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

What is Dark Matter?



Particle Probes of DM

• The common thread that ties up direct, indirect, and collider searches for 
dark matter is how WIMPs interact with the Standard Model.
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The SM interactions are always the 
key; some searches are better 

suited for some SM messengers.
(Already itself a message of 

complementarity!)

Question: What theory to use to 
describe these interactions?
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The Most Complete Theory

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
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• On the “complete” end of the 
spectrum is our favorite theory: 
the MSSM.

• Reasonable phenomenological 
models have ~20 parameters, 
leading to rich and varied visions 
for dark matter.

• This plot shows a scan of the 
`pMSSM’ parameter space by the 
SLAC group, in the plane of the 
WIMP mass versus the SI cross 
section.

• There are clear trends as to which 
experiments work best in different 
regions of this parameter space!
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Contact Interactions
• On the other end of the spectrum, we have 

theories where the dark matter may be the 
only accessible state 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 
that it can’t answer every question.

• E.g. Quark interactions are disconnected 
from lepton interactions.

• Outside of its domain of validity (at high 
enough energy), it just breaks down.
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From Mono-jets into Direct 
Detection

Original Theory mappings:  

Beltran, Hooper, Kolb, Krusberg, TMPT    JHEP [1002.4137]
Goodman, Ibe, Rajaraman, Shepherd, TMPT,  Yu     PLB [1005.1286] and PRD [1008.1783]

Rajaraman, Shepherd, TMPT,  Wijangco    PRD [1108.1196]
Bai, Fox, Harnik    JHEP [1005.3797]

Fox, Harnik, Kopp, Tsai   PRD [1109.4398]

(Also: CMS for updated D5 and D8 from mono-jets/photons)
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Figure 5. Inferred 90% CL ATLAS limits on spin-independent WIMP-nucleon scattering. Cross
sections are shown versus WIMP mass m!. In all cases the thick solid lines are the observed
limits excluding theoretical uncertainties; the observed limits corresponding to the WIMP-parton
cross section obtained from the !1!theory lines in figure 4 are shown as thin dotted lines. The
latter limits are conservative because they also include theoretical uncertainties. The ATLAS limits
for operators involving quarks are for the four light flavours assuming equal coupling strengths
for all quark flavours to the WIMPs. For comparison, 90% CL limits from the XENON100 [70],
CDMSII [71], CoGeNT [72], CDF [19], and CMS [21] experiments are shown.

scattering cross sections is done using equations (3) to (6) of ref. [32], and the results are

shown in figures 5 and 6.6 As in ref. [32] uncertainties on hadronic matrix elements are

neglected here. The spin-independent ATLAS limits in figure 5 are particularly relevant in

the low m! region (< 10 GeV) where the XENON100 [70], CDMSII [71] or CoGeNT [72]

limits su!er from a kinematic suppression. Should DM particles couple exclusively to

gluons via D11, the collider limits would be competitive up to m! of about 20 GeV, and

remain important over almost the full m! range covered. The spin-dependent limits in

figure 6 are based on D8 and D9, where for D8 the M! limits are calculated using the D5

acceptances (as they are identical) together with D8 production cross sections. Both the

D8 and D9 cross-section limits are significantly smaller than those from direct-detection

experiments.

As in figure 4, the collider limits can be interpreted in terms of the relic abundance

6There is a typographical error in equation (5) of ref. [32] (cross sections for D8 and D9). Instead of

9.18 ! 10!40cm2 the pre-factor should be 4.7! 10!39cm2.

– 26 –
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Monojets

24

CMS-PAS-EXO-12-048
ATLAS-CONF-2012-147

• Limits for ADD model (n=2) : 
– ATLAS : 4.2 TeV
– CMS : 5.0 TeV



Mono-Whatever
• We can go beyond mono-jets and mono-

photons.

• One can imagine similar searches 
involving other SM particles, such as 
mono-Ws (leptons), mono-Zs 
(dileptons), or even mono-Higgs.

• If we’re just interested in the interactions 
of WIMPs with quarks and gluons, these 
processes are not going to add much.

• But they are also sensitive to 
interactions directly involving the 
bosons.

• And even for quarks, if we do see 
something, they can dissect the couplings 
to different quark flavors, etc.
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Annihilation
• We can also map interactions into 

predictions for WIMPs annihilating.

• For example, into continuum 
photons from a given tree level 
final state involving quarks/gluons.

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

• We see similar trends as were 
present in the pMSSM: Colliders do 
better for lighter WIMPs or p-wave 
annihilations whereas indirect 
detection is more sensitive to 
heavy WIMPs.

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 Complimentarity, arXiv:1305.1605



Quarks & Leptons
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?

“s-channel” mediators are not protected by the WIMP 
stabilization symmetry.  They can couple to SM particles 
directly, and their masses can be larger or smaller than 

the WIMP mass itself.

“t-channel” mediators are 
protected by the WIMP 

stabilization symmetry.  They 
must couple at least one WIMP as 

well as some number of  SM 
particles.  Their masses are 

greater than the WIMP mass (or 
else the WIMP would just decay 

into them).

How Effective a Theory?



From Contact Interactions to 
Simplified Models

• Since LHC energies can call into question the 
contact interaction approximation, we can 
expand our level of detail toward simplified 
models.

• For example, a singlet fermion WIMP 
interacting with quarks can be resolved into a 
model with the WIMP and a color triplet 
scalar.

• SU(2)xU(1) charges of the scalar are dictated 
by EW gauge invariance (subsets of squarks of 
the MSSM): ``uR”, ``dR”, ``QL”.

• Minimal Flavor Violation suggests we consider 
triplets in family space with equal masses and 
couplings.

q

q~

χ~
~ ~ ~

Of course, we can also consider a 
wider variety of WIMP properties 
and mediators and get away from 

MSSM-like theories.



Simple-fied Model
• This is a simplified model we already use 

to interpret searches at the LHC.

• The current version has 3 parameters: mχ, 
mq, and the LHC production σ.

• To make this useful to connect to (in)direct 
searches we should trade these for: mχ, 
mq, and g.  

• Collider production can be computed in 
terms of these quantities.  There are 
interesting differences between, e.g. 
Majorana and Dirac WIMPs.  

• We can also map them into the direct/
indirect parameter spaces (and the other 
way as well!).

q

q~

χ~
g

~

~



uR Model: Results
Assumes Dirac fermion DM
Still to come: Indirect Detection, Majorana DM!

LHC + Xenon

SD (n)

DiFranzo, et al, in progress
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From Sketch to Life



This Plot is Not the Point

(But it is interesting, and a good way to compare how to different categories of searches are doing with 
respect to a certain class of interaction types.)
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Figure 5. Inferred 90% CL ATLAS limits on spin-independent WIMP-nucleon scattering. Cross
sections are shown versus WIMP mass m!. In all cases the thick solid lines are the observed
limits excluding theoretical uncertainties; the observed limits corresponding to the WIMP-parton
cross section obtained from the !1!theory lines in figure 4 are shown as thin dotted lines. The
latter limits are conservative because they also include theoretical uncertainties. The ATLAS limits
for operators involving quarks are for the four light flavours assuming equal coupling strengths
for all quark flavours to the WIMPs. For comparison, 90% CL limits from the XENON100 [70],
CDMSII [71], CoGeNT [72], CDF [19], and CMS [21] experiments are shown.

scattering cross sections is done using equations (3) to (6) of ref. [32], and the results are

shown in figures 5 and 6.6 As in ref. [32] uncertainties on hadronic matrix elements are

neglected here. The spin-independent ATLAS limits in figure 5 are particularly relevant in

the low m! region (< 10 GeV) where the XENON100 [70], CDMSII [71] or CoGeNT [72]

limits su!er from a kinematic suppression. Should DM particles couple exclusively to

gluons via D11, the collider limits would be competitive up to m! of about 20 GeV, and

remain important over almost the full m! range covered. The spin-dependent limits in

figure 6 are based on D8 and D9, where for D8 the M! limits are calculated using the D5

acceptances (as they are identical) together with D8 production cross sections. Both the

D8 and D9 cross-section limits are significantly smaller than those from direct-detection

experiments.

As in figure 4, the collider limits can be interpreted in terms of the relic abundance

6There is a typographical error in equation (5) of ref. [32] (cross sections for D8 and D9). Instead of

9.18 ! 10!40cm2 the pre-factor should be 4.7! 10!39cm2.
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Outlook 

• The three pillars of dark searches have a lot of interplay and probe 
complementary parts of theory space.

• We can already see signs of that fact in wide angle views of very 
specific, UV-complete models, such as the MSSM.

• Before we have a full-fledged theory of dark matter, we may find it useful to 
start with a sketch, which could be minimal and simple like the theory of 
contact interactions, or it may contain more states in the dark sector with 
richer phenomenology.

• Whatever the search or the signal of interest, we can construct our 
sketches and explore where they lead us.

• Ultimately, the goal is to flesh out the sketches into a full theory of dark 
matter!
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Ice Cube in the pMSSM
• Studies of the MSSM (like 

the pMSSM study here) 
show that often DM 
properties are not very 
strongly correlated with 
LHC signals.

• In this case, both Ice 
Cube and LHC searches 
detect some model 
points, but LHC 
accessible models do not 
show strong correlations 
with DD cross sections.

Neutrinos from Ice Cube
Cotta, Howe, Hewett, Rizzo arXiv:1105.1199

Figure 17: Comparison of IC/DC and the ATLAS 4j0l (
�
s = 7TeV, 1 fb�1 and 50% sys-

tematic uncertainty assumed) searches. Here “PASS” and “FAIL” denote discovered or not
discovered, respectively. We display all points in the flat-prior model set in grey, models that
are estimated to be discoverable by both the IC/DC solar WIMP search and the ATLAS
search are displayed in pink, those expected to be seen by IC/DC but missed in the ATLAS
search in green, those expected to be missed by IC/DC but seen in the ATLAS search in
purple and those which are estimated to be unobservable by either search are displayed in
black.

30
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Majorana WIMP
• As an example, we can write down 

the operators of interest for a 
Majorana WIMP interacting with 
quarks and/or gluons.

• There are 10 leading operators 
consistent with Lorentz and SU(3) x 
U(1)EM gauge invariance coupling the 
WIMP to quarks and gluons.

• Gluon operators are normalized by 
αS, consistent with their having been 
induced by loops of some heavy 
colored state.

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

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 G! !! !q

M1 qq mq/2M3
!

1 1
M2 qq imq/2M3

!
!5 1

M3 qq imq/2M3
!

1 !5

M4 qq mq/2M3
!

!5 !5

M5 qq 1/2M2
!

!5!µ !µ

M6 qq 1/2M2
!

!5!µ !5!
µ

M7 GG "s/8M3
!

1 -
M8 GG i"s/8M3

!
!5 -

M9 GG̃ "s/8M3
!

1 -
M10 GG̃ i"s/8M3

!
!5 -

TABLE I: The list of the e"ective operators defined in Eq. (1).

II. THE EFFECTIVE THEORY

We assume that the WIMP (!) 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 coe!cients. We assume the WIMP is a SM
singlet, and examine operators of the form [16, 18, 19]

L(dim6)
int,qq = G! [!̄"!!] " [q̄"qq] ,

L(dim7)
int,GG = G! [!̄"!!] " (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 G̃µ" = "µ"#$G#$/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
G! and "!,q for these ten operators, where we have ex-
pressed G!’s in terms of an energy scale M!. In the table,
we have assumed that the coe!cients 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 e#ective 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.



Dirac WIMP
• We can repeat this exercise for 

other choices of WIMP spin.

• For a Dirac WIMP, we have a few 
more Lorentz structures, such as 
the vector and tensor combinations.

• On top of the operators we had for 
the Majorana WIMP, magnetic and 
electric dipole moment operators 
are possible as well.

Name Operator Coe�cient

D1 ⌅̄⌅q̄q mq/M3
�

D2 ⌅̄⇥5⌅q̄q imq/M3
�

D3 ⌅̄⌅q̄⇥5q imq/M3
�

D4 ⌅̄⇥5⌅q̄⇥5q mq/M3
�

D5 ⌅̄⇥µ⌅q̄⇥µq 1/M2
�

D6 ⌅̄⇥µ⇥5⌅q̄⇥µq 1/M2
�

D7 ⌅̄⇥µ⌅q̄⇥µ⇥5q 1/M2
�

D8 ⌅̄⇥µ⇥5⌅q̄⇥µ⇥5q 1/M2
�

D9 ⌅̄⇤µ⇥⌅q̄⇤µ⇥q 1/M2
�

D10 ⌅̄⇤µ⇥⇥5⌅q̄⇤µ⇥q i/M2
�

D11 ⌅̄⌅Gµ⇥Gµ⇥ �s/4M3
�

D12 ⌅̄⇥5⌅Gµ⇥Gµ⇥ i�s/4M3
�

D13 ⌅̄⌅Gµ⇥G̃µ⇥ i�s/4M3
�

D14 ⌅̄⇥5⌅Gµ⇥G̃µ⇥ �s/4M3
�

D15 ⌅̄⇤µ⇥⌅Fµ⇥ M

D16 ⌅̄⇤µ⇥⇥5⌅Fµ⇥ D

M1 ⌅̄⌅q̄q mq/2M3
�

M2 ⌅̄⇥5⌅q̄q imq/2M3
�

Name Operator Coe�cient

M3 ⌅̄⌅q̄⇥5q imq/2M3
�

M4 ⌅̄⇥5⌅q̄⇥5q mq/2M3
�

M5 ⌅̄⇥µ⇥5⌅q̄⇥µq 1/2M2
�

M6 ⌅̄⇥µ⇥5⌅q̄⇥µ⇥5q 1/2M2
�

M7 ⌅̄⌅Gµ⇥Gµ⇥ �s/8M3
�

M8 ⌅̄⇥5⌅Gµ⇥Gµ⇥ i�s/8M3
�

M9 ⌅̄⌅Gµ⇥G̃µ⇥ i�s/8M3
�

M10 ⌅̄⇥5⌅Gµ⇥G̃µ⇥ �s/8M3
�

C1 ⌅†⌅q̄q mq/M2
�

C2 ⌅†⌅q̄⇥5q imq/M2
�

C3 ⌅†⌃µ⌅q̄⇥µq 1/M2
�

C4 ⌅†⌃µ⌅q̄⇥µ⇥5q 1/M2
�

C5 ⌅†⌅Gµ⇥Gµ⇥ �s/4M2
�

C6 ⌅†⌅Gµ⇥G̃µ⇥ i�s/4M2
�

R1 ⌅2q̄q mq/2M2
�

R2 ⌅2q̄⇥5q imq/2M2
�

R3 ⌅2Gµ⇥Gµ⇥ �s/8M2
�

R4 ⌅2Gµ⇥G̃µ⇥ i�s/8M2
�

TABLE I: Operators coupling WIMPs to SM particles. The operator names beginning with D, M,

C, R apply to WIMPs that are Dirac fermions, Majorana fermions, complex scalars or real scalars

respectively.

recent interest in dark matter with dipole interactions, which have the potential to reconcile

the DAMA signal while remaining consistent with the null search results from CDMS and

XENON [35–39].

The complete list of operators that we consider is shown in Table I. We adopt a naming

convention where the initial letter refers to the spin of �: D for Dirac fermion, M for

Majorana, C for complex scalar, and R for real scalar and the number specifies the particular

operator belonging to a given WIMP spin. Within each family, the earlier numbers refer

to coupling to quark scalar bilinears (D1-4, M1-4, C1-2, and R1-2), the middle numbers to
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All Together
• One can also close the quark line into a loop prediction for gamma ray 

lines: a striking feature which may stand out from astrophysical 
backgrounds.
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FIG. 5: The lower limits from current Fermi line searches [45] (long dashed lines with data points

shown) and an estimate of the reach of future searches at lower energies (short dashed curve) on

the suppression scale of new physics M! leading to interactions with the SM for the Dirac WIMP

operators D1-D4. Note that the constraints on D1 and D3 are significantly weaker than the others,

because these operators lead to cross sections which are velocity-suppressed. For comparison we

also show the current bounds from Tevatron and future reach of LHC [19] (solid and short dashed

curves, respectively), as well as the value of M! leading to the correct thermal relic abundance in

the absence of other interactions (dash-dotted curves).
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Scalar and pseudo-
scalar interactions 

with quarks.

(Sorry: All of these limits are 
already out of date today, 

except for LHC which are 14 
TeV, 100 fb-1 projections)

FIG. 1: Representative Feynman diagram for the loop level annihilation of two DM particles �

to a photon and a second vector boson, either another photon or a Z boson, through an operator

coupling the DM to SM quarks (represented as the shaded circle).

quark vector bilinears (D5-8, M5-6, and C3-4) and quark tensor bilinears (D9-10) and the

largest numbers to coupling to gluons (D11-14, M7-10, C5-6, and R3-4). The WIMP electric

and magnetic dipole moment operators are labelled D15 and D16.

III. GAMMA RAY LINE SEARCH CONSTRAINTS

We compute the rate for the processes ⇥⇥� �� and ⇥⇥� �Z for each of the operators

considered above. Generally, stronger bounds arise from the �� process because it produces

two photons per annihilation (compensating for the Z coupling to quarks being typically a

little stronger than the photon). Consequently, we consider the �Z final state only in the case

where annihilation into �� vanishes. For the cases with a Dirac fermion or complex scalar, we

assume that the dark matter in our galactic halo is composed of equal numbers of particles

and anti-particles. It should be borne in mind that one could evade the constraints from

any annihilation process if the interactions preserve the U(1)⇥ symmetry and the galactic

halo is made entirely of WIMPs or anti-WIMPs.

For the operators D15 and D16 mediating a direct interaction between the WIMPs and

the photon, this process occurs at tree level. Generally, the quark operators mediate an-

nihilations into �� or �Z at the one loop level as shown in Figure 1. For the operators of

the form ⇥̄�µ⇥q̄�µq, a final state containing two photons is forbidden by the Landau-Yang

theorem [40]. For these operators, we rely on ⇥⇥ � �Z to determine the implications of

searches for gamma ray lines. For operators coupling the WIMPs directly to gluons and for

the tensor operators D9 and D10, the leading contribution to �� and �Z final states occurs

at two loops, and as a result the rate is expected to be small enough that these operators
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Filling in Some Details
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• We can consider a wider range of 
simplified models with the mediating 
particles included explicitly.

• There is already some work in this 
direction on the case of a  Z’-
mediator completion.

• For a given collider energy, we can see 
the different regimes of Z’ mass and 
coupling.
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• How well does the contact interaction 
treatment work as an approximation to 
the complete theory?

• It depends on the momentum transfer of 
the process.

• Direct Detection: Q2 ~ (50 MeV)2.

• EFT should work well unless you have 
ultralight mediators.

• Annihilation: Q2 ~ M2.

• Fine in many theories, problematic for 
light Z’ type models, quirky WIMPs or 
co-annihilators.

• Colliders: Q2 ~ pT2

• Mono-jet bounds are generically too 
conservative for colored mediators.

• Too stringent for light neutral 
mediators.

?

How Effective a Theory?
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