. R shrinks near this point for two reasons. First, mh near 2mS is close to

threshold for producing two S particles in h decay, and so the invisible rate is phase-

space suppressed in this region. More importantly, the size of the coupling, λ, allowed

by abundance arguments is smaller for mS in this region, due to the enhancement of

the primordial annihilation cross section due to proximity with the Higgs pole.

However, the plot also shows that the presence of the invisible width already down-

grades the expected signal by a factor of 10 or more when mS ≃ 0.3mh GeV for

mh = 120 or 140 GeV. This means that over 10 times more Higgs particles must

18
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Fermion Dark Matter
• If the dark matter is a fermion, 

renormalizable interactions require that a 
coupling to the Higgs is chiral, consisting 
of two different SU(2) representations:

• This looks a lot like a SM neutrino with a 
Dirac mass.  As a result, the dark matter, 
like the SM neutrino, has a large vector 
coupling to the Z boson.

• Direct detection rules this out up to 
extremely large DM masses!

• Viable constructions need to control the 
vector couplings.  The simplest thing is to 
introduce Majorana masses.

6

individual di↵erential rates of isolated S1 pulses (f1) and
isolated S2 pulses (f2) are measured from WIMP-search
data. Due to their uncorrelated nature, these events are
modeled as uniform in {xS2, yS2, zS2}.

A protocol for blinding the data to potential NR
WIMP signatures, to reduce analysis bias, began on De-
cember 8th, 2014 and was carried through the end of the
exposure. Artificial WIMP-like events (‘salt’) were man-
ufactured from sequestered 3H calibration data and intro-
duced into the data at an early stage in the data pipeline,
uniform in time and position within the fiducial volume.
Individual S1 and S2 waveforms from this dataset were
paired to form events consistent with a nuclear recoil S2
vs S1 distribution. Some S2-only salt events were added
as well. The nuclear recoil energy distribution of these
events had both an exponential (WIMP-like) and flat
component. The four parameters describing these dis-
tributions (the exponential slope, the flat population’s
endpoint, the total rate, and the relative ratio of expo-
nential vs. flat rates) were chosen at random within loose
constraints and were unknown to the data analyzers. The
salt event trigger times were sequestered by an individual
outside the LUX collaboration until formally requested
for unblinding, after defining the data selection criteria,
e�ciencies, and PLR models.

Following the removal of salt events, two populations
of pathological S1+S2 accidental coincidence events were
identified in which the S1 pulse topologies were anoma-
lous. In the first of these rare topologies, ⇠80% of the
collected S1 light is confined to a single PMT, located in
the edge of the top PMT array. This light distribution
is inconsistent with S1 light produced in the liquid, but
is consistent with light produced outside the field cage
and leaking into the TPC. A loose cut on the maximum
single PMT waveform area as a fraction of the total S1
waveform area is tuned on ER and NR calibrations to
have >99% flat signal acceptance. The second popula-
tion of anomalous events also features a highly clustered
S1 response in the top array, as well as a longer S1 pulse
shape than typical of liquid interactions; these pulses are
consistent with scintillation from energy deposited in the
gaseous xenon. A loose cut on the fraction of detected
S1 light occurring in the first 120 ns of the pulse is simi-
larly tuned on ER and NR calibration data to have >99%
signal acceptance across all energies. These two cuts, de-
veloped and applied after un-blinding, feature very high
signal acceptance, are tuned solely on calibration data,
and only eliminate events that clearly do not arise from
interactions in the liquid.

The result presented here includes the application of
these two post-unblinding cuts, and additionally includes
31.82 live days of non-blinded data, collected at the be-
ginning of the WS2014-16 exposure before the start of
the blinding protocol.

WIMP signal hypotheses are tested with a PLR statis-
tic as in [9], scanning over spin-independent WIMP-
nucleon cross sections at each value of WIMP mass.
Nuclear-recoil energy spectra for the WIMP signal are
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FIG. 3. Upper limits on the spin-independent elastic WIMP-
nucleon cross section at 90% CL. Observed limit in solid black,
with the mean and 1(2)-� ranges of background-only trials
in dotted gray and shaded green(yellow). Also shown are
limits from LUX WS2013 [9] (gray), XENON100 [44] (red),
DarkSide-50 [45] (orange), PandaX-I [46], and PandaX-II [47]
(both purple). The expected spectrum of coherent neutrino-
nucleus scattering by 8B solar neutrinos can be fit by a WIMP
model as in [48], plotted here as a black dot. Parameters
favored by SUSY CMSSM [49] before this result are indicated
as dark and light gray (1- and 2-�) filled regions.

derived from a standard Maxwellian velocity distribu-
tion with v0 = 220 km/s, vesc = 544 km/s, ⇢0 = 0.3
GeV/cm3, average Earth velocity of 245 km/s, and a
Helm form factor. Detector response nuisance parame-
ters, describing all non-negligible systematic uncertain-
ties in the signal and background models, are listed with
their constraints and observed fit values in Table I. Sys-
tematic variation of the electric field models in the 16
exposure segments, constrained within the uncertainties
of the 3H-based NEST model fits, results in negligible
(<4%) change in projected sensitivity. The likelihood
is the product of terms for the full (signal plus back-

TABLE I. Model parameters in the best fit to WS2014-16
data for an example 50 GeV c�2 WIMP mass. Constraints
are Gaussian with means and standard deviations indicated.
Fitted event counts are after cuts and analysis thresholds.

Parameter Constraint Fit Value

Lindhard k [11] 0.174± 0.006 -

Low-z-origin � counts 94± 19 99± 14

Other � counts 511± 77 590± 34

� counts 468± 140 499± 39
8B counts 0.16± 0.03 0.16± 0.03

PTFE surface counts 14± 5 12± 3

Random coincidence counts 1.3± 0.4 1.6± 0.3

σSI for full strength
Z coupling

H 1 2(2,1/2)
(n,Y)

(n+1,Y-1/2)

Essig  0710.1668



Triplet-Quadruplet
• Many constructions are possible:

• Doublet-Singlet

• Doublet-Triplet

• Triplet-Quadruplet

• The first two have particle content which 
look like MSSM neutralinos/charginos.

• But note that their couplings are not fixed 
by SUSY, leading to a wider range of 
spectra and properties!

• Triplet-Quadruplet has a richer spectrum 
including doubly charged fermion states.

• The preferred masses are pretty high for 
direct searches.

• The best hope is probably a very precise    
H->γγ measurement with high luminosity.

Cohen, Kearny, Pierce  1109.2604

Dedes, Karamitros 1403.7744

TMPT, ZH Yu 1601.01354
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Figure 6. Constraints on the y1-y2 plane for four sets of fixed mQ and mT as indicated. The
legend for the lines and shadings are the same as in Fig. 5.
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Higgs Mixing
• Another strategy is to take the dark matter as a 

SM singlet, coupled to a scalar which is also a 
singlet.

• Then the scalar mixes with the Higgs, stealing a 
small amount of its coupling to the SM.

• In the simplest models, one can parameterize 
the effect on Higgs physics in terms of the 
mixing angle between the scalars, and the impact 
on the total Higgs width.

• For dark matter observables, it is often 
important to include both the mostly-singlet 
and mostly-Higgs mediators because of 
important interference effects in the scattering 
cross section.

Cheung, Ko, Lee, Tseng 1507.06158

FIG. 1. The 68 % (��2 = 2.30), 95 % (��2 = 6.18), 99.7 % (��2 = 11.83) confidence-

level (CL) regions for the SD fit on the ��
tot

-cos↵ plane. The horizontal line in the left frame

shows the physical limit cos↵ = 1. In the right frame, we show the CL regions after applying

��
tot

� 0 and cos↵  1. The best-fit points are along the yellow line passing through the point

(��, cos↵) = (0, 1) in the left frame. In the black regions, we have ��2 < 0.01.

FIG. 2. The CL regions for the SL fit. The description of the CL regions is the same as in Fig. 1.
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Higgs Mixing
• If the mediator scalar field is complex, one can also realize a pseudo-scalar 

mediator scenario, which is relatively free from direct bounds, but can be bounded 
by indirect detection.

• Depending on parameters, bounds can be dominated by deviations in the Higgs 
properties, by mono-jet searches, and/or by the Fermi LAT bounds from dwarf 
galaxies. 14

FIG. 12: 95% CL upper limits on g�gv for pseudoscalar mediators from collider searches as a function of �A/mA,
assuming 40 GeV dark matter and 100 GeV (left) and 375 GeV (right) pseudoscalar mediators. The limit from the
CMS monojet search is shown as the solid colored (red or blue) line for the Full Theory including heavy quark mass
e↵ects MCFM calculation. The MadGraph e↵ective operator CMS monojet constraint is shown in dashed color. The
shaded region indicates an extrapolation of the finite width e↵ects to the MCFM results. The constraint from the top
pair plus missing energy search is the dashed black line, and the b-jet plus missing energy search limit is the dotted
black line. The horizontal solid black line shows the indirect detection limit in the bb̄ channel from FGST.

required for a thermal relic are still experimentally and theoretically interesting: as we consider only a Simplified

Model, we do not attempt to specify the full theory. Further, we do not even know that dark matter is in fact a
thermal relic. If dark matter was generated through some asymmetric process (like baryons), then one would not
expect the low-energy annihilation channels to obtain a thermal abundance.

In Figures 11 and 12, we also show the exclusion region of coupling-width parameter space that is theoretically
inconsistent. While we cannot specify a width only from the coupling combination g�gv, we can calculate the minimum
possible width (assuming only decays into the dark matter and the Standard Model fermions) that is consistent with
a given value of g�gv. That is, for a given width ��(A)

, we find the minimum value of the product g�gv which would
allow
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, (9)

for any values of that g� and gv which satisfy the product constraint (here n = 1 for pseudoscalars and 3 for scalars).
We gray-out the regions of g�gv parameter space where minimum width possible for any g� and gv is larger than the
assumed ��(A)

.
Examining Figures 11 and 12, it is interesting to note that the top constraints on the scalar mediator are competitive

(within the accuracy of our simulated search) with those of the monojet channel at low mediator masses. This is due
to the relative suppression of the scalar coupling to gluons compared to the coupling to the fermions Eq. (3). The
pseudoscalar gluon coupling does not have the same level of suppression, leading to a larger production cross section
in the monojet channel, and thus better bounds when compared to the heavy flavor channel. As the mediator mass
increases, the production of a heavy particle in association with the two massive tops is suppressed, and the monojet
constraint regains its preeminence for the scalar model.

The b-tagged channel places significantly weaker constraints on these models than the monojet or the top channels.
However, as this probes directly the coupling to the down-sector, it would be sensitive to deviations the universal
coupling assumption in a way that the top channel is not, as the top channel relies on the same coupling as the
loop-induced monojet search, unless new colored particles coupling to the mediator exist in the spectrum.

The direct detection constraints are also very powerful compared to the collider reach (though for dark matter
masses less than ⇠ 6 GeV, the colliders are more constraining) for scalar mediators, while the pseudoscalars are
much less constrained by the indirect searches, are comparable with the current LHC constraints. However, as we
argued previously, multiple probes in multiple channels are still necessary, as simple modifications of the basic model
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FIG. 12: 95% CL upper limits on g�gv for pseudoscalar mediators from collider searches as a function of �A/mA,
assuming 40 GeV dark matter and 100 GeV (left) and 375 GeV (right) pseudoscalar mediators. The limit from the
CMS monojet search is shown as the solid colored (red or blue) line for the Full Theory including heavy quark mass
e↵ects MCFM calculation. The MadGraph e↵ective operator CMS monojet constraint is shown in dashed color. The
shaded region indicates an extrapolation of the finite width e↵ects to the MCFM results. The constraint from the top
pair plus missing energy search is the dashed black line, and the b-jet plus missing energy search limit is the dotted
black line. The horizontal solid black line shows the indirect detection limit in the bb̄ channel from FGST.

required for a thermal relic are still experimentally and theoretically interesting: as we consider only a Simplified

Model, we do not attempt to specify the full theory. Further, we do not even know that dark matter is in fact a
thermal relic. If dark matter was generated through some asymmetric process (like baryons), then one would not
expect the low-energy annihilation channels to obtain a thermal abundance.

In Figures 11 and 12, we also show the exclusion region of coupling-width parameter space that is theoretically
inconsistent. While we cannot specify a width only from the coupling combination g�gv, we can calculate the minimum
possible width (assuming only decays into the dark matter and the Standard Model fermions) that is consistent with
a given value of g�gv. That is, for a given width ��(A)

, we find the minimum value of the product g�gv which would
allow
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for any values of that g� and gv which satisfy the product constraint (here n = 1 for pseudoscalars and 3 for scalars).
We gray-out the regions of g�gv parameter space where minimum width possible for any g� and gv is larger than the
assumed ��(A)

.
Examining Figures 11 and 12, it is interesting to note that the top constraints on the scalar mediator are competitive

(within the accuracy of our simulated search) with those of the monojet channel at low mediator masses. This is due
to the relative suppression of the scalar coupling to gluons compared to the coupling to the fermions Eq. (3). The
pseudoscalar gluon coupling does not have the same level of suppression, leading to a larger production cross section
in the monojet channel, and thus better bounds when compared to the heavy flavor channel. As the mediator mass
increases, the production of a heavy particle in association with the two massive tops is suppressed, and the monojet
constraint regains its preeminence for the scalar model.

The b-tagged channel places significantly weaker constraints on these models than the monojet or the top channels.
However, as this probes directly the coupling to the down-sector, it would be sensitive to deviations the universal
coupling assumption in a way that the top channel is not, as the top channel relies on the same coupling as the
loop-induced monojet search, unless new colored particles coupling to the mediator exist in the spectrum.

The direct detection constraints are also very powerful compared to the collider reach (though for dark matter
masses less than ⇠ 6 GeV, the colliders are more constraining) for scalar mediators, while the pseudoscalars are
much less constrained by the indirect searches, are comparable with the current LHC constraints. However, as we
argued previously, multiple probes in multiple channels are still necessary, as simple modifications of the basic model
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Vector Dark Matter
• Vector dark matter can couple to the 

Higgs via its mixing with another scalar 
mediator.

• Systematically, this looks much like 
the fermion dark matter case already 
discussed.

• There is also the possibility of a radiative 
portal, where the coupling is induced at 
one loop.

• Relatively strong couplings are 
needed to have a thermal relic. 

• Higgs constraints play an important 
complementary role to the direct 
detection ones.

Baek, Ko, Park, Senaha 1212.2131

DiFranzo, Fox, TMPT 1512.06853
DiFranzo, Mohlabeng 1610.7606
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FIG. 6. The vector relic abundance for the three benchmark parameters. The gauge coupling here

is chosen to be g = 3.5.
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Appendix A: h-V -V E↵ective Vertex at One Loop

Here we outline the details of the triangle loop calculation. The following results are for a

single fermion species running in the loop. While the Higgs has o↵-diagonal couplings with

the three neutral fermions in the mass basis, the vector only has diagonal couplings and

thus only the diagonal Higgs interactions appear in the triangle diagrams. As a result, the
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FIG. 5. Upper bound on the gauge coupling, g, for the three benchmark parameters. VBF Higgs

collider constraints are in solid and direct detection constraints are dashed lines. Note that for the

direct detection constraints we assume the local abundance of DM is 0.3 GeV/cm3 whereas the

prediction from the model, for conventional thermal history, is often smaller, see Figure 6.

the U(1)0-breaking Higgs � from the SM are the primary features which distinguish the

radiative model from the quartic-induced Higgs portal as far as dark matter phenomenology

is concerned.

Of course, the UV structure of the radiative model is also far richer, with a family of

electroweakly charged particles whose decays produce gauge bosons and missing momen-

tum, a signature already under study in the context of the neutralinos and charginos of a

supersymmetric theory. These states are the true avatars of the radiative Higgs portal. The

thermal relic density suggests that their masses are at most around TeV, raising the hope

that they could be found at the LHC run II or a future high energy collider.

g = 3.5



Outlook
• Taken all together, what have we learned?

• Among the best motivated and favorite ideas for dark matter are 
WIMPs, which through the WIMP miracle suggest a connection to the 
weak scale.

• This connection could be built in to the model’s DNA, such as for the 
MSSM addressing the hierarchy problem.

• It could also be “just the way Nature works”, when the dark matter 
representation(s) combined with renormalizability dictate 
communication through the Higgs.

• In all cases, there is an interesting mix of information from direct 
searches, indirect searches, and from colliders.

• In many cases, the properties of the Higgs boson are defining what we 
know.  This is anticipated to be the case in the future!


