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So what is Dark Matter?
• It’s remarkable that measurements on 

very different scales all indicate a self-
consistent picture of a Universe 
containing dark matter.

• Dark Matter is one of the few 
experimentally driven indications for 
Physics beyond the Standard Model.

• What do we know about it?

• Dark (neutral)

• Massive (non-relativistic)

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

“Cold Dark Matter: An Exploded View” by Cornelia Parker



The Dark Matter Questionnaire
  Mass: ______

  Spin : ______

  Stable?

  Yes

Couplings:

 Gravity

  Weak Interaction?

  Higgs?

  Quarks / Gluons?

  Leptons?

Thermal Relic?

  Yes  No

 No

Thermal Relic?

Circa 2013…

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

$59.99 for 20 servings
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Indirect Detection
• Indirect detection tries to see dark matter 

annihilating.

• Dark Matter particles in the galaxy can 
occasionally encounter one another, and 
annihilate into SM particles which can make their 
way to the Earth where we can detect them.

• In particular, photons and neutrinos interact 
sufficiently weakly with the interstellar medium, 
and might be detected on the Earth with 
directional information.

• Charged particles will generally be deflected on 
their way to us, but high energy anti-matter 
particles are rare enough that an excess of them 
could be noticeable.

χ

χ
SM



Indirect Detection
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FIG. 18: The spectrum of the dark matter template found in our Inner Galaxy analysis when performing the fit over di↵erent
regions of the sky (|b| > 1�, b < �1�, |b| > 5�, and b < �5�). All fits employ a single template for the Bubbles, the p6v11
Fermi di↵use model, and a dark matter motivated signal template with an inner profile slope of � = 1.26. In the left frame,
we have applied our standard cuts on the Fermi event parameter CTBCORE (as described in Sec. III). In the right frame, no
such additional cuts have been applied. The CTBCORE cut substantially hardens the spectrum of the excess below 1 GeV
for the |b| > 1� fits, bringing the spectral shapes found in di↵erent regions of the sky into much better agreement, as well as
significantly reducing the north-south asymmetry that had been previously reported.

dark matter annihilating to tau leptons, or by pulsars –
can in large part be traced to the same uncertainties in
the di↵use background modeling. The CTBCORE cut
applied in this study, however, appears to have largely
removed this contamination, at least in our analysis of
the Inner Galaxy.

Appendix B: A Simple Test of Spherical Symmetry

Probing the morphology of the Inner Galaxy excess is
complicated by the bright emission correlated with the
Galactic Plane. In Ref. [8], it proved di�cult to ro-
bustly determine whether any signal was present outside
of the regions occupied by the Fermi Bubbles, as the re-
gions both close to the Galactic Center and outside of
the Bubbles were dominated by the bright emission from
the Galactic Plane. The improvement in angular resolu-
tion resulting from our CTBCORE cut, however, greatly
mitigates this issue.

In addition to the detailed study of morphology de-
scribed in Sec. VI, we perform here a fit dividing the sig-
nal template into two independent templates, one with
|l| > |b| and the other with |b| > |l|. The former tem-
plate favors the Galactic Plane, while the latter contains
the Fermi Bubbles. As previously, the fit also includes a
single template for the Bubbles in addition to the Fermi
di↵use model and a isotropic o↵set. The extracted spec-
tra of the signal templates are shown in Fig. 19. For en-
ergies below 10 GeV, where the claimed signal is present,
they both show a clear spectral feature with consistent
shape and normalization.

Appendix C: Sensitivity of the Spectral Shape to
the Assumed Morphology

In our main analyses, we have derived spectra for the
component associated with the dark matter template as-
suming a dark matter density profile with a given inner
slope, �. One might ask, however, to what degree uncer-
tainties in the morphology of the template might bias the
spectral shape extracted from our analysis. In Fig. 20,
we plot the (central values of the) spectrum found for
the dark matter template in our Inner Galaxy analysis,
for a number of values of �. The shapes of the spectra
are highly consistent, almost entirely independent of this
choice, for energies above 600 MeV, although they di-
verge at lower energies. For the range of slopes favored
by our fits (� = 1.2 � 1.3), however, the extracted spec-
tra are always consistent within the 1� error bars. We
note that this conclusion is also true for the data with-
out additional cuts on CTBCORE, although the degree
of variation in the spectra below 600 MeV is considerably
greater in that case.

Appendix D: Modeling of Background Emission in
the Inner Galaxy

1. The Fermi Bubbles

The fit described in Sec. IV is a simplified version of
the analysis performed in Ref. [8], where the spectrum
of the Bubbles was allowed to vary with latitude. From
the results in Ref. [8], it appears that this freedom is
not necessary – the spectrum and normalization of the
Bubbles varies only slightly with Galactic latitude.
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FIG. 9: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

of the Galactic Plane, while values greater than one are
preferentially extended perpendicular to the plane. In
each case, the profile slope averaged over all orientations
is taken to be � = 1.3 (left) and 1.2 (right). From this
figure, it is clear that the gamma-ray excess prefers to
be fit by an approximately spherically symmetric distri-
bution, and disfavors any axis ratio which departs from
unity by more than approximately 20%.

In Fig. 11, we generalize this approach within our
Galactic Center analysis to test morphologies that are

not only elongated along or perpendicular to the Galac-
tic Plane, but along any arbitrary orientation. Again,
we find that that the quality of the fit worsens if the the
template is significantly elongated either along or per-
pendicular to the direction of the Galactic Plane. A mild
statistical preference is found, however, for a morphology
with an axis ratio of ⇠1.3-1.4 elongated along an axis ro-
tated ⇠35� counterclockwise from the Galactic Plane in
galactic coordinates (a similar preference was also found
in our Inner Galaxy analysis). While this may be a statis-

Combined dark matter searches Céline Armand

5. Results and discussion

No significant DM signal has been observed by any of the five instruments. We therefore present the
results of the combined upper limits at 95% C.L. on the DM annihilation cross-section hfEi in the
case of two annihilation channels, 11̄ and g+g�, using all the data collected towards the twenty dSphs.
We note that we selected these hadronic and leptonic channels as the follow up of our previous
results presented at ICRC 2019 [13]. We set our upper limits by solving TS = �2 ln_(hfvi)
for hfvi, with TS = 2.71. The value 2.71 represents the 95% confidence level of a one-sided
distribution assuming the test statistics behaves like a j2 distribution with one degree of freedom.
The combination is performed using two independent public analysis software packages, gLike [14]
and LklCombiner [15], that provide compatible results. The combined upper limits are presented
in Fig. 1 and are given with their 68% (1f) and 95% (2f) containment bands. These limits (solid
black lines) are expected to be close to the median limit (dashed black lines) as no signal is present.
We obtain upper limits within the 2 f expected bands for the two annihilation channels 11̄ and
g+g�. The individual limits produced by each experiment are also indicated in the figures as a
comparison to our new combined results. Below ~500 GeV, the DM limits are largely dominated
by the Fermi-LAT experiment. Between ~500 GeV to ~10 TeV, Fermi-LAT continues to dominate
for the hadronic DM channel then above ~10 TeV, the IACTs (H.E.S.S., MAGIC, and VERITAS)
and HAWC take over. In the case of the leptonic channel, both the IACTs and HAWC contribute
significantly to the DM limit from ~1 TeV to ~100 TeV.

Figure 1: Upper limits at 95% confidence level on hfvi as a function of the DM mass for the annihilation
channels 11̄ (left) and g+g� (right), using the set of � factors from Ref. [8]. The black solid line represents
the observed combined limit, the black dashed line is the median of the null hypothesis corresponding to the
expected limit, while the green and yellow bands show the 68% and 95% containment bands. Combined
upper limits for each individual detector are also indicated as solid, colored lines.

We observe that the combined DM constraints from all five telescopes are 2 to 3 times stronger than
any individual telescope for multi-TeV DM. The selection of multiple targets increases statistics
used to probe these sources and allows us to derive upper limits spanning the largest mass range
of any WIMP DM search. We note that these limits depend on the choice of the annihilation
channels and are driven by the objects with the highest � factors that can be observed. The ultrafaint
dSphs, containing a few tens of bright stars only, can be subject to large systematic uncertainties
for the determination of their �-factors such as Segue I. The derivation of upper limits through 6

7

Daylan, Finkbeiner, Hooper, Linden, Portillo, Rodd, Slatyer  1402.6703

Fermi, HAWC, MAGIC, H.E.S.S., Veritas Combined 
Armand et al, 2108.13646



• The basic strategy of direct detection is 
to look for the low energy recoil of a 
heavy nucleus when dark matter 
brushes against it.

• Direct detection looks for the dark 
matter in our galaxy’s halo, and a 
positive signal would be a direct 
observation.

• Heavy shielding and secondary 
characteristics of the interaction, such 
as scintillation light or timing help filter 
out backgrounds.

• The past decades have seen rapid 
advances, with orders of magnitude 
improvements in sensitivity every few 
years!

WIMP

Target Nuclei

Signal

Direct Detection
Χ Χ

Nucleus Nucleus
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

Cushman et al, 
Snowmass CF1 Report



Collider Production

• If dark matter couples to quarks or 
gluons, we should also be able to 
produce them at high energy 
colliders.

• By studying the production of WIMPs 
in collisions of SM particles, we are 
seeing the inverse of the process 
which kept the WIMPs in equilibrium 
in the early Universe.

• Collider detectors infer the presence 
of dark matter through momentum 
imbalance, which implies that it is 
most sensitive to cases where it can 
be produced relativistically.

•



Mono-jet Searches
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Theories of 
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Where We Were



SUSY
• In the early days, dark matter was 

usually an afterthought that could 
be found in some of our favorite 
theories like SUSY extensions or 
the PQ solution to the strong CP 
problem.

• In particular, the Minimal 
Supersymmetric Standard Model 
contains a prototypical WIMP, lots 
of interesting associated 
phenomena, and (best of all) more 
than 100 quantities 
parameterizing supersymmetry 
breaking.

• mSUGRA reduced that to 4+1, 
which must never be referred to 
as five.
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mSUGRA
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Figure 4: Regions of neutralino relic density in th m0 vs. m1/2 plane for A0 = 0 and tanβ = 45.
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Figure 5: Thermally averaged cross section times velocity evaluated at TF for various subprocesses. The
thick light-grey(light-blue) curve denotes the total of all annihilation and co-annihilation reactions. Left:
m1/2 = 600 GeV, µ < 0, A0 = 0 and tanβ = 45. Right: m1/2 = 300 GeV, µ > 0, A0 = 0 and tanβ = 45.

even when the reactions occur off resonance. In this case, the widths of the A and H are so large (both
∼ 10− 40 GeV across the range in m0 shown) that efficient s-channel annihilation can occur throughout
considerable part of the parameter space, even when the resonance condition is not exactly fulfilled. The
resonance annihilation is explicitly displayed in this plot as the annihilation bump at m0 just below 1300
GeV. Another annihilation possibility is that Z̃1Z̃1 → bb̄ via t and u channel graphs. In fact, these
annihilation graphs are enhanced due to the large b Yukawa coupling and decreasing value of mb̃1

, but we
have checked that the s-channel annihilation is still far the dominant channel. Annihilation into τ τ̄ is the
next most likely channel, but is always below the level of annihilation into bb̄ for the parameters shown
in Fig. 5(left). At even higher values of m0 where the higgsino component of Z̃1 becomes non-negligible,

Page 6

Baer, Balazs, Belyaev,

hep-ph/0211213

tan β = 45
μ < 0
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pMSSM

Cahill-Rowley et al, 
1305.6921

LSP as DM and, more generally, the pMSSM itself. We remind the reader that this is an
ongoing analysis and that several future updates will be made to what we present here before
completion. In particular, the LHC analyses will require updating to include more results at
8 TeV along with our extrapolations to 14 TeV. While these are important pieces to the DM
puzzle it is our expectation that the addition of these new LHC results will only strengthen
the important conclusions based on the existing analyses to be discussed below.
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Figure 9: Comparisons of the models surviving or being excluded by the various searches in
the LSP mass-scaled SI cross section plane as discussed in the text. The SI XENON1T line
is shown as a guide to the eye.

Fig. 9 shows the survival and exclusion rates resulting from the various searches and
their combinations in the LSP mass-scaled SI cross section plane. In the upper left panel
we compare these for the combined direct detection (DD = XENON1T + COUPP500) and
indirect detection (ID = Fermi + CTA) DM searches. Here we see that 11% (15%) of the
models are excluded by ID but not DD (excluded by DD but not ID) while 8% are excluded

17



Contact Interactions

• E.g. leading interactions between 
quarks and gluons and a Majorana 
WIMP.

• There are 10 leading operators 
consistent with Lorentz and gauge 
invariance that describe WIMPs 
coupling to quarks or gluons.

• Each operator has a (separate) 
coefficient M* which parametrizes its 
strength.

• In principle, a realistic UV theory 
will turn on some combination of 
them, with related coefficients.

UCI-HEP-TR-2010-09

Constraints on Light Majorana Dark Matter from Colliders

Jessica Goodman, Masahiro Ibe, Arvind Rajaraman, William Shepherd, Tim M.P. Tait, and Hai-Bo Yu
Department of Physics & Astronomy, University of California, Irvine, CA 92697

(Dated: August 13, 2010)

We explore model-independent collider constraints on light Majorana dark matter particles. We
find that colliders provide a complementary probe of WIMPs to direct detection, and give the
strongest current constraints on light DM particles. Collider experiments can access interactions
not probed by direct detection searches, and outperform direct detection experiments by about an
order of magnitude for certain operators in a large part of parameter space. For operators which are
suppresssed at low momentum transfer, collider searches have already placed constraints on such
operators limiting their use as an explanation for DAMA.

I. INTRODUCTION

Recently, there has been much interest in light (order
∼ GeV) mass dark matter [1–5]. This interest is partly
spurred by the fact that the DAMA signal of annual mod-
ulation [6] may be understood as consistent with null re-
sults reported by other experiments [7–11] if the dark
matter is a weakly interacting massive particle (WIMP)
of mass ! 10 GeV [12]. Further excitement is motivated
by the signal reported by CoGeNT, which favors a WIMP
in the same mass range [13] as DAMA with moderate
channeling (however, unpublished data from 5 towers of
CDMS Si detectors [14] provides some tension, see [4]).

A WIMP which is relevant for direct detection exper-
iments necessarily has substantial coupling to nucleons,
and thus can be produced in high energy particle physics
experiments such as the Tevatron and Large Hadron Col-
lider (LHC). In particular, light WIMP states can be pro-
duced with very large rates. These WIMPs escape un-
detected, and hence the most promising signals involve
missing energy from a pair of WIMPs recoiling against
Standard Model (SM) radiation from the initial state
quarks/gluons [15–17]. While such searches are compli-
cated by large SM backgrounds producing missing en-
ergy, we will find that colliders can provide stringent re-
strictions on the parameter space of light dark matter
models. Colliders can also access interactions which are
irrelevant for direct detection (either because they lead
to vanishing matrix elements in non-relativistic nucleon
states or are suppressed at low momentum transfer).

In this article, we explore the bounds colliders can
place on a light Majorana fermion WIMP, which we
assume interacts with the SM largely through higher
dimensional operators. By exploring the complete set
of leading operators, we arrive at a model-independent
picture (up to our assumptions) of WIMP interactions
with SM particles in the case where the WIMP is some-
what lighter than any other particles in the dark sec-
tor. We show that colliders can outperform direct detec-
tion searches significantly over a large area of parameter
space.

Name Type Gχ Γχ Γq

M1 qq mq/2M3
∗

1 1
M2 qq imq/2M3

∗
γ5 1

M3 qq imq/2M3
∗

1 γ5

M4 qq mq/2M3
∗

γ5 γ5

M5 qq 1/2M2
∗

γ5γµ γµ

M6 qq 1/2M2
∗

γ5γµ γ5γ
µ

M7 GG αs/8M3
∗

1 -
M8 GG iαs/8M3

∗
γ5 -

M9 GG̃ αs/8M3
∗

1 -
M10 GG̃ iαs/8M3

∗
γ5 -

TABLE I: The list of the effective operators defined in Eq. (1).

II. THE EFFECTIVE THEORY

We assume that the WIMP (χ) is the only degree of
freedom beyond the SM accessible to the experiments
of interest. Under this assumption, the interactions be-
tween WIMPs and SM fields are mediated by higher di-
mensional operators, which are non-renormalizable in the
strict sense, but may remain predictive with respect to
experiments whose energies are low compared to the mass
scale of their coefficients. We assume the WIMP is a SM
singlet, and examine operators of the form [16, 18, 19]

L(dim6)
int,qq = Gχ [χ̄Γχχ] × [q̄Γqq] ,

L(dim7)
int,GG = Gχ [χ̄Γχχ] × (GG orGG̃) , (1)

Here q denotes the quarks q = u, d, s, c, b, t, and G and G̃
the field strength of the gluon with G̃µν = εµνρσGρσ/2.
Ten independent Lorentz-invariant interactions are al-
lowed; by applying Fierz transformations, all other oper-
ators can be rewritten as a linear combination of opera-
tors of the desired form. In Table I, we present couplings
Gχ and Γχ,q for these ten operators, where we have ex-
pressed Gχ’s in terms of an energy scale M∗. In the table,
we have assumed that the coefficients of the scalar oper-
ators, M1-M4, are proportional to the quark masses, in
order to avoid large flavor changing neutral currents. We
will assume that the interaction is dominated by only one
of the above operators in the table.

Our effective theory description will break down at en-

X

q

G� [q̄�qq] [�̄���]
G� [�̄���]G2

Other operators may be rewritten in 
this form by using Fierz transformations.

Goodman, Ibe, Rajaraman, Shepherd, TMPT, Yu 1005.1286 & PLB



Example: Majorana WIMP

• The various types of interactions are 
accessible to different kinds of 
experiments.

• Spin-independent elastic 
scattering

• Spin-dependent elastic scattering

• Annihilation in the galactic halo

• Collider Production
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We explore model-independent collider constraints on light Majorana dark matter particles. We
find that colliders provide a complementary probe of WIMPs to direct detection, and give the
strongest current constraints on light DM particles. Collider experiments can access interactions
not probed by direct detection searches, and outperform direct detection experiments by about an
order of magnitude for certain operators in a large part of parameter space. For operators which are
suppresssed at low momentum transfer, collider searches have already placed constraints on such
operators limiting their use as an explanation for DAMA.

I. INTRODUCTION

Recently, there has been much interest in light (order
∼ GeV) mass dark matter [1–5]. This interest is partly
spurred by the fact that the DAMA signal of annual mod-
ulation [6] may be understood as consistent with null re-
sults reported by other experiments [7–11] if the dark
matter is a weakly interacting massive particle (WIMP)
of mass ! 10 GeV [12]. Further excitement is motivated
by the signal reported by CoGeNT, which favors a WIMP
in the same mass range [13] as DAMA with moderate
channeling (however, unpublished data from 5 towers of
CDMS Si detectors [14] provides some tension, see [4]).

A WIMP which is relevant for direct detection exper-
iments necessarily has substantial coupling to nucleons,
and thus can be produced in high energy particle physics
experiments such as the Tevatron and Large Hadron Col-
lider (LHC). In particular, light WIMP states can be pro-
duced with very large rates. These WIMPs escape un-
detected, and hence the most promising signals involve
missing energy from a pair of WIMPs recoiling against
Standard Model (SM) radiation from the initial state
quarks/gluons [15–17]. While such searches are compli-
cated by large SM backgrounds producing missing en-
ergy, we will find that colliders can provide stringent re-
strictions on the parameter space of light dark matter
models. Colliders can also access interactions which are
irrelevant for direct detection (either because they lead
to vanishing matrix elements in non-relativistic nucleon
states or are suppressed at low momentum transfer).

In this article, we explore the bounds colliders can
place on a light Majorana fermion WIMP, which we
assume interacts with the SM largely through higher
dimensional operators. By exploring the complete set
of leading operators, we arrive at a model-independent
picture (up to our assumptions) of WIMP interactions
with SM particles in the case where the WIMP is some-
what lighter than any other particles in the dark sec-
tor. We show that colliders can outperform direct detec-
tion searches significantly over a large area of parameter
space.

Name Type Gχ Γχ Γq

M1 qq mq/2M3
∗

1 1
M2 qq imq/2M3

∗
γ5 1

M3 qq imq/2M3
∗

1 γ5

M4 qq mq/2M3
∗

γ5 γ5

M5 qq 1/2M2
∗

γ5γµ γµ

M6 qq 1/2M2
∗

γ5γµ γ5γ
µ

M7 GG αs/8M3
∗

1 -
M8 GG iαs/8M3

∗
γ5 -

M9 GG̃ αs/8M3
∗

1 -
M10 GG̃ iαs/8M3

∗
γ5 -

TABLE I: The list of the effective operators defined in Eq. (1).

II. THE EFFECTIVE THEORY

We assume that the WIMP (χ) is the only degree of
freedom beyond the SM accessible to the experiments
of interest. Under this assumption, the interactions be-
tween WIMPs and SM fields are mediated by higher di-
mensional operators, which are non-renormalizable in the
strict sense, but may remain predictive with respect to
experiments whose energies are low compared to the mass
scale of their coefficients. We assume the WIMP is a SM
singlet, and examine operators of the form [16, 18, 19]

L(dim6)
int,qq = Gχ [χ̄Γχχ] × [q̄Γqq] ,

L(dim7)
int,GG = Gχ [χ̄Γχχ] × (GG orGG̃) , (1)

Here q denotes the quarks q = u, d, s, c, b, t, and G and G̃
the field strength of the gluon with G̃µν = εµνρσGρσ/2.
Ten independent Lorentz-invariant interactions are al-
lowed; by applying Fierz transformations, all other oper-
ators can be rewritten as a linear combination of opera-
tors of the desired form. In Table I, we present couplings
Gχ and Γχ,q for these ten operators, where we have ex-
pressed Gχ’s in terms of an energy scale M∗. In the table,
we have assumed that the coefficients of the scalar oper-
ators, M1-M4, are proportional to the quark masses, in
order to avoid large flavor changing neutral currents. We
will assume that the interaction is dominated by only one
of the above operators in the table.

Our effective theory description will break down at en-

X

q

G� [q̄�qq] [�̄���]
G� [�̄���]G2

Other operators may be rewritten in 
this form by using Fierz transformations.
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Complementarity

• We can map each interaction into a 
prediction for WIMPs annihilating.

• This allows us to consider bounds 
from indirect detection, and with 
assumptions, maps onto a thermal 
relic density.

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.

DM Complementarity, arXiv:1305.1605

Too Little DM

Too Much DM



Engineering

• This understanding also allows us to 
construct theories that realize 
experimental signals and/or evade 
experimental constraints.

• For example, we can saturate the 
Galactic Center Excess as a signal of 
dark matter annihilation while 
evading strong constraints from 
direct searches.

Too Little DM

Too Much DM

17

FIG. 13. ML points for the vector models, for each IEM and profile considered, as indicated, mapped into the plane of the DM
mass and �SI, as described in the text. Also shown are current constraints from LUX (upper shaded region) and projections
from XENON1T (dashed line). The lower shaded region indicates the neutrino floor.

the ML points in parameter space with direct and col-
lider searches, we find that all of the vector models aside
from one at DM mass ⇠ 10 GeV and annihilating into
leptons are ruled out by null results from the LUX exper-
iment. The pseudo-scalar models predict spin-dependent
and velocity-dependent scattering with nuclei at a rate
far below the current sensitivity, but in some cases within
the grasp of future planned experiments. It would be in-
teresting, but beyond the scope of this work, to extend
our analysis beyond the EFT limit to the case of models
where the DM can annihilate directly into the mediator
particles themselves.

The GeV excess is a compelling hint that there is more
to learn about the Galaxy. It is likely to take a combined
e↵ort of observation and interpretation to unravel its na-

ture.
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FIG. 12. ML points for the pseudo-scalar models, for each IEM and profile considered, as indicated, mapped into the plane of
the DM mass and the integrated cross section, as described in the text. Also shown are current constraints from LUX (upper
shaded region) and projections from XENONnT, LZ, and Darwin (dashed and dotted lines). The lower shaded region indicates
the neutrino floor.

to the vector mediator models, although all but the Pul-

sars, index-scaled IEM with NFW-c profile are already
excluded by direct detection experiments. This latter
model is consistent with vanishing coupling to quarks,
and thus is unlikely to be excluded by searches at the
LHC.

VI. SUMMARY

The excess of ⇠ GeV �-rays from the direction of the
GC is an indication that there is something in the �-
ray sky beyond our current knowledge. Whether this
source ultimately proves to originate from DM annihi-
lation or from a more conventional astrophysical source
still remains to be determined, and is likely to require
further experimental input. As part of this process, we
have examined key aspects of the putative signal using
the specialized IEMs, developed by the Fermi–LAT Col-
laboration [17]. Our goal in characterizing potential DM
explanations is to explore the implications from comple-
mentary searches, which can rule out or favor a DM in-
terpretation.

Our results illustrate the impact of interstellar emis-

sion modeling on the extracted characteristics of the ex-
cess and highlight the need for improved modeling to
capture a more realistic range of possibilities. As far
as the gross characteristics of the excess are concerned,
we find an o↵set of ⇠ 0.5� of the excess centroid from
Sgr A* for all four IEMs considered. We further find no
significant evidence that the tail of the excess has a dif-
ferent spatial morphology than the few GeV bump, with
both high energy and low energy components favoring
an NFW morphology compared to the other morpholo-
gies we have considered.

We also consider flexible and realistic particle physics
models for DM interacting with up-type quarks, down-
type quarks, and charged leptons, for two separate in-
teraction types (pseudo-scalar and vector) leading to s-
wave annihilation. These theories are described by EFTs,
valid when the momentum transfer is small compared to
the masses of the particles mediating the interactions –
to describe annihilation, this implies the mediators are
heavier than the DM itself. We find that the choice of
IEM has a large impact on the preferred DM mass, anni-
hilation cross section, and primary annihilation channel.
In particular, we identify regions with higher masses and
annihilation predominantly into top quarks. Comparing

Karwin, Porter. Murgia, TMPT,  
Tanedo  1612.05867 & PRD



Where We Are



Simplified Models

M
as

s
Standard
Model

Dark
Matter

Mediator

• A compromise is to include some of the 
important mediator particles as well as the 
dark matter.

• This allows one to discuss the mediators at 
colliders more robustly, and also to capture 
natural correlations that the EFT fails to 
describe.

• It also allows one to delve into theoretical 
considerations (such as a dark Higgs sector, 
more particles to cancel gauge anomalies, 
etc), which can be important for the 
phenomenology.



Mediator Searches

Mediator	Search:	V/A,	Spin-1

04/04/2017 Yangyang Cheng	|	DM@LHC2017 6

gDMgq

gq gq

Mono-jet	search	for	DM	

Dijet	search	for	mediator

DM	searches	for	a	Spin-1	V/AV	mediator	

àresonance	searches	for	a	leptophobic Z’

Mediator	width:	

Result	sensitive	to	the	interplay	of	gSM, gDM
• gSM /	gDM too	small:	mono-jet	preferred	

to	resonance	search

• gSM *	gDM too	large:	peak	too	wide	for	

resonance	search	

+	if	MDM >	Mmed /	2:	

no	branching	ratio	to	DM	à just	Z’	search

There are also searches purely for the 
mediator particles, by looking for 

cases in which it is produced and then 
decays back into ordinary particles 

such as electrons or jets of hadrons.
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Dark Photons

M
as

s

Standard
Model

Dark
Matter

Mediator

• An interesting part of the parameter space has 
light mediating particles

• This opens up a window where the relic density 
turns out correctly for light (~MeV) dark matter.

• In this limit, a natural explanation for the small 
couplings of the mediator to the standard model 
is that they come dominantly from kinetic mixing 
with U(1)Y.

• In this limit, the couplings of the mediator to the 
SM look like photon couplings scaled down by ε.  
The mediator in this case is often referred to as 
a “dark photon”.

• This regime motivates different kinds of searches, 
including for long-lived and/or low mass ultra 
weakly interacting particles.

γD Parameters:
{m�,mA0 ,↵D, ✏}



New Experiments

US Cosmic Visions Report
arXiv:1707.04591

parameter space in these models corresponds to DM-mediator coupling strengths that are
SM-like.

It is worth noting that the dimensionless variable y is no longer a suitable parameter for
presenting results when m� > mA0 , as the DM annihilation proceeds trough ��̄ ! A0A0,
independent of the kinetic mixing strength. However, accelerators can still probe interesting
parameter space through o↵-shell DM production and through direct mediator searches,
where the mediator decays back to Standard Model Final States. The present status and
prospects for visibly-decaying A0 searches are shown in Fig. 22. These searches are set to
continue testing the top-down motivated values of ✏ in the near future.
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FIG. 18: Current constraints (shaded regions) and sensitivity estimates (dashed lines) on the SM-
mediator coupling ✏ = gSM/e, for various experiments based on the missing mass, missing energy
and missing momentum approaches. The green band show the values required to explain the muon
(g-2)µ anomaly [53]. Right: Corresponding curves on the parameter y, plotted alongside various
thermal relic target. These curves assumes mA0 = 3m� and ↵D = 0.5. For larger mass ratios or
smaller values of ↵D, the experimental curves shift downward, but the thermal relic target remains
invariant. The asymmetric DM and ELDER targets (see text) are also shown as solid orange and
magenta lines, respectively. Courtesy G. Krnjaic.

H. Summary and key points

This chapter has reviewed the science case for an accelerator-based program and outlined
a path forward to reach decisive milestones in the paradigm of thermal light DM. The key
points of the discussion could be summarized as follows:

• The scenario in which DM directly annihilates to the SM defines a series of predictive,
well-motivated and bounded targets. Exploring this possibility is an important
scientific priority.

• A new generation of small-scale collider and fixed-target experiments is needed to
robustly test this scenario. The accelerator-based approach has the attractive
feature of o↵ering considerable model-independence in its sensitivity to the details of
the dark sector, and can uniquely probe all predictive models.

79

mMED = 3 mDM

αD = 0.5

Many projects both underway and proposed can search for light mediators 
decaying (dominantly) invisibly.

~100% BR into invisible channels.

FIG. 22: Constraints on visibly-decaying mediators (shaded regions) and projected sensitivities of
currently running or upcoming probes (solid lines). Visible decays of the mediator dominate in the
m� > mA0 secluded annihilation regime. Courtesy R. Essig.
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~100% BR into visible channels.



Astronomical Probes
• Dark matter with interesting 

dynamics on large scales could leave 
an imprint in the structure of the 
Universe.

• E.g. Dark matter with large enough 
self-interactions could retain the 
successes describing large scale 
structure, but show measurable 
differences at the smallest scales.

• Observations have driven attention 
to how we simulate the impact of 
baryonic matter, leading to better and 

• Astronomy provides a unique 
perspective on properties that 
particle searches cannot probe.

CDM

SIDM

Figure 1: Estimates for the range of particle physics and astrophysics figures of merit (⇤�1 and Mhalo) for a variety of dark
matter models. The range of Mhalo covered by “evolutionary” and “primordial” self-interacting dark matter models (SIDM)
are overlapping. The former covers the range 106 � 1015 M�, and the latter the range below 1011 M�. See text for further
details.

mysterious extra component of the Universe as found among our baryonic theoretical physicists. However,
the dark-matter scientist would be able to map out some of the most important features of the Standard
Model, like electromagnetism, which were also the first Standard Model features that were described by
modern theory by visible-sector scientists.

3. Metrics for Dark Matter Models

As our thought experiment demonstrates, much may be learned about the complicated Standard Model
particle physics through measurements of the gravitational imprint of baryons if we were dark-matter scien-
tists surveying the Universe. We can uncover non-trivial dark matter physics in the same manner. A compre-
hensive characterization of dark matter microphysics requires a combination of approaches: laboratory-based
particle physics searches for interactions with the Standard Model, and the astronomical searches for inter-
actions within a dark sector and also (as we will see) with the Standard Model. To organize these searches,
we need a compact space in which to classify models in terms of their observability in the laboratory and in
the sky. Our goal with this section is to motivate a specific choice for this space, and to show how particle
dark matter models inhabit it. The space is designed to be well-matched to the ways particle physicists and
astronomers think about dark matter, making the mapping between the particle and astronomical spaces

7
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New Directions
• Models of dark matter have 

ceased to be about finding it in 
‘our favorite theories of other 
things’ and is now more about 
exploring a wide range of 
phenomena and trying to cover 
as wide a net as possible…

• Given how little we know, this 
feels like a healthy and 
reasonable approach.

• Dark matter production is a 
probe of the conditions in the 
early Universe.

• It’s impossible to do justice to 
the volume of work here!
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FIG. 1: Solid curves: The solution to the Boltzmann equation of the 3 ! 2 system, yielding the measured dark matter
relic abundance for the pions, m⇡/f⇡, as a function of the pion mass (left axis). Dashed curves: The self-scattering cross
section along the solution to the Boltzmann equation, �scatter/m⇡, as a function of pion mass (right axis). All curves are for
selected values of Nc and Nf , for an Sp(Nc) gauge group with a conserved (left panel) or broken (right panel) Sp(2Nf )
flavor symmetry. The solid horizontal line depicts the perturbative limit of m⇡/f⇡ ⇠< 2⇡, providing a rough upper limit on the
pion mass; the dashed horizontal line depicts the bullet-cluster and halo shape constraints on the self-scattering cross section,
Eq. (16), placing a rough lower limit on the pion mass. Each shaded region depicts the resulting approximate range for m⇡ for
the corresponding symmetry structure.

A comment is in order regarding higher-derivative cor-
rections. Throughout we have used the 4-point interac-
tion terms stemming from the mass and kinetic terms,
Eqs. (6) and (10). As is evident, the theory is pushed to
the strongly interacting regime where m⇡ is not far from
the e↵ective cuto↵, ⇤ = 2⇡f⇡; here higher-derivative
terms may induce O(1) e↵ects, shifting the lower bound
on the pion mass accordingly. The self-scattering cross
section of Eq. (17) is thus a proxy, which su�ces for the
purpose of obtaining a characteristic pion mass range.

Modifications to the presented canonical realization of
the SIMP mechanism are possible. For instance, it is
possible to write a mass term for the confining fermions
that explicitly breaks the flavor symmetry of Sp(2Nf ),
SU(Nf ) or SO(Nf ) in the class of Sp(Nc), SU(Nc) or
O(Nc) gauge theories. If one pion is lighter than the oth-
ers, this pion will be the dark matter. Since the WZW
term, Eq. (8), induces 3 ! 2 interactions between five
di↵erent flavors of pions, the decay of the other pions
to the lightest one must occur after freeze-out, and their
masses must be close. Considering the 4-pion interac-
tions, there are no self-interaction terms between pions
of the same flavor originating from the kinetic term. In
contrast, the fermion mass term of Eq. (11) does induce
same-flavor self-scattering for the lightest pion. The re-
sulting self-scattering cross section for the dark matter
state, �0

scatter, is suppressed numerically between a fac-
tor of a few to an order of magnitude, depending on the
gauge group, compared to the degenerate-pion case. Fur-

ther details are given in the Appendix. The rough lower
bound on the mass of the dark matter is then reduced
compared to the degenerate-pion scenario, expanding the
allowed dark matter mass window towards lower masses.

The results for an Sp(Nc) gauge group with a broken
flavor symmetry are depicted in the right panel of Fig. 1,
and the results for the SU(Nc) and O(Nc) gauge groups
are depicted in the right panel of Fig. 2 in the Appendix,
for various values of Nc and Nf . For instance, in the
simplest case of an Sp(2) ' SU(2) gauge group with 2
flavors, explicit breaking of the Sp(4) flavor symmetry
relaxes the self-scattering cross section constraint by an
order of magnitude, such that pion masses in the range
⇠ 70 � 300 MeV are allowed. Similarly, with a broken
flavor symmetry, the QCD-like case of an SU(3) gauge
group with 3 flavors is now viable and points to pion
masses of order m⇡ ⇠ 150� 350 MeV.

DISCUSSION

The two basic features of the SIMP setup — strong
3 ! 2 interactions within the dark sector and thermal
equilibrium between the dark and visible sectors — dic-
tate observable signals for this mechanism.

The strong interactions in the dark sector give an un-
avoidable contribution to a 2 ! 2 self-scattering cross
section amongst the pions, which is constrained à la
Eq. (16). The failure of N-body simulation to repro-

Hochberg et al
1411.3727

Figure 4: The region of interest for the constituent dark matter mass, mDM, and the weak
confinement scale, f , for one generation (left) and three generation (right) cases. The solid
and dashed lines show where the DM relic density is consistent with observations at 1 and 2
� respectively. We show the velocity-averaged effective cross section during freeze-out given
in Eq. (3.11). The grey shaded area is inconsistent with unitarity constraints. Note that for
both cases we start our scan at mDM = 500 GeV and that the highest points for our scans are
mDM = 8.5 TeV and 10.5 TeV for one generation and three generation case respectively. For
the benchmark shown above, BP1, gs = 0.8, eQ = 0.5 and s2Q = 0.12.

where we substitute m2
DP = 64⇡3fmDM. For a freeze-out temperature of Tfo ' m1/30, the

unitarity limit constrains mDM . 1.3f , which cuts into the parameter regime favored by the
relic density at around mDM ⇠ 10 TeV. Fig. 4 shows the unitarity limit on the region of
interest using the numerical results for h�e↵vis�wave. The numerical results for BP1 and BP2
are qualitatively very similar. Our code, which calculates the effective cross-section and solves
the Boltzmann equations, for both the one- and three-generation case, is publicly available at
�.

4 Three Generations of Standard Model doublets and Dark Matter

For simplicity, we have outlined the freeze-out dynamics in the case of a single generation of SM
doublets together with the pair of vector-like fermionic SU(2)L doublets ({`, qr, qg, qb,�1,�2}).
In this Section, we generalize to three generations ({`i, qri , q

g
i , q

b
i ,�1,�2} with i = 1, 2, 3) where

there are 90 pseudo-Goldstone bosons and an ⌘0. The mass matrix is 91⇥ 91 and, due to the
added complexity of three generations of SM doublets, the mass2 matrix contains off-diagonal
entries which depend non-trivially on the scan parameters (mDM, f). Therefore, unlike in the
one generation case, where we could perform the diagonalization of the mass squared matrix
analytically, in the three-generation case, we instead rely on a numerical diagonalization of the
mass-squared matrix to transform from the interaction to the mass basis for each parameter

– 14 –
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Figure 7. Number of  Be
�
!  Be

� signal events in Super-K, Hyper-K, PINGU, and MICA in the
mA/mB plane, for m�0 = 20 MeV (top) and m�0 = 50 MeV (bottom). The indicated regions are
for 1 (left), 10 (center), 100 (right) detected events in a one year period, normalized to the couplings
✏ = 10�3 and g

0 = 0.5. We have imposed the angular criteria of ✓C = 10� and the electron energy
range of {100 MeV, 100 GeV} ({1.33 GeV, 100 GeV} for PINGU). Also shown are model-dependent
constraints on the relic  B population from Sec. 6: the solid gray lines are from CMB heating (shown
only for g0 = 0.5), and the dashed gray lines are from DAMIC direct detection (which are independent
of g0, but can be eliminated by adding an inelastic splitting). The red star indicates the benchmark
in Eq. (3.6).

Because �Be�!Be� scales homogeneously with g
0 and ✏, the number of signal events

does as well, so the only non-trivial dependence is on the mass parameters mA, mB, and
m�0 . In Fig. 7, we set two benchmark values m�0 = 20 MeV and m�0 = 50 MeV, and show
what part of the mA �mB parameter space yields

N
10�
signal

year
= x

✓
g
0

0.5

◆2 ⇣
✏

10�3

⌘2
, (5.6)

for x = 1, 10, 100. These reference values for m�0 have been chosen such that the t-channel
scattering processes are not overly suppressed by the dark photon mass, and the reference
✏ is close to the maximum allowed by dark photon constraints. In the triangular regions in
Fig. 7, the top edge is set by mA which controls the DM number density (and therefore the
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New Descriptions
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FIG. 2. Left panel: Our NLL+SE cross section for �0�0 annihilation to line photons from �� and �Z, compared to earlier
results. Right panel: current bounds from H.E.S.S and projected reach of 5 hours of CTA observation time, overlaid with our
(and previous) cross section predictions, for an NFW profile.

Treating Sommerfeld e↵ects at tree-level the ratio of cross
sections is given by the Sudakov form factors

�
NLL+⇢⇢SE
�+��!X

�tree
�+��!X

= |⌃1|
2
,

�
NLL+⇢⇢SE
�0�0!X

�tree
�+��!X

= |⌃1 � ⌃2|
2
. (16)

This nonzero result for �
0
�
0

! ZZ, Z�, �� at short
distances starts at NLL in |⌃1 � ⌃2|

2, and occurs be-
cause there is a Sudakov mixing between the W

+
W

� and
W

3
W

3 from soft gauge boson exchange. This is similar
in spirit to the Sommerfeld mixing of the initial states.

In Fig. 1 we plot |⌃1|
2 and |⌃1 �⌃2|

2 as a function of
m�. To obtain theoretical uncertainty bands we use the
residual scale dependence at LL and NLL obtained by
varying µm� = [m�, 4m�] and µZ = [mZ/2, 2mZ ]. The
one-loop fixed order results of [5] are within our LL un-
certainty band. Our NLL result yields precise theoretical
results for these electroweak corrections. To test our un-
certainties we added non-logarithmic O(↵2) corrections
to C1,2(µm�), of the size found in [5], and noted that the
shift is within our NLL uncertainty bands.

Indirect Detection Phenomenology Combining
Eqs. 8 and 14 with the standard Sommerfeld enhance-
ment (SE) factors s00 and s0±, we can now compute
the total cross section for annihilation to line photons
at NLL+SE and compare to existing limits from indirect
detection. We sum the rates of photon production from
�
0
�
0
! ��, �Z, as the energy resolution of current in-

struments is typically comparable to or larger than the
spacing between the lines (see e.g. [6] for a discussion).

In Fig. 2 we display our results for the line cross sec-
tions calculated at LL+SE and NLL+SE. Our theoretical
uncertainties are from µm� variation. (The µZ variations
are very similar. Since both cases are dominated by the
variation of the ratio of the high and low scales we do

not add them together.) In the left panel we compare to
earlier cross section calculations, including “Tree-level +
SE” where Sudakov corrections are neglected, the “One-
loop fixed-order” cross section where neither Sommer-
feld or Sudakov e↵ects are resummed (taken from [7]),
and the calculation in [5] where Sommerfeld e↵ects are
resummed but other corrections are at one-loop. At low
masses, our results converge to the known ones (except [5]
which focused on high masses and omits a term that be-
comes leading-order at low masses). At high masses, our
NLL+SE result provides a sharp prediction for the anni-
hilation cross section with ' 5% theoretical uncertainty.

In the right panel of Fig. 2 we compare the NLL cross
section to existing limits from H.E.S.S [23] and projected
ones from CTA. In the latter case we follow the prescrip-
tion of [6], based on [24], and in both cases we assume an
NFW profile with local DM density 0.4 GeV/cm3. We
assume here that the �

0 constitutes all the DM due to a
non-thermal history (the limits can be straightforwardly
rescaled if it constitutes a subdominant fraction of the
total DM). For this profile, we see that H.E.S.S already
constrains models of this type for masses below ⇠ 4 TeV,
consistent with the results of [6] (which employed the
tree-level+SE approximation), and that five hours of ob-
servation with CTA could extend this bound to ⇠ 10
TeV. Any constraint on the line cross section should be
viewed as a joint constraint on the fundamental physics
of DM and the distribution of DM in the Milky Way [25].

The method we developed here allows systematically
improvable e↵ective field theory techniques to be applied
to DM, and enabled us to obtain NLL+SE predictions for
the DM annihilation cross section to photon lines. This
enables precision constraints to be placed on DM.

Note added: As our paper was being finalized two pa-
pers appeared [26, 27] which also investigate DM with

Ovanesyan, Slatyer, Stewart
 1409.8294 & PRL

by all symmetries of the theory, then q2nO is as well. It is therefore natural to classify all

such operators as a single one with a q2-dependent coe�cient, or form factor:

c0O + c2q
2O + c4q

4O + . . . ⌘ FO

✓
q2

⇤2

◆
O. (17)

Massless mediators can be incorporated by including a FO ⇠ q�2 term, though strictly speak-

ing this is not an e↵ective operator. A related point is that at the upper range of momentum

at experiments, the pion should be included in the e↵ective theory and �-�-⇡ couplings al-

lowed. For instance, if the underlying DM model contains couplings such as �̄�µ�5�Jµ5
3 of

DM to the axial current Jµ5
3 = iq̄�µ�5⌧3q, then the e↵ective theory will couple �’s to pions

due to the overlap of Jµ5 with ⇡. Such interactions would contribute to dark matter-nucleon

scattering through t-channel pion exchange at tree-level, e↵ectively producing FO / 1
q2+m2

⇡

form factors in �-�-N -N interactions.

So far, we have mainly discussed momentum scales. In addition, there is an energy scale

associated with the scattering process, of size !q ⇠ q2/2mT . 200 keV. This is usually negli-

gible, as the binding energy ! of nucleons is about 10 MeV per nucleon for most elements, and

inelastic transitions are kinematically suppressed. However, for nuclei with small splittings

⇠ !q between the ground state and an excited state, it could a↵ect direct detection rates.

We are now ready to present the possible non-relativistic interactions. The general La-

grangian is

Lint =
X

N=n,p

X

i

c(N)
i Oi�

+��N+N�, (18)

with the following set of operators. Of the T-even operators, we have

1. P-even, S�-independent

O1 = 1, O2 = (v?)2, O3 = i~SN · (~q ⇥ ~v?), (19)

2. P-even, S�-dependent

O4 = ~S� · ~SN , O5 = i~S� · (~q ⇥ ~v?), O6 = (~S� · ~q)(~SN · ~q), (20)

3. P-odd, S�-independent

O7 = ~SN · ~v?, (21)

4. P-odd, S�-dependent

O8 = ~S� · ~v?, O9 = i~S� · (~SN ⇥ ~q) (22)

8

In addition, we also have T-violating operators:

5. P-odd, S�-independent:

O10 = i~SN · ~q, (23)

6. P-odd, S�-dependent

O11 = i~S� · ~q. (24)

It is convenient to separate the operators as we have done above because each of these six

groups of operators will not interfere with each other. In addition, there are four operators

that are products of the ones above:

O10O5, O10O8, O11O3, and O11O7. (25)

With these, the above operators provide the most general e↵ective theory at the dark matter-

nucleon level that can arise from exchange of a spin-0 or spin-1. In the completely general

e↵ective theory for elastic scattering, one would relax this condition and include arbitrary

powers of ~v and ~S�, which would allow products of the operators we have written here and

one additional operator O12 = ~S� · (~SN ⇥~v?). For instance, O7O8 is a local operator that we

have not written down above. However, quadratic powers of ~SN and beyond (and ~S� as well, if

� is spin-1/2) can always be reduced to at most linear powers by using the multiplication table

of sigma matrices. In appendix C, we present the non-relativistic reduction of all relativistic

operators arising from a spin-0 or spin-1 exchange (or more precisely, with at most a single-

index field exchange at tree-level) in terms of the local interactions above. The product

operators in eq. (25) are seen to arise from a spin-1 particle coupling to fermion bilinears of

the form N̄
$

@µ�5N , which, for model-building concerns to be discussed in section 6, we will

not focus on further. Nevertheless, it should be kept in mind that the general e↵ective theory

possible without any such restrictions contains these operators.

In order to obtain the size of scattering cross-sections relevant to experiments, we need to

evaluate matrix elements of the nucleon-level operators from the e↵ective theory inside of a

target nucleus. From the point of view of the e↵ective field theory we have constructed, an

atomic nucleus is a heavy, many-body bound state of nucleons. For the purpose of computing

nucleon matrix elements inside such a nucleus, it is important to separate out ~v? into a term

~v?T that acts on the coherent center-of-mass velocity of the atomic nucleus as a whole, and a

term ~v?N that acts only on the relative distances of the nucleons within the nucleus. We can

write

~v? =
1

2
(~v�,in + ~v�,out � ~vN,in � ~vN,out) = ~v?T + ~v?N , (26)

where

~v?T =
1

2
(~v�,in + ~v�,out � ~vT,in � ~vT,out) = ~vT +

~q

2µT
(27)

9

Nuclear (NR) EFT
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Outlook

• It is impossible to do justice to the theoretical activity related to dark 
matter in 20 minutes…

• Nevertheless, dark matter remains a vigorous area of research, ranging from 
exploring new models, to investigating novel uses of existing data, to 
proposing new experiments.

• All of these advances, including the experimental ones, are the result of a 
vigorous theory program.

• Dark matter is one of the few tangible manifestations of physics beyond the 
Standard Model that it is impossible to imagine could go away.  
Understanding its properties is likely to provide deep information as to how 
to amend the Standard Model.

• The important thing is to keep looking for new ways to look for it!
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Figure 1. Visualization of possible solutions to the dark matter problem.
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Direct Detection
• The rate of a direct detection experiment 

depends on one power of the WIMP density 
(close to the Earth).

• The energy spectrum of the recoiling 
nucleus depends on the WIMP mass, its 
coupling to quarks, and nuclear physics.

• The cross section is dominated by the 
effective WIMP interactions with quarks and 
gluons.

• An interesting handle on the signal is an 
expected annual modulation.

dN

dE
= σ0

ρ

m

∫
dvf(v) F (E)

DM density

DM velocity
distribution

Nuclear Physics
June: larger v

December: smaller v

Sun

Earth

DM



Direct Detection
• There are two distinct classes of direct 

detection searches:

• Spin-independent (SI) scattering looks for 
direct scattering of the WIMP from the 
nucleons in the nucleus.

• Spin-dependent (SD) scattering looks for 
interactions coupling the WIMP’s spin to 
the nuclear spin.

• Because of the low momentum transfer, the 
dark matter typically probes the entire 
nucleus.

• The SI scattering receives a coherent 
enhancement for large nuclei.

• The strongest limits are currently on SI 
cross sections for Xenon targets.

spin-independent

spin-dependent



Contact Interactions
• On the “simple” end of the spectrum are 

theories where the dark matter is the only 
state accessible to our experiments.

• This is a natural place to start, since 
effective field theory tells us that many 
theories will show common low energy 
behavior when the mediating particles are 
heavy compared to the energies involved.

• The drawback to a less complete theory is 
such a simplified description will 
undoubtably miss out on correlations 
between quantities which are obvious in a 
complete theory.

• And it will break down at high energies, 
where one can produce more of the new 
particles directly.

�

�

q

q
eq

�

�

q

q

g2

M2
q̃

$ Geff



Quarks & Leptons 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.

• Within this theory framework, there is a lot of complementarity in coverage 
of the parameter space.

• Covering the space is not enough.  If we see conflicting information from two 
types of searches, it really means that we are seeing a break-down of our 
theoretical assumptions, which in this case means more light particles.



QCD-Charged Mediator

• Another common structure has dark 
matter interacting with quarks via a 
colored scalar mediator.

• This theory looks kind of like a little 
part of a SUSY model, but has more 
freedom in terms of choosing 
couplings, masses, etc.

• If we assume that the quark couplings 
are family-universal, there are 
basically three parameters to this 
model: the mass of the dark matter, 
the mass of the mediator, and the 
coupling strength with quarks.

M
as

s

Standard
Model

Dark
Matter

Mediator
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AT L A S  S Q U A R K  E X C L U S I O N S

Tables 5 and 6.

The model-dependent fits in all the SRs are then used to set limits on specific classes of SUSY mod-
els. The two searches presented in this document are combined such that the final combined observed
and expected 95% CL exclusion limits are obtained from the signal regions with the best expected CLs
value.

In Figure 13, limits are shown for two classes of simplified models in which only direct production
of light-flavour mass-degenerate squark or gluino pairs are considered. Limits are obtained by using
the signal region with the best expected sensitivity at each point. In these simplified model scenarios,
the upper limit of the excluded light-flavour squark mass region is 1.58 TeV assuming massless �̃0

1, as
obtained from the signal region RJR-S4. The corresponding limit on the gluino mass is 2.03 TeV, if
the �̃0

1 is massless, as obtained from the signal region Me↵-4j-3000. The best sensitivity in the region
of parameter space where the mass di↵erence between the squark (gluino) and the lightest neutralino is
small, is obtained from the dedicated RJR-C signal regions. In these regions with very compressed spectra
and where mass di↵erence < 50 GeV, squark (gluino) masses up to 650 GeV (1 TeV) are excluded.
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Figure 13: Exclusion limits for direct production of (a) light-flavour squark pairs with decoupled gluinos and (b)
gluino pairs with decoupled squarks. Gluinos (light-flavour squarks) are required to decay to two quarks (one quark)
and a neutralino LSP. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. Expected limits from the Me↵- and RJR-based searches separately are also shown for comparison. The
blue dashed lines show the expected limits at 95% CL, with the light (yellow) bands indicating the 1� excursions
due to experimental and background-only theoretical uncertainties. Observed limits are indicated by medium dark
(maroon) curves where the solid contour represents the nominal limit, and the dotted lines are obtained by varying
the signal cross-section by the renormalization and factorization scale and PDF uncertainties. Results are compared
with the observed limits obtained by the previous ATLAS searches with no leptons, jets and missing transverse
momentum [11].

In Figure 14, limits are shown for pair-produced light-flavour squarks or gluinos each decaying via an
intermediate �̃±1 to a quark (for squarks) or two quarks (for gluinos), a W boson and a �̃0

1. Two sets of
models of mass spectra are considered for each production. One is with a fixed m�̃±1 = (mq̃ + m�̃0

1
)/2 (or

(mg̃ +m�̃0
1
)/2), the other is with a fixed m�̃0

1
= 60 GeV. In the former models with squark-pair production,

mq̃ up to 1.15 TeV are excluded for a massless �̃0
1, and mg̃ up to 2.01 TeV with gluino-pair production.

These limits are obtained from the signal region RJR-G2b and Me↵-6j-2600, respectively. In the regions
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Figure 14: Exclusion limits for direct production of (a,b) light-flavour squarkL pairs with decoupled gluinos and
(c,d) gluino pairs with decoupled squarks. Gluinos (light-flavour squarks) are required to decay to two quarks (one
quark) and an intermediate �̃±1 , decaying to a W boson and a �̃0

1. Models with (a,c) a fixed m�̃±1 = (mg̃ + m�̃0
1
)/2

(or (mq̃ + m�̃0
1
)/2) and varying values of mg̃ (or mq̃) and m�̃0

1
, and (b,d) a fixed m�̃0

1
= 60 GeV and varying values

of mg̃ (or mq̃) and m�̃±1 are considered. Exclusion limits are obtained by using the signal region with the best
expected sensitivity at each point. Expected limits from the Me↵- and RJR-based searches separately are also
shown for comparison in (a,c). The blue dashed lines show the expected limits at 95% CL, with the light (yellow)
bands indicating the 1� excursions due to experimental and background-only theoretical uncertainties. Observed
limits are indicated by medium dark (maroon) curves where the solid contour represents the nominal limit, and
the dotted lines are obtained by varying the signal cross-section by the renormalization and factorization scale and
PDF uncertainties. Results (a) are compared with the observed limits obtained by the previous ATLAS searches
with no leptons or one lepton, jets and missing transverse momentum [18]. Results (c) are compared with the
observed limits obtained by the previous ATLAS searches with no leptons or one lepton, jets and missing transverse
momentum [11, 28]. Results (d) are compared with the observed limits obtained by the previous ATLAS searches
with no leptons or one lepton, jets and missing transverse momentum [18, 28].
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significantly improved the reach wrt to 2015 dataset (about 400 GeV on squark mass)

best limits between meff and RJR analyses

exclude squarks at ~1.6 TeV

RJR  provides extra sensitivity at 
smaller mass splitting

exclude squarks at ~1.2 TeV
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The production of one hard jet in association with missing transverse energy is a major LHC
search channel motivated by many scenarios for physics beyond the Standard Model. In scenarios
with a weakly interacting dark matter candidate, like supersymmetry, it arises from the associated
production of a quark partner with the dark matter agent. We present the next-to-leading order
cross section calculation as the first application of the fully automized MadGolem package. We
find moderate corrections to the production rate with a strongly reduced theory uncertainty.

I. INTRODUCTION

Since the LHC started running at a center-of-mass energy of 7 TeV searches for new physics are a major e↵ort,
realized in a rapidly increasing number of publications [1]. Inclusive searches for supersymmetry at the LHC have
started to constrain the allowed parameter space of the minimal supersymmetric Standard Model [2], most notably
in the part of the squark–gluino mass plane which can be described in terms of gravity mediation. Such searches are
based on jet production from squark and gluino decays and two stable lightest supersymmetric particles (LSP). The
latter could be a dark matter agent with a weak-scale mass.

The main production mode for jets and dark matter particles at the LHC would most likely be squark or gluino pair
production, mediated by the strong interaction [3]. The limitation of this channel is that it will be hard to extract any
model parameters beyond the masses of the new particles [4]. The production is governed by the strong interaction
and the (sum of) branching ratio(s) leading to jets plus missing transverse energy can be expected to be close to
unity. Therefore, it is worth studying additional production processes which directly involve the weakly interacting
sector of the new physics model. In supersymmetry, those are the associated production of a gluino [5] or a squark
with a neutralino or chargino [6]

pp ! q̃�̃0

,
q̃�̃± . (1)

The leading order Feynman diagrams for this process we show in Fig. 1. This channel naturally leads to one single
hard decay jet and missing energy. This signature is not unique to supersymmetry or other models with quark partners
and a weakly interacting dark matter agent; it also constitutes the theoretically most reliable signature for large extra
dimensions [7]. In that sense, observing single jet production with missing energy would be one of the most exciting
anomalies to interpret at the LHC.

Aside from the quark-gluon and squark-gluon QCD vertices, the leading-order process is driven by the q-q̃-�̃
interaction. Because the dominant light-flavor quarks only have a tiny Yukawa coupling, this interaction relies on
the two weak gauge charges of the quark-squark pair involved. This way, it carries information on the composition
of the dark matter candidate �̃0

1
and an accurate measurement would also allow improved predictions for the direct

q̃L/R

�̃

q̃L/R

�̃

q̃L/R

Figure 1: Feynman diagrams for the associated production of a squark and a gaugino to leading order.
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Figure 14: Cross-section and K-factors for non-qcd production of mediator pairs

Figure 15: Exclusion plot for non-QCD production of mediator pairs
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Direct Detection

Figure 8: SI direct detection limits from Xenon 1T (including RGE e↵ects). The thick red
dashed line corresponds to the region of parameter space above which the partial width
for the squarks is smaller than ⇤QCD.

6.0.2 SI Limits from Xenon 1T

We compare the direct detection limits from Xenon 1T [13] when we use the usual method
as compared to using RGE. As far as I understand Xenon ( and LUX and Panda-X)
present their results as limits againts the isoscalar wimp nucleon cross-section. It is
standard practice to assume fn = fp so that Eq. 33 becomes

�
T

SI
=

4

⇡

✓
MmT

M +mT

◆2

|Afp|
2
, (64)

Here A is the mass number of the nucleus. The cross-section per nucleon is then given as.

�p =
4

⇡

✓
Mmp

M +mp

◆2

|fp|
2
. (65)

For the qL model with universal coupling gDM one may assume this isospin symme-
try(neglecting electroweak contributions to the cross-section). However this is not the
case for the uR and dR models.

renormalization group evolution of the couplings from the
LHC to the nuclear energy scale leads to a significant
isospin violation (see Refs. [45–47]).
The cases of neutron- and proton-only coupling fall on

the axes of the more general parameter space spanned by an
and ap. By following the prescription laid out in Ref. [48],
elliptical exclusions in this plane are made according to

X

A

 
apffiffiffiffiffi
σAp

q ! anffiffiffiffiffi
σAn

p
!

2

>
π

24G2
Fμ

2
p
; ð4Þ

FIG. 3. 90% C.L. exclusions on coupling parameters an and ap
for 50 and 1000 GeV c−2 WIMPs.Ellipse boundaries are colored as
in Fig. 2: this result (thick black), LUXWS2013 (gray), PandaX-II
(purple), and PICO-60 (blue). Geometrically, Eq. (4) describes a
rotated ellipse when the sum is performed over multiple isotopes
with distinct σAp=σAn , as is the case for LXe experiments. PICO-60
considers only 19F (for which hSni ∼ 0) and thus sets limits only on
ap. The innermost region (bounded by LUX and PICO-60)
represents parameter space not in tension with experimental data.
The model dependency of the LHC results is apparent in this plane,
as the CMS excluded region (shown as a green band) is restricted to
the an ¼ ap line (see the main text for an important caveat). This
line is absent from the lower panel, since, in this treatment, CMS is
insensitive to WIMPs at the TeV mass scale. MSSM7 favored
regions from the GAMBIT scan are also shown, with a red contour
at the 2σ level for visibility. The degeneracies assumed in the
MSSM7Lagrangian lead to the tight correlation betweenan andap.
This scan includes a range of possible WIMP masses (unlike the
mass-specific experimental exclusions) and thus appears identically
in each panel, noting the change in the axis scale. Additionally, the
scans include models with subdominant relic densities, for which
experimental limits are rescaled accordingly.

FIG. 2. 90% C.L. upper limits on the WIMP-neutron (top) and
WIMP-proton (bottom) cross section. Results from this analysis
are shown in thick black (“LUX WS2013+WS2014–16”), with
the range of expected sensitivity indicated by the green (1σ) and
yellow (2σ) bands. Solid gray curves show the previously
published LUX WS2013 limits [13]. Constraints from other
LXe TPC experiments are also shown, including XENON100
[28] and PandaX-II [29]. In the top panel, model-dependent
(axial-vector mediator with indicated couplings) LHC search
results are represented by dashed lines, with CMS [30] in light
blue and ATLAS [31] in dark blue. As calculated by a new profile
likelihood scan of the MSSM7 [32], favored parameter space is
shown as dark (1σ) and light (2σ) peach regions; an earlier
calculation using the MSSM-15 [33] is shown in gray, with
analogous shading of confidence levels. In the bottom panel, the
DAMA allowed region (as interpreted in Ref. [34]) is shown in
pink (the analogous neutron-only region is above the bounds of
the plot). Such an interpretation is in severe tension with this
result, as well as the PICO-2L [35] and PICO-60 [36] constraints.
Selected limits from indirect searches at neutrino observatories
(Super-Kamiokande [37] and IceCube [38]) are plotted as dashed
lines.

PRL 118, 251302 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending
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251302-5

Figure 9: SD direct detection limits from PICO 60.

6.0.3 SD Limits from Pico-60

See figure 9. Also see Appendix of ref. [14] for a discussion on how to evaluate the
cross-section and nuclear matrix elements. The SD proton cross-section is:

�
SD

p
=

3

16⇡

✓
m�mp

m� +mp

◆2

|cu�u+ cd�d+ cs�s|
2 (66)

7 LHC cross-sections and constraints @NLO
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• At tree level, the fact that Majorana particles have vanishing vector current implies 
that the scattering with nuclei is spin-dependent..

• But at one loop, the scattering is spin-independent, and these are the dominant 
constraint- the smaller rate is compensated by the stronger experimental bounds.

SD (Pico)

SI (Xenon)
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