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My Old Living Room Window…







New Controversy:

Is the Lake rising or is
Chicago sinking?!



So, WIMPs…





Fake News?



What is behind this 
Question?
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FREEZE OUT: MORE QUANTITATIVE

9 The Boltzmann 

equation:

Dilution from

expansion
��� f f� f f� ���

9 n � n
eq

until interaction rate 

drops below expansion rate:

9 Might expect freeze out at T ~ m, 

but the universe expands slowly!  

First guess: m/T ~ ln (M
Pl

/m
W

) ~ 40

Feng, ARAA (2010)

Relic Density
• Most of the statements about 

WIMPs are correlating null results 
for searches with the relic density.

• This is clearly a very attractive 
target, but it is worth 
remembering that typically freeze-
out occurs at ~ mDM/20 or so.

• For most masses of interest, these 
are times where we have no direct 
cosmological probes.

• My attitude is that this kind of 
standard cosmology is something 
we want to establish, not assume.
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CDMSlite
Ceiling:

These limits become ineffective 
around 10-33 cm2
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CDMSlite

“Electroweak” Cross section
(excluded by CDMS ~2000 
for a wide range of masses)

Now: ~1 GeV to ~107 GeV
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Warning:
Lots of “back of the envelope”  

estimates in these slides
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FIG. 1. Constraints on the DM annihilation cross section at 95% CL for the bb̄ (left) and ⌧+⌧� (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300
randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected
sensitivity while the bands represent the 68% and 95% quantiles. For each set of random locations, nominal J-factors are
randomized in accord with their measurement uncertainties. The solid blue curve shows the limits derived from a previous
analysis of four years of Pass 7 Reprocessed data and the same sample of 15 dSphs [13]. The dashed gray curve in this and
subsequent figures corresponds to the thermal relic cross section from Steigman et al. [5].

FIG. 2. Comparison of constraints on the DM annihilation cross section for the bb̄ (left) and ⌧+⌧� (right) channels from this
work with previously published constraints from LAT analysis of the Milky Way halo (3� limit) [34], 112 hours of observations
of the Galactic Center with H.E.S.S. [35], and 157.9 hours of observations of Segue 1 with MAGIC [36]. Pure annihilation
channel limits for the Galactic Center H.E.S.S. observations are taken from Abazajian and Harding [37] and assume an Einasto
Milky Way density profile with ⇢� = 0.389 GeV cm�3. Closed contours and the marker with error bars show the best-fit cross
section and mass from several interpretations of the Galactic center excess [16–19].
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FIG. 1: Planck CMB limits at 95% C.L. for DM annihilation
100% to individual channels: electrons (blue), muons (pur-
ple), taus (red), gluons (green), gamma rays (orange). Light
quarks and b-quarks overlap with the gluon line, so are not
shown for clarity. Thermal relic cross section is the black
dashed line [4].

IV. PLANCK CMB LIMITS

Anisotropies of the CMB provide powerful insight into
physical processes present during the cosmic dark ages.
Any injection of ionizing particles, including those from
DM annihilation, modifies the ionization history of hy-
drogen and helium gas, perturbing CMB anisotropies.
Measurements of these anisotropies therefore provide ro-
bust constraints on production of ionizing particles from
DM annihilation products. The most sensitive measure-
ments to date are by Planck [54], superseding earlier mea-
surements by WMAP [76].

A. Energy Injection from Annihilating DM

The power deposited by DM annihilation, controlled
by the parameter

pann = fe↵
h�vi

m�
, (2)

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

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

(E) curves

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

calculated in Ref. [77],

fe↵(m�) =
1

2m�

Z m�

0

✓
f
e±

e↵

dN

dEe±
+ f

�
e↵

dN

dE�

◆
EdE.

(3)
Following Ref. [77], we neglect the contribution to en-
ergy deposition from protons and antiprotons; generally
only a small fraction of the total energy of the anni-
hilation products goes into pp̄ production, and protons
and antiprotons also deposit energy less e�ciently than
electrons, positrons, and photons [78]. Including these
contributions would slightly strengthen the constraints.
From Planck data, the 95% C.L. limit on pann is [54]

fe↵
h�vi

m�
< 4.1⇥ 10�28 cm3

/s/GeV. (4)

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

B. Energy Injection Fractions

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

Leane et al 1805.10305

“Electroweak”
Cross section

Leane et al 1805.10305





So what does this mean for 
WIMPs?

It depends what you mean by WIMP.



Electroweakly Interacting 
Massive Particles



Z Interactions

 

To be EW-charged, but avoid full strength Z interactions, DM could have T3=0.

This happens for odd-dimensional representations (triplet, quintuplet, …)
It doesn’t work for doublets, quadruplets, etc..

Another way to say it: Dark Matter should not carry hypercharge (Q=T3+Y).

This implies EW-charged dark matter comes with electrically charged EW 
siblings whose masses differ by O(<H> ~ 100 GeV).
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EFTs
Name Operator Coefficient

D1 χ̄χq̄q mq/M3
∗

D2 χ̄γ5χq̄q imq/M3
∗

D3 χ̄χq̄γ5q imq/M3
∗

D4 χ̄γ5χq̄γ5q mq/M3
∗

D5 χ̄γµχq̄γµq 1/M2
∗

D6 χ̄γµγ5χq̄γµq 1/M2
∗

D7 χ̄γµχq̄γµγ5q 1/M2
∗

D8 χ̄γµγ5χq̄γµγ5q 1/M2
∗

D9 χ̄σµνχq̄σµνq 1/M2
∗

D10 χ̄σµνγ5χq̄σαβq i/M2
∗

D11 χ̄χGµνGµν αs/4M3
∗

D12 χ̄γ5χGµνGµν iαs/4M3
∗

D13 χ̄χGµνG̃µν iαs/4M3
∗

D14 χ̄γ5χGµνG̃µν αs/4M3
∗

Name Operator Coefficient

C1 χ†χq̄q mq/M2
∗

C2 χ†χq̄γ5q imq/M2
∗

C3 χ†∂µχq̄γµq 1/M2
∗

C4 χ†∂µχq̄γµγ5q 1/M2
∗

C5 χ†χGµνGµν αs/4M2
∗

C6 χ†χGµνG̃µν iαs/4M2
∗

R1 χ2q̄q mq/2M2
∗

R2 χ2q̄γ5q imq/2M2
∗

R3 χ2GµνGµν αs/8M2
∗

R4 χ2GµνG̃µν iαs/8M2
∗

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

R apply to WIMPS that are Dirac fermions, complex scalars or real scalars respectively.

III. COLLIDER CONSTRAINTS

A. Overview

We can constrain M∗ for each operator in the table above by considering the pair pro-

duction of WIMPs at a hadron collider:

pp̄ (pp) → χχ+X. (2)

Since the WIMPs escape undetected, this leads to events with missing transverse energy,

recoiling against additional hadronic radiation present in the reaction.

The most significant Standard Model backgrounds to this process are events where a Z

boson decays into neutrinos, together with the associated production of jets. This back-

ground is irreducible. There are also backgrounds from events where a particle is either

missed or has a mismeasured energy. The most important of these comes from events pro-

7

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

Relativistic EFT
Nonrelativistic EFT

Goodman et al, 1008.1783

Fitzpatrick et al, 1203.3542

This description is the natural language 
for the scattering problem.This description knows that physics respects special relativity.

More general

More Realistic

v -> 0

(For illustration: just quarks and gluons)



EFTs
Name Operator Coefficient
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In addition, we also have T-violating operators:

5. P-odd, S�-independent:

O10 = i~SN · ~q, (23)

6. P-odd, S�-dependent
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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
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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
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the form N̄
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@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)
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Relativistic EFT
Nonrelativistic EFT

Goodman et al, 1008.1783

Fitzpatrick et al, 1203.3542

Spin Independent

Spin Dependent

The Z boson is a problem because it switches on 
relativistic operator D5 which maps to O1 (SI).



Majorana DM
The vector interaction vanishes 

(identically) for a Majorana 
particle.  That leaves behind spin-

dependent (and v-suppressed) 
terms.
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Figure 3 – Spin-independent WIMP-nucleon (top panel) and spin-dependent WIMP-neutron/WIMP-proton (bot-
tom panels) exclusion limits at 90% C.L. for the combined results (WS2013+ WS2014–16) are shown by the black
lines. The 1-� and 2-� ranges of background-only trials for this combined result are shown as green and yellow
bands, respectively. Constraints from other LXe TPC experiments are also shown, including XENON100 [36] and
PandaX-II [37]. On the spin-independent results, the parameters favored by SUSY CMSSM [38] before this result
are indicated as dark and light gray (1-� and 2-�) filled regions. On the spin-dependent interaction, the gray
regions corresponds to the profile likelihood maps obtained via global fits of a phenomenological Minimal Super-
symmetric Standard Model with 15 free parameters (MSSM15) obtained by [39]. The results from the GAMBIT
collaboration using a seven-dimensional Minimal Supersymmetric Standard Model (MSSM7) are represented by
the red region [40].

nucleon and spin-dependent WIMP-neutron/WIMP-proton cross sections at 90% confidence
level are shown in Figure 3. The exclusion limit reaches a minimum of 0.11⇥10�45 cm2 for
the spin-independent interaction at 50 GeV/c2. For the spin-dependent interaction, LUX
reaches a minimum of 1.6⇥10�41 cm2 for the neutron-only coupling and of 5.0⇥10�40 cm2

for the proton-only coupling (both at 35 GeV/c2).

5 Conclusion and perspectives

In the four years of operations LUX achieved the world leading result in sensitivity for both
spin-independent and spin-dependent (WIMP-neutron coupling) cross section. No signal due
to a possible WIMP particle was identified and a significant fraction of the WIMP parameter
space was excluded.

Major advances in the detector calibration have been reported: internal source of tritiated
methane and 2.45 MeV neutrons from a D-D generator have been used to determine the
detector response to ERs and NRs, respectively.

The analysis of LUX data will continue through the year of 2017 with a search for other
possible signals. Results for the first searches for axions and axion-like particles were already
presented [46].

In 2019, a new very massive detector called LUX-ZEPLIN (LZ) will be installed in the

…this is not really enough at
this point…

That suggests another 
strategy for EW-charged 

WIMPs:
Majorana particles are less

constrained than Dirac,
even if they carry hyper-

charge.

LUX

SD



SD vs SI

But…at loop level, what was spin-dependent at tree 
level can turn out to be spin-independent.

At weakly coupled loop costs ~10-3.

At maximum sensitivity, the Xe limits on SI scattering 
are something like A2 ~105 better than SD.

vs



Mixed DM
Another strategy is to construct a dark matter which is a mixed state of more 

than one EW-charged object.

There can be cancellations between the different contributions to the the 
coupling (though this may not be generic).

I don’t know of any theory where this is the dominant scheme to avoid 
constraints, though the MSSM benefits from it to some degree.  Mostly, the 

MSSM survives by having a large component without EW charge.
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is near the Sommerfeld resonances, where the associated enhanced continuum emission is imprinted
on the limits. We caution once more that these are only estimated limits.
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Figure 2. (a) Fully exclusive production, which contributes only at the endpoint where z = 0. Only
virtual corrections are present. (b) Operator Product Expansion for � + X with mX ⇠ M�. Here the
state X has a large invariant mass and can be integrated out. (c) The endpoint region, mX ⌧ M�.
Here the measurement on the final state X constrains it to have a small invariant mass. This implies
that X cannot be integrated out and must be treated as a dynamical object in the EFT. In all cases,
the dashed lines dressing the annihilating DM represent the Sommerfeld enhancement.

2 Kinematics for Heavy WIMP Annihilation

In this section, we discuss in detail the kinematics of heavy DM decay or annihilation to
photons as relevant for indirect detection. We carefully analyze all relevant scales, identifying
regions where large ratios of scales exist, which will give rise to logarithms that need to be
resummed. This analysis will also make clear the differences between the previous studies
in the literature. We will also highlight how collinear-soft modes appear in the broken the-
ory, highlighting the distinction with the case of the naively similar B ! Xs� that has been
thoroughly treated in the literature (see e.g. [60–64]). The discussion of this section is com-
pletely independent of the details of the DM, allowing us to simultaneously consider decay
and annihilation, and depends only on the kinematics of indirect detection.

2.1 Three Effective Field Theory Regimes

We consider for concreteness the annihilation of two nearly stationary DM particles of mass
M� decaying to � + X, where the � is assumed to be detected by the experiment. Here X

denotes all final state radiation apart from the photon. The case of DM decay for a particle of
mass 2M� is identical. We use a dimensionless variable z to characterize the energy fraction
of the photon

E� = M� z , (2.1)

or equivalently,

m
2
X = 4M

2
�(1 � z) , (2.2)
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Non-EW Mediators

Without the weak interaction itself to provide a scale, focus shifts 
to the relic density through freeze-out.

Though the couplings are typically free parameters, a general issue 
remains.  The constraints from direct detection are very strong.  
Unless something mitigates them, they often rule out the cross 

sections necessary for freeze-in.

Things become much more model-dependent.  Let’s just consider a 
few strategies one can use to engineer viable models.



Higgs
Unlike the weak bosons, the Higgs coupling to dark matter is not 

specified in terms of parameters we’ve already measured.

It is very unlikely that the Higgs is the source of mass for the dark 
matter in the same way that it is for the SM particles.

Classic Scalar DM
Higgs portal

Mixed fermions
(MSSM-like)

Mixed scalar
mediator

Vector dark matter,
radiative portal
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(pure states), the above lagrangian is completely
specified by electroweak quantum numbers since
gauge-invariance implies f(H) = 0, and �m can be
chosen to vanish for degenerate heavy-particle states.
In particular, the first term in (1) does not depend
on the WIMP mass, spin or other properties beyond
the choice of gauge quantum numbers. Model de-
pendence is systematically encoded in operator co-
e�cients representing 1/M corrections. For exten-
sions with two electroweak multiplets (mixed states),
f(H) and �m are non-vanishing and depend on �,
the mass splitting of the multiplets, and , their cou-
pling strength mediated by the Higgs field.

Weak-scale matching. Interactions of the lightest,
electrically neutral, self-conjugate WIMP, �v, with
quarks and gluons, relevant for spin-independent (SI),
low-velocity scattering with a nucleon, are given at
energies E ⌧ mW by the EFT

L�v,SM =
�̄v�v

m3
W

X

S

X

q

c(S)
q

O(S)
q

+c(S)
g

O(S)
g

�
+. . . ,

(2)

where q = u, d, s, c, b is an active quark flavor and
we have chosen QCD quark and gluon operators of

definite spin, S = 0, 2: O(0)
q = mq q̄q, O

(0)
g = (GA

µ⌫
)2,

O(2)µ⌫
q = 1

2 q̄
⇣
�{µiD⌫}

� � gµ⌫iD/ �/4
⌘
q, and O(2)µ⌫

g =

�GAµ�GA⌫

�
+ gµ⌫(GA

↵�
)2/4. Here Dµ

� ⌘
�!
Dµ
�
 �
Dµ,

and A{µB⌫}
⌘ (AµB⌫ + A⌫Bµ)/2 denotes sym-

metrization. The ellipsis in Eq. 2 denotes higher-
dimension operators suppressed by powers of 1/mW .

We match EFTs (1) and (2) at reference scale
µt ⇠ mW ⇠ mt by integrating out weak scale par-
ticles W±, Z0, h0 and t. In the heavy WIMP limit,
matching coe�cients, ci, of (2) may be expanded as

ci = ci,0 + ci,1
mW

M
+ . . . . (3)

We compute the complete set of twelve matching co-
e�cients ci,0 at leading order in perturbation theory.

Weak-scale matching for mixed states requires
renormalization of the Higgs-WIMP vertex for a con-
sistent evaluation of loop-level amplitudes, and a gen-
eralized basis of heavy-particle loop integrals to ac-
count for non-vanishing residual masses. Details of
the matching computation can be found in [4].

QCD analysis. Having encoded physics of the
heavy WIMP sector in matching coe�cients of (2),
the remaining analysis is independent of the M �

mW assumption, and consists of renormalization
group (RG) running to a low scale µ0 < mc, matching
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FIG. 1: SI cross section for low-velocity scattering on
the proton as a function of mh, for the pure-triplet case.
Labels refer to inclusion of LO, NLO, NNLO and NNNLO
corrections in the RG running from µc to µ0 and in the
spin-0 gluon matrix element. Bands represent 1� uncer-
tainty from neglected higher order pQCD corrections.

at heavy quark thresholds, and evaluating hadronic
matrix elements. This module is systematically im-
provable in subleading corrections and is applicable
to generic direct detection calculations. An extension
of the operator basis would allow robust connections
between contact interactions constrained at colliders
and low-energy observables of direct detection [7].
RG evolution accounts for perturbative corrections
involving large logarithms, e.g., ↵s(µ0) logmt/µ0.
Fig. 1 illustrates the impact of higher order pQCD
corrections. We collect in Refs. [3, 5] the details
of mapping high-scale matching coe�cients onto the
low-energy theory where hadronic matrix elements
are evaluated [24]. Cross sections for scattering on
the neutron and proton are numerically similar; we
present results for the latter.

Pure-state cross sections. Consider the situation
where the SM is extended by a single electroweak
multiplet. For definiteness let us take the cases of
a Majorana SU(2)W triplet of Y = 0, and a Dirac
SU(2)W doublet of Y = 1

2 . For the doublet we
assume that higher-dimension operators cause the
mass eigenstates after electroweak symmetry break-
ing (EWSB) to be self-conjugate combinations D1

andD2, thus forbidding a tree-level �̄v�vZ0 coupling,
and moreover that inelastic scattering is suppressed.

Upon performing weak-scale matching [4] and map-
ping to a low-energy theory for evaluation of matrix
elements [5], we obtain parameter-free cross section
predictions as illustrated in Fig. 2. The triplet cross
section is

�T

SI = 1.3+1.2
�0.5

+0.4
�0.3 ⇥ 10�47 cm2, (4)

where the first (second) error represents 1� uncer-

EW Higgs Exchange

Even without a tree level coupling to the Higgs, an EW-
charged WIMP picks up a coupling at one loop.

Hill, Solon 1309.4092



Axial vector — SD at tree level.
Note the choice of DM and quark couplings — 
the plot is totally different for other choices.



Pseudo-scalar Mediator

Karwin et al 1612.05687

A pseudo-scalar mediator leads to 
scattering which is both SD and v-
suppressed, but annihilation is not 

suppressed.

(Points are fits to the GC Gamma ray excess)



Secluded Dark Matter
• If the dark matter annihilates primarily 

into an on-shell mediator which has tiny 
couplings to the SM, the annihilation rate 
may be effectively uncorrelated with the 
scattering with nuclei or production at 
atom smashers.
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Figure 2: (a) Annihilation, (b) Direct Detection, (c) Collider. dm complimentarity for on-shell mediators;

compare to Fig. 1. (a) The annihilation rate is independent of the mediator coupling to the Standard

Model. (b) Direct detection remains 2-to-2, here N is a target nucleon. (c) Colliders can search for the

presence of the mediator independently of its dm coupling.

1.3 Annihilation to On-shell Mediators

In this paper we focus on a different region in the space of simplified models where mediators are
light enough that they can be produced on-shell in dark matter annihilation, henceforth referred to
as the on-shell mediator scenario. This annihilation mode is largely independent of the mediator’s
coupling to the sm so long the latter is nonzero. Lower limits on the sm coupling—that is, upper
limits on the mediator lifetimes—are negligible since the mediator may propagate astrophysical
distances before decaying to the bb̄ pairs that subsequently yield the �-ray excess. The sm coupling
can be parametrically small which suppresses the off-shell s-channel annihilation mode as well as
the direct detection and collider signals. This is shown in Fig. 2.

Because on-shell annihilation into mediators requires at least two final states4, the resulting
annihilation produces at least four b quarks, as shown in Fig. 2a. This, in turn, requires a heavier
dark matter mass in order to eject ⇡ 40 gev b quarks from each annihilation to fit the �-ray excess.
This avoids the conventional wisdom that this excess requires 10 – 40 gev dark matter. In the
limit on-shell annihilation dominates, the total excess �-ray flux is fit by a single parameter, the
mediator coupling to dark matter. Once fit, this parameter determines whether the dm may be
a thermal relic. We remark that the spectrum is slightly boosted by the on-shell mediator; we
address this below and explore possibilities where the mediator mass can be used as a handle to
change the spectral features.

The on-shell mediator limit thus separates the physics of mediators sm and dm couplings. The
former can be made parametrically small to hide dm from direct detection and collider experiments,
while the latter can be used to independently fit indirect detection signals such as the galactic center
�-ray excess. Observe that these simplified models modify the standard picture of complementary
dm searches for contact interactions shown schematically in Fig. 2. Annihilation now occurs
through multiple mediator particles and is independent of the mediator coupling to the sm. Direct
detection proceeds as usual through single mediator exchange between dm and sm. Collider
bounds, on the other hand, need not depend on the dm coupling at all and can focus on detecting
the mediator rather than the dark matter missing energy.

In this paper we explore the phenomenology of on-shell mediator simplified models for the
galactic center. This paper is organized as follows. In the following two sections we present the

4
One may also consider semi-annihilation processes �1�2 ! �3(mediator) [117]. See [118] for a prototype model

for the galactic center �-ray excess.
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Figure 4: (a) ��̄ ! V V ! 4b, (b) ��̄ ! 3', (c) ��̄ ! 3' ! 6b. Energy spectrum with arbitrary

normalization from dm annihilation for (a) b quarks from two on-shell spin-1 mediators, (b) pseudoscalar

mediators, (c) b quarks from three on-shell pseudoscalar mediators. (a) corresponds to m� = 80 gev while

(b,c) corresponds to m� = 120. Lines correspond to mV = 15, 30, 55, 60 gev or m� = 15, 45, 55, 60

gev from red (solid) to blue (most dashed). The ‘box’ width in (a) is not monotonically decreasing with

mV , as evidenced by the 30 gev line (orange).

of (2.8). This is factor is partially compensated by the multiplicity of bb̄ pairs in the final state
increases the total secondary photon flux by a factor of 2 (3). Together, these effects require that
the annihilation cross section is a factor of ⇡ 2 (3) times larger than ��̄ ! bb̄ cross section (2.7),

h�viann. ⇡ 2 (3)⇥ h�vibb̄. (2.9)

where h�vibb̄ is the contact interaction value (2.7). Because h�vibb̄ is already determined to be close
to the thermal relic, one may worry if the additional factor in (2.9) violates the feasibility of a
thermal relic. We address this in Sec. 5. Considering the range of kinematically allowed mediator
masses and accounting for the powers of �dm in the spin-0 and spin-1 cases, (2.9) gives the estimate

�dm ⇠ 1.1� 1.4 (spin-0) (2.10)
�dm ⇠ 0.27� 0.44. (spin-1) (2.11)

These couplings indeed agree with the estimate (2.4c) while remaining perturbative, �2
dm < 4⇡.

The scale of the spin-1 coupling implies a slight suppression on the left-hand side of (2.5) which
must be compensated by a stronger upper bound on �sm. We show below that direct detection
also constraints �sm strongly for the spin-1 mediator.

3 The �-Ray Excess from On-Shell Mediators

Having established the intuition developed in Sec. 2.4, we examine the photon spectrum predicted
from the on-shell mediator scenario and fit to the observed �-ray excess.

3.1 Mediator Spectra

In 2-to-2 scattering, the final state energies is completely determined by kinematics. This is the case
for ��̄ ! bb̄ from effective contact interactions or simplified models with single off-shell mediators;
the monochromatic spectrum of final state b quarks yield, upon showering, a spectrum of photons

9
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Outlook
• Are WIMPs dead?

• The answer really depends on how you frame the question.

• Some are…

• Electroweakly charged particles are rather constrained.

• Some options survive by making choices of EW representation / spin.

• Others not so much.

• Freeze-out relics can exist for a wide variety of masses.

• Engineering may be required on the theory side, but this could just be 
how nature works.

• We have learned a lot about what WIMPs aren’t.

• Where do you put your effort?
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Bonus Material



What IS a WIMP?
Weakly-interacting

Massive

Particle

Electroweak interaction
SU(2) x U(1)

Z, W,           Higgs?
?αEM, sin θW

Random “weak interaction?”
Symmetries?

Mediator particles?
g < around 1

Anything cold?

> 10 keV?
>1 GeV?

~ 100 GeV
< 100 TeV?

Yes?

Fields? Fuzzy? Superfluid?!

Freeze-out relic?



Indirect Constraints
It isn’t enough to engineer away scattering with nuclei.  There are 

also important constraints from indirect detection too.
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FIG. 8. DM annihilation cross-section constraints derived from the combined 15-dSph analysis for various channels.The Majorana and T3=0 options work here as well, below the 
threshold for ZZ and WW annihilation.  Z-exchange is suppressed 

by either the velocity or the mass of the final fermions.
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