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FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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Dark Matter Candidates
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LHC choice for couplings (LHC DM WG):
• A/A-V: gSM = 0.25, gDM = 1
• S/P-S: gSM = 1, gDM = 1
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Simplified Dark Matter models @ LHC

Typically parameterized by 4 parameters:

• mass of DM particle, mDM
• mass (and width) of mediator particle, mY, (𝜞Y)
• coupling of mediator to SM sector, gSM
• coupling of mediator to DM sector, gDM

Familiar examples of scalar/vector mediator:
• S: Higgs boson
• V: Z’ (heavy Z)

Start with simplest diagram:
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Mono-jet & Mono-V Searches

Vector Axial-Vector

med

• Analysis of missing energy spectrum in 
Mono-X events

C
M

S EXO
-16-048

•Set limits on allowed masses and coupling strength

• Interpretation in simplified DM models
• s-channel with different mediators
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Mediator Searches
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• Search for resonance in dijet invariant 
mass spectrum

11

High-mass dijet resonances

1 TeV
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• Search for resonance in dijet invariant 
mass spectrum

12

Low-mass dijet resonances

• Low mass mediators are difficult to constrain 
because of huge QCD dijet background

• difficult/impossible to cope with total event 
rate

• New (cool) strategies:

• “Data scouting”: perform analysis on dataset 
that contains reduced event information 
(trigger level), allowing to store data at very 
high rate

• Trigger on high-pT ISR jet or photon and 
search for low mass resonance in recoil 
system

• Trigger on high-pT ISR jet and search for 
merged, boosted resonance in recoil, using 
jet subtructure
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• Can combine searches 
for DM signal (missing 
energy) and those for 
mediators to constrain 
allowed model 
parameter space

13

The grand(er) picture
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Figure 5: Regions in a (mediator-mass, DM-mass) plane excluded at 95% CL by dijet, dilepton and Emiss
T +X searches,

for leptophobic vector mediator simplified models. The exclusions are computed for a DM coupling g� = 1, quark
coupling gq = 0.25, universal to all flavours, and no coupling to leptons. Dashed curves labelled “thermal relic”
correspond to combinations of DM and mediator mass values that are consistent with a DM density of ⌦h2 = 0.12
and a standard thermal history as computed in M��DM [arXiv:1703.05703, arXiv:1509.03683]. Above the curve,
annihilation processes described by the simplified model deplete ⌦h2 to below 0.12. The dotted line indicates the
kinematic threshold where the mediator can decay on-shell into DM. The reinterpretation procedure for the high-mass
dijet and TLA analyses follows the procedure recommended by ATLAS in Appendix A of [Phys. Rev. D91 052007
(2015)], while the dijet+ISR analyses are reinterpreted following [Phys. Lett. B 769 (2017)].
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• Can combine searches 
for DM signal (missing 
energy) and those for 
mediators to constrain 
allowed model 
parameter space

• Limits strongly depend 
on assumptions for 
couplings
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The grand(er) picture
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Figure 6: Regions in a (mediator-mass, DM-mass) plane excluded at 95% CL by dijet, dilepton and Emiss
T +X searches,

for leptophilic vector mediator simplified models. The exclusions are computed for a DM coupling g� = 1, quark
coupling gq = 0.1, and lepton coupling gl = 0.01, in both cases universal to all flavours. Dashed curves labelled
“thermal relic” correspond to combinations of DM and mediator mass values that are consistent with a DM density
of ⌦h2 = 0.12 and a standard thermal history as computed in M��DM [arXiv:1703.05703, arXiv:1509.03683].
Between the two dashed curves, annihilation processes described by the simplified model deplete ⌦h2 to below 0.12.
The dotted line indicates the kinematic threshold where the mediator can decay on-shell into DM.
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Direct dark matter detection (solid state detectors, noble liquids)DIRECT DARK MATTER SEARCHES: 
look for the recoil of an atom after the scattering off a DM particle 

Scintillation 
 
 Ionization 
 
Temperature increase 

13	15/11/17	

look for recoil of an atom after scattering off a DM particle

nuclear
recoil

electron
recoil
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Principle of WIMP detection in LXe TPC

• Liquid xenon time 
projection chamber 
– LXe TPC. 

• S1 – primary 
scintillation.

• S2 –secondary 
scintillation, 
proportional to 
ionisation.

• Position 
reconstruction 
based on the light 
pattern in the PMTs 
and delay between 
S2 and S1.
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Simulated LZ full exposure

40 GeV/c2 WIMP 1000 days, 5.6 Tons

electron 
recoil 
band

nuclear 
recoil 
band

17
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WIMP Discovery Potential
3σ and 5σ 

5s:
6.7x10-48 cm2

3s:
3.8x10-48 cm2
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Spin-dependent scattering
• Naturally occurring Xenon has around 50% odd-neutron isotopes

• 26.4%129Xe and 21.2% 131Xe by mass
14
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FIG. 11. LZ projected sensitivity to SD WIMP-neutron (left) and WIMP-proton (right) scattering for a 1000 live day run with a
5.6 tonne fiducial mass. For SD WIMP-neutron(-proton) scattering a minimum sensitivity of 2.7⇥10�43 cm2 (8.1⇥10�42 cm2)
is expected at 40 GeV/c2. Recent limits from direct detection experiments are shown as solid lines [83–86]. Dashed lines
indicate the model dependent collider constraints from the LHC (for WIMP-neutron) [87, 88] and the leading indirect limits
from neutrino telescopes (for WIMP-proton) [89, 90]. The gray contoured regions show the favored regions from recent MSSM7
model predictions [82].

to WIMP signals.
The sensitivity of LZ has been evaluated with a de-

tector response built on the properties of the materials
procured for use in LZ and a background model based on
the results of a comprehensive materials screening cam-
paign.

For a 1000 day exposure utilizing a 5.6 tonne fiducial
mass, LZ is projected to exclude, at 90% CL, SI WIMP-
nucleon cross sections of 1.6⇥10�48 cm2 and above for a
40 GeV/c2 WIMP. This represents an order of magnitude
improvement with respect to the expected sensitivities of
currently running LXe dark matter experiments; LZ will
have 5� discovery potential for cross sections below their
expected 90% exclusion limits giving access to an en-
tirely unexplored class of theoretical models and predic-
tions [91]. For SD WIMP-neutron (-proton) scattering,
a best sensitivity of 2.7 ⇥ 10�43 cm2 (8.1 ⇥ 10�42 cm2)
for a 40 GeV/c2 WIMP is expected.

Construction of LZ is now well underway and the
experiment is on track for underground installation at
SURF in 2019.
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• We can translate limits from simplified 
dark matter models probed at LHC into 
the parameter space probed by direct 
detection experiments

• Caveat:

• Limits depend on assumptions made 
for model parameters, i.e., fixed 
values for couplings

• Vector mediator ßà spin independent
DM – nucleon scattering

20

Comparison of Collider and Direct Detection
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Local DM halo 
scattering off of 
terrestrial nuclei

DM production 
in a particle 

collider

• Any massive invisible particle 
found at the LHC is not necessarily 
evidence of DM 
• Compare LHC results to searches 

for cosmological DM

(a) (b)

Figure 2: A comparison of LHC results to the mDM–�SI (a) and mDM–�SD (b) planes.

Unlike in the mass-mass plane, the limits are shown at 90% CL. The LHC contour in

the SI (SD) plane is for a vector (axial-vector) mediator, Dirac DM and couplings gq = 0.25

and gDM = 1. The LHC SI exclusion contour is compared with the LUX, CDMSLite and

CRESST-II limits, which are the most constraining in the shown mass range. The SD

exclusion contour constrains the DM-proton cross section and is compared with limits

from the PICO experiments, the IceCube limit for the tt̄ annihilation channel and the

Super-Kamiokande limit for the bb̄ annihilation channel. The depicted LHC results are

intended for illustration only and are not based on real data.
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4.1.2 SD case: Axial-vector mediator

For the axial-vector mediator, the scattering is SD and the corresponding cross section can

be written as

�SD =
3f2(gq)g2DMµ2

n�

⇡M4
med

. (4.7)

In general fp,n(gq) di↵ers for protons and neutrons and is given by

fp,n(gq) = �(p,n)
u gu +�(p,n)

d gd +�(p,n)
s gs , (4.8)

– 12 –

The simplified models with a vector and scalar mediator lead to a SI interaction,

while the axial-vector and pseudo-scalar mediator induce SD interactions. The pseudo-

scalar interaction has additional velocity-suppression in the non-relativistic limit, which is

not present in the other interactions. In practice this means that pseudo-scalar interactions

are only very weakly testable with DD experiments. For this reason, we will only describe

the translation procedure into the mDM–�SI/SD plane for vector, axial-vector and scalar

interactions.

Sections 4.1.1 and 4.1.2 detail procedures for translating LHC limits onto to the

mDM–�SI/SD planes. Figures 2a and 2b illustrate the conventions recommended for the

presentation of results obtained from these procedures. These plots show the minimum

number of DD limits that we recommend to show. Bounds from other experiments may

also be included. As in the mass-mass plots, we recommend to explicitly specify details of

the mediator and DM type, the choices of couplings and the CL of the exclusion limits. It

may also be useful to show theoretical and experimental uncertainties. Generally, the LHC

searches exclude the on-shell region in the mass-mass plane such that for a fixed value of

mDM, the exclusion contour passes through two values of Mmed. This means that when

translating into the mDM–�SI/SD planes, for a fixed value of mDM, the exclusion contour

must pass through two values of �SI/SD. This explains the turnover behaviour of the LHC

contours observed in Figures 2a and 2b.

4.1.1 SI cases: Vector and scalar mediators

In general, the SI DM-nucleon scattering cross section takes the form

�SI =
f2(gq)g2DMµ2

n�

⇡M4
med

, (4.1)

where µn� = mnmDM/(mn+mDM) is the DM-nucleon reduced mass with mn ' 0.939GeV

the nucleon mass. The mediator-nucleon coupling is f(gq) and depends on the mediator-

quark couplings. For the interactions mediated by vector and scalar particles and for the

recommended coupling choices, the di↵erence between the proton and neutron cross section

is negligible.

For the vector mediator,

f(gq) = 3gq , (4.2)

and hence

�SI ' 6.9⇥ 10�41 cm2
·

⇣gqgDM

0.25

⌘2
✓
1TeV

Mmed

◆4 ⇣ µn�

1GeV
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. (4.3)

For the simplified model with scalar mediator exchange we follow the recommendation

of ATLAS/CMS DM Forum [1] and assume that the scalar mediator couples to all quarks

(like e.g. the SM Higgs). In general the formula for f(gq) is

fn,p(gq) =
mn

v

2

4
X

q=u,d,s

fn,p
q gq +

2

27
fn,p
TG

X

Q=c,b,t

gQ

3

5 . (4.4)

These data, however, are not always o�cially blessed or scrutinised by the experiments and thus should be

used with care.

– 11 –

LHC only competitive for mDM < 6 GeV

Spin-independent
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• Axial-vector mediator ßà spin dependent DM – nucleon scattering
• Limits depend on assumptions made for model parameters, e.g., fixed values for couplings

• Complementarity with Direct Detection clearly visible
• LHC much stronger for axial-vector interaction

• Sensitivity strongly depends on type of DM interaction

21

Comparison with Direct Detection
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(like e.g. the SM Higgs). In general the formula for f(gq) is

fn,p(gq) =
mn

v

2

4
X

q=u,d,s

fn,p
q gq +

2

27
fn,p
TG

X

Q=c,b,t

gQ

3

5 . (4.4)

These data, however, are not always o�cially blessed or scrutinised by the experiments and thus should be

used with care.

– 11 –

where �(p)
u = �(n)

d = 0.84, �(p)
d = �(n)

u = �0.43 and �s = �0.09 are the values rec-

ommended by the Particle Data Group [50]. Other values are also used in the literature

(see e.g. [51]) and di↵er by up to O(5%).

Under the assumption that the coupling gq is equal for all quarks, one finds

f(gq) = 0.32gq , (4.9)

and thus

�SD
' 2.4⇥ 10�42 cm2

·

⇣gqgDM

0.25

⌘2
✓
1TeV

Mmed

◆4 ⇣ µn�

1GeV

⌘2
. (4.10)

We emphasise that the same result is obtained both for the SD DM-proton scattering

cross section �p
SD and the SD DM-neutron scattering cross section �n

SD. Using (4.10) it is

therefore possible to map collider results on both parameter planes conventionally shown

by DD experiments. Should only one plot be required, we recommend comparing the LHC

results to the DD bounds on �p
SD, which is typically more di�cult to constrain.

In the future, it is desirable to consider not only the case gu = gd = gs, but also the

case gu = �gd = �gs, which is well-motivated from embedding the simplified model in the

SM gauge group and can be included without much additional e↵ort. For gu = �gd = �gs
one obtains approximately fp(gq) = 1.36 gu and fn(gq) = �1.18 gu, i.e. the DM-neutron

cross section is slightly smaller than the DM-proton cross section.4

4.1.3 Neutrino observatories: IceCube and Super-Kamiokande

The IceCube [53] and Super-Kamiokande [54] neutrino observatories are also able to con-

strain the SI and SD cross sections. When DM particles elastically scatter with elements in

the Sun, they can lose enough energy to become gravitationally bound. Self-annihilation of

the DM particles produces neutrinos (either directly or in showering) that can be searched

for in a neutrino observatory. When the DM capture and annihilation rates are in equilib-

rium, the neutrino flux depends only on the initial capture rate, which is determined by

the SI or SD cross section [55].

The IceCube and Super-Kamiokande limits on �p
SD are of particular interest as they

can be stronger than the corresponding bounds from DD experiments. The former bounds

are however more model dependent, since they depend on the particular DM annihilation

channel. For annihilation only into light quarks, the limits are weaker than DD experiments.

For mb < mDM < mt, on the other hand, the dominant annihilation channel of the axial-

vector model is to bb̄ and Super-Kamiokande sets more stringent constraints than DD

experiments for mDM < 10GeV. For mDM > mt, the dominant annihilation channel is

to tt̄ and the resulting constraints from IceCube are stronger than DD experiments. Both

the Super-Kamiokande and IceCube limits can be shown together with other bounds on

the SD DM-proton scattering cross section.

4
LHC searches are only sensitive to the relative sign between gu and gd if both types of quarks are present

in a single process (e.g. ud̄ ! ud̄+��̄ or uū ! dd̄+��̄). Such processes give a subleading e↵ect in mono-jet

searches and are presently not included in the signal computation. As a result, the signal prediction for

mono-jets turns out to be independent of the relative sign between the individual quark couplings [52].

– 13 –
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Fig. 1. Planck 2018 temperature power spectrum. At multipoles ` � 30 we show the frequency-coadded temperature spectrum
computed from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters fixed to a best fit assuming
the base-⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum estimates from the Commander
component-separation algorithm, computed over 86 % of the sky. The base-⇤CDM theoretical spectrum best fit to the Planck

TT,TE,EE+lowE+lensing likelihoods is plotted in light blue in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� diagonal uncertainties, including cosmic variance (approximated as Gaussian) and not
including uncertainties in the foreground model at ` � 30. Note that the vertical scale changes at ` = 30, where the horizontal axis
switches from logarithmic to linear.

the best-fit temperature data alone, assuming the base-⇤CDM
model, adding the beam-leakage model and fixing the Galactic
dust amplitudes to the central values of the priors obtained from
using the 353-GHz maps. This is clearly a model-dependent pro-
cedure, but given that we fit over a restricted range of multipoles,
where the TT spectra are measured to cosmic variance, the re-
sulting polarization calibrations are insensitive to small changes
in the underlying cosmological model.

In principle, the polarization e�ciencies found by fitting the
T E spectra should be consistent with those obtained from EE.
However, the polarization e�ciency at 143 ⇥ 143, c

EE

143, derived
from the EE spectrum is about 2� lower than that derived from
T E (where the � is the uncertainty of the T E estimate, of the
order of 0.02). This di↵erence may be a statistical fluctuation or
it could be a sign of residual systematics that project onto cali-
bration parameters di↵erently in EE and T E. We have investi-
gated ways of correcting for e↵ective polarization e�ciencies:
adopting the estimates from EE (which are about a factor of
2 more precise than T E) for both the T E and EE spectra (we
call this the “map-based” approach); or applying independent

estimates from T E and EE (the “spectrum-based” approach). In
the baseline Plik likelihood we use the map-based approach,
with the polarization e�ciencies fixed to the e�ciencies ob-
tained from the fits on EE:

⇣
c

EE

100

⌘
EE fit

= 1.021;
⇣
c

EE

143

⌘
EE fit

=

0.966; and
⇣
c

EE

217

⌘
EE fit

= 1.040. The CamSpec likelihood, de-
scribed in the next section, uses spectrum-based e↵ective polar-
ization e�ciency corrections, leaving an overall temperature-to-
polarization calibration free to vary within a specified prior.

The use of spectrum-based polarization e�ciency estimates
(which essentially di↵ers by applying to EE the e�ciencies
given above, and to T E the e�ciencies obtained fitting the T E

spectra,
⇣
c

EE

100

⌘
TE fit

= 1.04,
⇣
c

EE

143

⌘
TE fit

= 1.0, and
⇣
c

EE

217

⌘
TE fit

=

1.02), also has a small, but non-negligible impact on cosmo-
logical parameters. For example, for the ⇤CDM model, fitting
the Plik TT,TE,EE+lowE likelihood, using spectrum-based po-
larization e�ciencies, we find small shifts in the base-⇤CDM
parameters compared with ignoring spectrum-based polariza-
tion e�ciency corrections entirely; the largest of these shifts
are +0.5� in !b, +0.1� in !c, and +0.3� in ns (to be com-

7

Y

Relic density 
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rithm for e�cient sampling of the model parame-
ter spaces. Since each of the DMSMs (3) and (4)
that we study has a parameter space of only 4
dimensions, and since the constraint set is not
large, sampling the model parameter spaces is
not computationally onerous. In studies for our
analysis we have made use of udocker software
framework [64] to automatize the deployment of
MasterCode inside Linux containers. This is a
middleware suite developed in the context of the
INDIGO datacloud project [65] to run docker con-
tainers in userspace, without requiring root priv-
ileges for installation or for execution.
The ranges of DMSM parameters that we study

are shown in Table 1, together with the numbers
of segments we use for our basic sampling of the
parameter space. The range of mY was chosen to
avoid the low-mass region where mixing with the
Z could be subject to important constraints from
precision electroweak data 3 and indirect searches
for astrophysical DM annihilations should be con-
sidered 4, but include all the masses for which
LHC searches are sensitive. The couplings gSM
and gDM were restricted to perturbative ranges
<

p
4⇡.

Parameter Range # of Segments

mY (0.1, 5) TeV 10
m� (0, 2.5) TeV 8
gSM (0,

p
4⇡) 2

gDM (0,
p
4⇡) 2

Total # of segments 320
Table 1
The ranges of the DMSM parameters sampled, to-
gether with the numbers of segments into which
they were divided during the sampling.

3See [34] for a treatment of these constraints, which we
discuss in more detail below.
4Searches for �-rays from hadronic DM annihilations are
generally insensitive to the cross-section required to ob-
tain the correct cosmological DM density for m� &
50 GeV [34], see also [66] and references therein. Indirect
constraints from searches for energetic solar neutrinos are
not competitive with direct searches for spin-dependent
DM scattering, as discussed below.

In addition to the generic sampling ranges
shown in Table 1, we have made dedicated scans
of certain regions in order to clarify certain
DMSM features. In particular, we gathered ded-
icated samples of the regions where 2m�/mY de-
viates from unity by < 10�3, so as to sample
adequately annihilations near the Y peak when
�Y ⌧ mY . We used similar sampling procedure
for both the vector and axial-vector DMSMs, gen-
erating ⇠ 100 million parameter sets in each case.

4. Results

4.1. Vector DM Couplings
Fig. 4 displays the (mY ,m�) plane in the

vector-like model (3) after application of the con-
straints discussed above. The parameter regions
with ��2 < 2.30 (5.99), which are favoured at
the 68% (95%) CL and regarded as proxies for
1- (2-)� regions, are delineated by red (blue)
contours, respectively. In this and subsequent
figures, we illustrate the dominant mechanism
bringing the DM density into the allowed range
at the point that minimizes �2 in the displayed
2-dimensional projection of the four-dimensional
parameter space using colour coding:
• Green: annihilation via t-channel � exchange
into pairs of mediator particles Y that subse-
quently decay into SM particles, in the region
where m� � mY ;
• Yellow: rapid annihilation directly into SM par-
ticles via the s-channel Y resonance, in the region
where 0.9 < mY /(2m�) < 1.1.
We see clearly two separated favoured regions,
one with m� ' mY /2 where rapid annihilation
via the Y funnel dominates, and another with
m� > mY where annihilation into pairs of me-
diator particles Y dominates. The boundaries of
both allowed regions are very sharp, reflecting the
steepness of the resonance peak in the s-channel
case and the phase-space limit in the t-channel
case 5.

We see that the t-channel region is located at
smaller mY than the s-channel region for any
value of m�, subject to the kinematic constraint

5In other projections, the s- and t-channel regions may
overlap, and have quite similar �2, so that points with
di↵erent colours appear interspersed.

Mass plane
(marginalized over couplings)

9

mY < m�. In this region the annihilation cross-
section of this channel, �� ! Y Y , is proportional
to g4DM and independent of gSM. Therefore, the
relic abundance can be brought to the observed
value by tuning gDM, unless m� . 100 GeV,
whilst the experimental constraints from the LHC
and the direct DM detection can be avoided by
taking gSM small enough.

Figure 4. Preferred regions in the (mY ,m�) plane
in the vector-like model. We delineate with red
(blue) contours, respectively, the parameter re-
gions with ��2 < 2.30(5.99), which are favoured
at the 68% (95%) CL and regarded as proxies
for 1- (2-)� regions, respectively. We also use
colour coding to illustrate the dominant mecha-
nisms bringing the DM density into the allowed
range: green for annihilation via t-channel ex-
change into pairs of mediator particles Y that sub-
sequently decay into SM particles, and yellow for
rapid annihilation directly into SM particles via
the s-channel Y resonance.

As can be seen in Fig. 4, the lower limit mY >
100 GeV in our sample enforces a corresponding
lower limit m� & 100 GeV in the t-channel re-
gion. This is because the annihilation process
�� ! Y Y is kinematically blocked for m� < mY ,
so the cross-section for �� annihilation becomes

very small, resulting in DM overdensity. On the
other hand, in the s-channel region the relic den-
sity constraint requires gDM to be very small for
mY ⇠ 100 GeV, in which case �Y /mY ⌧ 1
and �� annihilations are rapid enough only if
m� ' mY /2 & 50 GeV, the inequality being due
to our scanning limit on mY . The uncoloured
vertical band at small mass in this and subse-
quent figures is a reflection of this restriction on
the range of mY sampled.

We find that the ��2 function is negligible for
all values of mY above the 100 GeV cut, and we
also find that the ��2 function is also very small
and essentially featureless for m� > 50 GeV.
Moreover, we find no upper limits on m�,Y within
the ranges sampled. Our numerical results indi-
cate that

⌦�h
2
⇠ 0.1

⇣ mY

2TeV

⌘2 ⇣gDM

0.01

⌘�2
(21)

for intermediate values of gSM, with larger values
of ⌦�h2 when gSM is either large or small. Ex-
trapolation of this approximation suggests that
the upper bound on mY in the s-channel region
is mY ⇠ O(700) TeV for gDM .

p
4⇡.

Fig. 5 uses logarithmic scales to show the
(gSM, gDM) plane in the vector-like model. Again,
we distinguish immediately two distinct preferred
regions, separated where gSM . 3 ⇥ 10�4 and
gDM & 0.3. As can be seen from the colour
coding, the region at small gSM and large gDM

corresponds to the triangular t-channel region in
Fig. 4, whereas the larger values of gSM and gDM

outside this region appear in the s-channel fun-
nel region. This region is bounded at large val-
ues of the product gSMgDM by the upper limit on
�SI
p and the limited scanning range mY < 5 TeV,

as indicated [see Eq. (15)]: the upper right por-
tion of the figure with larger values of gSMgDM

would be allowed for larger mY . In the region
0.07 > gDM > 3 ⇥ 10�4, ⌦h2

/ m2
Y /g

2
DM and

can be su�ciently small if m� ' mY /2 and
mY < 5 TeV. In this case, Eqs. (15) and (21)
imply

gSM . 0.1 ·
⇣ m�

1TeV

⌘
�UL
SI (m�)

10�45[cm�2]

� 1
2

(22)

where �UL
SI (m�) is the mass-dependent experi-

10

mental upper bound on �SI
p . We note also that

the dijet constraint is the strongest at the largest
value of gSM ⇠ 0.3. Thus the lower right part
of the figure is excluded by the upper limit on
the elastic scattering cross section. Finally, the
apparent exclusion in the lower region in the fig-
ure, where gDM . 3 ⇥ 10�4, rising at smaller
gSM, is also an artefact of the scanning limit
mY > 100 GeV combined with the relic density
constraint, as indicated.

Figure 5. Preferred regions in the (gSM, gDM)
plane (on logarithmic scales) in the vector-like
model, where we have marginalized over the
masses, m� and mY . We again use colour cod-
ing to illustrate the dominant mechanisms bring-
ing the DM density into the allowed range: green
for annihilation via t-channel exchange into pairs
of mediator particles Y that subsequently decay
into SM particles, and yellow for rapid annihila-
tion directly into SM particles via the s-channel
Y resonance. The diagonal dotted line indicates
where gDM = gSM, and the band where 1/3 <
gDM/gsm < 3 is bounded by dashed lines and
shaded a darker yellow.

We have indicated by a diagonal dotted line
where gDM = gSM. As discussed later, we might
expect gDM and gSM to be similar in magnitude

in many UV completions of DMSMs, and we
study later the restriction to the band between
the dashed lines in Fig. 5 that is shaded darker
yellow, where 1/3 < gDM/gSM < 3, see Section 5.
We do not show the one-dimensional likelihood

function for gSM, which is quite featureless apart
from a sharp rise for gSM & 0.3, nor that for gDM,
which is also featureless apart from a steep rise
for gDM

<
⇠ 3⇥10�4 that is an artefact of the limit

on our scanning range for mY .
Fig. 6 displays the planes of mY and the two

couplings gSM, gDM. We see in the left panel
that within the t-channel region there is a strong
upper limit on gSM . 10�3, which is enforced
by the combination of the upper limit on �SI

p ,
which constrains the product gDM gSM, and the
lower limit on gDM visible in the right panel,
which is another result of our limited scan to
mY > 100 GeV. Since �SI

p scales as g2DMg2SM/m4
Y ,

the limit is stronger for smallermY , and gSM must
be smaller than 10�4 for mY . 100 GeV. The up-
per limit on mY in the t-channel region visible for
small gSM is an artefact of the limited scanning
range m� < 2.5 TeV. The upper limit on gSM in
the s-channel region comes mainly from the LHC
dijet constraint, with the �SI

p constraint also play-
ing a role when mY . 500 GeV.

We see in the left panel of Fig. 6 that gSM .
10�2 for mY ⇠ 100 GeV and . 0.1 for mY >
1 TeV. Comparing with Fig. 11 of [34], where
leptophobic models with universal quark cou-
plings were analyzed 6, and identifying gSM with
the combination gY 0

q of the parameters defined
in those models, we see that the precision elec-
troweak data do not constrain our model sample.

In the right panel of Fig. 6, the lower bound on
gDM in the t-channel region at low mY is due to
the DM density constraint. In the s-channel re-
gion the relic constraint imposes a weaker bound
on gDM, which is given roughly by
⇣ mY

2TeV

⌘2⇣gDM

0.01

⌘�2
. 1 , (23)

as follows from Eq. (21) for 2m� ⇠ mY .
Fig. 7 displays the (m�, gSM) plane in the left

panel and the (m�, gDM) plane in the right panel.

6We recall that in such models the Z and Y have only ki-
netic mixing, which is loop-induced and hence suppressed.
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rithm for e�cient sampling of the model parame-
ter spaces. Since each of the DMSMs (3) and (4)
that we study has a parameter space of only 4
dimensions, and since the constraint set is not
large, sampling the model parameter spaces is
not computationally onerous. In studies for our
analysis we have made use of udocker software
framework [64] to automatize the deployment of
MasterCode inside Linux containers. This is a
middleware suite developed in the context of the
INDIGO datacloud project [65] to run docker con-
tainers in userspace, without requiring root priv-
ileges for installation or for execution.
The ranges of DMSM parameters that we study

are shown in Table 1, together with the numbers
of segments we use for our basic sampling of the
parameter space. The range of mY was chosen to
avoid the low-mass region where mixing with the
Z could be subject to important constraints from
precision electroweak data 3 and indirect searches
for astrophysical DM annihilations should be con-
sidered 4, but include all the masses for which
LHC searches are sensitive. The couplings gSM
and gDM were restricted to perturbative ranges
<

p
4⇡.

Parameter Range # of Segments

mY (0.1, 5) TeV 10
m� (0, 2.5) TeV 8
gSM (0,

p
4⇡) 2

gDM (0,
p
4⇡) 2

Total # of segments 320
Table 1
The ranges of the DMSM parameters sampled, to-
gether with the numbers of segments into which
they were divided during the sampling.

3See [34] for a treatment of these constraints, which we
discuss in more detail below.
4Searches for �-rays from hadronic DM annihilations are
generally insensitive to the cross-section required to ob-
tain the correct cosmological DM density for m� &
50 GeV [34], see also [66] and references therein. Indirect
constraints from searches for energetic solar neutrinos are
not competitive with direct searches for spin-dependent
DM scattering, as discussed below.

In addition to the generic sampling ranges
shown in Table 1, we have made dedicated scans
of certain regions in order to clarify certain
DMSM features. In particular, we gathered ded-
icated samples of the regions where 2m�/mY de-
viates from unity by < 10�3, so as to sample
adequately annihilations near the Y peak when
�Y ⌧ mY . We used similar sampling procedure
for both the vector and axial-vector DMSMs, gen-
erating ⇠ 100 million parameter sets in each case.

4. Results

4.1. Vector DM Couplings
Fig. 4 displays the (mY ,m�) plane in the

vector-like model (3) after application of the con-
straints discussed above. The parameter regions
with ��2 < 2.30 (5.99), which are favoured at
the 68% (95%) CL and regarded as proxies for
1- (2-)� regions, are delineated by red (blue)
contours, respectively. In this and subsequent
figures, we illustrate the dominant mechanism
bringing the DM density into the allowed range
at the point that minimizes �2 in the displayed
2-dimensional projection of the four-dimensional
parameter space using colour coding:
• Green: annihilation via t-channel � exchange
into pairs of mediator particles Y that subse-
quently decay into SM particles, in the region
where m� � mY ;
• Yellow: rapid annihilation directly into SM par-
ticles via the s-channel Y resonance, in the region
where 0.9 < mY /(2m�) < 1.1.
We see clearly two separated favoured regions,
one with m� ' mY /2 where rapid annihilation
via the Y funnel dominates, and another with
m� > mY where annihilation into pairs of me-
diator particles Y dominates. The boundaries of
both allowed regions are very sharp, reflecting the
steepness of the resonance peak in the s-channel
case and the phase-space limit in the t-channel
case 5.

We see that the t-channel region is located at
smaller mY than the s-channel region for any
value of m�, subject to the kinematic constraint

5In other projections, the s- and t-channel regions may
overlap, and have quite similar �2, so that points with
di↵erent colours appear interspersed.

Mass plane
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mY < m�. In this region the annihilation cross-
section of this channel, �� ! Y Y , is proportional
to g4DM and independent of gSM. Therefore, the
relic abundance can be brought to the observed
value by tuning gDM, unless m� . 100 GeV,
whilst the experimental constraints from the LHC
and the direct DM detection can be avoided by
taking gSM small enough.

Figure 4. Preferred regions in the (mY ,m�) plane
in the vector-like model. We delineate with red
(blue) contours, respectively, the parameter re-
gions with ��2 < 2.30(5.99), which are favoured
at the 68% (95%) CL and regarded as proxies
for 1- (2-)� regions, respectively. We also use
colour coding to illustrate the dominant mecha-
nisms bringing the DM density into the allowed
range: green for annihilation via t-channel ex-
change into pairs of mediator particles Y that sub-
sequently decay into SM particles, and yellow for
rapid annihilation directly into SM particles via
the s-channel Y resonance.

As can be seen in Fig. 4, the lower limit mY >
100 GeV in our sample enforces a corresponding
lower limit m� & 100 GeV in the t-channel re-
gion. This is because the annihilation process
�� ! Y Y is kinematically blocked for m� < mY ,
so the cross-section for �� annihilation becomes

very small, resulting in DM overdensity. On the
other hand, in the s-channel region the relic den-
sity constraint requires gDM to be very small for
mY ⇠ 100 GeV, in which case �Y /mY ⌧ 1
and �� annihilations are rapid enough only if
m� ' mY /2 & 50 GeV, the inequality being due
to our scanning limit on mY . The uncoloured
vertical band at small mass in this and subse-
quent figures is a reflection of this restriction on
the range of mY sampled.

We find that the ��2 function is negligible for
all values of mY above the 100 GeV cut, and we
also find that the ��2 function is also very small
and essentially featureless for m� > 50 GeV.
Moreover, we find no upper limits on m�,Y within
the ranges sampled. Our numerical results indi-
cate that

⌦�h
2
⇠ 0.1

⇣ mY

2TeV

⌘2 ⇣gDM

0.01

⌘�2
(21)

for intermediate values of gSM, with larger values
of ⌦�h2 when gSM is either large or small. Ex-
trapolation of this approximation suggests that
the upper bound on mY in the s-channel region
is mY ⇠ O(700) TeV for gDM .

p
4⇡.

Fig. 5 uses logarithmic scales to show the
(gSM, gDM) plane in the vector-like model. Again,
we distinguish immediately two distinct preferred
regions, separated where gSM . 3 ⇥ 10�4 and
gDM & 0.3. As can be seen from the colour
coding, the region at small gSM and large gDM

corresponds to the triangular t-channel region in
Fig. 4, whereas the larger values of gSM and gDM

outside this region appear in the s-channel fun-
nel region. This region is bounded at large val-
ues of the product gSMgDM by the upper limit on
�SI
p and the limited scanning range mY < 5 TeV,

as indicated [see Eq. (15)]: the upper right por-
tion of the figure with larger values of gSMgDM

would be allowed for larger mY . In the region
0.07 > gDM > 3 ⇥ 10�4, ⌦h2

/ m2
Y /g

2
DM and

can be su�ciently small if m� ' mY /2 and
mY < 5 TeV. In this case, Eqs. (15) and (21)
imply

gSM . 0.1 ·
⇣ m�

1TeV

⌘
�UL
SI (m�)

10�45[cm�2]

� 1
2

(22)

where �UL
SI (m�) is the mass-dependent experi-
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mental upper bound on �SI
p . We note also that

the dijet constraint is the strongest at the largest
value of gSM ⇠ 0.3. Thus the lower right part
of the figure is excluded by the upper limit on
the elastic scattering cross section. Finally, the
apparent exclusion in the lower region in the fig-
ure, where gDM . 3 ⇥ 10�4, rising at smaller
gSM, is also an artefact of the scanning limit
mY > 100 GeV combined with the relic density
constraint, as indicated.

Figure 5. Preferred regions in the (gSM, gDM)
plane (on logarithmic scales) in the vector-like
model, where we have marginalized over the
masses, m� and mY . We again use colour cod-
ing to illustrate the dominant mechanisms bring-
ing the DM density into the allowed range: green
for annihilation via t-channel exchange into pairs
of mediator particles Y that subsequently decay
into SM particles, and yellow for rapid annihila-
tion directly into SM particles via the s-channel
Y resonance. The diagonal dotted line indicates
where gDM = gSM, and the band where 1/3 <
gDM/gsm < 3 is bounded by dashed lines and
shaded a darker yellow.

We have indicated by a diagonal dotted line
where gDM = gSM. As discussed later, we might
expect gDM and gSM to be similar in magnitude

in many UV completions of DMSMs, and we
study later the restriction to the band between
the dashed lines in Fig. 5 that is shaded darker
yellow, where 1/3 < gDM/gSM < 3, see Section 5.
We do not show the one-dimensional likelihood

function for gSM, which is quite featureless apart
from a sharp rise for gSM & 0.3, nor that for gDM,
which is also featureless apart from a steep rise
for gDM

<
⇠ 3⇥10�4 that is an artefact of the limit

on our scanning range for mY .
Fig. 6 displays the planes of mY and the two

couplings gSM, gDM. We see in the left panel
that within the t-channel region there is a strong
upper limit on gSM . 10�3, which is enforced
by the combination of the upper limit on �SI

p ,
which constrains the product gDM gSM, and the
lower limit on gDM visible in the right panel,
which is another result of our limited scan to
mY > 100 GeV. Since �SI

p scales as g2DMg2SM/m4
Y ,

the limit is stronger for smallermY , and gSM must
be smaller than 10�4 for mY . 100 GeV. The up-
per limit on mY in the t-channel region visible for
small gSM is an artefact of the limited scanning
range m� < 2.5 TeV. The upper limit on gSM in
the s-channel region comes mainly from the LHC
dijet constraint, with the �SI

p constraint also play-
ing a role when mY . 500 GeV.

We see in the left panel of Fig. 6 that gSM .
10�2 for mY ⇠ 100 GeV and . 0.1 for mY >
1 TeV. Comparing with Fig. 11 of [34], where
leptophobic models with universal quark cou-
plings were analyzed 6, and identifying gSM with
the combination gY 0

q of the parameters defined
in those models, we see that the precision elec-
troweak data do not constrain our model sample.

In the right panel of Fig. 6, the lower bound on
gDM in the t-channel region at low mY is due to
the DM density constraint. In the s-channel re-
gion the relic constraint imposes a weaker bound
on gDM, which is given roughly by
⇣ mY

2TeV

⌘2⇣gDM

0.01

⌘�2
. 1 , (23)

as follows from Eq. (21) for 2m� ⇠ mY .
Fig. 7 displays the (m�, gSM) plane in the left

panel and the (m�, gDM) plane in the right panel.

6We recall that in such models the Z and Y have only ki-
netic mixing, which is loop-induced and hence suppressed.
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straint is weaker when mY > 2m� because the
decay channel Y ! �� is open. We also note
that, as in the vector case, at low masses the fun-
nel region merges with the t-channel annihilation
region where m� > mY , so that the preferred
parameter space is simply connected also in the
axial-vector case.

Figure 9. Preferred regions in the (mY ,m�) plane
in the model with axial-vector DM couplings. We
delineate with red (blue) contours, respectively,
the parameter regions with ��2 < 2.30(5.99),
which are favoured at the 68% (95%) CL and
regarded as proxies for 1- (2-)� regions, respec-
tively. We use colour coding to illustrate the dom-
inant mechanisms bringing the DM density into
the allowed range: green for annihilation via t-
channel exchange into pairs of mediator particles
Y that subsequently decay into SM particles, and
yellow for rapid annihilation directly into SM par-
ticles via the s-channel Y resonance.

Also as in the vector-like case, we see again
in the axial case in Fig. 9 the lower bound m� &
50 GeV due to the interplay of the sampling limit
mY > 100 GeV and the relic density constraint.
Above this value of m�, the one-dimensional ��2

likelihood function for m� is featureless, as is that
for mY > 100 GeV.

In Fig. 10 we show the (gSM, gDM) plane in
the axial-vector model, using logarithmic scales.
The s-channel region extends to larger values
of gSM and gDM than in the vector case, be-
cause of the suppression of axial-vector-mediated
s-channel annihilation discussed above. Values
of gDM as large as the sampling limit

p
4⇡ are al-

lowed. We see a separation between the regions of
this plane where the s- and t-channel mechanisms
are dominant when gSM ⇠ 10�2 and gDM ⇠ 10�1.
The upper bound on gSM comes from the dijet
constraint. As in the vector case, the dotted line
is where gSM = gDM, and the deeper shading in-
dicates where 1/3 < gSM/gDM < 3, favouring the
large-gSM part of the s-channel annihilation re-
gion, see the discussion in Section 5. As in the
vector case, there is a region at low gDM, rising
at small gSM, whose exclusion by the relic density
constraint is an artefact of the sampling restric-
tion mY > 100 GeV.

We display in Fig. 11 the (mY , gSM) and
(mY , gDM) planes (left and right panels, respec-
tively) in the scenario with axial-vector couplings.
We see in the left panel that the t-channel DM
mechanism is important for mY . 2.6 TeV. The
limit visible in Fig. 9, which is due to the sam-
pling limit m� < 2.5 TeV. Annihilation via the
s-channel becomes more important as mY in-
creases, as also seen in Fig. 9, and is the only
mechanism for mY & 2.6 TeV up to the sam-
pling limit of 5 TeV. The upper limit on gSM for
mY < 5 TeV is due to the dijet constraint. Unlike
the vector case seen in the left panel of Fig. 6, the
s-channel region is excluded for small gSM. This
is due to the p-wave nature of the s-channel an-
nihilation via the axial mediator, which leads to
the scaling behaviour ⌦h2 /

⇠ m2
Y /(g

2
SMg2DM), as

discussed around Eq. (9).
We see again in the right panel that the t-

channel mechanism is relevant for mY . 3 TeV,
whereas the s-channel mechanism is dominant for
larger mY . The lower limit on gDM is given by
the relic density constraint since. even exactly at
mY = 2m�, ⌦h2 /

⇠ m2
Y /(g

2
SMg2DM) and DM is

overproduced for su�ciently small gDM.
Fig. 12 shows the (m�, gSM) and (m�, gDM)

planes (left and right panels, respectively) in the
axial-vector model. We see again in the left panel

Simplified Model Analysis – Axial-Vector Mediator

relic density constraint not fulfilled

Rapid 
annihilation

via s-channel 
resonance

DM                 SM

DM        Y       SM

DM 
anni-

hilation
via t-

channel
exchange

DM                Y

DM   

DM               Y

Couplings plane

Mass plane
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Figure 10. Preferred regions in the (gSM, gDM)
plane (on logarithmic scales) in the model with
axial-vector DM couplings, again using colour
coding to illustrate the dominant mechanisms
bringing the DM density into the allowed range:
green for annihilation via t-channel exchange into
pairs of mediator particles Y that subsequently de-
cay into SM particles, and yellow for rapid an-
nihilation directly into SM particles via the s-
channel Y resonance. The diagonal dotted line
indicates where gDM = gSM, and the band where
1/3 < gDM/gSM < 3 is bounded by dashed lines
and shaded a darker yellow.

that values of m� up to the sampling limit of
2.5 TeV are allowed both at smaller gSM where
the t-channel mechanism dominates and at larger
gSM where the s-channel mechanism dominates.
There is a region at low m� where the s-channel
mechanism dominates. The lower limit on gDM

comes from the relic density constraint as can be
seen in Eqs. (12), (13) and (14).
The one-dimensional ��2 function for gDM in

the axial case rises sharply below ⇠ 4 ⇥ 10�3,
and that for gSM rises above ⇠ 0.3. The ��2

functions for m� and mY are featureless above
50 and 100 GeV, respectively.

Finally, in Fig. 13 we compare the experi-
mental constraints, ranges favoured in our axial-
vector DMSM analysis and prospective experi-

mental sensitivities to the cross section for spin-
dependent scattering on a proton (�SD

p , inferred
from the PICO-60 search with a C3F8 tar-
get) [48] (left panel) and to that on a neutron
(�SD

n , inferred from a search with the XENON1T
detector) [49] (right panel), again accounting
for the di↵erent local DM density that we as-
sume. Since we consider here leptophobic medi-
ators, the constraints on �SD

p provided by Super-
Kamiokande [70] and IceCube [71] limits on the
annihilations into ⌧+⌧� of DM particles trapped
in the Sun are not relevant, and the limits on
hadronic annihilations are not competitive with
the direct constraints on �SD

p . We also show
in the left panel the estimated neutrino ‘floor’
applicable to experiments using a C3F8 target
(shaded blue), adapted from [72] using a simi-
lar factor as in [51]. We see that �SD

p approaches
the PICO-60 limit most closely for a small range
100 GeV . m� . 200 GeV, and that �SD

p may be
accessible to the LZ experiment [67] or the PICO-
500 experiment [72] for m� . 1 TeV. However,
we see in the right panel that the most sensitive
limit on spin-dependent scattering is currently set
by the XENON1T experiment, which is sensitive
to �SD

n , and that the LZ experiment may be able
to increase this sensitivity significantly. We also
display the neutrino ‘floor’ for an experiment us-
ing a Xenon target [72] (shaded blue). Encour-
agingly, we note that there are significant regions
of the axial-vector parameter space where both
�SD
p and �SD

n may be detectable above the cor-
responding neutrino ‘floors’, in both the s- and
the t-channel regions. However, we note that,
whereas the short-term advantage may lie with
searches for �SD

n , since that currently provides
the stronger constraint, the longer-term advan-
tage may lie with searches for �SD

p , since the ex-
pected ‘floor’ is lower in that case.

.

5. Possible Ultraviolet Completions

The vector- and axial-like leptophobic DMSMs
analyzed here were chosen following the recom-
mendations of the LHC Dark Matter Working
Group [5–9], on the basis of their phenomenolog-
ical simplicity and without regard for their pos-
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Spin-Independent Scattering
Vector Mediator Axial-Vector Mediator

Spin-Dependent Scattering

Future experiments will make significant inroads into allowed parameter space

12

The upper bounds on gSM and the lower bounds
on gDM are the same as in Fig. 6, all increasing
with m�.
Fig. 8 shows the likelihood function in the

(m�,�SI
p ) plane for the vector-like model. We

see that, as already visible in the left panel of
Fig. 7, only values of m� & 50 GeV are allowed,
for the reason mentioned previously, namely the
interplay of the cutmY > 100 GeV (as indicated)
and the relic density constraint. Above this value,
a large range of values of �SI

p is allowed in both
the t- and s-channel regions. The upper limits on
�SI
p at various confidence levels are determined

by the combined experimental likelihood for the
LUX [45], PANDAX-II [46] and XENON1T [47]
experiments, which we have rescaled to account
for the di↵erent local DM density that we as-
sume. In the s-channel region, small values of
�SI
p are allowed when m� ⇠ mY /2 and small val-

ues of gDM and/or gSM are favoured by the relic
density constraint, and small values of �SI

p are
allowed in the t-channel region because small val-
ues of gSM are allowed, as discussed previously.
On the other hand, we see that �SI

p may well lie
within the range to be probed by upcoming ex-
periments such as LUX-ZEPLIN (LZ) [67] and
XENONnT [68], though �SI

p may also be much
smaller than the current experimental sensitiv-
ity, even below the neutrino ‘floor’ indicated by
the dashed orange line in Fig. 8, which is based
on [51], updating [69].

4.2. Axial-Vector DM Couplings
We now turn to the case of DM with axial-

vector couplings. Fig. 9 displays the (mY ,m�)
plane in this case: it is also colour-coded accord-
ing to the dominant DM annihilation mechanism
using the same shading scheme as for the vector
case, and the 1- and 2-� contours are indicated
by red and blue lines, respectively. We see an s-
channel funnel feature that is rather broader than
in the case of DM with vector couplings shown in
Fig. 4, and in this case we shade yellow the region
where 0.6 < mY /(2m�) < 2.
This broadening occurs because, whereas the

direct detection constraint is very severe for the
vector mediator, so that gDM gSM cannot be large
and the parameters should be near the peak of

Figure 8. Contours of the likelihood in the
(m�,�SI

p ) plane for the vector-like model, show-
ing the current upper limits from the LUX [45],
PANDAX-II [46] and XENON1T [47] experi-
ments (rescaled to account for the di↵erent lo-
cal DM density that we assume), together with
the neutrino ‘floor’ [69] (shown as the dashed
orange line), and the range of �SI

p that will be
probed by the upcoming experiments LZ [67] and
XENONnT [68]. We again use colour coding to
illustrate the dominant mechanisms bringing the
DM density into the allowed range: green for an-
nihilation via t-channel � exchange into pairs of
mediator particles Y that subsequently decay into
SM particles, and yellow for rapid annihilation
directly into SM particles via the s-channel Y res-
onance. We indicate the e↵ective lower limit on
m� that is imposed by our sampling limit on mY .

the resonance where mY ⇠ 2m�, in order for the
DM particles to annihilate su�ciently (see Fig. 2
of [26] and the accompanying text), the strong
�SI
p constraint is absent in the axial-vector case,

so that o↵-resonance regions of parameter space
with larger values of gSM gDM are allowed where
annihilation is p-wave or mq suppressed (see the
discussion around Eq. (7) of [27]). This opens
up more parameter space in the (mY ,m�) plane,
with the deviation from mY ⇠ 2m� bounded only
by the dijet constraint. We note that this con-

16

Figure 13. Predictions for �SI
p and �SD

n in the DMSM with axial couplings. Left panel: Contours of the
likelihood function in the (m�,�SD

p ) plane for the axial-vector model, showing the rescaled upper limit
from the PICO-60 experiment [48] and the prospective sensitivity of the PICO-500 [72] and LZ [67]
experiments to �SD

p , as well as the neutrino ‘floor’ applicable to an experiment such as PICO-500 that
uses C3F8 (shaded blue). Right panel: Contours of the likelihood function in the (m�,�SD

n ) plane for
the axial-vector model, showing the rescaled upper limit from the XENON1T experiment [49] and the
prospective sensitivity of the LZ [67] experiment to �SD

n , as well as the neutrino ‘floor’ applicable to an
experiment that uses Xenon (shaded blue).

sible ultraviolet (UV) completions. In any such
UV completion, the spin-one boson could be ex-
pected to have comparable couplings to SM and
DM particles, modulo possible group-theoretical
factors and mixing angles.
Looking beyond the requirements of specific

grand unified or string scenarios, one should con-
sider the important consistency conditions on
gauge couplings that are imposed by the cancel-
lation of anomalous triangle anomalies required
for renormalizability. These entail, characteristi-
cally, that the gauge couplings to di↵erent parti-
cle species are related by rational algebraic factors
that are O(1) before mixing. Supersymmetry is
an important example of a framework where such
mixing factors are important, but the couplings
of supersymmetric WIMPs to the SU(2)⇥U(1)
gauge bosons of the SM are typically not much
smaller than those of SM particles.
The construction of DMSMs with anomaly-

free U(1)0 gauge bosons has been studied in [33],
where it was found that in order to be lepto-

phobic, such DMSMs would necessarily contain
non-trivial dark sectors containing other parti-
cles besides the DM particle. Explicit exam-
ples have been given of leptophobic DMSMs with
purely vector- or axial-like couplings to quarks,
and DMSMs with purely vector- or axial-like cou-
plings to the DM particle would be subject to fur-
ther constraints. We do not discuss the construc-
tion of such models here, but expect on the basis
of the argument in the previous paragraph that
they would in general have gDM/gSM = O(1). Ad-
ditionally, one might expect that in a UV comple-
tion featuring unification in a non-Abelian gauge
group the spin-1 mediator couplings would be
& O(0.1), favouring parts of the funnel regions
away from the regions where t-channel annihila-
tion is dominant.
We have included in Fig. 5 and 10 diagonal dot-

ted lines where gDM = gSM and shaded the strips
where 1/3 < gSM/gDM < 3, which are bounded
by dashed lines. We see that in the vector case it
traverses the funnel region where the DM parti-
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Spin-Independent Scattering
Vector Mediator Axial-Vector Mediator

Spin-Dependent Scattering

Expect spin-1 boson to have comparable couplings to SM and DM particles
restrict couplings to 1/3 < gSM/gDM < 3

20

Figure 16. Predictions for �SI
p and �SD

n after the selection 1/3 < gSM/gDM < 3. Left panel: Contours
of the likelihood function in the (m�,�SI

p ) plane for the vector-like model, showing the current upper
limits from the LUX [45], PANDAX-II [46] and XENON1T [47] experiments together with the neutrino
‘floor’ [69] (shown as the dashed orange line), and the range of �SI

p that will be probed by the upcom-
ing experiments LZ [67] and XENONnT [68]. Right panel: Contours of the likelihood function in the
(m�,�SD

n ) plane for the axial-like model, showing the upper limit from the XENON1T experiment [49]
and the prospective sensitivity of the LZ experiment that also uses a Xenon target [67].

6. Conclusions and Perspectives

In this paper we have used MasterCode to make
a global analysis of the parameter spaces of dark
matter simplified models with leptophobic spin-
one mediator particles Y with either vectorial or
axial couplings to SM particles and to the dark
matter particle �. Each of these models is charac-
terized by four free parameters: mY and m�, the
coupling gDM of the mediator to the dark matter
particle, and the coupling gSM of the mediator
particle to quarks, which we assume to be inde-
pendent of flavour.
We have implemented constraints on the model

parameter spaces due to LHC searches for mono-
jet events and measurements of the dijet invari-
ant mass spectrum, as well as the cosmological
constraint on the dark matter density and direct
upper limits on spin-independent and -dependent
scattering on nuclei. We have scanned media-
tor masses mY  5 TeV and dark matter parti-
cle masses m�  2.5 TeV, delineating the regions
of the model parameters with ��2 < 2.30(5.99),

which are favoured at the 68% (95%) CL and
regarded as proxies for 1- (2-)� regions, respec-
tively. Within these regions we have identified
two main mechanisms for bringing the cosmolog-
ical dark matter density into the range allowed
by cosmology, namely annihilation via t-channel
� exchange and annihilation via the Y boson in
the s channel. With an eye to possible ultraviolet
completions of the simplified models studied here,
we have also explored the portions of the favoured
parameter space where 1/3 < gDM/gSM < 3, as
discussed below.
In the vector-like case, we find a relatively clear

separation between the regions where the t- and
s-channel mechanisms dominate, with the for-
mer being more important at smaller mediator
masses, small values of gSM and relatively large
values of gDM. The one-dimensional likelihood
functions for bothm� andmY are quite small and
flat above thresholds ⇠ 50 GeV and ⇠ 100 GeV.
Thus the LHC still has interesting prospects for
discovering DM and mediator particles in these
simplified models. Any value of gSM between
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Higgs Portal Models
• Higgs coupling proportional to mass

• If DM massive, it’s reasonable to assume it 
couples to the Higgs

• Search for invisible Higgs decays

• Very small SM BF from H->ZZ->vvvv

Most stringent limits for mχ smaller than 18 (7) GeV, 
assuming a fermion (scalar) DM candidate 

• Search in all Higgs 
production modes

• VBF most sensitive

• ttH starting to 
contribute
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Connecting flavor anomalies with dark matter – 2 for 1 offer!

• Recipe: Add extra fermions and scalars

• Vector-like quarks Q’ and leptons L’ 

• Complex scalar X 

• b➞s transition has box diagram 
components from Q’, L’, X

• MX < MQ’ MX < ML’

• X is dark matter candidate

• Masses of extra fields O(100 GeV - 1TeV)

• Expected signatures:

• Pair-produced Vector-Like lepton 
decay: 

• μμ + MET

• Pair-produced Vector-Like quark decay:

• D’D’ ➞ tt + MET

• U’U’ ➞ bb + MET

• Also, jj+MET, mono-jet

Other attractive avenues…

Kawamura, et al:  arXiv:1706.04344v2

From Ben Kilminster – DM@LHC 2019
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LHC direct constraints

• Basic LHC constraints on Q’ and 
X using bb+MET, jj+MET

32

(Here, Q’ can decay to 2nd or 3rd generation SM quarks) 

• Constraints for couplings 
favored by LHC anomalies

From Kawamura, et al:  arXiv:1706.04344v2

From Ben Kilminster – DM@LHC 2019
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Connecting flavor anomalies with dark matter

• New particle content : 
– χ, Majorana fermionic DM particle
– Φq, scalar field couples to quarks
– ΦL, scalar field couples to leptons

D. G. Cerdeño, et al.  1902.01789

33

ϕq

q

χ
ϕℓ

ℓ

χ
Leads to LHC signatures : 

pp ➞ qq + MET
pp ➞ ll + MET

Constraints based on CMS and 
ATLAS SUSY multi-lepton 

searches and tt+MET, bb+MET
1710.11412 Eur. Phys. J. C78 (2018) 

18 1803.02762 Eur. Phys. J. C 78 
(2018) 995

From Ben Kilminster – DM@LHC 2019

517 Page 10 of 14 Eur. Phys. J. C (2019) 79 :517

Fig. 7 Theoretical predictions for the anapole coupling, A, as a func-
tion of the DM mass,mχ for the four benchmark points: A1 (red points),
A2 (green), B1 (orange), and B2 (blue). For comparison, we show the
current exclusion line by Xenon1T [92] and the predicted reach of LZ

[94,95] and DarkSide-20k [96]. The shaded area represents the neutrino
floor. The plot on the right-hand side incorporates LHC constraints,
explained in more detail in Sect. 3

Fig. 8 The same as in Fig. 7,
but for the spin-independent
coupling, c1, that originates
from the twist-2 coupling

appendix A of Ref. [93], achieving good agreement. As we
can see in Fig. 7, the theoretical predictions for this model are
beyond the reach of current experimental searches. We also
show the reach of future direct detection experiments. The LZ
detector, will employ 5.6 tons of liquid xenon with 1000 days
exposure as outlined in [94,95]. The DarkSide-20k experi-
ment [96], is an argon detector which will employ 20 tons of
fiducial mass for a duration of 10 years. We have assumed that
the DarkSide collaboration will be able to achieve a thresh-
old energy of 5 keV, a reasonable assumption considering the
results from DarkSide-50 [97]. For reference we have also
calculated the neutrino floor for anapole interactions in the
(A, mχ ) plane. We have used the prescription described in
Ref. [98] and the expected neutrino fluxes from Refs. [99–
104]. It is clear that our model favourably lays in a region
of parameter space that would be probed by a generation
of experiments with multi-ton targets, that can probe near
or even slightly beyond the neutrino floor. Spectral analysis
with the neutrino background compounded with annual mod-
ulation data, could provide complete discrimination between
model and the anapole moment which is both velocity and
momentum dependent.

For completeness, we have also calculated the effect on
the total scattering cross section from aforementioned twist-
2 operator and spin-dependent interaction. The former con-

tribute to the spin-independent scattering cross section (oper-
ator O1) and can be sizeable if the new coupling to quarks
is large or the colour mediator is very light. We have explic-
itly checked that once LHC constraints are included in the
parameter space of the model, these terms are always sub-
dominant to the anapole term discussed above.5 We represent
in Fig. 8 the theoretical predictions for c1 as a function of
the DM mass from this contribution. For the spin-dependent
interaction, we found that the predicted rate for our sampled
parameter space is always sub-dominant.

Had we chosen to work with a Dirac fermion, the dipole
and charge radius contributions should have been added. As
it has been pointed out in Ref. [84], the fairly large coupling
to muons that is required to explain the flavour anomalies
leads to effective DM couplings that are orders of magnitude
higher than those coming from the tree level contribution,
the most important being the charge-radius interaction. This
we have checked, and in fact above mχ ∼ 10 GeV, all our
parameter points are excluded by Xenon1T. Belowmχ ∼ 10,
the model is excluded by both LHC constraints and indirect
detection bounds. Unlike in the Majorana case, the s-wave

5 Note that box diagrams containing a W boson give an additional con-
tribution, which is further suppressed by CKM factors and electroweak
couplings and can thus be safely neglected.

123

Can also be tested 
at upcoming 

direct detection 
experiments
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So far this all seems to point to heavy dark matter…

• What about lighter dark matter?
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What can direct detection do at low masses?

• Smaller masses intrinsically difficult

• Smaller mass -> smaller recoil -> smaller signal

• But there are new ideas and new technologies
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Extending the reach of xenon detectors

 10Christopher McCabe

proach [18, 19] (see also [20]). Following [15], we call these e↵ects the Migdal e↵ects. In the

Migdal’s approach, a state of the electron cloud just after a nuclear recoil is approximated

by

|�0
eci = e�ime

P
i v·x̂i |�eci , (1)

in the rest frame of the nucleus. Here me is the electron mass, x̂i the position operator of

the i-th electron, v the nucleus velocity after the recoil, and |�eci the state of the electron

cloud before the nuclear recoil. The probability of ionization/excitation is then given by

P = |h�⇤
ec|�

0
eci|

2 , (2)

where |�⇤
eci denotes either the ionized or excited energy eigenstate of the electron cloud.

In the above analysis, the final state ionization/excitation are treated separately from

the nuclear recoil. Thus, the energy-momentum conservation and the probability conserva-

tion are made somewhat obscure. In this paper, we reformulate the Migdal e↵ect so that

the “atomic recoil” cross section is obtained coherently. In our reformulation, the energy-

momentum conservation and the probability conservation are manifest while the final state

ionization/excitation are treated automatically. We also provide numerical estimates of the

ionization/excitation probabilities for isolated atoms of Ar, Xe, Ge, Na, and I.

The Migdal e↵ect should be distinguished from the ionization and the excitation in scin-

tillation processes. The Migdal e↵ect takes place even for a scattering of an isolated atom,

while the latter occurs due to the interaction between atoms in the detectors. It should be

also emphasized that the Migdal e↵ect can ionize/excite electrons in inner orbitals, which

are not expected in scintillation processes. As we will see, the ionization/excitation from

the inner orbitals result in extra electronic energy injections in the keV range, which can

enhance detectability of rather light dark matter in the GeV mass range.

The organization of the paper is as follows. In Sec. II, we discuss approximate energy

eigenstates of an atomic state by paying particular attention to the total atomic motion.

In Sec. III, we reformulate the atomic recoil cross section with the Migdal e↵ect by taking

the energy eigenstates in Sec. II as asymptotic states. In Sec. IV, we calculate the Migdal

e↵ect with single electron wave functions. In Sec.V, we estimate the probabilities of the

ionization/excitation at a nuclear recoil. In Sec.VI, we discuss implications for dark matter

direct detection. In Sec.VII, we briefly discuss the Migdal e↵ect in a coherent neutrino-

nucleus scattering. The final section is devoted to our conclusions and discussion.
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“…it takes some time for the electrons to catch up, 
which causes ionisation of the atom.”

Ibe, Nakano, Shoji, Suzuki, JHEP, arXiv:1707.07258 
Dolan, Kahlhoefer, CM, PRL, arXiv:1711.09906

Migdal effect:

Signal: the ionised electron

[Can also be applied to other targets (Ge, LAr…)]
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DM-electron recoil signals – Migdal effect

• Ionisation electron or bremsstrahlung photon 
easier to detect than nuclear recoil

• Xenon competing with dedicated low mass 
detectors

• e.g. solid state detectors (Ge)

only has a small background from leakage of ER events into
the NR band. However, both the sub-GeV signal and most
backgrounds are in the ER band, so ER-NR discrimination
cannot be used to reduce backgrounds in this analysis. The
ER band is populated significantly, with contributions from
γ rays and β particles from radioactive contamination within
the xenon, detector instrumentation, and external environ-
mental sources as described in [24]. For further information
about the background model, refer to [6,19] as the back-
ground model used in this Letter is identical.
Results.—The sub-GeV DM signal hypotheses are tested

with a two-sided profile likelihood ratio (PLR) statistic. For
each DM mass, a scan over the SI DM-nucleon cross
section is performed to construct a 90% confidence inter-
val, with the test statistic distribution evaluated by
Monte Carlo sampling using the ROOSTATS package
[25]. Systematic uncertainties in background rates are
treated as nuisance parameters with Gaussian constraints
in the likelihood. Six nuisance parameters are included for

low-z-origin γ rays, other γ rays, β particles, 127Xe, 37Ar,
and wall counts, as described in [6] (cf. Table I). Systematic
uncertainties from light yield have been studied but were
not included in the final PLR statistic since their effects
were negligible. This is expected as the error on light yield
obtained from the tritium measurements ranges from 10%
at low energies to sub 1% at higher energies. Moreover,
slightly changing the light yield is not expected to change
the limit significantly since only a small fraction of events
near the applied energy threshold are affected.

FIG. 5. Contours containing 95% of the expected DM signal
from the bremsstrahlung and Migdal effects using NEST package
v2.0 [22]. The solid amber contour indicates a bremsstrahlung
signal of mDM ¼ 0.4 GeV=c2 assuming a heavy scalar mediator
(7.9 events). The other two contours are for the Migdal effect:
The dashed teal contour is for mDM ¼ 1 GeV=c2 assuming a
heavy scalar mediator (10.8 events), and the dash-dot light blue
contour is formDM ¼ 5 GeV=c2 assuming a light vector mediator
(11.5 events). The number in parentheses indicates the expected
number of signal events within the contour for a given signal
model with a cross section at the 90% C.L. upper limit. The
contours are overlaid on 591 events observed in the region of
interest from the 2013 LUX exposure of 95 live days and 145 kg
fiducial mass (cf. Ref. [6]). Points at radius <18 cm are black;
those at 18–20 cm are gray since they are more likely to be caused
by radio contaminants near the detector walls. Distributions of
uniform-in-energy electron recoils (blue) and an example signal
frommDM ¼ 50 GeV=c2 (red) are indicated by 50th (solid), 10th,
and 90th (dashed) percentiles of S2 at given S1. Gray lines, with
an ER scale of keVee at the top and Lindhard-model NR scale of
keVnr at the bottom, are contours of the linear-combined S1-and-
S2 energy estimator [26].

FIG. 6. Upper limits on the SI DM-nucleon cross section at
90% C.L. as calculated using the bremsstrahlung and Migdal
effect signal models assuming a scalar mediator (coupling
proportional to A2). The 1- and 2-σ ranges of background-only
trials for this result are presented as green and yellow bands,
respectively, with the median limit shown as a black dashed line.
The top figure presents the limit for a light mediator with
qref ¼ 1 MeV. Also shown is a limit from PandaX-II [10] (pink),
but note that Ref. [10] uses a slightly different definition of Fmed
in their signal model. The bottom figure shows limits for a heavy
mediator along with limits from the SI analyses of LUX [1] (red),
PandaX-II [2] (gray), XENON1T [28] (orange), XENON100 S2-
only [29] (pink), CDEX-10 [30] (purple), CDMSlite [31] (teal),
CRESST-II [32] (dark blue), CRESST-III [33] (light blue),
CRESST-surface [34] (cyan), DarkSide-50 [35] (green),
NEWS-G [36] (brown), and XMASS [37] (lavender).
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So far this all seems to point to heavy dark matter…

• What about lighter dark matter?

• How light do you want to go?
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FIG. 5. Limits on � (defined below Eq. (14) and equivalent to �e for electron scattering) for heavy A0 (FDM = 1) mediated
DM-electron (dashed purple) and DM-Migdal (dashed red) scattering are shown for ne = 4 for XENON100 (left) and for
ne = 5 for XENON1T (right). In the mass and coupling range shown on the plot, the XENON10 limits are sub-dominant. For
comparison, we show the published electron scattering limits [16, 41] computed with hydrogenic final-state wavefunctions and
binding energies from Ref. [16] (solid purple); our electron scattering results use the smaller (unphysical) binding energies from
[32] to facilitate a comparison with Migdal scattering using the same binding energies (see Sec. IVB). The thick blue curve is
the complex scalar DM freeze-out target (particle-antiparticle symmetric DM population). Points along this curve account for
the full DM abundance as long as mA0 � m�; near resonance at mA0 ⇡ 2m� this target moves down in the parameter space,
but is otherwise robust [66, 67]. The thin blue curve is the looser asymmetric Dirac fermion DM target. Any points above
this line can account for the full DM abundance, but with di↵erent particle-antiparticle asymmetries [2, 66]; points below this
curve are excluded by Planck limits on CMB energy injection from the annihilation of the symmetric component [68]. The
dotted blue curve taken from Ref. [2] represents sensitivity targets for ELDER DM [69]; points above this curve correspond to
SIMP DM models with the same A0 mediator considered here [70]. Shaded regions represent an envelope of exclusions from
beam dump searches (LSND [71], E137 [72, 73], and MiniBooNE [74, 75]), nuclear recoil direct detection limits from CRESST
II [76], and the BaBar monophoton search for invisibly decaying dark photons [77–79].

a significant source of systematic uncertainty for Migdal
scattering in xenon.

V. RESULTS AND CONCLUSION

In this paper we have placed sub-GeV DM detection
via electron and Migdal scattering on equivalent theoret-
ical footing. Intriguingly, we have found that if DM cou-
ples comparably to electrons and protons through a con-
tact interaction (FDM = 1), the Migdal rate can dominate
for masses above ⇠100 MeV. Thus, all existing limits for
electron scattering in such models (such as dark photon-
mediated scenarios), including those from XENON10,
XENON100, and XENON1T [16, 41], have omitted the
dominant signal component at higher DM masses. In
Fig. 5, we recalculate the full signal for DM-xenon scat-
tering in XENON100 and XENON1T and extract up-
per bounds on � which include both electron and Migdal
scattering. It is clear that by exploiting the combination
of electron and Migdal scattering, experiments with ex-
posures and background rates comparable to XENON1T
can start to probe the target parameter space for com-

plex scalar DM freezing out through a heavy dark photon,
mA0 � m�, but as we have emphasized, a definitive con-
clusion requires a more careful treatment of the atomic
wavefunctions than has been used previously in the lit-
erature. In the event of a signal in the DM mass range
where electron and Migdal rates are within a few orders
of magnitude of each other, the unique spectral shapes
can be used as a discriminant, though interference e↵ects
should be carefully considered.
Although our treatment here has focused on scattering

from isolated atoms, we note that additional ionization
from Migdal scattering should also contribute in semi-
conductor targets (mainly Si and Ge), for which low elec-
tronic band gaps represent the next frontier in electron-
ionization direct detection. This additional signal chan-
nel can be probed by numerous future and ongoing ex-
periments, including DAMIC at SNOLAB [80], SEN-
SEI [26], SuperCDMS [24], and DAMIC-M [81]. How-
ever, a proper comparison of electron scattering and
Migdal scattering in such materials is beyond the scope
of the present work and deserves a dedicated study. At
a minimum, the formalism for Migdal scattering must
incorporate the nontrivial harmonic potential between
neighboring ions, which may result in some portion of

DM scattering off electrons – Dark Photon Mediators

• Benchmark model consists of a DM candidate χ, 
which scatters off both electrons and protons 
through the exchange of a massive dark photon A′

• Presumably also testable at LHC 

• Different assumptions for ionization model

ne =4 
ne =5 

Baxter et al, arxiv:1908.00012
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where the Bohr radius, a0, arises from the expectation
value of position when expanding Eq. (9). We have writ-
ten the above relation as an inequality because, for suf-
ficiently large momentum transfers (|q| � keV), the ex-
ponential in Eq. (7) will oscillate rapidly and Re will
become suppressed, thereby enhancing the Migdal rate
relative to the electron scattering rate.

C. Spectra and rates

To compute the ionization rate for both processes, we
must integrate over the momentum transfer q and the
DM velocity v, and sum over the final electronic states
 f , weighted by a delta function enforcing energy conser-
vation (3-momentum conservation has already been en-
forced in the definitions of q and qe above).3 We perform
the integral over v by approximating the DM velocity
distribution as spherically symmetric, f(v) = f(v), such
that the total rate between initial state i and final state
f is

Ri!f =
⇢�

m�

Z
d
3
v f(v)�vi!f , (12)

where ⇢� is the local DM density. For the sum over final
states, we choose the normalization [3, 16]

X

f

=
1

2

X

l0m0

Z
k
03
d lnEe

(2⇡)3
, (13)

which is appropriate for scattering states in a spherically-
symmetric potential which have asymptotic momentum
k
0 =

p
2meEe and angular momentum quantum numbers

l
0 and m

0. Here, Ee is the recoil energy of the ionized
electron asymptotically far away from the ionized atom;
from now on our final state f will always be a scattered
electron of energy Ee, and the initial state i will be a
bound state of (negative) energy Enl indexed by princi-
pal quantum number n and angular momentum quantum
number l, appropriate for a spherically-symmetric atom
ignoring spin-orbit coupling and relativistic e↵ects. The
only di↵erence between Migdal and electron scattering in
the above procedure is the expression for �vi!f .

To perform the integral over q and compute �vi!f

we must specify the free-particle matrix elements. In the
dark photon model, we can define a spin-averaged fiducial
cross section for DM � scattering o↵ an isolated target T
with charge |e| as in Eq. (3). For T = p, e, these fiducial
cross sections satisfy

�e

µ2
�e

=
�p

µ2
�p

, (14)

3 Note that integrating over q is equivalent to integrating over the
nuclear recoil energy ER ⇡ q2/(2mN ), since in this paper we are
concerned only with the electronic energy spectrum.

so �e and �p are proportional by a factor which only
depends on the DM mass �. To emphasize the point
that �e and �p are related in this model, we shall refer
to �e as simply �.
The fiducial cross section defined in Eq. (3) is related

to the free-particle scattering matrix element as

|M(q)|2 =
16⇡m2

�m
2
T�T

µ
2
�T

|FDM(q)|2 , (15)

where we have assumed that the appropriate electron and
DM spins have been summed and/or averaged. Here,
FDM(q) is the DM form factor which parametrizes all mo-
mentum dependence in the free-particle matrix element:
if mA0 ⌧ m�v, FDM(q) / 1/q2, while if mA0 � m�v,
FDM(q) = 1. Note that in the dark photon model with
equal proton and electron couplings,

|M�N (q)|2

m
2
N

= Z
2
|FN (q)|2

|M�e(q)|2

m2
e

(16)

in Eq. (11), where FN is the form factor of the nucleus;
this relation between the matrix elements gives Eq. (1).
Putting all the pieces together, the electron recoil spec-

trum per unit detector mass for both electron and Migdal
scattering is

dRe,M

d lnEe
= NT

⇢�

m�

�

8µ2
�e

Ie,M (Ee), (17)

where NT is the number of atomic targets and

Ie,M (Ee) =

Z
d|q||q||FDM(q)|2⌘(vmin)|fe,M (Ee,q)|

2
.(18)

Here, we have solved the delta function for energy conser-

vation, �(Ee�Enl+
q2

2µ�N
�q ·v), to perform the integral

over the DM velocity distribution, resulting in a factor of
⌘(vmin) ⌘ hv

�1
✓(v � vmin)i, the mean inverse DM speed

in the lab frame, as a function of

vmin =
�Ee

|q|
+

|q|

2µ�N
=

|Enl|+ Ee

|q|
+

|q|

2µ�N
, (19)

which is the minimum DM velocity required to ionize the
target electron through a momentum transfer |q|. The
lab frame velocity distribution is cut o↵ at vE + vesc.,
where vE ⇠ 240 km/s is the average speed of the Earth
relative to the DM halo, and vesc. = 544 km/s is the
galactic escape velocity (these parameters are chosen to
facilitate comparisons with Ref. [16]).
The di↵erences between the Migdal and electron scat-

tering processes are entirely contained in the ionization
form factors |fe,M (Ee,q)|2, which are independent of all
DM properties and depend only on the electronic and
nuclear structure of the target. We will discuss in some
detail in Sec. IVB the issues with accurately computing
the atomic wavefunctions required for these ionization
form factors. For electron scattering,

|fe(Ee,q)|
2 =

k
03

4⇡3

X

n,l,l0,m0

|h 
f
Ee

|e
iq ·x

| 
i
Enl

i|
2
, (20)

μ𝜒e/p is reduced mass

sub-GeV DM
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FIG. 3. Expected reach for DM-electron scattering via a light (left panel) and heavy (right panel) mediator as a function of
DM mass. The solid black curve labeled ‘Bound WSi’ indicates the new bound placed by our prototype device with 4.3 ng
exposed for 10,000 seconds. Other solid curves indicate our 95% C.L. projected reach for either NbN or WSi targets, with
various exposures and thresholds. Also shown are the existing constraints from Xenon10 [2] (shaded gray), SuperCDMS [34]
(shaded red) and SENSEI [35] (shaded purple), as well as the projected reach for a kg-yr exposure of a silicon target [36] (dotted
green) and superconducting bulk aluminum with a 10 meV threshold [9, 10] (dotted gray). For clarity, 177 µg corresponds to
a 10 by 10 cm2 area of NbN at 4 nm thickness and a 50% fill factor, and 248 (124) meV threshold corresponds to a 5 (10) µm
wavelength.

tively short time scales.
Additionally, as we will show, absorption of DM in the

sub-eV and above mass range is similarly possible via
SNSPDs, providing an important complementary probe
to e.g. existing stellar constraints.

EXISTING PROTOTYPE DEVICE

Having presented the basic concept of detection via
SNSPDs, we now describe an existing prototype device
and how measurements of its performance already place
bounds on DM scattering and absorption.

Fig. 1(b) is a scanning electron micrograph (SEM) of
the prototype tungsten silicide (WSi) device after fabri-
cation. The active device area was 400 by 400 µm2, and
the nanowire was connected to external circuitry via two
contact pads. The width of the nanowires was 140 nm
with a pitch of 340 nm. The thickness of the WSi film
was 7 nm, and the resulting mass is 4.3 ng. Further de-
tails of the device design and fabrication are provided in
the Appendix.

The switching current of the device IC was 5.5 µA
was measured at 300 mK by sweeping the current from
a 50⌦ impedance source. Fig. 2 shows the dependence
of the count rate on the absolute bias current for this

400 by 400 µm2 large-area SNSPD at 1550 nm wave-
length (⇠0.8 eV). When the detector was illuminated,
the count rate rose at a bias current of 3 µA. Counts ini-
tially grew with the current and the device saturated at a
bias current of 4.5 µA. At this bias current, the count rate
with the laser light turned o↵ (background count rate)
was below 100 cps. The maximum background count rate
was measured at a point just below the transition to the
resistive state, at 103 cps.
The measurement of dark counts was performed in an

apparatus with several layers of shielding and the optical
fiber connection removed, at 4.5 µA of bias current for
104 s. No dark counts were observed over this period,
suggesting a dark count rate below 100 counts per mi-
crosecond. These measurements will be used below to
place bounds on DM interactions.

REACH

Our results for the reach of superconducting nanowires
into the parameter space of DM-electron scattering are
shown in Fig. 3. We follow the analyses of Refs. [9, 10] for
rate computation in superconducting targets, with the
appropriate modifications to Fermi energies EF and the
density ⇢ of target materials that are typically used for

DM scattering off electrons – Quantum Nanowires

• Superconducting 
nanowires are sensitive 
to (very) small energy 
deposits on electrons

• Depending on material, 
expected sensitivity in 
10 keV – 100 MeV 
range

Expected sensitivity

Hochberg et al, arxiv:1903.05101
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�(pp ! a⇤
! ZZ) for cG̃ = cW̃ = cB̃ = 1 and fa = 1

TeV is 81 pb. The CMS event selection is discussed in
detail in Appendix A1. Fig. 3 shows the invariant mass
m``J distribution resulting for the signal after the CMS
event selection, for ci = 1 and fa = 2 TeV (correspond-
ing to the largest value of m``J in the CMS analysis),
together with the SM background publicly available in
Ref. [62] (and dominated by Z+ jets), both for the un-
tagged (top plot) and b-tagged (bottom plot) categories.
A binned likelihood analysis of the m``J distribution af-
ter CMS event selection combining the untagged and b-
tagged categories is then performed, which allows to set
a 95% C.L. exclusion limit on the signal cross section of
� = 25 fb. This corresponds to fa > 4.1 TeV for ci = 1,
and is valid for any value of the ALP mass up ma ⇠ 200
GeV without significant modifications of the signal prop-
erties. Note that, since the “low-mass merged” CMS
analysis uses data up to mZZ = 2 TeV, our derived limit
on fa for ci = 1 lies within the region of validity of the
EFT. In Fig. 4 (top) the corresponding new limit on gaZZ

(see Eq. (5)) resulting from our non-resonant analysis is
depicted as a hatched area, for a fixed value g�1

agg = 1
TeV.

For comparison, Fig. 4 (top) depicts as well previous
bounds in the literature for gaZZ , which also assume the
additional presence of gagg, albeit obtained from on-shell
ALP searches. For ma . 0.1 GeV, the ALP is stable
on LHC scales, resulting in constraints on gaZZ from
mono-Z searches (in violet), see Ref. [24]. The radiative
(2-loop) contribution of gaZZ to ga�� allows to obtain
further constraints for certain ranges of ALP masses for
which strong constraints on ga�� exist (see the discussion
in Refs. [25, 28]). For ALP masses below the GeV scale,
limits on gaZZ are thus set by beam dump searches (in
yellow) [70–72] (we adapt here the bounds compiled in
Ref. [32]), and by energy-loss arguments applied to the
supernova SN1987a [41, 42] (in blue), both through ab-
sence of extra cooling (labelled “length” in Fig. 4 and
through absence of a photon burst from decaying emit-
ted axions (labelled “decay” in Fig. 4. Furthermore, the
radiative contribution of gaZZ to ga�� is also constrained
by LHCb [73] (see Ref. [35]) in the small region 4.9 GeV
< ma < 6.3 GeV (in dark grey) and by ATLAS/CMS
searches for �� resonances (in red) for ma > 10 GeV (we
adapt here the bounds from Refs. [20, 26]). We stress
that the latter limits are from LHC Run 1 (

p
s = 7 and

8 TeV), and as such
p

s = 13 TeV Run 2 analyses should
significantly improve on those. Next, although LHC tri-
boson searches for ma � 100 GeV have yielded very
weak constraints [30], the radiative contribution of gaZZ

to ga�� provides as well sizeable constraints. We do not
include here, though, the expected tree-level bounds on
gaZZ from ZZ resonance searches by ATLAS and CMS
(e.g. from Ref. [62]) for ma > 200 GeV. To our knowl-
edge, these have not yet been obtained and are com-
plementary to the non-resonant search presented in this
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�
1 )

LHC
(various)

LEP
L3

SN1987a
(length)

Babar
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Beam Dumps

g�1
agg = 1 TeV

Non-resonant LHC (this work)

FIG. 4. Top: Bounds on the ALP coupling gaZZ as a func-
tion of ma. The hatched region corresponds to the limit from
non-resonant LHC searches derived in this work using CMS
di-boson data [62]. Also shown are limits from LHC mono-
Z searches (violet), beam-dump experiments (yellow), super-
nova SN1987a (blue), LHCb (dark grey) and LHC resonant
�� searches (red), see text for details. Bottom: Bounds on
the photonic couplings ga�� , with color code as for the top
figure. Limits from BaBar (dark grey), L3 (cyan) and LEP
(green) are also depicted, see text for details.

work. The study of such ZZ resonant searches is left for
a forthcoming work [74].

2) pp ! a⇤ ! ��

Non-resonant ALP searches are also possible for final
states to which a light ALP could decay, such as ��, by
selecting events with a large invariant mass m�� � ma.
The recent CMS search for non-resonant new physics

Axions and Axion like particles (ALPs)

• Collider relevant for ALPs with MeV to hundreds of GeV scale masses

• Long-lived ALP would lead to missing energy signature

• ALPs with larger masses or couplings could decay inside detectors

ALP massAL
P 

ph
ot

on
 c

ou
pl

in
g

Bauer et al, arxiv:1708.00443

h->aa->4 γ and h-> γ γ
300/fb current exclusion

Gavela et al, arxiv:1905.12953

Reinterpretation of CMS 
search for non-res new 

physics (arxiv:1809.00327)
in γγ final state

��-� ��-� ��-� � ���

���

�

��-�

��-�

��-� ��-� ��-� � ���

���

�

��-�

��-�

Figure 16: Constraints on the ALP mass and coupling to photons derived from various experiments
(colored areas without boundaries, adapted from [24]) along with the parameter regions that can be
probed using the Higgs decays h ! Za ! `+`���. The left panel shows the reach of LHC Run-2 with
300 fb�1 of integrated luminosity (shaded in light green). We require at least 100 signal events. The
contours correspond to |Ce↵

Zh|/⇤ = 0.72 TeV�1 (solid), 0.1 TeV�1 (dashed) and 0.015 TeV�1 (dotted).
The red band shows the preferred parameter space where the (g � 2)µ anomaly can be explained at
95% CL. The right panel shows the regions excluded by existing searches for h ! Z� (shaded in
dark green), where we assume |Ce↵

Zh|/⇤ = 0.72 TeV�1.

for which the e↵ective branching ratio has been defined in the first line of (50). In this case
we require that

Nsignal = LLHC ⇥ �13TeV(gg ! h) ⇥ Br(h ! Za ! `
+
`
� + ��)

���
e↵

> 100 . (63)

The green shaded regions in the left panel of Figure 16 show the parameter space which
can be probed in Run-2 for di↵erent values of the relevant Wilson ALP–Higgs coupling.
The three lines limiting these regions correspond to |C

e↵

Zh|/⇤ = 0.72TeV�1 (solid contour),
0.1TeV�1 (dashed contour) and 0.015TeV�1 (dotted contour), taking into account the model-
independent upper bound from h ! BSM derived in (56). Note that the dotted line roughly
corresponds to a TeV-scale coupling suppressed by a loop factor. With 300 fb�1 of luminosity
it is possible to extend the search to slightly smaller couplings, but reaching sensitivity to
couplings smaller than |C

e↵

Zh|/⇤ < 0.01TeV�1 would require a larger luminosity. To draw the
contours in the figure we have assumed that Br(a ! ��) = 1; however, it is important to
realize that their shape is essentially independent of the value of the a ! �� branching ratio as
long as this quantity is larger than a certain critical value, which is set by the required number
of signal events (and as long as the ALP mass is not too close to the kinematic limit). These
limiting values are Br(a ! ��) > 3 · 10�4 (solid), 0.011 (dashed) and 0.46 (solid). Impor-
tantly, it is thus possible to probe the ALP–photon coupling even if the ALP predominantly

33
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ALPs in direct detection

• Search for axioelectric coupling with 
the LUX experiment for two specific 
scenarios: 

• (i) QCD axions emitted from the sun, 

• (ii) keV-scale galactic ALPs that 
could constitute the gravitationally 
bound dark matter. 

• Signature is electron recoil like 
events

• Limits on axion mass and coupling 
between axions and electrons

• (sub) keV dark matter

experiments [19,23,42,44–46]. Again, this is the most
stringent such limit so far reported in this mass range.
Summary.—We have presented the results of the first

axion and ALP searches with the LUX experiment. Under
the assumption of an axioelectric effect interaction in
xenon, we test the coupling constant between axions and
ALPs with electrons, gAe, using data collected in 2013, for a
total exposure of 95 live days ×118 kg. Using a profile
likelihood ratio statistical analysis, for solar axions we
exclude gAe larger than 3.5 × 10−12 (90% C.L.) and axion
masses larger than 0.12 or 36.6 eV=c2 under the
assumption of the Dine-Fischler-Srednicki-Zhitnitsky or
Kim-Shifman-Vainshtein-Zhakharov theoretical models,
respectively. For axionlike particles, a scan over masses
within the range 1–16 keV=c2 excludes discovery of a
signal with a global significance at a level of 1.6σ, and
constrains values of the coupling to be no larger than
4.2 × 10−13, across the full range.
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PRL 118, 261301 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending
30 JUNE 2017

261301-6

searches for the Higgs boson), a boost factor has been
calculated that evaluates the likelihood of finding a
deviation for a number of searches as compared to the
significance that would apply to a search performed only
once. Consequently, the global p value is evaluated as
5.2 × 10−2 at 12.5 keV=c2, corresponding to a 1.6σ rejec-
tion of the null hypothesis.
Results.—The 90% C.L. upper limit on the coupling gAe

between solar axions and electrons is shown in Fig. 6,
along with the limits set by the previous experiments
[19,23,42,43], the astrophysical limit set via the Red
Giant cooling process [18] and the theoretical models

describing QCD axions [5–7]. The 2013 LUX data set
excludes a coupling larger than 3.5 × 10−12 at 90% C.L, the
most stringent such limit so far reported. Assuming the
Dine-Fischler-Srednicki-Zhitnitsky model, which postu-
lates the axion as the phase of a new electroweak singlet
scalar field coupling to a new heavy quark, the upper limit
in coupling corresponds to an upper limit on axion mass of
0.12 eV=c2, while for the Kim-Shifman-Vainshtein-
Zhakharov description, which assumes the axion interact-
ing with two Higgs doublets rather than quarks or leptons,
masses above 36.6 eV=c2 are excluded.
In the galactic ALP study, a scan over masses has been

performed, within the range of 1–16keV=c2, limited by the
range over which precise knowledge of light and charge
yield is determined through tritiated methane calibration
data [33]. Assuming that ALPs constitute all of the galactic
dark matter, the 90% C.L. upper limit on the coupling
between ALPs and electrons is shown in Fig. 7 as a
function of the mass, together with the results set by other

FIG. 4. Signal models projected on the two dimensional space
of log10 S2c as a function of S1c, for massless solar axions (top)
and 10 keV=c2 mass galactic ALPs (bottom).

TABLE I. Nuisance parameters in the best fit to the 2013 LUX
data for solar axions. Constraints are Gaussian with means and
standard deviations indicated. Events counts are after analysis
cuts and thresholds, as described in Ref. [25].

Parameter Constraint Fit value (solar axions)

Low-z-origin γ counts 161! 69 157! 17
Other γ counts 223! 96 175! 18
β counts 67! 27 113! 18
127Xe counts 39! 12 42! 8

FIG. 5. Local p value as a function of the ALP mass. The
minimum is reached at 12.5 keV=c2, where the local p value is
7.2 × 10−3, corresponding to a 2.4σ local deviation.

FIG. 6. Red curve: LUX 2013 data 90% C.L. limit on the
coupling between solar axions and electrons. Blue curve:
90% C.L. sensitivity, !1σ (green band), and !2σ (yellow band).

PRL 118, 261301 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending
30 JUNE 2017

261301-5
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Things I didn’t mention…

• Inelastic Dark Matter

• Can be tested a collider and 
direct detection

• NP models (e.g. EFTs) resulting in 
large nuclear recoils

• presumably to some extend also 
testable at LHC

• And many others…
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• No shortage of models predicting DM over a (very) large mass range

• Both collider and direct detection experiments can tackle many (most?) 
of them

• Sensitivity often complementary 

• Care needs to be taken on how to translate results between 
experimental approaches

• Complementary sensitivity will be essential if one or the other (or both?) 
should start seeing a signal

Conclusions

44
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• Backup

45
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• Systematic approach pursued through 
Dark Matter LHC Working group

• https://lpcc.web.cern.ch/content/lhc
-dm-wg-wg-dark-matter-searches-
lhc

• with involvement of both 
experimentalists and theorists

• Recommendations for models and 
their implementation

• Guidelines on how to compare collider 
searches with direct detection limits

• Recommendations for comparison of 
searches for heavy mediators of DM 
production

46
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The Lagrangian for DMSMh?2 G�;`�M;B�Mb
Ç q2 +QMbB/2` .JaJb rBi? � bTBM@R UuRV b@+?�MM2H K2/B�iQ`X
Ç h?2 /�`F K�ii2` +�M/B/�i2 Bb � .B`�+ 72`KBQM Us.VX
Ç q2 mb2 i?2 KQ/2H }H2b T`QpB/2/ #v i?2 .JaAJS T�+F�;2 7Q` Qm` BKTH2K2Mi�iBQMX

aTBM@R K2/B�iQ`
Ç AMi2`�+iBQM G�;`�M;B�M K2/B�iQ`@.J

LuR
s.

= s̄.γµ
(

;o
s.

+ ;�
s.

γ8
)

s.uµ
R X

Ç AMi2`�+iBQM G�;`�M;B�M K2/B�iQ`@[m�`Fb

LuR
[m�`Fb =

∑
B,D

[
/̄Bγµ

(
;o

/B,D
+ ;�

/B,D
γ8

)
/D

+ m̄Bγµ
(

;o
mB,D + ;�

mB,Dγ8
)

mD

]
uµ

R

Ç AMi2`�+iBQM G�;`�M;B�M K2/B�iQ`@H2TiQMb
LuR

H2TiQMb =
∑

B,D

[
H̄Bγµ

(
;o

HB,D + ;�
HB,Dγ8

)
HD
]

uµ
R

a+2M�`BQb
Ç G2TiQT?Q#B+- ;o

HB,D = ;�
HB,D = y UMQ

+QMbi`�BMib 7`QK /BH2TiQM b2�`+?2bVX
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Ç 6H�pQ` #HBM/- ;o/�
mB,D = ;o/�

/B,D
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RX ;o
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≡ ;.J ;o
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= y
;o

m// ≡ ;aJ ;�
m// = y-

Tm`2 p2+iQ`X

kX ;o
s.

= y ;o
s.

≡ ;.J
;o

m// = y ;�
m// = ;aJ-

Tm`2 �tB�H@p2+iQ`X

:HQ#�H T2`bT2+iBp2b QM /�`F K�ii2` bBKTHB}2/ KQ/2Hb 1K�Mm2H2 �X "�;M�b+?B U.1auV j f RN

A

A

Y

Study 
pure vector 

and 
pure axial-vector 

couplings

8

rithm for e�cient sampling of the model parame-
ter spaces. Since each of the DMSMs (3) and (4)
that we study has a parameter space of only 4
dimensions, and since the constraint set is not
large, sampling the model parameter spaces is
not computationally onerous. In studies for our
analysis we have made use of udocker software
framework [64] to automatize the deployment of
MasterCode inside Linux containers. This is a
middleware suite developed in the context of the
INDIGO datacloud project [65] to run docker con-
tainers in userspace, without requiring root priv-
ileges for installation or for execution.
The ranges of DMSM parameters that we study

are shown in Table 1, together with the numbers
of segments we use for our basic sampling of the
parameter space. The range of mY was chosen to
avoid the low-mass region where mixing with the
Z could be subject to important constraints from
precision electroweak data 3 and indirect searches
for astrophysical DM annihilations should be con-
sidered 4, but include all the masses for which
LHC searches are sensitive. The couplings gSM
and gDM were restricted to perturbative ranges
<

p
4⇡.

Parameter Range # of Segments

mY (0.1, 5) TeV 10
m� (0, 2.5) TeV 8
gSM (0,

p
4⇡) 2

gDM (0,
p
4⇡) 2

Total # of segments 320
Table 1
The ranges of the DMSM parameters sampled, to-
gether with the numbers of segments into which
they were divided during the sampling.

3See [34] for a treatment of these constraints, which we
discuss in more detail below.
4Searches for �-rays from hadronic DM annihilations are
generally insensitive to the cross-section required to ob-
tain the correct cosmological DM density for m� &
50 GeV [34], see also [66] and references therein. Indirect
constraints from searches for energetic solar neutrinos are
not competitive with direct searches for spin-dependent
DM scattering, as discussed below.

In addition to the generic sampling ranges
shown in Table 1, we have made dedicated scans
of certain regions in order to clarify certain
DMSM features. In particular, we gathered ded-
icated samples of the regions where 2m�/mY de-
viates from unity by < 10�3, so as to sample
adequately annihilations near the Y peak when
�Y ⌧ mY . We used similar sampling procedure
for both the vector and axial-vector DMSMs, gen-
erating ⇠ 100 million parameter sets in each case.

4. Results

4.1. Vector DM Couplings
Fig. 4 displays the (mY ,m�) plane in the

vector-like model (3) after application of the con-
straints discussed above. The parameter regions
with ��2 < 2.30 (5.99), which are favoured at
the 68% (95%) CL and regarded as proxies for
1- (2-)� regions, are delineated by red (blue)
contours, respectively. In this and subsequent
figures, we illustrate the dominant mechanism
bringing the DM density into the allowed range
at the point that minimizes �2 in the displayed
2-dimensional projection of the four-dimensional
parameter space using colour coding:
• Green: annihilation via t-channel � exchange
into pairs of mediator particles Y that subse-
quently decay into SM particles, in the region
where m� � mY ;
• Yellow: rapid annihilation directly into SM par-
ticles via the s-channel Y resonance, in the region
where 0.9 < mY /(2m�) < 1.1.
We see clearly two separated favoured regions,
one with m� ' mY /2 where rapid annihilation
via the Y funnel dominates, and another with
m� > mY where annihilation into pairs of me-
diator particles Y dominates. The boundaries of
both allowed regions are very sharp, reflecting the
steepness of the resonance peak in the s-channel
case and the phase-space limit in the t-channel
case 5.

We see that the t-channel region is located at
smaller mY than the s-channel region for any
value of m�, subject to the kinematic constraint

5In other projections, the s- and t-channel regions may
overlap, and have quite similar �2, so that points with
di↵erent colours appear interspersed.
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Experimental Constraints
Global analyses of experimental data in constrained versions of the

Minimal Supersymmetric Standard Model (MSSM)

PLANCK

g-2

LEP

http://mastercode.web.cern.ch
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