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22. Big-Bang nucleosynthesis
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Figure 22.1: The abundances of 4He, D, 3
He, and 7Li as predicted by the standard

model of Big-Bang nucleosynthesis —
the bands show the 95%

CL range. Boxes

indicate the observed light element abundances. The narrow vertical band indicates

the CMB measure of the cosmic baryon density, while the wider band indicates the

BBN concordance range (both at 95% CL).
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Evidence for DM on many scales at many times



So far all probes have been 
gravitational in nature

Advance in Perihelion of Mercury needed new physics 
(general relativity) to explain it. (Originally thought to be 
planet Vulcan!)

Curious

Neptune discovered by wobble in orbit of Uranus
—original DM!

What about other interactions?



DM as a thermal relic

A weak scale particle (WIMP) freezes out to leave the 
correct relic abundance - the WIMP “miracle”

“The weak shall inherit the Universe”

WIMP

superWIMP

FIG. 14: In superWIMP scenarios, a WIMP freezes out as usual, but then decays to a superWIMP,
a superweakly-interacting particle that forms dark matter.

IV. SUPERWIMPS

In superWIMP scenarios [32, 33], a WIMP freezes out as usual, but then decays to a
stable dark matter particle that interacts superweakly, as shown in Fig. 14. The prototypical
example of a superWIMP is a weak-scale gravitino produced non-thermally in the late
decays of a weakly-interacting next-to-lightest supersymmetric particle (NLSP), such as a
neutralino, charged slepton, or sneutrino [32, 33, 56, 57, 58, 59, 60, 61]. Additional examples
include axinos [23, 62] and quintessinos [63] in supersymmetry, Kaluza-Klein graviton and
axion states in models with universal extra dimensions [64], and stable particles in models
that simultaneously address the problem of baryon asymmetry [65]. SuperWIMPs have
all of the virtues of WIMPs. They exist in the same well-motivated frameworks and are
stable for the same reasons. In addition, in many cases the WIMP and superWIMP masses
have the same origin. In these cases, the decaying WIMP and superWIMP naturally have
comparable masses, and superWIMPs also are automatically produced with relic densities
of the desired order of magnitude.

As noted above, superWIMPs exist in many different contexts. We concentrate here on
the case of gravitino superWIMPs. In the simplest supersymmetric models, supersymme-
try is transmitted to standard model superpartners through gravitational interactions, and
supersymmetry is broken at a high scale. The mass of the gravitino G̃ is

mG̃ =
F√
3M∗

, (11)
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an ideal preparation to tackle problems in broad areas of basic science, engineering, industry, and even the
financial sectors.

In this paper, we discuss the context for direct detection experiments in the search for dark matter and
describe briefly the current state of theoretical models for WIMPs. A brief review of the technologies
and experiments is presented, along with a discussion of facilities and instrumentation that enable such
experiments, and a description of other physics that these experiments can do. We end with a discussion
of how the field is likely to evolve over the next two decades, with a specific roadmap and criteria for new
experiments.

The international dark matter program is expected to evolve from currently-running (G1) experiments to
G2 experiments (defined as in R&D or construction now), to G3 experiments which will eventually reach
the irreducible neutrino background. Down-selection and consolidation will occur at each stage, given the
growing financial cost and manpower needs of these experiments. The DOE has a formal down-selection
process for one or more major G2 experiments. Since substantial NSF contributions are also expected,
XENON1T is considered to be a joint NSF/international US-led G2 experiment. Additional G2 experiments
may also move to construction in the coming year by either having relatively low overall cost or relatively
low cost to DOE/NSF. It is unclear when and how the U.S. funding agencies will select G3 experiments, but
such a stage is on their planning horizon. It is expected that only one or two U.S.-led G3 experiments at
the $100M range will be financially tenable.

3 Dark Matter Direct Detection in Context

Direct detection is only one method to search for dark matter. Because dark matter can potentially interact
with any of the known particles or, as in the case of hidden sector dark matter, another currently unknown
particle (as shown in Fig. 5), it is important to place direct detection in the larger context of dark matter
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Figure 5. Dark matter may have non-gravitational interactions with any of the known particles as well as
other dark particles, and these interactions can be probed in several di↵erent ways.

research. The Snowmass Cosmic Frontier Working Group CF4 has prepared a report [2] exploring the

Community Planning Study: Snowmass 2013

FIGURE 2. Simulated GLAST allsky map of neutralino DM annihilation in the Galactic halo, for a fiducial observer located 8
kpc from the halo center along the intermediate principle axis. We assumed Mχ = 46 GeV, ⟨σv⟩ = 5×10−26 cm3 s−1, a pixel size
of 9 arcmin, and a 2 year exposure time. The flux from the subhalos has been boosted by a factor of 10 (see text for explanation).
Backgrounds and known astrophysical gamma-ray sources have not been included.

DM ANNIHILATION ALLSKY MAP

Using the DM distribution in our Via Lactea simulation, we have constructed allsky maps of the gamma-ray flux from
DM annihilation in our Galaxy. As an illustrative example we have elected to pick a specific set of DM particle physics
and realistic GLAST/LAT parameters. This allows us to present maps of expected photon counts.

The number of detected DM annihilation gamma-ray photons from a solid angle ΔΩ along a given line of sight (θ ,
φ ) over an integration time of τexp is given by

Nγ (θ ,φ) = ΔΩ τexp
⟨σv⟩
M2
χ

[

∫ Mχ

Eth

(

dNγ
dE

)

Aeff(E)dE
]

∫

los
ρ(l)2dl, (2)

where Mχ and ⟨σv⟩ are the DM particle mass and velocity-weighted cross section, Eth and Aeff(E) are the detector
threshold and energy-dependent effective area, and dNγ/dE is the annihilation spectrum.

We assume that the DM particle is a neutralino and have chosen standard values for the particle mass and annihilation
cross section: Mχ = 46 GeV and ⟨σv⟩= 5×10−26 cm3 s−1. These values are somewhat favorable, but well within the
range of theoretically and observationally allowed models. As a caveat we note that the allowed Mχ -⟨σv⟩ parameter
space is enormous (see e.g. [7]), and it is quite possible that the true values lie orders of magnitude away from the
chosen ones, or indeed that the DM particle is not a neutralino, or not even weakly interacting at all. We include only
the continuum emission due to the hadronization and decay of the annihilation products (b  b and u  u only, for our low
Mχ ) and use the spectrum dNγ/dE given in [8].

For the detector parameters we chose an exposure time of τexp = 2 years and a pixel angular size of Δθ = 9 arcmin,
corresponding to the 68% containment GLAST/LAT angular resolution. For the effective area we used the curve
published on the GLAST/LAT performance website [9] and adopted a threshold energy of Eth = 0.45 GeV (chosen to

14

1 10 100 1000 104
10 50

10 49

10 48

10 47

10 46

10 45

10 44

10 43

10 42

10 41

10 40

10 39

10 38

10 37

WIMP Mass GeV c
2

W
IM
P
n
u
cl
eo
n
cr
o
ss
se
ct
io
n
cm

2

CDMS II Ge  (2009)

Xenon100 (2012)

CRESST

CoGeNT
(2012)

CDMS Si
(2013)

EDELWEISS (2011)

DAMA SIMPLE (2012)

ZEPLIN-III (2
012)COUPP (2012)

LUX (2013)

 D
A

M
IC           (2012)

C
D

M
S

lite
 (2

0
13)

   10 Neutrino Events   100 Neutrino Events

   1 Neutrino Event

   3 Neutrino Events   30 Neutrino Events

3 Neutrino Events1 Neutrino Event

30 Neutrino Events
10 Neutrino Events

100 Neutrino Events

1 10 100 1000 104
10 14

10 13

10 12

10 11

10 10

10 9

10 8

10 7

10 6

10 5

10 4

10 3

10 2

10 1

WIMP Mass GeV c
2

W
IM
P
n
u
cl
eo
n
cr
o
ss
se
ct
io
n
p
b

8B
Neutrinos

Atmospheric and DSNB Neutrinos

7Be
Neutrinos

COHERENT NEUTRIN O SCATTERING
 

 
C

O
H

E
R

E
N

T
 N

E
U

TRI NO  SCATTERING  
COHERENT NEUTRINO SCATTERING  

CDMS II Ge  (2009)

Xenon100 (2012)

CRESST

CoGeNT
(2012)

CDMS Si
(2013)

EDELWEISS (2011)

DAMA SIMPLE (2012)

ZEPLIN-III (2
012)COUPP (2012)

LUX (2013)

 D
A

M
IC           (2012)

C
D

M
S

lite
 (2

0
13)

Figure 12: Left : Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nucleon cross section vs WIMP mass plane which for which dark matter experiments
will see neutrino events (see Sec. IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from DAMIC [55] (light blue), SIMPLE [56] (purple), COUPP [57] (teal),
ZEPLIN-III [58] (blue), EDELWEISS standard [59] and low-threshold [60] (orange), CDMS II Ge standard [61], low-threshold
[62] and CDMSlite [63] (red), XENON10 S2-only [64] and XENON100 [65] (dark green) and LUX [66] (light green). The filled
regions identify possible signal regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [67] (yellow,
90% C.L.), DAMA/LIBRA [68] (tan, 99.7% C.L.), and CRESST [69] (pink, 95.45% C.L.) experiments. The light green shaded
region is the parameter space excluded by the LUX Collaboration.

3. Measurement of annual modulation. In the case of
a 6 GeV/c2 WIMP, next generation experiments
could reach sufficiently high statistics to disen-
tangle the WIMP and the neutrino contributions
using the 6% annual modulation rate of dark mat-
ter interactions [54]. However, in the case of hea-
vier WIMPs, very large and unrealistic exposures
would be required to obtain enough events to detect
such predicted annual modulation for cross sections
around 10−48 cm2. Furthermore, the atmospheric
neutrino event rate also undergoes annual modula-
tion due to the change in temperature of the atmos-
phere throughout the year [50]. A dedicated study
taking into account systematic uncertainties in the
neutrino fluxes and their modulations is required
to assess the feasibility of annual modulation dis-
crimination in light of atmospheric neutrino back-
grounds.

4. Measurement of the nuclear recoil direction as

suggested by upcoming directional detection expe-
riments [51]. Since the main neutrino background
has a solar origin, the directional signal of such
events is expected to be drastically different than
the WIMP-induced ones [52, 53]. This way, a
better discrimination between WIMP and neutrino
events will enhance the WIMP detection signifi-
cance allowing us to get stronger discovery limits.
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details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
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and Microlensing searches are described in Sec. VII.
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matter? These questions have many possible answers — indeed, this is one reason why435
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sub-keV DM

• Very light DM is bosonic
• Heavier than
• More appropriately thought of as semiclassical wave, large n
• Absorption of DM, linear coupling to matter
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FIG. 15: Mass range for ultralight dark matter. Very rough optimal frequency ranges are shown for
each experimental technique discussed in WG2. Names of particular experiments and proposals
discussed in this section are shown below their corresponding technique. The names are color-
coded by the DM coupling being searched for. This is only meant as a cartoon – for details of each
experiment’s sensitivity see the relevant discussion below.

Section Editors: Aaron Chou, Peter Graham1513

V. DETECTION OF ULTRA-LIGHT (SUB-MILLI-EV) DARK MATTER1514

The axion and hidden photon are well-motivated dark matter candidates with models1515

providing both viable production mechanisms and testable phenomenology. To date, only a1516

tiny fraction of the parameter space for such ultralight dark matter (as discussed in Section1517

III C) has been probed by existing experiments. Excitingly, thanks to significant growth in1518

interest in this area recently, there are now experiments or proposals which cover the entire1519

viable mass range down to 10�22 eV. These experiments are highly complementary in their1520

mass reach as well as coupling type; together they search for all four di↵erent possible types1521

of couplings the dark matter can have (discussed in Section III C). Figure 15 is a rough1522

cartoon of the complementary nature of these experiments, both in mass and coupling. In1523

particular, it now seems likely that a combination of these experiments can reach sensitivity1524

to the QCD axion over a broad range of axion masses.1525

Searches for dark matter in this mass range use techniques which are very di↵erent than1526

those used in traditional particle physics experiments. In this range the dark matter can1527

more usefully be thought of as a field (or wave) oscillating at a frequency equal to its1528

mass. Unlike a traditional particle detector (e.g. WIMP detection experiments) which looks1529

for the energy deposited by a single hard collision, detectors searching for such light dark1530

matter must look for the collective e↵ect of all the dark matter particles in the wave. This is1531

analogous to gravitational wave detectors which search not for individual graviton scattering1532

60

[US Cosmic Visions White papers]
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Axionic DM best thought of as a coherent oscillation with high occupancy

10�12eV 10�2eV

f ⇠Mpl

1eV

SN1987A
Hot DM

PQ broken
 after inflation

PQ broken
 before inflation

Axion starts osc. 
too late, too much DM

10�5eV 1eV

DM abundance requires small                Anthropics? 
Isocurvature modes           
B-modes

✓init
(HI/f)

2

(HI/Mpl)
2 connections to inflation 

[PF, Pierce, Thomas]

ma



Experimental strategy

Experimental sensitivity

CASPEr

How can we probe axion dark matter?

Axion helioscope

CAST

Resonant cavity

ADMX

Figure 1: Axionic Black Hole Atom: The spinning black hole “feeds” superradiant states form-
ing an axion Bose-Einstein condensate. The resulting bosonic atom will emit gravitons through
axion transitions between levels and annihilations and will emit axions as a consequence of self-
interactions in the axion field.

Consequently, one may expect hundreds of axion-like particles in a given string compactification.
However, a plenitude of cycles does not yet guarantee the presence of a plenitude of axions. There
is a number of e�ects in string theory that could produce a large axion mass, such as branes
wrapping the cycles, and fluxes. One can roughly estimate the number of light axions as being
determined by the number of cycles without fluxes—presumably, around one tenth of the total
number of cycles. Still this leaves us with the expectation of several tens of axion-like particles.

The discovery of a plenitude of particles in our vacuum with similar properties but di�erent
masses supports the idea of a plenitude of vacua, as both the axiverse and the multiverse are
dynamical consequences of the same fundamental ingredients.

The masses of string axions are exponentially sensitive to the sizes of the corresponding cycles,
so one expects them to be homogeneously distributed on the logarithmic scale. However, given
that the QCD �-parameter is constrained to be less than 10�10, non-perturbative string corrections
to the QCD axion potential should be at least ten orders of magnitude suppressed as compared
to the QCD generated potential. It is then natural to expect many of the axions to be much
lighter than the QCD axion; these are the axions whose mass is dominated only by these small
non-perturbative string e�ects.

The implicit, and very plausible assumption behind this line of reasoning is that there is no
anthropic reason for the existence and properties of the QCD axion. Consequently, these properties
should follow from the dynamics of the compactification manifold, rather than being a result of
fine-tuning, and the QCD axion should be a typical representative among other axion-like fields.
A priori we expect tens (or even hundreds) of light axions, it would be really surprising if the
QCD axion turned out to be the single one.

5

Astrophysics

BH superradiance

ADMX

• Astrophysics/cosmology: stellar cooling, CMB, BBN (Phys. Lett.

B. 2014: K. Blum, R. D’Agnolo,M. Lisanti,B.S.), superradiance
• Laboratory experiments: ADMX (resonant cavity), CAST
(axion helioscope), . . .
• New proposal: 1602.01086 (Y. Kahn, B.S., J. Thaler): A
broadband approach to axion dark matter detection

Projected ADMX-G2 discovery potential

15 D. Bowring | ADMX - the Axion Dark Matter eXperiment

[See talk by Daniel Bowring]
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and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS426

Given the wide range of possible dark matter candidates, it is useful to focus the search427

for dark matter by putting it in the context of what is known about our cosmological history428

and the interactions of the Standard Model, by posing questions like: What is the (particle429

physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of430

the abundance of dark matter seen today? How do dark matter particles interact, both431

with one another and with the constituents of familiar matter? And what other observable432

consequences might we expect from this physics, in addition to the existence of dark matter?433

Might existing observations or theoretical puzzles be closely tied to the physics of dark434

matter? These questions have many possible answers — indeed, this is one reason why435

13
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Figure 3 | Upper limits on the spin-dependentWIMP–neutron scattering
cross-section set by di�erent xenon-based experiments. Limit curves from
LUX62 and PandaX-II63.

Neutrino coherent
scattering

PandaX-II 2016

LUX 2016

CDMSLite 2015

CRESST-II 2015

Post LHC1 mSUSY constraint
SuperCDMS

1,700 kg d

XENONIT 2 t yr
XENONnT 20 t yrPandaX-4T 6 t yr

200 t yr xenon (DARWIN or PandaX-30T)LZ 15.6 t yr

101100 102 103

WIMP mass (GeV/c2)

10−50

10−49

10−48

10−47

10−46

10−45

10−44

10−43

10−42

10−41

10−40

10−39

10−38

10−37

SI
 W

IM
P−

nu
cl

eo
n 

cr
os

s-
se

ct
io

n 
(c

m
2 )

Figure 4 | The projected sensitivity (dashed curves) on the
spin-independentWIMP–nucleon cross-sections of a selected number of
upcoming and planned direct detection experiments, including
XENON1T34, PandaX-4T, XENONnT34, LZ35, DARWIN36 or PandaX-30T,
and SuperCDMS56. Currently leading limits in Fig. 1 (see legend), the
neutrino ‘floor’20, and the post-LHC-Run1 minimal-SUSY allowed
contours21 are overlaid in solid curves for comparison. The di�erent
crossings of the experimental sensitivities and the neutrino floor at around
a few GeV/c2 are primarily due to di�erent threshold assumptions.

cross checks from indirect and collider searches (for example, see
SUSY contours from Figs 1 and 4). This calls strongly for a world-
wide multi-faceted programme for dark matter detection. Finally,
one cannot ignore the importance of those null searches which
have been setting tighter constraints to many theoretical models,

and which may eventually direct us on a completely di�erent path
towards understanding this mysterious component of our Universe.
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Figure 4 | The projected sensitivity (dashed curves) on the
spin-independentWIMP–nucleon cross-sections of a selected number of
upcoming and planned direct detection experiments, including
XENON1T34, PandaX-4T, XENONnT34, LZ35, DARWIN36 or PandaX-30T,
and SuperCDMS56. Currently leading limits in Fig. 1 (see legend), the
neutrino ‘floor’20, and the post-LHC-Run1 minimal-SUSY allowed
contours21 are overlaid in solid curves for comparison. The di�erent
crossings of the experimental sensitivities and the neutrino floor at around
a few GeV/c2 are primarily due to di�erent threshold assumptions.

cross checks from indirect and collider searches (for example, see
SUSY contours from Figs 1 and 4). This calls strongly for a world-
wide multi-faceted programme for dark matter detection. Finally,
one cannot ignore the importance of those null searches which
have been setting tighter constraints to many theoretical models,

and which may eventually direct us on a completely di�erent path
towards understanding this mysterious component of our Universe.
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FIG. 2: SI cross sections for low-velocity scattering on
the proton as a function of mh, for the pure cases indi-
cated. Here and in the plots below, dark (light) bands
represent 1� uncertainty from pQCD (hadronic inputs).
The vertical band indicates the physical value of mh.

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

�D
SI . 10�48 cm2 (95%C.L.) . (5)

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

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

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

Mixed-state cross sections. Mixing with an ad-
ditional heavy electroweak multiplet (of mass M 0)
can allow for tree-level Higgs exchange, but with
coupling that may be suppressed by the mass split-
ting � ⌘ (M 0 � M)/2. We systematically analyze
the resulting interplay of mass-suppressed and loop-
suppressed contributions through an EFT analysis in
the regime mW , |�| ⌧ M,M 0.

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

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

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

T a =

0

B@
0 · ·
· ⌧a

4
�i⌧a

4

· i⌧a

4
⌧a

4

1

CA� c.c. , Y =

0

B@
0 · ·
· 02

�i12
2

· i12
2 02

1

CA . (6)

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

f(H) =
g21p

2

0

B@
0 HT iHT

H 02 02

iH 02 02

1

CA+

"
iH ! H

1 ! 2

#
+ h.c. ,

�m = diag(MS ,MD14)�Mref15 , (7)

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

p
2 + (�/2mW )2 �̄v�vh0

with  ⌘
p
2
1 + 2

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

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

ping to a low-energy theory for evaluation of matrix
elements [5], we obtain the results pictured in Fig. 4.
For weakly coupled WIMPs, we consider  . 1. The
presence of a scale separation M,M 0 � mW , im-
plies that the partner state contributes at leading

Hill, Solon  1309.4092

Cancellation with Higgs exchange with mh = 125 GeV leads to a 
highly suppressed spin-independent elastic scattering rate for Higgsinos

Higgsino

wino

elastic scattering at loop level: suppressed by mn or ER 

further suppressed by accidental cancellations

Inelastic DM: inelastic DM poster child

[Hisano et al ’11, Hill+Solon ’13]
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Hidden sector DM—interesting dynamics

Hidden sector dynamics, new force carriers

Composite dark matter, cannibalisation, DM form factors, 
inelastic splittings, dipole couplings, atomic DM, DM-DM self 
interactions,…

2

II. THE MODEL

In addition to the WIMP state � which is a Dirac
fermion, we consider a messenger state, a Dirac fermion
 and a charged scalar ', both of which are SUW(2)
doublets with hypercharge Y = 1/2 and are heavier than
the WIMP. They couple to the WIMP state through a
Yukawa coupling which we denote by �. The Lagrangian
for this model is given by

L = �̄

�

i

/

@ � m�

�

�� 1

2

�m �C�+  ̄

�

i

/

D � M

f

�

 

+ (Dµ

')† D
µ

'� M

2

s

'

†
'+ � ̄�'+ h.c. (3)

where D
µ

= @

µ

�igW

a

µ

⌧

a�i

1

2

g

0
B

µ

is the covariant deriva-
tive associated with the SUW(2) ⇥ U

Y

(1) gauge-bosons,
W

a

µ

and B

µ

, respectively, and ⌧

a are the SUW(2) gener-

ators obeying tr
�

⌧

a

⌧

b

�

= 1

2

�

ab and related to the Pauli
matrices through ⌧

a = 1

2

�

a. Aside from its Dirac mass,
m� , the WIMP states are split by a Majorana mass �m.

When the mass of the WIMP is much lower than that
of the messengers, its interactions with light fields such as
the photon and weak vector-bosons can be described by
an e↵ective Lagrangian. Gauge invariance forces these in-
teractions to appear as dimension 5, magnetic dipole op-
erator as well as dimension 7, Rayleigh operators2. Since
the model above is a renormalizable interacting theory
these operators can be computed in perturbation the-
ory. However, because we will be dealing with scenarios
where the new states are not much heavier than the dark
matter, it is important to include m�/Mf

corrections to
these new operators (i.e., the form factors). In this let-
ter we include all m�/Mf

e↵ects at 1-loop order when
computing the non-relativistic cross-sections relevant for
phenomenology.

We begin with the interactions of the WIMP with a
single gauge-boson. These are generated through the di-
agram shown in Fig. 1. Gauge-invariance forbids any
coupling to the non-abelian SUW(2) fields and the most
general vertex coupling to hypercharge consistent with
Lorentz invariance can be written as,

�µ(q2) = �

µ

F

1

(q2) + i

⇣

µ

�

2

⌘

�

µ⌫

q

⌫

F

2

(q2) (4)

where the form-factors F

1

(q2) and F

2

(q2) are given ex-
plicitly in the appendix3. The second part of this vertex
corresponds to an e↵ective dipole operator for the WIMP
�

µ�

2

�

�̄�

µ⌫

B

µ⌫

� with the dipole strength being

µ

�

=
�

2

g

0

32⇡2

M

f

(5)

2 After EWSB other, lower dimensional operators may appear in-
volving the Higgs field, however those appear at higher loop order
and are correspondingly much further suppressed.

3 The F1(q2) form-factor need not vanish as it is related to non-
renormalizable terms of the form �̄�µ@⌫�Bµ⌫ . Gauge-invariance
only imposes the condition that F1(q2) should approach zero as
q2 ! 0.

p1

p2

q, µ

p1
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q, µ

FIG. 1. Magnetic dipole operator generated at 1-loop.

(a)

(c) (d)

(b)

FIG. 2. The loop diagrams generating the RayDM operators
at lowest order in perturbation theory. Diagrams (a), (b), and
(c) represent two separate contributions where the external
gauge-bosons are interchanged.

where g

0 is the hypercharge coupling constant, q2 is the
momentum carried by the gauge-boson. More explicitly,
the coe�cient of the dipole operator is multiplied by the
hypercharge and by the size of the SUW(2) representa-
tion of the messengers in the loop, which in our case gives
a factor of unity. Similar comments apply to the coe�-
cient of F

1

(q2). To lowest order in an expansion in the
messenger mass these form-factors are

F
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(q2) = �µ

�

q
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log r2
�
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2)2

!

(6)
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(q2) =
2r2

�
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2 � 1 � log r2
�

(1 � r

2)2
(7)

where r = M

f

/M

s

. We include the e↵ects of both F

1

and F

2

to all order in the messenger mass expansion in
the cross-sections discussed below.

The Rayleigh operators are generated by attaching
another external gauge-boson to the loop diagrams, as
shown in Fig. 2. In this case coupling to non-abelian
gauge-bosons is possible as well. The Rayleigh scales as-
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The SIMP Miracle
====================================================================25% of the authors prefer the title: ‘SIMP Dark Matter’. They are uncomfortable with the term ‘miracle’ in this scenario. Damn democracy!==================================================================.
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We present a new paradigm for achieving thermal relic dark matter. The mechanism arises when
a nearly secluded dark sector is thermalized with the Standard Model after reheating. The freezeout
process is a number-changing 3 ! 2 annihilation of strongly-interacting-massive-particles (SIMPs)
in the dark sector, and points to sub-GeV dark matter. The couplings to the visible sector, necessary
for maintaining thermal equilibrium with the Standard Model, imply measurable signals that will
allow coverage of a significant part of the parameter space with future indirect- and direct-detection
experiments and via direct production of dark matter at colliders. Moreover, 3 ! 2 annihilations
typically predict sizable 2 ! 2 self-interactions which naturally address the ‘core vs. cusp’ and
‘too-big-to-fail’ small structure problems.

INTRODUCTION

Dark matter (DM) makes up the majority of the mass
in the Universe, however, its identity is unknown. The
few properties known about DM are that it is cold and
massive, it is not electrically charged, it is not colored and
it is not very strongly self-interacting. One possibility for
the identity of DM is that it is a thermal relic from the
early Universe. Cold thermal relics are predicted to have
a mass

m
DM

⇠ ↵
ann

(T
eq

M
Pl

)1/2 ⇠ TeV , (1)

where ↵
ann

is the e↵ective coupling constant of the 2 ! 2
DM annihilation cross section, taken to be of order weak
processes ↵

ann

' 1/30 above, T
eq

is the matter-radiation
equality temperature and M

Pl

is the reduced Planck
mass. The emergence of the weak scale from a geomet-
ric mean of two unrelated scales, frequently called the
WIMP miracle, provides an alternate motivation beyond
the hierarchy problem for TeV-scale new physics.

In this work we show that there is another mechanism
that can produce thermal relic DM even if ↵

ann

' 0. In
this limit, while thermal DM cannot freeze out through
the standard 2 ! 2 annihilation, it may do so via a 3 ! 2
process, where three DM particles collide and produce
two DM particles. The mass scale that is indicated by
this mechanism is given by a generalized geometric mean,

m
DM

⇠ ↵
e↵

�
T 2

eq

M
Pl

�
1/3 ⇠ 100 MeV , (2)

where ↵
e↵

is the e↵ective strength of the self-interaction
of the DM which we take as ↵

e↵

' 1 in the above. As
we will see, the 3 ! 2 mechanism points to strongly self-
interacting DM at or below the GeV scale. In similar
fashion, a 4 ! 2 annihilation mechanism, relevant if DM
is charged under a Z

2

symmetry, leads to DM in the keV

↵
e↵

' 1 ↵
e↵

' 1

DM
3→2 2→2 

✏ � 1

Kin. Eq.

FIG. 1: A schematic description of the SIMP paradigm. The
dark sector consists of DM which annihilates via a 3 ! 2 pro-
cess. Small couplings to the visible sector allow for thermal-
ization of the two sectors, thereby allowing heat to flow from
the dark sector to the visible one. DM self interactions are
naturally predicted to explain small scale structure anomalies
while the couplings to the visible sector predict measurable
consequences.

to MeV mass range. In this case, however, a more com-
plicated production mechanism, such as freeze-out and
decay, is typically needed to evade cosmological bounds.

If the dark sector does not have su�cient couplings
to the visible sector for it to remain in thermal equilib-
rium, the 3 ! 2 annihilations heat up the DM, signif-
icantly altering structure formation [1, 2]. In contrast,
a crucial aspect of the mechanism described here is that
the dark sector is in thermal equilibrium with the Stan-
dard Model (SM), i.e. the DM has a phase-space dis-
tribution given by the temperature of the photon bath.
Thus, the scattering with the SM bath enables the DM to
cool o↵ as heat is being pumped in from the 3 ! 2 pro-
cess. Consequently, the 3 ! 2 thermal freeze-out mech-
anism generically requires measurable couplings between
the DM and visible sectors. A schematic description of
the SIMP paradigm is presented in Fig. 1.

The phenomenological consequences of this paradigm
are two-fold. First, the significant DM self-interactions
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Leads to interesting changes in cosmology
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FIG. 14: In superWIMP scenarios, a WIMP freezes out as usual, but then decays to a superWIMP,
a superweakly-interacting particle that forms dark matter.

IV. SUPERWIMPS

In superWIMP scenarios [32, 33], a WIMP freezes out as usual, but then decays to a
stable dark matter particle that interacts superweakly, as shown in Fig. 14. The prototypical
example of a superWIMP is a weak-scale gravitino produced non-thermally in the late
decays of a weakly-interacting next-to-lightest supersymmetric particle (NLSP), such as a
neutralino, charged slepton, or sneutrino [32, 33, 56, 57, 58, 59, 60, 61]. Additional examples
include axinos [23, 62] and quintessinos [63] in supersymmetry, Kaluza-Klein graviton and
axion states in models with universal extra dimensions [64], and stable particles in models
that simultaneously address the problem of baryon asymmetry [65]. SuperWIMPs have
all of the virtues of WIMPs. They exist in the same well-motivated frameworks and are
stable for the same reasons. In addition, in many cases the WIMP and superWIMP masses
have the same origin. In these cases, the decaying WIMP and superWIMP naturally have
comparable masses, and superWIMPs also are automatically produced with relic densities
of the desired order of magnitude.

As noted above, superWIMPs exist in many different contexts. We concentrate here on
the case of gravitino superWIMPs. In the simplest supersymmetric models, supersymme-
try is transmitted to standard model superpartners through gravitational interactions, and
supersymmetry is broken at a high scale. The mass of the gravitino G̃ is

mG̃ =
F√
3M∗

, (11)

16

Hidden sector DM—thermal relics

[Kuflik et al.]
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all of the virtues of WIMPs. They exist in the same well-motivated frameworks and are
stable for the same reasons. In addition, in many cases the WIMP and superWIMP masses
have the same origin. In these cases, the decaying WIMP and superWIMP naturally have
comparable masses, and superWIMPs also are automatically produced with relic densities
of the desired order of magnitude.
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Hidden sector DM—thermal relics

V γ, Z

ψ

ψ

SM

ψ

ψ V

V

Figure 2: WIMP annihilation for: (A) mψ < mV on the left; and (B) mψ > mV on the right – the secluded
regime in which the annihilation may proceed via two metastable on-shell V ’s, which ultimately decay to
SM states.

energy scale for the problem, in this limit one may substitute ∂µBµν by the total hypercharge
current and neglect the influence of SM threshold effects. For small mixing, characterized
by β ≪ 1 where

β ≡

(

κe′

e cos θW

)2

, (4)

the resulting annihilation cross section for nonrelativistic WIMPs takes the following form,

⟨σannv⟩mψ≫mSM
≈ 1.3 pbn × β

(

500 GeV

mψ

)2

×

(

4m2
ψ

4m2
ψ − m2

V

)2

, (5)

proceeding in the l = 0 channel with an obvious pole at mψ = mV /2, in the vicinity of
which a more accurate treatment of the thermal average is required. The result depends
on the mixing parameter β and the sum of squares of the hypercharges for the SM fields,
∑

fermions Y 2
f + 1

2

∑

bosons Y 2
b = 10 + 0.25. Note that in the opposite limit, mb ≪ mψ ≪ mZ ,

the total cross section is instead proportional to the sum of squares of all the electric charges
of SM fermions with the exception of the t-quark.

This cross-section needs to be compared with the constraint on the dark matter energy
density provided by recent cosmological observations:

2 ×
109(mψ/Tf)

√

g∗(Tf ) × GeV × MPl⟨σv⟩
≤ ΩDMh2 ≃ 0.1, (6)

where Tf is the freeze-out temperature (it suffices here to take mψ/Tf ≃ 20), g∗ the effective
number of degrees of freedom at freeze-out, and the extra factor of two relative to the
standard formula (see e.g. [16]) is because annihilation can occur only between particles and
anti-particles.

In Fig. 3, we exhibit the abundance constraint on the β − mψ plane for a specific choice
of mediator mass, mV = 400 GeV, by saturating the inequality (6). This value of mV

lies outside the direct reach of LEP or the Tevatron but is certainly within range for the
LHC. One can clearly see the enhancement of the annihilation cross section in the vicinity
of the two vector resonance poles, Z and V , where the mixing parameter β is allowed to be
significantly smaller than 1.

This model is subject to various constraints from direct searches and collider physics.

4

Secluded DM
[Pospelov, Ritz, Voloshin]

m� > mA0

Decouples direct 
detection from 
thermal history

Light DM and CMB

[Finkbeiner, Slatyer et al]

Limits from Planck
• Planck Collaboration ’15 set bounds on DM annihilation; consistent with sensitivity 

predictions from TRS et al, Galli et al 09.

• Left plot shows Planck bound, right plot shows resulting cross-section limits for a range of 
channels from Slatyer ’15.

• These are general constraints; in terms of e.g. simple dark photon model, 1 GeV-100 TeV 
thermal-relic Dirac-fermion DM, annihilating into 1-100 MeV dark photons, appears to be 
ruled out (Cirelli et al 1612.07295).

region favored to explain 
AMS-02 positron excess

pCMB = feff
h�viT⇠eV

m�
< 3.5⇥ 10�11GeV�3



Hidden sector U(1) — dark photon

No SM matter directly charged under U(1)dark use a portal

L
kinetic mixing

= ✏Fµ⌫F 0
µ⌫

[Holdom]

SM picks up “dark milli-charge” 

• Small couplings to SM means small production rates
• Visible/invisible decays depending on thresholds
• Possibly long lived—displaced signatures
• Many possible ways to search for DM/dark photon
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which the thermal target is largely an invariant under varia-
tion of couplings and of mass hierarchies.

A. Mediator Model Building

Unlike weak-scale WIMPs, which realize successful
freeze-out with only SM gauge interactions, sub-GeV DM is
overproduced in the absence of light (⌧ m

Z

) new mediators
to generate a sufficiently large annihilation rate [29, 30]. To
avoid detection thus far, such mediators must be neutral under
the SM and couple non-negligibly to visible particles.

If SM particles are neutral under the new interaction, a

renormalizable model (without additional fields) requires the
mediator to interact with the SM through the hypercharge,
Higgs, or lepton portals

B
µ⌫

, H†H , LH, (1)

for vector, scalar, and fermionic mediators, respectively.
However, coupling a fermionic mediator to the lepton por-
tal requires additional model building4 and scalar mediators,
which mix with the Higgs are ruled out for predictive mod-
els in which DM annihilates directly to SM final states (see

4 A fermionic mediator coupled to the lepton portal requires additional
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Meson decay 
(NA48)

Figure 2: An illustration of the dark matter production modes and elastic scattering signatures.

π0, η

γ

V

χ

χ

χ χχχ

e e
N N

Figure 3: Top: The production of a WIMP pair through neutral meson decay. Bottom: The scattering
of a WIMP in the MiniBooNE detector. The cross again represents the kinetic mixing between the vector
mediator V and the photon.

p+p(n) → V ∗ → χ†χ. The second is through decays of mesons with large radiative branching
such as π0 and η in the form π0, η → V γ → χ†χγ. Once produced, the dark matter beam can
be detected via elastic scattering on nucleons or electrons in the detector, as the signature
is similar to the neutral current scattering of neutrinos. The basic production and detection
principle is summarized in Fig. 2.

At MiniBooNE, the most relevant production mechanisms are via π0 and η which subse-
quently decay to vectors that in turn decay to WIMPs. These WIMPs can then scatter on
the nuclei or electrons in the MiniBooNE detector. This process is detailed in Fig. 3. We
estimate the π0 and η production by averaging and scaling [5] the π+ and π− Sanford-Wang
distributions used in Ref. [30] and use the cuts from the analysis of neutral current scattering
(on nucleons) in Ref. [30] to obtain a total efficiency of about 35%. (Similar efficiencies were
adopted in analyzing electron scattering.) Contours in the parameter space of the model
were computed corresponding to 1, 10, and 1000 neutral current-like scattering events on
nucleons or electrons with 2× 1020 POT at MiniBooNE. While the Sanford-Wang distribu-
tion used corresponds to a beryllium target, the results are not expected to differ much when
steering the beam into the iron beam dump since the ratio of the charged hadron production
(which sets the number of neutrinos produced) to neutral hadrons (which sets the number
of WIMPs produced) does not strongly depend on atomic number.

In Fig. 4, these contours are shown in the plane of direct-detection scattering cross
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Experiments capable of delivering results over the next 5 years to 2021. Shaded regions show
existing bounds. Green band shows 2� region in which an A0 can explain the discrepancy between
the calculated and measured value for the muon g � 2. Right: Longer term prospects beyond
2021 for experimental sensitivity. All projections on left plot are repeated in gray here. Note that
LHCb and Belle-II can probe to higher masses than 2 GeV and SHIP can probe to lower values of
✏ than indicated.

F. Summary of ongoing and proposed experiments

The experimental community for dedicated dark sector searches has grown substantially
in the last eight years and as the list above illustrates, the experiments, whether ongoing or
proposed, have expanded to cover a wide range of production modes and detection strate-
gies. Experiments like APEX, A1, HPS, and DarkLight, that take advantage of explicit
final state reconstruction, push deep into the "2 parameter range, with sensitivity in m

A

0

up to a few hundred MeV. In the coming years, experiments like VEPP3, PADME, and
MMAPS will address a more limited parameter range, but as missing mass experiments,
eliminating aspects of model dependence by being fully agnostic as to the final state. Col-
lider experiments allow probes to much higher masses than can be reached in fixed-target
experiments. Some, like Belle-II and LHCb, will have trigger schemes specifically optimized
for dark sector searches. Taken together, the set of existing and planned experiments form
a suite of balanced and complementary approaches, well-suited to the search for new phe-
nomena whose physical characteristics and potential manifestations cannot be predicted in
detail ahead of time.
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Figure 3 | Upper limits on the spin-dependentWIMP–neutron scattering
cross-section set by di�erent xenon-based experiments. Limit curves from
LUX62 and PandaX-II63.
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Figure 4 | The projected sensitivity (dashed curves) on the
spin-independentWIMP–nucleon cross-sections of a selected number of
upcoming and planned direct detection experiments, including
XENON1T34, PandaX-4T, XENONnT34, LZ35, DARWIN36 or PandaX-30T,
and SuperCDMS56. Currently leading limits in Fig. 1 (see legend), the
neutrino ‘floor’20, and the post-LHC-Run1 minimal-SUSY allowed
contours21 are overlaid in solid curves for comparison. The di�erent
crossings of the experimental sensitivities and the neutrino floor at around
a few GeV/c2 are primarily due to di�erent threshold assumptions.

cross checks from indirect and collider searches (for example, see
SUSY contours from Figs 1 and 4). This calls strongly for a world-
wide multi-faceted programme for dark matter detection. Finally,
one cannot ignore the importance of those null searches which
have been setting tighter constraints to many theoretical models,

and which may eventually direct us on a completely di�erent path
towards understanding this mysterious component of our Universe.
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Figure 3 | Upper limits on the spin-dependentWIMP–neutron scattering
cross-section set by di�erent xenon-based experiments. Limit curves from
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Figure 4 | The projected sensitivity (dashed curves) on the
spin-independentWIMP–nucleon cross-sections of a selected number of
upcoming and planned direct detection experiments, including
XENON1T34, PandaX-4T, XENONnT34, LZ35, DARWIN36 or PandaX-30T,
and SuperCDMS56. Currently leading limits in Fig. 1 (see legend), the
neutrino ‘floor’20, and the post-LHC-Run1 minimal-SUSY allowed
contours21 are overlaid in solid curves for comparison. The di�erent
crossings of the experimental sensitivities and the neutrino floor at around
a few GeV/c2 are primarily due to di�erent threshold assumptions.

cross checks from indirect and collider searches (for example, see
SUSY contours from Figs 1 and 4). This calls strongly for a world-
wide multi-faceted programme for dark matter detection. Finally,
one cannot ignore the importance of those null searches which
have been setting tighter constraints to many theoretical models,

and which may eventually direct us on a completely di�erent path
towards understanding this mysterious component of our Universe.
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Figure 3 | Upper limits on the spin-dependentWIMP–neutron scattering
cross-section set by di�erent xenon-based experiments. Limit curves from
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Figure 4 | The projected sensitivity (dashed curves) on the
spin-independentWIMP–nucleon cross-sections of a selected number of
upcoming and planned direct detection experiments, including
XENON1T34, PandaX-4T, XENONnT34, LZ35, DARWIN36 or PandaX-30T,
and SuperCDMS56. Currently leading limits in Fig. 1 (see legend), the
neutrino ‘floor’20, and the post-LHC-Run1 minimal-SUSY allowed
contours21 are overlaid in solid curves for comparison. The di�erent
crossings of the experimental sensitivities and the neutrino floor at around
a few GeV/c2 are primarily due to di�erent threshold assumptions.

cross checks from indirect and collider searches (for example, see
SUSY contours from Figs 1 and 4). This calls strongly for a world-
wide multi-faceted programme for dark matter detection. Finally,
one cannot ignore the importance of those null searches which
have been setting tighter constraints to many theoretical models,

and which may eventually direct us on a completely di�erent path
towards understanding this mysterious component of our Universe.
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FIG. 4: Ideas to probe low-mass DM via scattering o↵, or absorption by, nuclei (NR) or electrons
(ER).

Several well-motivated DM candidates can be probed. In several cases, sharp theory
targets in parameter spaces can be identified, which can be probed by first-generation, low-
cost experiments with target exposures of as little as 100 gram-days. These sharp targets
have been discussed in Section III. They assume that the basic interaction between the DM
and SM particles are through a dark photon, which allows the DM to couple to all electrically
charged particles:

• Elastic Scalar – a (complex) scalar particle, �, can obtain the observed relic abun-
dance from thermal freeze-out of the “direct-annihilation” process � + �⇤ $ A0⇤ !
SM + SM, where A0 is the dark photon [89]. The annihilation cross section, �ann is
proportional to ↵D✏2µ�,e/m4

A0 , and has precisely the same dependence as the direct-
detection cross section, �DD does on the fundamental parameters, mA0 (the dark-
photon mass), ✏ (the kinetic mixing), and ↵D (the “fine-structure constant” of the
dark U(1)) [50] (µ�,e is the DM-electron reduced). In fact, since the final DM relic
abundance, n�, is proportional to 1/�ann, the direct-detection rate is proportional to
n��DD ⇠ �DD/�ann, which is a constant for a given m�. So even if � constitutes only a
subdominant component of the entire DM, the “target” cross section on the �DD�m�

plane is a fixed line.

• Asymmetric Fermion – a Dirac fermion can obtain the correct relic abundance from
an initial asymmetry and provides an “asymmetric” DM candidate [13]. However, di-
rect annihilation between DM and SM particles from �+�̄ ! A0⇤ $ SM+SM produces
also a symmetric component, whose abundance is smaller for larger annihilation cross
sections [43]. The symmetric component can annihilate and, if its abundance is too
large, distort the Cosmic Microwave Background power spectrum. The CMB thus sets
a lower bound on the annihilation cross section and, therefore, on �DD [50].

• ELDER – An “elastically decoupling relic” (ELDER) has its relic abundance set by
its elastic scattering o↵ SM particles through A0 exchange (as opposed to annihilation
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which the thermal target is largely an invariant under varia-
tion of couplings and of mass hierarchies.

A. Mediator Model Building

Unlike weak-scale WIMPs, which realize successful
freeze-out with only SM gauge interactions, sub-GeV DM is
overproduced in the absence of light (⌧ m

Z

) new mediators
to generate a sufficiently large annihilation rate [29, 30]. To
avoid detection thus far, such mediators must be neutral under
the SM and couple non-negligibly to visible particles.

If SM particles are neutral under the new interaction, a

renormalizable model (without additional fields) requires the
mediator to interact with the SM through the hypercharge,
Higgs, or lepton portals

B
µ⌫

, H†H , LH, (1)

for vector, scalar, and fermionic mediators, respectively.
However, coupling a fermionic mediator to the lepton por-
tal requires additional model building4 and scalar mediators,
which mix with the Higgs are ruled out for predictive mod-
els in which DM annihilates directly to SM final states (see

4 A fermionic mediator coupled to the lepton portal requires additional
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energy; both �1 and �2 can scatter off detector targets T and impart visible recoil energies to these particles; or �1 can upscatter into �2,
which can then decay promptly inside the detector to deposit a visible signal.
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FIG. 3. Inelastic DM production at electron beam fixed-target missing energy/momentum experiments. Left: Setup for an LDMX style
missing momentum experiment [2, 23] in which a (⇠ few GeV) beam electron produces DM in a thin target (⌧ radiation length) and thereby
loses a large fraction of its incident energy. The emerging lower energy electron passes through tracker material and registers as a signal event
if there is no additional energy deposited in the ECAL/HCAL system downstream, which serves primarily to veto SM activity. Right: Setup
for an NA64 style experiment in which the beam (typically at higher energies, ⇠ 30 GeV) produces the DM system by interacting with an
instrumented, active target volume [24]. As with LDMX, the instrumented region serves to verify that the beam electron has abruptly lost most
of its energy and that there is no additional SM activity downstream.

which the thermal target is largely an invariant under varia-
tion of couplings and of mass hierarchies.

A. Mediator Model Building

Unlike weak-scale WIMPs, which realize successful
freeze-out with only SM gauge interactions, sub-GeV DM is
overproduced in the absence of light (⌧ m

Z

) new mediators
to generate a sufficiently large annihilation rate [29, 30]. To
avoid detection thus far, such mediators must be neutral under
the SM and couple non-negligibly to visible particles.

If SM particles are neutral under the new interaction, a

renormalizable model (without additional fields) requires the
mediator to interact with the SM through the hypercharge,
Higgs, or lepton portals

B
µ⌫

, H†H , LH, (1)

for vector, scalar, and fermionic mediators, respectively.
However, coupling a fermionic mediator to the lepton por-
tal requires additional model building4 and scalar mediators,
which mix with the Higgs are ruled out for predictive mod-
els in which DM annihilates directly to SM final states (see

4 A fermionic mediator coupled to the lepton portal requires additional

where the momentum transfer q is at most qmax ⇠ µ�,ev�. Because this momentum trans-
fer is so small in direct-detection experiments, the direct-detection experiments receive a
parametric enhancement relative to higher energy experiments, allowing new low-threshold
experiments to probe couplings much smaller than accessible through other types of exper-
iments.

A discovery of a new particle at an underground direct-detection experiment would con-
stitute strong evidence that such a particle constitutes all or at least part of the DM. For
some models of DM, new direct-detection and accelerator-based experiments can cover over-
lapping parameter space. This is very exciting, as it allows for testing a potential DM signal
by using entirely di↵erent approaches. However, we note that there are also models that can
be probed either by accelerators alone or by direct detection alone. For example, models
in which the DM scatters inelastically, or a Majorana DM particle that has a velocity-
suppressed scattering cross section o↵ SM particles, are best probed with accelerator-based
experiments (due to the DM’s non-relativistic velocity in the Milky-Way halo), while models
for which the mediator is ultralight (e.g. axion-like or dark-photon DM) or some models of
freeze-in are best probed by direct-detection experiments. This emphasizes that a small-scale
program will be most successful if it contains a multitude of approaches to probe DM.

A key point emphasized by the working group is that by leveraging new theoretical ideas
together with technological advances that allow for the detection of low-threshold signals,
vast regions of DM parameter space can be explored by small detectors that are only a
fraction of the cost of the G2 experiments. The close collaboration between theorists and
experimentalists has been essential in developing these new ideas, which are now ripe for
implementation.

C. New Directions for Low-Mass Dark Matter Searches

1. Energy Threshold

The fundamental technical challenge in searching for sub-GeV DM is simply the size of
the detectable signal. This is because the velocity of bound DM within the Milky Way
galaxy, v�, is non-relativistic and limited by the galactic escape velocity (⇠ 10�3c), and thus
the maximum possible energy transfer to the detector decreases as the DM mass, m�, is
lowered.

For the traditional nuclear recoil signals from DM scattering elastically o↵ nuclei (Fig. 5,
top left), the need to conserve both momentum and energy suppresses the recoil energy even
further for sub-GeV masses. In particular, the nuclear recoil energy is given by

ENR =
q2

2mN
 2µ2

�Nv2
�

mN
. 190 eV ⇥

⇣ m�

500 MeV

⌘2
✓
16 GeV

mN

◆
, (9)

In the latter inequality we take the DM speed to be the galactic escape velocity plus the
Earth velocity, v� ' (544 + 220) km/s, to estimate the maximum nuclear recoil energy. We
see that the energy transfer to a nucleus from an elastic DM scatter is ine�cient, decreasing
as m2

� as the DM mass is lowered below the GeV scale, and quickly falls below the threshold
of the most sensitive current generation DM experiments.
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FIG. 5: Sample processes considered in this section to detect DM, �. Top left: DM-nucleus
scattering. Top middle: DM-electron scattering. Top right: DM-nucleus scattering with emission
of a photon. Bottom left: Absorption by an electron of a bosonic DM particle (a vector A0, scalar
�, or pseudoscalar a). Bottom middle: Absorption by an electron of a bosonic DM particle, made
possible by emission of a phonon �. Bottom right: Emission of multiple phonons in DM scattering
o↵ helium.

2. Ideas to Probe Low-Mass Dark Matter

Over the past decade, several strategies have been proposed that maximize the energy
transfer to the target. In some cases this is at the expense of a modest rate suppression,
but this is at least partially o↵set by the larger DM particle flux expected as m� is lowered.
These interactions include:

• DM-Electron Scattering (1 keV – 1 GeV): For low-mass DM elastic scattering
(Fig. 5, top middle), the DM energy is transferred far more e�ciently to an electron
than to a nucleus [48]. If the DM is heavier than the electron, the maximum energy
transfer is equal to the DM kinetic energy,

Ee  1

2
m�v2

� . 3 eV
⇣ m�

MeV

⌘
. (10)

Bound electrons with binding energy �EB can thus in principle produce a measurable
signal for

m� & 0.3 MeV ⇥ �EB

1 eV
. (11)

This allows low-mass DM to produce ionized excitations in drift chambers (�EB ⇠
10 eV) for m� & 3 MeV [48, 90, 91], to promote electrons from the valence band to the
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FIG. 8: Left: Constraints and projections (90% c.l.) for the DM-nucleon scattering cross
section. Thick gray lines are current world-leading constraints [108, 116, 129, 130]. Projections are
shown with solid/dashed/dotted lines indicating a short/medium/long timescale, respectively, with
the same meaning as in Fig. 6. Blue lines denote the DoE G2 experiment projections. Yellow region
denotes the WIMP-discovery limit from [131] extended to lower masses for He-based experiments.
Right: As in left plot, but focused on the 100 MeV to 10 GeV DM mass range.

FIG. 9: Constraints from direct-detection experiments (solid lines), colliders and indirect detection
(labelled, dashed), and projections for new experiments (labelled, dashed/dotted lines) for the
spin-dependent scattering cross section for protons or neutrons o↵ nuclei. Constraints
are shown from PICO-60 [116], LUX [132], PICO-2L [133], PICO-60 CF3I [134], and IceCube [135].
Projections from PICO (proton) and LZ (neutron) are also shown [115]. The expected background
from atmospheric, supernova and solar neutrinos in both xenon and C3F8 is shown by the shaded
regions [131].
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FIG. 6: Constraints and projections for the DM-electron scattering cross section �̄e. The left (right)

plots assume a momentum-independent (dependent) interaction, FDM = 1 (FDM = (↵me/q)2). Existing

constraints from XENON10 (XENON100) [90, 91] are shown in the blue (red) shaded regions. Projections

show 3 events for a 1-year exposure [50, 90, 94, 95, 98, 99]; the label includes the threshold (in terms of number

of electrons, photons, or the electron recoil energy) and target mass. Solid/dashed/dotted lines indicate

an estimate of the time to start taking data, corresponding roughly to a short/medium/long timescale,

respectively. A solid line indicates a mature technology: data taking can begin in . 2 years and a zero

background (radioactivity or dark currents) is reasonable for the indicated thresholds. A dashed line indicates

more R&D is required and, if successful, data taking could start in ⇠ 2 � 5 years; the projected sensitivity

assumes that backgrounds can be controlled. A dotted line indicates longer-term R&D e↵orts. Bottom left

plot assumes DM scatters through an A0 with mA0 = 3m�. Five theory targets are shown as explained in

Section IV B. In addition to electron-recoil experiments, we show projections from nuclear-recoil experiments

(from Fig. 8). Gray shaded regions are constraints from LSND, E137, BaBar, and current WIMP nuclear-

recoil searches [50]. Bottom right plot assumes DM scatters through an A0 with mA0 ⌧ keV; a

freeze-in target is shown. Shaded gray regions are bounds from WIMP nuclear-recoil searches, stellar, and

BBN constraints [50]. The superconductor projection in bottom plots include in-medium e↵ects for an A0

and assume a dynamic range of 10 meV–10 eV. 50



Inelastic Dark Matter (iDM) [Weiner and Tucker-Smith]

dR

dER

=
NT mN ρχ

2 µ2
Nχ mχ

∫ vmax

vmin

d3v⃗
f(v⃗, v⃗E)

v
σN F 2(ER)

vmin =

√

1

2mNER

(

mNER

µNχ

+ δ

)

SM

χ

SM

χ

χ χ
′

Vµ

⇣
�†
1�̄

µ�1 � �†
2�̄

µ�2

⌘
+mD (�1�2 + h.c.)

Dirac fermion coupled to vector, with small Majorana masses

+�1 (�1�1 + h.c.) + �2 (�2�2 + h.c.)

Mass eigenstates only have off-diagonal couplings
e.g. (almost) pure Higgsinos DM couples to the Z 

(a WIMP!)

bosons in the minimal supersymmetric standard model (MSSM), see e.g. [39, 40]. The electrically-
neutral component of the Higgsino doublets have the same quantum numbers as, and therefore mix
with, other MSSM fermions, such as the singlet bino and SM weak triplet wino. If the wino or
bino masses are much heavier than the Higgsino, as is the case in some “split” supersymmetric
models [41,42], the mass splitting between Higgsino states can be small enough that Higgsinos could
be found in high recoil data already collected at direct detection experiments.

After electroweak symmetry breaking, the Higgsino dark matter sector is composed of two neutral
Majorana fermions (X1, X2) with inter-state mass splitting:

�H̃ ' m2
Z

⇣sin2 ✓W
M1

+
cos2 ✓W
M2

⌘
+O

⇣ 1

M2
1,2

⌘
=

8
<

:
192 keV

⇣
107 GeV

M
1

⌘
M2 � M1 � µ

640 keV
⇣
107 GeV

M
2

⌘
M1 � M2 � µ

(15)

where M1, M2, and µ are the bino, wino, and Higgsino mass term, respectively and µ ⇠ mX
1

,mX
2

in the parameter space of interest. Additionally, lest the reader think that narrow splittings for
Higgsinos only occur in “split” supersymmetry models, from the form of Eq. (15) it is clear that it
is possible to achieve a (fine-tuned) small splitting even if µ ⇠ M1 ⇠ M2, provided M1 and M2 have
opposite sign. The details of how the narrow splitting between the lightest two neutralinos arises
will not concern the remainder of this discussion.

• Relic Abundance: The relic abundance of neutralinos has been studied extensively. For
simplicity, we will assume a spectrum where all superpartners other than the Higgsinos are
decoupled to the point that the inter-Higgsino splitting shrinks to O(100 keV). In this limit,
the contribution to the energy density fraction of the universe from the Higgsinos is [40]

⌦h2 = 0.10
⇣ µ

1TeV

⌘2
. (16)

The correct abundance therefore requires Higgsinos masses of ⇠ 1.1 TeV, which we will use
throughout this section.

• Cross section: Higgsinos couple to nuclei via the Z boson, and the dark matter-nucleus cross-
section in this case can be parameterized in terms of the Fermi coupling GF and the DM-nucleus
reduced mass µN ,

�H̃
NX =

G2
Fµ

2
N

8⇡

�
A� [2� 4s2W]Z

�2
, (17)

where, matching to Eq. 12, the e↵ective per-nucleon cross-section is �n ⇠ 10�39 cm2, with
a precise value that depends upon the nucleus being scattered upon (i.e. the ratio of “A” to
“Z”). In Fig. 5, the cross-sections for Higgsino scattering o↵ nucleons in tungsten and xenon
nuclei are indicated with a horizontal line. Thus, we see that Higgsinos with inelastic mass
splittings up to 220 (300) keV could be excluded with presently available PICO data (analysis
of LUX-PandaX high recoil data). Finally, a future tungsten-based experiment with much
larger exposure than CRESST has the potential to probe Higgsino DM with mass splittings
up to ⇠ 550 keV.

• Loop-level elastic scattering: At the nucleon level, tree-level Z exchange leads to Higgsino
inelastic scattering with a cross section

�H̃
n ⇠ ⇡m2

n ↵
2
W

8m4
W

⇥ (velocity factor) ⇠ 10�39 cm2 ⇥ (velocity factor), (18)

15
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TABLE I. Predicted background rates in the fiducial volume
(0.9–5.3 keVee) [31]. We show contributions from the �-
rays of detector components (including those cosmogenically
activated), the time-weighted contribution of activated
xenon, 222Rn (best estimate 0.2 mDRUee from 222Rn chain
measurements) and 85Kr. The errors shown are both
from simulation statistics and those derived from the rate
measurements of time-dependent backgrounds. 1 mDRUee is
10�3 events/keVee/kg/day.

Source Background rate, mDRUee

�-rays 1.8± 0.2stat ± 0.3sys
127Xe 0.5± 0.02stat ± 0.1sys
214Pb 0.11–0.22 (90% C. L.)
85Kr 0.13± 0.07sys

Total predicted 2.6± 0.2stat ± 0.4sys
Total observed 3.6± 0.3stat

distribution [31], and the expectations based on the
screening results and the independent assay of the
natural Kr concentration of 3.5 ± 1 ppt (g/g) in the
xenon gas [36] where we assume an isotopic abundance
of 85Kr/natKr ⇠ 2 ⇥ 10�11 [31, 34]. Isotopes created
through cosmogenic production were also considered,
including measured levels of 60Co in Cu components.
In situ measurements determined additional intrinsic
background levels in xenon from 214Pb (from the 222Rn
decay chain) [32], and cosmogenically-produced 127Xe
(T

1/2 = 36.4 days), 129mXe (T
1/2 = 8.9 days), and

131mXe (T
1/2 = 11.9 days). The rate from 127Xe in the

WIMP search energy window is estimated to decay from
0.87 mDRU

ee

at the start of the WIMP search dataset
to 0.28 mDRU

ee

at the end, with late-time background
measurements being consistent with those originating
primarily from the long-lived radioisotopes.

The neutron background in LUX is predicted from
detailed detector BG simulations to produce 0.06 single
scatters with S1 between 2 and 30 phe in the 85.3 live-
day dataset. This was considered too low to include in
the PLR. The value was constrained by multiple-scatter
analysis in the data, with a conservative 90% upper C.L.
placed on the number of expected neutron single scatters
of 0.37 events.

We observed 160 events between 2 and 30 phe (S1)
within the fiducial volume in 85.3 live-days of search
data (shown in Fig. 4), with all observed events being
consistent with the predicted background of electron
recoils. The average discrimination (with 50% NR
acceptance) for S1 from 2-30 phe is 99.6 ± 0.1%, hence
0.64 ± 0.16 events from ER leakage are expected below
the NR mean, for the search dataset. The spatial
distribution of the events matches that expected from the
ER backgrounds in full detector simulations. We select
the upper bound of 30 phe (S1) for the signal estimation
analysis to avoid additional background from the 5 keV

ee

x-ray from 127Xe.
Confidence intervals on the spin-independent WIMP-

nucleon cross section are set using a profile likelihood
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FIG. 4. The LUX WIMP signal region. Events in the
118 kg fiducial volume during the 85.3 live-day exposure are
shown. Lines as shown in Fig. 3, with vertical dashed cyan
lines showing the 2-30 phe range used for the signal estimation
analysis.

ratio (PLR) test statistic [37], exploiting the separation
of signal and background distributions in four physical
quantities: radius, depth, light (S1), and charge (S2).
The fit is made over the parameter of interest plus
three Gaussian-constrained nuisance parameters which
encode uncertainty in the rates of 127Xe, �-rays from
internal components and the combination of 214Pb and
85Kr. The distributions, in the observed quantities, of
the four model components are as described above and
do not vary in the fit: with the non-uniform spatial
distributions of �-ray backgrounds and x-ray lines from
127Xe obtained from energy-deposition simulations [31].
The PLR operates within the fiducial region but the
spatial background models were validated using data
from outside the fiducial volume.

The energy spectrum of WIMP-nucleus recoils is
modeled using a standard isothermal Maxwellian velocity
distribution [38], with v

0

= 220 km/s; v
esc

= 544 km/s;
⇢

0

= 0.3 GeV/cm3; average Earth velocity of 245 km s�1,
and Helm form factor [39, 40]. We conservatively
model no signal below 3.0 keV

nr

(the lowest energy for
which a direct light yield measurement exists [30, 41],
whereas indirect evidence of charge yield exists down
to 1 keV

nr

[42]). We do not profile the uncertainties
in NR yield, assuming a model which provides excellent
agreement with LUX data (Fig. 1 and Fig. 6), in addition
to being conservative compared to past works [23]. We
also do not account for uncertainties in astrophysical
parameters, which are beyond the scope of this work (but
are discussed in [43]). Signal models in S1 and S2 are
obtained for each WIMP mass from full simulations.

The observed PLR for zero signal is entirely consistent
with its simulated distribution, giving a p-value for the
background-only hypothesis of 0.35. The 90% C. L.

Some experiments “blind” 
to iDM with splittings 

above ~200 keV

5

bration data sets are dominated by recoils of a particular
nucleus (e.g. iodine in the pion beam data of [25]), they
do contain contributions from all three nuclei. In the
global fit, the size of the contribution from each individ-
ual recoil are allowed to float to minimize sensitivity to a
given dark matter candidate. As an example, the curves
used to determine the sensitivity to a 20 GeV SD WIMP
are shown as the dashed lines in the top panel of Fig. 4.
Since the SD sensitivity mostly arises through fluorine
interactions, our analysis assumes the weakest possible
response for fluorine allowed by the data by maximizing
the contributions from carbon and iodine. The bottom
panel of Fig. 4 shows the curves used to determine sensi-
tivity to a 20 GeV SI WIMP, where the iodine response
is reduced in favor of increased carbon and fluorine re-
sponses.

As 75% of the livetime was accumulated at thresholds
within 20% of 13.6 keV, deviations from the characteris-
tic observed E/E

T

scaling behavior have a small e↵ect on
the final result. To give an extreme example, if all data
taken at E

T

< 13.6 followed the same response function
as that measured at 13.6 keV (i.e. assuming no improve-
ment in sensitivity at the lower Seitz thresholds) and we
scale by E/E

T

for E
T

> 13.6, the final results presented
in Sec. VI for both SI and SD WIMP scattering would be
13% less sensitive for a 100 GeV WIMP mass and 10%
less sensitive for WIMP masses greater than 200 GeV.

IV. BACKGROUND MODELING AND
PREDICTION

Neutrons in the active volume can be produced by
(↵,n) reactions and fission neutrons from radioactivity
in the detector components, by cosmogenic activation,
and by photonuclear interactions. Before installation, all
detector components in proximity to the active volume
were screened for radioactivity, and the results from this
screening are incorporated into a detailed Monte Carlo
simulation of the detector. Neutron production rates and
energy spectra for (↵,n) reactions are evaluated with a
modified version of the SOURCES-4c code [23, 27], where
the contributions to neutron backgrounds primarily come
from alpha decays in the 238U, 232Th and 235U decay
chains. The rate and angular distribution of cosmogenic
neutrons produced in the cavern rock are taken from [28]
and normalized to the muon flux measured by the SNO
experiment [29]. The neutrons are propagated through
the detector using GEANT4 [30] (version 4.10.00p03)
to the target fluid. The predicted number of neutron-
induced single-bubble events during the WIMP search
data is 1.0± 0.3. The simulation returns the same num-
ber of multiple-bubble events as single-bubble events,
and the predicted number of neutron-induced multiple-
bubble events is also 1.0 ± 0.3. The uncertainty on the
prediction arises from a combination of screening uncer-
tainties, (↵,n) cross section uncertainties, and imperfect
knowledge of the material composition of some compo-
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FIG. 4. The best fit iodine (black), fluorine (red), and car-
bon (magenta) e�ciency curves for ET = 13.6 keV data are
shown by the solid lines, and the light blue band shows the
calculated Seitz threshold with the experimental and theoret-
ical uncertainties (the solid curves are the same in both the
top and bottom panels). In the top panel, the dashed lines
show the curves used to determine sensitivity for a 20 GeV
SD WIMP, corresponding to the set of curves with the least
sensitivity to 20 GeV SD WIMP scattering consistent with
the calibration data at 1�, while the dashed lines in the bot-
tom panel show the curves used to determine sensitivity for
a 20 GeV SI WIMP. The onset of nucleation for fluorine and
carbon recoils occurs at energies greater than twice the Seitz
threshold, while the response to iodine is much closer to the
Seitz model.

nents. The leading source of events is cosmogenic neu-
trons produced in the rock and punching through the
water shield, accounting for about 1/3 of the neutron
backgrounds. The remainder come primarily from a com-
bination of (↵,n) sources in acoustic sensor cabling, a set
of thermocouples in the pressure vessel, and the retrore-
flector used for illumination.

We use the Monte Carlo simulations with input from
screening of materials to predict the rate of gamma in-
teractions in the detector from the 238U, 232Th and
235U decay chains, as well as from 40K decays. Previ-
ously we found the nucleation e�ciency for gamma in-
teractions to decrease exponentially with threshold, from
5 ⇥ 10�8 at 7 keV threshold to < 10�9 for thresholds
above 11 keV [10], where the e�ciency is defined as the
fraction of above-threshold interactions of any kind that
nucleate bubbles. This excellent gamma rejection was
confirmed with in situ gamma calibrations and results in
an expectation of fewer than 0.1 electronic recoil nucle-
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Figure 3: Rate for dark matter nucleon scattering assuming a DM-nucleon cross-section �n =
10�40 cm2 and a target made purely of 132Xe. Blue (red) lines indicate d�/dER for mX = 1 TeV
(= 10 TeV) inelastic dark matter, with � = 0, 100, 200, 300, 400 keV mass splittings between dark
matter states, as indicated. The vertical line marks the maximum recoil energy considered by LUX
in [27].

where �n and µn are the dark matter-nucleon scattering cross-section and reduced mass, A and Z are
the nuclear atomic mass and number, and fp(fn) encapsulate the DM-proton (DM-neutron) e↵ective
couplings. All of the energy dependence lies in F 2(ER), the nuclear form factor that characterizes
how coherently dark matter scatters o↵ the nucleus.

Detailed recoil energy dependent form factors have been calculated using nuclear physics models
for several relevant DM scattering elements and isotopes. Whenever possible, we use the results of
the most recent calculations, notably Ref. [36] calculate form factors for xenon. For elements/isotopes
where calculations are not publicly available, such as tungsten and iodine, we will use the Helm form
factor. The form factors (either Helm or from dedicated nuclear calculations) suppress higher-energy
scattering events which probe the sub-structure of the nuclei. As inelastic scattering involves large
recoil energies, form factor suppression will play a much larger role than in elastic scattering. Ad-
ditionally, the (spin-independent) form factors have several ‘zeros’, recoil energies corresponding to
momentum exchanges where the scattering contributions from di↵erent nucleons destructively inter-
fere. The specifics of the form factors we use can be found in appendix A.

We are now ready to examine the recoil rate as a function of inelastic mass splitting. We will
look at two di↵erent DM masses, 1TeV and 10TeV, colliding with two di↵erent nuclear targets,
xenon (A = 132), and tungsten (A = 184). The DM mass and nuclear parameters completely specify
the spin-independent scattering d�/dER in the limit of equal DM-proton and DM-neutron couplings
(fn = fp), up to an overall scaling by �n. For both masses and targets, we take vesc = 533 km/s,
average velocity v0 = 220 km/s and pick spring/autumn so that ve = 232 km/s, and assume a
DM density of 0.3GeV/cm3. The only remaining input is the DM mass splitting �, which sets the
minimum scattering velocity.
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TABLE I. Predicted background rates in the fiducial volume
(0.9–5.3 keVee) [31]. We show contributions from the �-
rays of detector components (including those cosmogenically
activated), the time-weighted contribution of activated
xenon, 222Rn (best estimate 0.2 mDRUee from 222Rn chain
measurements) and 85Kr. The errors shown are both
from simulation statistics and those derived from the rate
measurements of time-dependent backgrounds. 1 mDRUee is
10�3 events/keVee/kg/day.

Source Background rate, mDRUee

�-rays 1.8± 0.2stat ± 0.3sys
127Xe 0.5± 0.02stat ± 0.1sys
214Pb 0.11–0.22 (90% C. L.)
85Kr 0.13± 0.07sys

Total predicted 2.6± 0.2stat ± 0.4sys
Total observed 3.6± 0.3stat

distribution [31], and the expectations based on the
screening results and the independent assay of the
natural Kr concentration of 3.5 ± 1 ppt (g/g) in the
xenon gas [36] where we assume an isotopic abundance
of 85Kr/natKr ⇠ 2 ⇥ 10�11 [31, 34]. Isotopes created
through cosmogenic production were also considered,
including measured levels of 60Co in Cu components.
In situ measurements determined additional intrinsic
background levels in xenon from 214Pb (from the 222Rn
decay chain) [32], and cosmogenically-produced 127Xe
(T

1/2 = 36.4 days), 129mXe (T
1/2 = 8.9 days), and

131mXe (T
1/2 = 11.9 days). The rate from 127Xe in the

WIMP search energy window is estimated to decay from
0.87 mDRU

ee

at the start of the WIMP search dataset
to 0.28 mDRU

ee

at the end, with late-time background
measurements being consistent with those originating
primarily from the long-lived radioisotopes.

The neutron background in LUX is predicted from
detailed detector BG simulations to produce 0.06 single
scatters with S1 between 2 and 30 phe in the 85.3 live-
day dataset. This was considered too low to include in
the PLR. The value was constrained by multiple-scatter
analysis in the data, with a conservative 90% upper C.L.
placed on the number of expected neutron single scatters
of 0.37 events.

We observed 160 events between 2 and 30 phe (S1)
within the fiducial volume in 85.3 live-days of search
data (shown in Fig. 4), with all observed events being
consistent with the predicted background of electron
recoils. The average discrimination (with 50% NR
acceptance) for S1 from 2-30 phe is 99.6 ± 0.1%, hence
0.64 ± 0.16 events from ER leakage are expected below
the NR mean, for the search dataset. The spatial
distribution of the events matches that expected from the
ER backgrounds in full detector simulations. We select
the upper bound of 30 phe (S1) for the signal estimation
analysis to avoid additional background from the 5 keV

ee

x-ray from 127Xe.
Confidence intervals on the spin-independent WIMP-

nucleon cross section are set using a profile likelihood
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FIG. 4. The LUX WIMP signal region. Events in the
118 kg fiducial volume during the 85.3 live-day exposure are
shown. Lines as shown in Fig. 3, with vertical dashed cyan
lines showing the 2-30 phe range used for the signal estimation
analysis.

ratio (PLR) test statistic [37], exploiting the separation
of signal and background distributions in four physical
quantities: radius, depth, light (S1), and charge (S2).
The fit is made over the parameter of interest plus
three Gaussian-constrained nuisance parameters which
encode uncertainty in the rates of 127Xe, �-rays from
internal components and the combination of 214Pb and
85Kr. The distributions, in the observed quantities, of
the four model components are as described above and
do not vary in the fit: with the non-uniform spatial
distributions of �-ray backgrounds and x-ray lines from
127Xe obtained from energy-deposition simulations [31].
The PLR operates within the fiducial region but the
spatial background models were validated using data
from outside the fiducial volume.

The energy spectrum of WIMP-nucleus recoils is
modeled using a standard isothermal Maxwellian velocity
distribution [38], with v

0

= 220 km/s; v
esc

= 544 km/s;
⇢

0

= 0.3 GeV/cm3; average Earth velocity of 245 km s�1,
and Helm form factor [39, 40]. We conservatively
model no signal below 3.0 keV

nr

(the lowest energy for
which a direct light yield measurement exists [30, 41],
whereas indirect evidence of charge yield exists down
to 1 keV

nr

[42]). We do not profile the uncertainties
in NR yield, assuming a model which provides excellent
agreement with LUX data (Fig. 1 and Fig. 6), in addition
to being conservative compared to past works [23]. We
also do not account for uncertainties in astrophysical
parameters, which are beyond the scope of this work (but
are discussed in [43]). Signal models in S1 and S2 are
obtained for each WIMP mass from full simulations.

The observed PLR for zero signal is entirely consistent
with its simulated distribution, giving a p-value for the
background-only hypothesis of 0.35. The 90% C. L.

Some experiments “blind” 
to iDM with splittings 

above ~200 keV

5

bration data sets are dominated by recoils of a particular
nucleus (e.g. iodine in the pion beam data of [25]), they
do contain contributions from all three nuclei. In the
global fit, the size of the contribution from each individ-
ual recoil are allowed to float to minimize sensitivity to a
given dark matter candidate. As an example, the curves
used to determine the sensitivity to a 20 GeV SD WIMP
are shown as the dashed lines in the top panel of Fig. 4.
Since the SD sensitivity mostly arises through fluorine
interactions, our analysis assumes the weakest possible
response for fluorine allowed by the data by maximizing
the contributions from carbon and iodine. The bottom
panel of Fig. 4 shows the curves used to determine sensi-
tivity to a 20 GeV SI WIMP, where the iodine response
is reduced in favor of increased carbon and fluorine re-
sponses.

As 75% of the livetime was accumulated at thresholds
within 20% of 13.6 keV, deviations from the characteris-
tic observed E/E

T

scaling behavior have a small e↵ect on
the final result. To give an extreme example, if all data
taken at E

T

< 13.6 followed the same response function
as that measured at 13.6 keV (i.e. assuming no improve-
ment in sensitivity at the lower Seitz thresholds) and we
scale by E/E

T

for E
T

> 13.6, the final results presented
in Sec. VI for both SI and SD WIMP scattering would be
13% less sensitive for a 100 GeV WIMP mass and 10%
less sensitive for WIMP masses greater than 200 GeV.

IV. BACKGROUND MODELING AND
PREDICTION

Neutrons in the active volume can be produced by
(↵,n) reactions and fission neutrons from radioactivity
in the detector components, by cosmogenic activation,
and by photonuclear interactions. Before installation, all
detector components in proximity to the active volume
were screened for radioactivity, and the results from this
screening are incorporated into a detailed Monte Carlo
simulation of the detector. Neutron production rates and
energy spectra for (↵,n) reactions are evaluated with a
modified version of the SOURCES-4c code [23, 27], where
the contributions to neutron backgrounds primarily come
from alpha decays in the 238U, 232Th and 235U decay
chains. The rate and angular distribution of cosmogenic
neutrons produced in the cavern rock are taken from [28]
and normalized to the muon flux measured by the SNO
experiment [29]. The neutrons are propagated through
the detector using GEANT4 [30] (version 4.10.00p03)
to the target fluid. The predicted number of neutron-
induced single-bubble events during the WIMP search
data is 1.0± 0.3. The simulation returns the same num-
ber of multiple-bubble events as single-bubble events,
and the predicted number of neutron-induced multiple-
bubble events is also 1.0 ± 0.3. The uncertainty on the
prediction arises from a combination of screening uncer-
tainties, (↵,n) cross section uncertainties, and imperfect
knowledge of the material composition of some compo-
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FIG. 4. The best fit iodine (black), fluorine (red), and car-
bon (magenta) e�ciency curves for ET = 13.6 keV data are
shown by the solid lines, and the light blue band shows the
calculated Seitz threshold with the experimental and theoret-
ical uncertainties (the solid curves are the same in both the
top and bottom panels). In the top panel, the dashed lines
show the curves used to determine sensitivity for a 20 GeV
SD WIMP, corresponding to the set of curves with the least
sensitivity to 20 GeV SD WIMP scattering consistent with
the calibration data at 1�, while the dashed lines in the bot-
tom panel show the curves used to determine sensitivity for
a 20 GeV SI WIMP. The onset of nucleation for fluorine and
carbon recoils occurs at energies greater than twice the Seitz
threshold, while the response to iodine is much closer to the
Seitz model.

nents. The leading source of events is cosmogenic neu-
trons produced in the rock and punching through the
water shield, accounting for about 1/3 of the neutron
backgrounds. The remainder come primarily from a com-
bination of (↵,n) sources in acoustic sensor cabling, a set
of thermocouples in the pressure vessel, and the retrore-
flector used for illumination.

We use the Monte Carlo simulations with input from
screening of materials to predict the rate of gamma in-
teractions in the detector from the 238U, 232Th and
235U decay chains, as well as from 40K decays. Previ-
ously we found the nucleation e�ciency for gamma in-
teractions to decrease exponentially with threshold, from
5 ⇥ 10�8 at 7 keV threshold to < 10�9 for thresholds
above 11 keV [10], where the e�ciency is defined as the
fraction of above-threshold interactions of any kind that
nucleate bubbles. This excellent gamma rejection was
confirmed with in situ gamma calibrations and results in
an expectation of fewer than 0.1 electronic recoil nucle-
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Figure 3: Rate for dark matter nucleon scattering assuming a DM-nucleon cross-section �n =
10�40 cm2 and a target made purely of 132Xe. Blue (red) lines indicate d�/dER for mX = 1 TeV
(= 10 TeV) inelastic dark matter, with � = 0, 100, 200, 300, 400 keV mass splittings between dark
matter states, as indicated. The vertical line marks the maximum recoil energy considered by LUX
in [27].

where �n and µn are the dark matter-nucleon scattering cross-section and reduced mass, A and Z are
the nuclear atomic mass and number, and fp(fn) encapsulate the DM-proton (DM-neutron) e↵ective
couplings. All of the energy dependence lies in F 2(ER), the nuclear form factor that characterizes
how coherently dark matter scatters o↵ the nucleus.

Detailed recoil energy dependent form factors have been calculated using nuclear physics models
for several relevant DM scattering elements and isotopes. Whenever possible, we use the results of
the most recent calculations, notably Ref. [36] calculate form factors for xenon. For elements/isotopes
where calculations are not publicly available, such as tungsten and iodine, we will use the Helm form
factor. The form factors (either Helm or from dedicated nuclear calculations) suppress higher-energy
scattering events which probe the sub-structure of the nuclei. As inelastic scattering involves large
recoil energies, form factor suppression will play a much larger role than in elastic scattering. Ad-
ditionally, the (spin-independent) form factors have several ‘zeros’, recoil energies corresponding to
momentum exchanges where the scattering contributions from di↵erent nucleons destructively inter-
fere. The specifics of the form factors we use can be found in appendix A.

We are now ready to examine the recoil rate as a function of inelastic mass splitting. We will
look at two di↵erent DM masses, 1TeV and 10TeV, colliding with two di↵erent nuclear targets,
xenon (A = 132), and tungsten (A = 184). The DM mass and nuclear parameters completely specify
the spin-independent scattering d�/dER in the limit of equal DM-proton and DM-neutron couplings
(fn = fp), up to an overall scaling by �n. For both masses and targets, we take vesc = 533 km/s,
average velocity v0 = 220 km/s and pick spring/autumn so that ve = 232 km/s, and assume a
DM density of 0.3GeV/cm3. The only remaining input is the DM mass splitting �, which sets the
minimum scattering velocity.
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Figure 5: Constraints on dark matter nucleon scattering (90% confidence), assuming integrated
luminosities, event rates, and nuclear masses for LUX [27, 37], PandaX II [28], PICO-60 [26], and
CRESST II [30]. Presently available recoil energy ranges (ER) used to derive bounds are indicated,
along with extended “inelastic frontier” recoil energy ranges. The dotted horizontal line indicates
the approximate Higgsino-nucleon inelastic cross-section for reference (⇠ 10�39 cm2). The bands
show how bounds vary within the 90% confidence allowed values of the escape velocity given in [31],
vesc = 533+54

�41 km/s.

e�ciencies as before. In the case of PICO, which collects events with recoil energies up to ⇠ 1 MeV,
no improvement is possible. For LUX-PandaX and CRESST, with no high-recoil background publicly
available, we assume zero background events in the high energy bins, i.e that LUX-PandaX contains
no events between 30 � 500 keV, and CRESST II observes no events between 120 � 500 keV – but
the overall exposure and e�ciency rescaling factors are kept the same. Since e�ciencies are typically
better at high recoil energy, where the bulk of signal events would reside for large � dark matter, we
anticipate that this rescaling will give conservative results. The resulting sensitivities are shown in
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Figure 5: Constraints on dark matter nucleon scattering (90% confidence), assuming integrated
luminosities, event rates, and nuclear masses for LUX [27, 37], PandaX II [28], PICO-60 [26], and
CRESST II [30]. Presently available recoil energy ranges (ER) used to derive bounds are indicated,
along with extended “inelastic frontier” recoil energy ranges. The dotted horizontal line indicates
the approximate Higgsino-nucleon inelastic cross-section for reference (⇠ 10�39 cm2). The bands
show how bounds vary within the 90% confidence allowed values of the escape velocity given in [31],
vesc = 533+54

�41 km/s.

e�ciencies as before. In the case of PICO, which collects events with recoil energies up to ⇠ 1 MeV,
no improvement is possible. For LUX-PandaX and CRESST, with no high-recoil background publicly
available, we assume zero background events in the high energy bins, i.e that LUX-PandaX contains
no events between 30 � 500 keV, and CRESST II observes no events between 120 � 500 keV – but
the overall exposure and e�ciency rescaling factors are kept the same. Since e�ciencies are typically
better at high recoil energy, where the bulk of signal events would reside for large � dark matter, we
anticipate that this rescaling will give conservative results. The resulting sensitivities are shown in
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e�ciencies as before. In the case of PICO, which collects events with recoil energies up to ⇠ 1 MeV,
no improvement is possible. For LUX-PandaX and CRESST, with no high-recoil background publicly
available, we assume zero background events in the high energy bins, i.e that LUX-PandaX contains
no events between 30 � 500 keV, and CRESST II observes no events between 120 � 500 keV – but
the overall exposure and e�ciency rescaling factors are kept the same. Since e�ciencies are typically
better at high recoil energy, where the bulk of signal events would reside for large � dark matter, we
anticipate that this rescaling will give conservative results. The resulting sensitivities are shown in
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The Inelastic Frontier

Analyze existing data out to 500 keV recoil energies, assume 
no new events above background

[Bramante, PJF, Kribs, Martin]



• Models of DM have come a long way in 20 years
• Result of vibrant experiment-theory interface
• Entering a new era in Dark Matter research, crossing all 
HEP frontiers (as well as nuclear, cond. matt. and atomic)

• Many possibilities, many search opportunities
• Many topics not discussed e.g. GCE, small scale structure, 
and other anomalies

Outlook 

3 generations, gauge 
groups in 3 different 
phases, CPV, lots of 

interesting dynamics and 
emergent phenomena

Dark sector—possibly 
(likely?)  

with its own non-trivial 
dynamics
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Exciting, creative time both experimentally and theoretically

Large Community effort, see e.g. US Cosmic Visions 
Whitepaper (1707.04591), and talks at this conference
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Backup SLIDES



Theory motivates new models and regions of parameter 
space, suggests new search methods, and draws 
connections between disparate phenomena. 

DM part of a 
dark sector

SIDM 
Astrophysics

Cosmology 
Relic story

Production of  
mediator in lab

Probe in low  
energy expts.

L = . . .
Existing  

anomaly?

Direct  
detection

(In)visibly  
decaying mediators

Dark photons



“Baryonic” Z0
B: same coupling (gB) to all six quark flavors.
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FIGURE 2. Simulated GLAST allsky map of neutralino DM annihilation in the Galactic halo, for a fiducial observer located 8
kpc from the halo center along the intermediate principle axis. We assumed Mχ = 46 GeV, ⟨σv⟩ = 5×10−26 cm3 s−1, a pixel size
of 9 arcmin, and a 2 year exposure time. The flux from the subhalos has been boosted by a factor of 10 (see text for explanation).
Backgrounds and known astrophysical gamma-ray sources have not been included.

DM ANNIHILATION ALLSKY MAP

Using the DM distribution in our Via Lactea simulation, we have constructed allsky maps of the gamma-ray flux from
DM annihilation in our Galaxy. As an illustrative example we have elected to pick a specific set of DM particle physics
and realistic GLAST/LAT parameters. This allows us to present maps of expected photon counts.

The number of detected DM annihilation gamma-ray photons from a solid angle ΔΩ along a given line of sight (θ ,
φ ) over an integration time of τexp is given by

Nγ (θ ,φ) = ΔΩ τexp
⟨σv⟩
M2
χ

[

∫ Mχ

Eth

(

dNγ
dE

)

Aeff(E)dE
]

∫

los
ρ(l)2dl, (2)

where Mχ and ⟨σv⟩ are the DM particle mass and velocity-weighted cross section, Eth and Aeff(E) are the detector
threshold and energy-dependent effective area, and dNγ/dE is the annihilation spectrum.

We assume that the DM particle is a neutralino and have chosen standard values for the particle mass and annihilation
cross section: Mχ = 46 GeV and ⟨σv⟩= 5×10−26 cm3 s−1. These values are somewhat favorable, but well within the
range of theoretically and observationally allowed models. As a caveat we note that the allowed Mχ -⟨σv⟩ parameter
space is enormous (see e.g. [7]), and it is quite possible that the true values lie orders of magnitude away from the
chosen ones, or indeed that the DM particle is not a neutralino, or not even weakly interacting at all. We include only
the continuum emission due to the hadronization and decay of the annihilation products (b  b and u  u only, for our low
Mχ ) and use the spectrum dNγ/dE given in [8].

For the detector parameters we chose an exposure time of τexp = 2 years and a pixel angular size of Δθ = 9 arcmin,
corresponding to the 68% containment GLAST/LAT angular resolution. For the effective area we used the curve
published on the GLAST/LAT performance website [9] and adopted a threshold energy of Eth = 0.45 GeV (chosen to

Simulation of DM photon signal in our galaxy
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FIG. 2: The gamma ray spectrum measured by the FGST within 0.5◦ (left) and 3◦ (right) of the Milky Way’s dynamical
center. In each frame, the dashed line denotes the predicted spectrum from a 28 GeV dark matter particle annihilating to
bb̄ with a cross section of σv = 9 × 10−26 cm3/s, and distributed according to a halo profile slightly more cusped than NFW
(γ = 1.1). The dotted and dot-dashed lines denote the contributions from the previously discovered TeV point source located
at the Milky Way’s dynamical center and the diffuse background, respectively. The solid line is the sum of these contributions.

pion decay taking place with a roughly spherically sym-
metric distribution around the Galactic Center, for ex-
ample, could be difficult to distinguish. Further informa-
tion will thus be required to determine the origin of these
photons.
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center. In each frame, the dashed line denotes the predicted spectrum from a 28 GeV dark matter particle annihilating to
bb̄ with a cross section of σv = 9 × 10−26 cm3/s, and distributed according to a halo profile slightly more cusped than NFW
(γ = 1.1). The dotted and dot-dashed lines denote the contributions from the previously discovered TeV point source located
at the Milky Way’s dynamical center and the diffuse background, respectively. The solid line is the sum of these contributions.
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FIG. 6: Intensity maps (in galactic coordinates) after subtracting the best-fit Galactic di↵use model, Fermi bubbles, and
isotropic templates. At energies between ⇠0.5-5 GeV (i.e. in the first three frames), the dark-matter-like emission is clearly
visible around the Galactic Center.

analysis of Ref. [8], the cut on CTBCORE significantly
hardens the spectrum at energies below 1 GeV, render-
ing it more consistent with that extracted at higher lati-
tudes (see Appendix A). Shown for comparison (as a solid
line) is the spectrum predicted from a 35.25 GeV dark
matter particle annihilating to bb̄ with a cross section of
�v = 1.7 ⇥ 10�26 cm3/s ⇥ [(0.3GeV/cm3)/⇢

local

]2. The
spectrum of this component is in good agreement with
that predicted by this dark matter model, yielding a fit
of �2 = 26.4 over the 25 error bars between 0.3 and 100
GeV. We also note that the spectral shape of the dark
matter template is quite robust to variations in �, except
at energies below ⇠ 600 MeV, where the spectral shape

can vary non-negligibly with the choice of inner slope (see
Appendix C).

In Fig. 6, we plot the maps of the gamma-ray sky in
four energy ranges after subtracting the best-fit di↵use
model, Fermi Bubbles, and isotropic templates. In the
0.5-1 GeV, 1-2 GeV, and 2-5 GeV maps, the dark-matter-
like emission is clearly visible in the region surrounding
the Galactic Center. Much less central emission is vis-
ible at 5-20 GeV, where the dark matter component is
significantly less bright.
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FIG. 2: The gamma ray spectrum measured by the FGST within 0.5◦ (left) and 3◦ (right) of the Milky Way’s dynamical
center. In each frame, the dashed line denotes the predicted spectrum from a 28 GeV dark matter particle annihilating to
bb̄ with a cross section of σv = 9 × 10−26 cm3/s, and distributed according to a halo profile slightly more cusped than NFW
(γ = 1.1). The dotted and dot-dashed lines denote the contributions from the previously discovered TeV point source located
at the Milky Way’s dynamical center and the diffuse background, respectively. The solid line is the sum of these contributions.

pion decay taking place with a roughly spherically sym-
metric distribution around the Galactic Center, for ex-
ample, could be difficult to distinguish. Further informa-
tion will thus be required to determine the origin of these
photons.
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FIG. 6: Intensity maps (in galactic coordinates) after subtracting the best-fit Galactic di↵use model, Fermi bubbles, and
isotropic templates. At energies between ⇠0.5-5 GeV (i.e. in the first three frames), the dark-matter-like emission is clearly
visible around the Galactic Center.

analysis of Ref. [8], the cut on CTBCORE significantly
hardens the spectrum at energies below 1 GeV, render-
ing it more consistent with that extracted at higher lati-
tudes (see Appendix A). Shown for comparison (as a solid
line) is the spectrum predicted from a 35.25 GeV dark
matter particle annihilating to bb̄ with a cross section of
�v = 1.7 ⇥ 10�26 cm3/s ⇥ [(0.3GeV/cm3)/⇢

local

]2. The
spectrum of this component is in good agreement with
that predicted by this dark matter model, yielding a fit
of �2 = 26.4 over the 25 error bars between 0.3 and 100
GeV. We also note that the spectral shape of the dark
matter template is quite robust to variations in �, except
at energies below ⇠ 600 MeV, where the spectral shape

can vary non-negligibly with the choice of inner slope (see
Appendix C).

In Fig. 6, we plot the maps of the gamma-ray sky in
four energy ranges after subtracting the best-fit di↵use
model, Fermi Bubbles, and isotropic templates. In the
0.5-1 GeV, 1-2 GeV, and 2-5 GeV maps, the dark-matter-
like emission is clearly visible in the region surrounding
the Galactic Center. Much less central emission is vis-
ible at 5-20 GeV, where the dark matter component is
significantly less bright.
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than the median halo, the inferred �/m become consistent,
within errors, with ⇠ 1 cm

2/g.
Turning this around, we can fix �/m and look at the impact

of the scatter in the ⇢s-rs relation on Vc(2 kpc). Within our
analytic model, we have checked that the spread in the ⇢s-
rs relation in ⇤CDM leads to about a factor of two spread in
Vc(2 kpc) for the relevant galaxies. If we were to add baryons
(which could be important within 2 kpc), it is conceivable that
the bulk of the spread seen in Ref. [31] can be explained.

V. Dark matter particle properties. The energy depen-
dence of the cross section allows one to discern the underly-
ing particle dynamics of SIDM. The data in Fig. 1 range over
a factor of 104 in kinetic energy and prefer a cross section that
mildly falls with energy.

To illustrate the implications for particle physics, let us con-
sider the dark photon model for DM self-interactions. In this
model, self-interactions are governed by a Yukawa potential,
V (r) = ↵0e�µr/r, where ↵0 is the coupling constant (anal-
ogous to the fine structure constant ↵ ⇡ 1/137) and µ is the
dark photon mass, which screens the potential [33–35]. To be
concrete, we will set ↵0

= ↵. We then compute h�vi/m using
standard partial wave methods discussed in Ref. [25]. Com-
paring the theoretical predictions to the data points in Fig. 1
using a ��2 test, we determine the preferred regions for the
DM mass m and dark photon mass µ . To take into account
the uncertainty in our modeling (apparent in our predictions
for the simulated halos), we have included an additional sys-
tematic uncertainty (in quadrature) of �(logh�vi/m) = 0.3
and �(loghvi) = 0.1 for each system.

Our results shown in Fig. 3 illustrate the important comple-
mentarity between observations across different scales in con-
straining DM microphysics. The red, blue, and green shaded
bands show the individual 95% confidence level (CL) regions
preferred by our analysis of dwarf galaxies, LSBs, and clus-
ters, respectively. The solid (dashed) black contour shows the
95% (99%) CL region from all observations combined. These
data prefer DM mass of 15+7

�5

GeV and dark photon mass of
17 ± 4 MeV at 95% CL. For the best-fit values of m and µ,
we plot h�vi /m as a function of hvi in Fig. 1 (dashed).

Fig. 3 also shows the regions excluded by the Bullet Clus-
ter constraint of �/m < 1.25 cm

2/g at 68% CL [36] at
v = 2000 km/s (dot-dashed) and the constraint from an en-
semble of merging clusters of �/m < 0.47 cm

2/g at 95%
CL [37] at v = 900 km/s (long-dashed). A more refined anal-
ysis of the merging clusters, including large dissociative clus-
ters that show offsets between the luminous and dark compo-
nents [36, 38–40], would be interesting in light of the velocity
dependence.

It is remarkable that astrophysical observations can pick out
a closed range for the DM mass m (albeit within the sim-
ple model we have adopted). For m . 10 GeV, the cross
section changes little with velocity, � / m2/µ4, which is
disfavored by the velocity dependence evident in Fig. 1. For
m & 100 GeV, cross section tends to the Rutherford limit,
� / 1/(m2v4), which is too steep a velocity dependence to be
consistent with our fits. The preferred region lies in between

Combined fit
95% CL
99% CL

Dwarfs
LSBs
Clusters

Bullet Cluster excl.
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0.01 0.1 1 10 100 1000
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FIG. 3: Parameter space for dark photon model of self-interactions
(with ↵0 = ↵), preferred by dwarfs (red), LSB spiral galaxies (blue),
and clusters (green), each at 95% CL. Combined 95% (99%) region
is shown by the solid (dashed) contours. The estimated Bullet Clus-
ter excluded region lies below dot-dashed curve and the ensemble
merging cluster excluded region below the long-dashed curve.

these extremes: � is constant at small velocity and turns over
to a Rutherford-like dependence at large velocity.

VI. Conclusions. SIDM paradigm may provide a unified
explanation for the apparent deficit of DM in the central re-
gions of galaxies and clusters. We have explored the direct
connection between self-interactions and astrophysical obser-
vations for a set of twelve galaxies and six clusters using a
simple model for SIDM halos calibrated to N-body simula-
tions. Despite the diversity of DM halo properties in these
systems, the majority of dwarfs and LSBs is remarkably con-
sistent with �/m ⇡ 2 cm

2/s. Clusters favor 0.1 cm

2/g
because their halo profiles are largely consistent with CDM
except in the inner O(10 kpc) region. The velocity depen-
dence discernible in these data provides an important step to-
ward understanding the possible particle physics of DM self-
interactions. Within the dark photon model we considered,
these data prefer DM mass of ⇠ 15 GeV and dark photon
mass of ⇠ 17 MeV. While these conclusions are model-
specific, SIDM in general indicates a new mass scale much
below than the electroweak scale. Using DM halos as particle
colliders, we may be able to unveil the particle physics nature
of DM, independent of whether the dark and visible sectors
are coupled via interactions beyond gravity.
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FIG. 2: SI cross sections for low-velocity scattering on
the proton as a function of mh, for the pure cases indi-
cated. Here and in the plots below, dark (light) bands
represent 1� uncertainty from pQCD (hadronic inputs).
The vertical band indicates the physical value of mh.

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

�D
SI . 10�48 cm2 (95%C.L.) . (5)

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

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

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

Mixed-state cross sections. Mixing with an ad-
ditional heavy electroweak multiplet (of mass M 0)
can allow for tree-level Higgs exchange, but with
coupling that may be suppressed by the mass split-
ting � ⌘ (M 0 � M)/2. We systematically analyze
the resulting interplay of mass-suppressed and loop-
suppressed contributions through an EFT analysis in
the regime mW , |�| ⌧ M,M 0.

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

2 , with

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

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

T a =

0

B@
0 · ·
· ⌧a

4
�i⌧a

4

· i⌧a

4
⌧a

4

1

CA� c.c. , Y =

0

B@
0 · ·
· 02

�i12
2

· i12
2 02

1

CA . (6)

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

f(H) =
g21p

2

0

B@
0 HT iHT

H 02 02

iH 02 02

1

CA+

"
iH ! H

1 ! 2

#
+ h.c. ,

�m = diag(MS ,MD14)�Mref15 , (7)

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

p
2 + (�/2mW )2 �̄v�vh0

with  ⌘
p
2
1 + 2

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

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

ping to a low-energy theory for evaluation of matrix
elements [5], we obtain the results pictured in Fig. 4.
For weakly coupled WIMPs, we consider  . 1. The
presence of a scale separation M,M 0 � mW , im-
plies that the partner state contributes at leading

iDM—loop level elastic rate [Hisano et al.; Hill and Solon]
where ↵W = g2W /(4⇡), mn is the nucleon mass, and we have assumed the DM mass is � mn.
In this case, the exchange of two gauge bosons leads to elastic scattering via a box diagram.
As shown in Ref. [43–46], the double gauge boson exchange processes can be decomposed into
twist-0 and twist-2 pieces, and these subprocesses are additionally suppressed by a factor of the
nucleon mass (or momentum) divided by the W± mass (at amplitude level). Approximating
the full loop-level cross section with the twist-2 W± exchange component, the result is

�H̃
n,loop ⇠ m4

n↵
4
W

⇡m6
W

f2
q ⇠ 10�47 cm2, (19)

where fq are hadronic matrix elements and are O(0.1). These factors render the loop-level elas-
tic DM-nucleon scattering cross section closer to 10�47cm2. In further detail, as emphasized
by Ref. [43–46], approximating the cross-section with the W± box diagram also overestimates
the cross-section, as there is an additional, accidental cancellation between contributions from
twist-0 and twist-2 operators. For SU(2)w doublet DM and mH = 125.7 GeV these cancella-

tions lead to �H̃
n,loop . 10�48 cm2.

• Exothermic bounds: Comparing present direct detection limits to the tree-level inelastic Higgsino-
nucleon scattering cross-section we see that the abundance of X2 must satisfy nX

2

/nX
1

.
10�6TeV/mX

1

. The Higgsino has a one-loop radiative decay X2 ! X1 + � with width (in the
limit where all other superpartners are decoupled [47]) �X

2

!X
1

+� ⇠ ↵em ↵2
W �3/(4⇡2m2

X) and
a weak scale scattering cross section, �X

1

X
1

!X
2

X
2

⇠ g42/m
2
X . Thus, from Eq. (14) it is clear

that detectable Higgsino inelastic scattering will be endothermic.

5.2 Magnetic Inelastic Dark Matter

We now consider a model which again has two Majorana fermions �1,�2 nearby in mass, m�
2

= m�
1

+
� but now their inelastic interaction with the SM is through a magnetic dipole operator [16,18,48,49],

⇣gM
4

⌘ e

2m�
�2 �µ⌫ �1F

µ⌫ . (20)

Since the DM is Majorana in nature there is no diagonal dipole operator, and only the transition
dipole is allowed. A perturbative UV completion [49] of the theory generates this operator, with
gM ⇠ m�/(8⇡2M), after integrating out a heavy charged fermion and scalar of mass M that couple
to the DM. However, we have chosen to adopt the operator normalization inspired by proton/neutron
magnetic moments as would be expected if the DM was a composite of a new strongly coupled sector.
In such a model we expect gM ⇠ 1.

• Relic abundance: Above the scale of electroweak symmetry breaking the gauge invariant dipole
operator involves the hypercharge field strength, Bµ⌫ . Thus, in addition to the dipole oper-
ator with the photon (Eq. (20)), one would expect a dipole operator involving the Z boson,
� tan ✓W

�gM
4

�
e

2m�
�2 �µ⌫ �1Z

µ⌫ . These interactions allow for DM annihilation into pairs of SM

fermions, W+W�, and at higher order in the dipole coupling, annihilations to ��, �Z, and ZZ.
The dominant annihilation is into up-type quarks and charged leptons, and for m� ⇠ 1TeV
and gM ⇠ O(1) the annihilation cross section is su�cient for the DM to be a thermal relic. For
larger DM masses or smaller dipole moments the cross section is too small. However, DM can
still be a thermal relic if there are additional annihilation modes, for instance to a light dark
photon which has a very small kinetic mixing with the SM photon.
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tainty from pQCD (hadronic inputs). Subleading cor-
rections in ratiosmb/mW and ⇤QCD/mc are expected
to be within this error budget. Stronger cancellation
between spin-0 and spin-2 amplitudes in the doublet
case implies a smaller cross section,

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

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

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

Mixed-state cross sections. Mixing with an ad-
ditional heavy electroweak multiplet (of mass M 0)
can allow for tree-level Higgs exchange, but with
coupling that may be suppressed by the mass split-
ting � ⌘ (M 0 � M)/2. We systematically analyze
the resulting interplay of mass-suppressed and loop-
suppressed contributions through an EFT analysis in
the regime mW , |�| ⌧ M,M 0.

Consider a mixture of Majorana SU(2)W singlet
of Y = 0 and Dirac SU(2)W doublet of Y = 1
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function of the charm scalar matrix element, for the pure
cases indicated. The pink region corresponds to charm
content estimated from pQCD [9]. The region between
orange (black) dashed lines correspond to direct lattice
determinations in [12] ([13]).

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

f(H) =
g21p

2
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CA+

"
iH ! H

1 ! 2

#
+ h.c. ,

�m = diag(MS ,MD14)�Mref15 , (7)

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

p
2 + (�/2mW )2 �̄v�vh0

with  ⌘
p
2
1 + 2

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

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

ping to a low-energy theory for evaluation of matrix
elements [5], we obtain the results pictured in Fig. 4.
For weakly coupled WIMPs, we consider  . 1. The
presence of a scale separation M,M 0 � mW , im-
plies that the partner state contributes at leading
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where fq are hadronic matrix elements and are O(0.1). These factors render the loop-level elas-
tic DM-nucleon scattering cross section closer to 10�47cm2. In further detail, as emphasized
by Ref. [43–46], approximating the cross-section with the W± box diagram also overestimates
the cross-section, as there is an additional, accidental cancellation between contributions from
twist-0 and twist-2 operators. For SU(2)w doublet DM and mH = 125.7 GeV these cancella-
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n,loop . 10�48 cm2.
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5.2 Magnetic Inelastic Dark Matter

We now consider a model which again has two Majorana fermions �1,�2 nearby in mass, m�
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� but now their inelastic interaction with the SM is through a magnetic dipole operator [16,18,48,49],
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Since the DM is Majorana in nature there is no diagonal dipole operator, and only the transition
dipole is allowed. A perturbative UV completion [49] of the theory generates this operator, with
gM ⇠ m�/(8⇡2M), after integrating out a heavy charged fermion and scalar of mass M that couple
to the DM. However, we have chosen to adopt the operator normalization inspired by proton/neutron
magnetic moments as would be expected if the DM was a composite of a new strongly coupled sector.
In such a model we expect gM ⇠ 1.

• Relic abundance: Above the scale of electroweak symmetry breaking the gauge invariant dipole
operator involves the hypercharge field strength, Bµ⌫ . Thus, in addition to the dipole oper-
ator with the photon (Eq. (20)), one would expect a dipole operator involving the Z boson,
� tan ✓W

�gM
4
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�2 �µ⌫ �1Z

µ⌫ . These interactions allow for DM annihilation into pairs of SM

fermions, W+W�, and at higher order in the dipole coupling, annihilations to ��, �Z, and ZZ.
The dominant annihilation is into up-type quarks and charged leptons, and for m� ⇠ 1TeV
and gM ⇠ O(1) the annihilation cross section is su�cient for the DM to be a thermal relic. For
larger DM masses or smaller dipole moments the cross section is too small. However, DM can
still be a thermal relic if there are additional annihilation modes, for instance to a light dark
photon which has a very small kinetic mixing with the SM photon.
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Figure 5: Constraints on dark matter nucleon scattering (90% confidence), assuming integrated
luminosities, event rates, and nuclear masses for LUX [30, 40], PandaX II [31], PICO-60 [29], and
CRESST II [33]. Presently available recoil energy ranges (ER) used to derive bounds are indicated,
along with extended “inelastic frontier” recoil energy ranges. The dotted horizontal line indicates
the approximate Higgsino-nucleon inelastic cross-section for reference (⇠ 10�39 cm2). The bands
show how bounds vary within the 90% confidence allowed values of the escape velocity given in [34],
vesc = 533+54

�41 km/s.

e�ciencies as before. In the case of PICO, which collects events with recoil energies up to ⇠ 1 MeV,
no improvement is possible. For LUX-PandaX and CRESST, with no high-recoil background publicly
available, we assume zero background events in the high energy bins, i.e that LUX-PandaX contains
no events between 30 � 500 keV, and CRESST II observes no events between 120 � 500 keV – but
the overall exposure and e�ciency rescaling factors are kept the same. Since e�ciencies are typically
better at high recoil energy, where the bulk of signal events would reside for large � dark matter, we
anticipate that this rescaling will give conservative results. The resulting sensitivities are shown in
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Appendix: SIGNAL MODEL DETECTOR
RESPONSE TABLE

In this appendix we describe digital tables which can
be used to construct an accurate signal model for this
analysis given any input recoil spectrum dR/dE arising
from a theoretical model. A visualization of the tables is
shown in Fig. 9, and in section 1 we show a simple exam-
ple Python code of how to use the supplied tables. Cur-
rently we provide these tables only for the high-energy
analysis region.

The signal model for the high-energy analysis region
can be expressed analytically in the form:

dR

dcS1
=

Z
dR

dE
· ✏

S1

(cS1) · ✏
S2

0(E) · p
S1

(cS1|E) dE

(A.1)

=

Z
dR

dE
G(cS1, E) dE (A.2)

where ✏
S1

(cS1) and ✏
S2

0(E) represent analysis cut e�-
ciencies, p

S1

(cS1|E) encodes detector e↵ects, and dR/dE
gives the theoretically predicted nuclear recoil rate from
WIMP scattering. In the second line we emphasis that
all the detector and analysis e↵ects can be encoded in a
single function G(cS1, E). To make a signal prediction
for the bins in our analysis, this expression needs to be
integrated over the appropriate range of cS1 for each bin
(and divided by two to account for the banding structure
in cS2

b

):

R
bini =

1

2

Z
upperi

loweri

dR

dcS1
dcS1 (A.3)

With some simple rearrangement this rate can be written
in terms of an integral over the detector response function
G as follows

R
bini =

1

2

Z
dR

dE

Z
upperi

loweri

G(cS1, E) dcS1 dE (A.4)

=

Z
dR

dE
G0

i(E)dE (A.5)

where in the last line we absorb the factor of 1/2 into
the definition of G0

i. We see here that the signal rate for
each bin can be expressed as an integral over the recoil
spectrum times a detector response function G0

i for that
bin. It is these detector response functions which are
shown in Fig. 9, and which we provide digitally for use
by the community. A low-resolution example is given in
Table II. With these tables it is simple to produce a signal
model for our analysis for any theoretical recoil spectrum.
The functions G0

i are provided for three values of the nui-
sance variable L

e↵

, namely the median value and values
at ±1� in L

e↵

. From these, along with the measured
background rates given in table I, one may construct a
likelihood which accounts for uncertainties in L

e↵

, Alter-
natively simply using the �1� value produces quite an
accurate prediction and is generally conservative.
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