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Motivation



‘Traditional’ direct detection experiments

Good event-by-event discrimination
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FIG. 2: Spatial distributions of DM search data. Events that pass all selection criteria and are within the fiducial mass are
drawn as pie charts representing the relative probabilities of the background and signal components for each event under the
best-fit model (assuming a 200 GeV/c2 WIMP and resulting best-fit �SI = 4.7 ⇥ 10�47 cm2) with color code given in the
legend. Small charts (mainly single-colored) correspond to unambiguously background-like events, while events with larger
WIMP probability are drawn progressively larger. Gray points are events reconstructed outside the fiducial mass. The TPC
boundary (black line), 1.3 t fiducial mass (magenta), maximum radius of the reference 0.9 t mass (blue dashed), and 0.65 t core
mass (green dashed) are shown. Yellow shaded regions display the 1� (dark), and 2� (light) probability density percentiles of
the radiogenic neutron background component for SR1.

FIG. 3: DM search data in the 1.3 t fiducial mass distributed in (cS1, cS2b) (left) and (R2, cS2b) (right) parameter spaces
with the same marker descriptions as in Fig. 2. Shaded regions are similar to Fig. 2, showing the projections in each space of
the surface (blue) and ER (gray) background components for SR1. The 1� (purple dashed) and 2� (purple solid) percentiles
of a 200 GeV/c2 WIMP signal are overlaid for reference. Vertical shaded regions are outside the ROI. The NR signal reference
region (left, between the two red dotted lines) and the maximum radii (right) of the 0.9 t (blue dashed) and 1.3 t (magenta
solid) masses are shown. Gray lines show iso-energy contours in NR energy.

keVee). The background contribution from the natural
radioactivity of detector materials is suppressed within
the fiducial volume to a similar level. Thus, the dominant
ER background is from �-decays of 214Pb originating
from 222Rn emanation. The maximum and minimum de-
cay rate of 214Pb is (12.6±0.8) and (5.1±0.5)µBq/kg, es-

timated from 218Po ↵-decays and time-coincident 214Bi-
214Po decays, respectively, similarly to the method used
in [25]. The corresponding event rates in the ROI are
(71 ± 8) and (29 ± 4) events/(t⇥ yr⇥ keVee). The to-
tal ER background rate is stable throughout both science
runs and measured as (82+5

�3 (sys)± 3 (stat)) events/(t⇥

XENON1T, PRL, arXiv:1805.12562



Lower mass searches lose discrimination

Need to ensure the signal model is accurate
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ner, increasing by 20V, then decreasing by 10V. Data
were acquired at both the increasing and decreasing steps
after allowing the detector to stabilize for 1 minute. This
staggering enabled the study of a 10V pre-bias on the
charge leakage of the detector. The energy spectrum of
the charge leakage was determined by scanning the first
half of each trace for pulses using the optimal filter. The
resulting charge leakage spectrum is thus independent of
the physical trigger threshold.

The measured event rate above 0.8 e�h+ pairs as
a function of crystal bias, largely dominated by non-
quantized SGIR at lower voltages, is shown in Fig. 2.
The event rate was ⇠2 Hz up to ±140 V (±120 V) for
pre-biased (non-pre-biased) data. This event rate is 10⇥
smaller than achieved previously, demonstrating the ef-
ficacy of our SGIR mitigations. Above this voltage, the
quantized leakage rate increased, indicative of increased
surface tunneling at the electrodes (as opposed to auto-
ionization in the bulk). Full breakdown occurred around
180 V, corresponding to a field strength of ⇠450 V/cm
in the crystal bulk and in excess of ⇠1 kV/cm near the
electrode plane.

For the science exposure, the detector was pre-biased
to �160V for five minutes and then biased to �140V for
a minute prior to data collection to allow the detector to
settle. The pre-bias was performed after each data series
was acquired to ensure low charge leakage throughout
the acquisition. As shown in Fig. 2, the event rate varied
between 0.2–3 Hz above 0.8 e�h+ pairs.

DATA SELECTION

From the initial 27.4 hours of raw exposure at a de-
tector bias voltage of �140V, a science exposure of 16.1
hours was selected based on detector performance and
consistent background event rate. Live time and trigger
e�ciency were computed using the laser repetition rate
and the total expected number of laser events based on
the Poisson distribution of the observed laser peaks. The
time associated with the observed laser events was de-
ducted from the live time. This method allowed us to
account for time variation in the energy-dependent trig-
ger e�ciency due to changes in noise environment. We
verified that this method was consistent with live-time
calculations using time stamps from calibration data. An
exposure of 12.6 hours passed the initial, trigger- and
leakage-burst cuts, yielding a science exposure of 0.49 g d
for the 0.93 g detector.

The cut e�ciency for the live time and goodness of fit
cut (a basic �2 test) as a function of the number of e�h+

pairs, neh, can be seen in Fig. 3, along with the laser
and background spectra obtained after application of the
quality and live time cuts. All of our cuts were designed
to have very high e�ciency, and only remove events in-
consistent with the detector response, and as such are

FIG. 3. Top: Event rate for calibration (black) and science
exposure (magenta) with live time and quality cuts applied.
Also shown are an impact ionization background Monte Carlo
model (orange), and the signal distribution for an excluded
dark photon model (dotted line) assuming mV = 9.4 eV and
"e↵ = 5 · 10�13 (" ⇡ 2 · "e↵ at 9.4 eV); the ERDM signals ex-

cluded have a similar form. Bottom: Measured cut e�ciency
as a function of number of e�h+ pairs along with the e�-
ciency model used in sensitivity estimates. The dashed line
in both plots shows the 50% analysis e�ciency at 0.7 e�h+

pairs.

conservative. A simple background model of bulk and
surface charge leakage with impact ionization, shown in
Fig. 3, is an excellent fit to the data below 2 e�h+ pairs.
More complex background models are expected to be ca-
pable of fitting the events above 2 e�h+ pairs.

CONSTRAINTS ON NEW PHYSICS

We used the final 0.49 g d of exposure coupled with the
cut-e�ciency model in Fig. 3 to set limits on dark pho-
tons and ERDM. The dark photon signal model assumes
kinetic mixing between the dark photon and the SM pho-
ton. The subsequent interaction of the SM photon with
the material was computed according to tabulated pho-
toelectric cross sections, giving the approximate event
rate [17]

R = Vdet
⇢DM

mV
"2e↵(mV , �̃)�1(mV ), (1)

where Vdet is the detector volume, ⇢DM/mV is the num-
ber density of DM (for this paper we assume ⇢DM ⇠
0.3 GeVc�2cm�3 [29]), mV is the dark photon mass, "e↵
is the e↵ective kinetic mixing angle, �̃ is the complex con-
ductivity, and �1(mV ) = Re(�̃(mV )) is computed from
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the photoelectric cross section �p.e.. The kinetic mixing
parameter " follows from "e↵ after in-medium corrections

as described in Ref. [17], from which we also adopted the
nominal photoelectric cross sections [30].

In order to project an absorption event of known en-
ergy into our measured signal space, we adopted an ion-
ization production model that is consistent with experi-
mental measurements [31–33] and has the following mean
neh:

hneh(E�)i =

8
><

>:

0 E� < Egap

1 Egap < E� < ✏eh
E�/✏eh ✏eh < E�

(2)

where Egap = 1.12 eV and ✏eh = 3.8 eV [25]. The prob-
ability distributions in the first two cases are delta func-
tions. In the third case, we generated discrete distribu-
tions with an arbitrary Fano factor, F , by interpolating
between binomial distributions with the same hnehi, but
di↵erent integer number of trials. For the sensitivities
shown we use the measured high energy F of 0.155 [34].
We also vary the F used in the ionization model from
its lowest mathematically possible value to 1 to estimate
our sensitivity to the unmeasured ionization distribution
width at low energies. Finally, we convolved the pre-
dicted e�h+ pair spectrum with the experimental reso-
lution of 0.1 e�h+ pairs. An example of a dark photon
signal (mV = 9.4 eV, "e↵ = 5 · 10�13) with this ion-

ization model applied is superimposed on the measured
spectrum in Fig. 3.

The signal induced by ERDM was calculated accord-
ing to the formalism in Ref. [16] in which scattering rates
accounting for band structure in Si are tabulated for sig-
nal modeling. The di↵erential scattering rate is given by
the function

dR

d lnER
= Vdet

⇢DM

mDM

⇢Si
2mSi

�̄e↵
m2

e

µ2
DM

Icrystal(Ee;FDM )

(3)
where �̄e↵ encodes the e↵ective DM-SM coupling, FDM is
the momentum transfer (q) dependent DM form factor,
µDM is the reduced mass of the DM-electron system,
and Icrystal is the scattering integral over phase space
in the crystal (as defined in Ref. [16]). We integrated
this di↵erential spectrum with Eq. 2 to get the expected
quantized spectrum, applying the same energy resolution
smearing as for the dark photon signal.

We determined 90% upper confidence limits from our
data without background subtraction using the optimum
interval method [35, 36], with the modification that we
removed regions of the data > 2� from the quantization
peaks. Given that both of the DM candidates studied in
this paper produced quantized signals, this ensured that
the optimum interval method considered only the data
likely to resemble the signals studied. Figure 4 shows
the optimum interval limits for dark photon absorption

FIG. 4. Top: Limits on dark photon kinetic mixing compared
to the results from DAMIC, XENON10 and XENON100 [20,
and references therein]. Middle (Bottom): Limit on DM in-
teracting with electrons via a heavy dark photon (FDM =
1) (ultra-light dark photon (FDM / 1/q2)) compared to the
XENON10 results [1]. The red line is the limit curve with a
Fano factor of 0.155. The salmon colored region indicates the
systematic uncertainties due to varying the Fano factor in the
ionization model between the lowest mathematically possible
value and 1, as well as from uncertainties in the photoelectric
cross section for dark photon absorption. For signal models
as well as additional astrophysical constraints, see Ref. [3].

and ERDM coupling via light and heavy mediators. The
salmon-colored band around the exclusion limit repre-
sents the sensitivity to details of the photoelectric cross-

SuperCDMS, PRL 
arXiv:1804.10697



Generic direct detection experiment

Need to accurately model the DM flux to accurately predict signals 

Event rate = DM flux    particle physics

Dark matter 
detector

Dark matter flux

⇥
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The Standard approach



Assumptions: 
• Round halo
• Gaussian (Maxwellian)
• Isotropic 
• No substructure

Standard Halo Model

Lactea N-body simulation with the Maxwell-Boltzmann distribution. Notice that the Via Lactea

distribution has more high-speed particles relative to the Maxwellian case. Debate continues as

to how this conclusion changes in full hydrodynamic simulations [34–36]. However, the important

point to make is that the tail of the velocity distribution is most sensitive to the merging history of

the halo. When a subhalo falls into the Galaxy, it is tidally disrupted and leaves behind remnants

that are out of equilibrium. The DM particles in these remnants are likely to have higher speeds,

on average, than the rest of the halo and will contribute to the high-velocity tail of the velocity

distribution. Therefore, the shape of the high-velocity end of the distribution depends on the size

and time of minor mergers in our own Galaxy.

Despite the caveats listed here, the distribution that is used most often in the literature is the

truncated Maxwellian, otherwise known as the Standard Halo Model:

f(v) =

8
<

:

1
Nesc

⇣
3

2⇡�2
v

⌘3/2
e
�3v2/2�2

v : |v| < vesc

0 : otherwise

where �v is the rms velocity dispersion, v0 =
p

2/3�v ⇡ 235 km/s is the most probable speed [37–

40], and Nesc = erf(z) � 2⇡
�1/2

ze
�z2

, with z ⌘ vesc/v0 and vesc the escape velocity.

N-body simulations also find evidence for substructure in the DM phase-space distribution. This

includes localized features that arise from relatively recent minor mergers between the Milky Way

and other galaxies. When another DM subhalo falls into an orbit about the center of the Milky

Way, tidal e↵ects strip DM (and, possibly, stars) along its orbit. This ‘debris’ eventually virializes

with the other particles in the Milky Way’s halo. However, at any given time, there is likely to be

some fraction of this debris that has not come into equilibrium and which exhibits unique features

that may a↵ect observations. Examples of substructure include:

• Clumps: Concentrated clumps of DM may be left behind by the merging process. Each

clump would result in a localized overdensity of DM.

• Streams: A tidal stream is an example of debris left behind along the orbits of infalling

subhalos. Figure 3 is a famous image from the Sloan Digital Sky Survey (SDSS) known as

the ‘Field of Streams.’ The single patch of sky in this image contains several arms of the

Sagittarius stream, as well as the Orphan and Monoceros stellar streams. Evidence for stellar

streams suggests that similar features might form in the DM distribution as well. If this were

the case, then the DM velocities in a given stream would be coherent, with

fstream(v) = �
(3) (v � vstream) .

The right panel of Fig. 2 shows localized spikes in the tail of the velocity distribution, which

are associated with streams in Via Lactea.
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Simple spherical model with (asymptotically) flat rotation curve

Dark matter halo

Disk



Standard Halo Model
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Simple spherical model with (asymptotically) flat rotation curve

Dark matter halo

Disk

Advantages: 
• Simple
• Only 2 parameters
• Accurate(?)



Gaussian form agrees well with simulated galaxies

Green and magenta data points: Milky Way-like simulated halos
Lines: Standard Halo Model - Agreement is reasonably good!
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EAGLE HR

Figure 2. DM velocity modulus distributions in the Galactic rest frame (coloured data points with
1� error bars) for two haloes in the eagle HR simulation which satisfy our selection criteria and
have the speed distributions closest to (halo E12, shown in green) and farthest from (halo E3, shown
in magenta) the SHM Maxwellian (top left), and two haloes in the apostle IR simulation satisfying
our selection criteria (bottom left). The right panels show the velocity modulus distributions for the
same haloes shown in the left panels but in a DMO simulation. The black solid line shows the SHM
Maxwellian speed distribution (with peak speed of 230 km/s), and the coloured dashed lines show the
best fit Maxwellian distribution for each halo (with matching colours).

is actually a lower limit on the true MW escape speed, it is the commonly adopted value.
Also, the larger vesc values of the haloes in the eagle HR simulation are due to the larger
M200 of those haloes compared to the MW. However, as discussed in section 3, this does not
a↵ect the predicted signals in direct detection experiments. The local Galactic escape speeds
are in the range of 720 – 1083 km/s (617 – 646 km/s) for the selected eagle HR (apostle
IR) haloes. These escape speeds are computed for each simulated halo from the total mass
enclosed in a sphere of radius 7 kpc, which is the inner radius of our defined torus. Therefore,
these escape speeds represent an upper limit on those expected at the Solar circle.

We now discuss how well the DM velocity modulus distributions of the simulated MW
analogues can be fitted with various fitting functions that have been proposed in the past for
the DM velocity distribution. We adopt the following parameterizations of the DM velocity
modulus distribution:

– 9 –

Bozorgnia et al 
JCAP, arXiv:1601.04707



Is our galaxy similar to a ‘Milky Way-like’ simulated halo?



Gaia: a new era in mapping the Milky Way
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7 millions stars with full 
6D phase space (x,v)

Launched 2013 
Operates until ~2022
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Meatballs and Sausages in velocity space
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Gaia data contains a Sausage
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In the Sausage, 
stars move on highly 

radial orbits 

Belokurov, Erkal, Evans, 
Koposov, Myeong… 
arXiv:1802.03414, 

1805.10288, 1805.00453…
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FIG. 1. Kinematic structure of the stellar halo sample. The central panels show 2-d histograms of the radial and azimuthal
velocities, vR and v�, of the SDSS-Gaia stellar halo sample used in this paper. Darker colours represent a higher star count.
The full sample has been divided into nine bins in terms of metallicity ([Fe/H]) and distance away from the disk plane (|z|), as
indicated by the dashed black lines (following Ref [19]). Reading from left to right corresponds to increasing [Fe/H], while from
top to bottom corresponds to increasing |z|. The green cross shows the mean velocity in each bin, while N gives the number of
stars (there are 261 stars with [Fe/H] < �3 or |z| > 9 that are not included in the 2-d histograms). We decompose the sample
into three components: Round Halo, Sausage and Thick disk. Their 1-d [Fe/H] and |z| distributions are shown above and to
the right of the histograms. The fraction of each component in the nine bins is given by the coloured percentage values.

model using the stellar velocity and metallicity data:
q = {vR, v�, vz, [Fe/H]}. The probability density func-
tion for the three components that we fit to the stellar
sample is,

f(q) =
3X

i=1

wip
(2⇡)D det⌃i

⇥ exp

✓
�1

2
(q � q̄i)

T ⌃�1
i (q � q̄i)

◆
,

(1)

where ⌃i is a covariance matrix for component i, wi is
its relative weight, and the exponent D is the dimension-
ality of the data, which in this case is four. In Table I,
we give the means, weights and covariances for this de-

composition for the complete stellar halo sample.

As has been noted before [18–20, 83], the Sausage com-
ponent dominates the local stellar halo in main sequence
stars. It has also been identified independently with
other tracers including blue horizontal branch stars [82,
84], RR Lyraes [22, 85] and K giants [86]. The character-
istic range of metallicities, [Fe/H]⇡ �1.4, means that its
stars are slightly more metal-rich than the halo average
(⇡ �1.9) but metal-poor relative to the (thin and thick)
disks (⇡ �0.8). This strongly suggests that the Sausage
component is the remnant of a merger in the Milky Way’s
recent past. The unusual kinematic profile implies that
the merger was a head-on collision with an object on a
low inclination orbit [19]. The progenitor Sausage galaxy

@ low 
metallicity: 
‘Meatballs’

Gaia data contains a Sausage

@ higher 
metallicity: 
‘Sausages’
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FIG. 1. Left: Earth frame velocity distribution for the SHM++ in the radial and horizontal directions. We assume a Sausage
fraction of ⌘ = 0.2. The shapes of the round component, fR(v), and Sausage component, fS(v), in velocity space are traced
with red and blue contours respectively. The radial anisotropy of the Sausage component can be clearly seen. The white point
marks the inverse of the velocity of the Sun (LSR + peculiar motion) and the white circle indicates the path of the full Earth
velocity over one year. Right: Earth frame speed distributions for the SHM (red dashed) and the SHM++ (blue). The shade
of blue indicates the fraction of the halo comprised of Sausage. The lower blue line isolates only 0.2fS(v). The e↵ect of the
Sausage component is to make the speed distribution colder.

We plot the Earth frame distribution of velocities and
speeds in Fig. 1. The velocity distribution (left panel) is
displayed as the two-dimensional distribution flab(vr, v✓),
where we have marginalised over v�. The blue contours
associated with the Sausage component clearly show the
radial bias in velocity space compared to the circular
red contours associated with the round component of the
halo. In the right panel, we show the speed distribution,
flab(v) = v2

R
d⌦flab(v), for the SHM, SHM++ and the

isolated Sausage component. For the SHM distribution
(red dashed line), we have used the parameters in the
upper half of Table I. For the SHM++ distribution (blue
shaded), we have used the parameters in the lower half of
Table I with the exception of ⌘, which we have allowed to
vary in the range ⌘ = 0 (corresponding to only a round
halo component) to ⌘ = 0.3. The solid blue line shows
the contribution from only the Sausage component with
⌘ = 0.2.

Comparing the SHM and SHM++ distributions, we see
that the SHM++ distribution is everywhere shifted to
higher speeds. This is primarily because of the larger
value of v0, while the increase in vesc slightly lengthens
the tail of f(v). Comparing the SHM++ distribution
with ⌘ = 0 (the lightest edge in the shaded region) to the
distribution with ⌘ 6= 0, we see that the impact of the
Sausage component is to increase the peak-height of the
speed distribution while decreasing the overall dispersion
of the distribution, i.e. the Sausage component makes the
total speed distribution colder compared to a halo with
only the round, isotropic component. The di↵erence in
the dispersion arises from the di↵erent expressions for

the velocity dispersions in the Sausage distribution (fS)
compared to the round halo (fR).

B. Constraining ⌘

The fraction ⌘ of DM locally in the Gaia Sausage is
not known, but an upper limit can be estimated. The
stellar density distribution of the Sausage is triaxial with
axis ratios a = 1, b = 1.27±0.03, c = 0.57±0.02 near the
Sun, and falls o↵ like ⇠ r�3 [104]. As a simple model,
we assume that the Sausage DM density is stratified on
similar concentric ellipsoids with ellipsoidal radius m

m2 =
x02

a2
+

y02

b2
+

z2

c2
. (8)

Here, (x0, y0) are the Cartesians in the Galactic plane,
rotated so that the long axis x0 is about 70� with respect
to the x-axis which conventionally connects the Sun and
the Galactic Centre [104].
The DM contribution of the triaxial Sausage cannot

become too high, as it would then cause detectable per-
turbations (in the rotation curve or the kinematics of
stars, for example) and would spoil the sphericity of the
potential [46, 67]. For large spirals like the Milky Way,
the scatter in the Tully-Fisher relationship severely lim-
its the ellipticity of the disk [109]. In fact, the ellip-
ticity of the equipotentials in the Galactic plane of the
Milky Way must be less than 5 % on stellar kinematical
grounds [110], almost all of which can be attributed to

f(v) = (1� ⌘)fR(v) + ⌘fS(v)
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FIG. 1. Left: Earth frame velocity distribution for the SHM++ in the radial and horizontal directions. We assume a Sausage
fraction of ⌘ = 0.2. The shapes of the round component, fR(v), and Sausage component, fS(v), in velocity space are traced
with red and blue contours respectively. The radial anisotropy of the Sausage component can be clearly seen. The white point
marks the inverse of the velocity of the Sun (LSR + peculiar motion) and the white circle indicates the path of the full Earth
velocity over one year. Right: Earth frame speed distributions for the SHM (red dashed) and the SHM++ (blue). The shade
of blue indicates the fraction of the halo comprised of Sausage. The lower blue line isolates only 0.2fS(v). The e↵ect of the
Sausage component is to make the speed distribution colder.

anisotropic Sausage component. It depends on the fa-
miliar Galactic constants already present in the SHM,
namely the local circular speed v0, the local escape speed
vesc and the local DM density ⇢0. There are two addi-
tional parameters in the SHM++: the velocity anisotropy
� ⇡ 0.9 ± 0.05 of the Gaia Sausage and the fraction of
DM locally in the Sausage ⌘, which we estimate in the
next section.

On Earth, the incoming distribution of DM particles
is found by boosting the DM velocities in the galactic
frame by the Earth’s velocity with respect to the Galactic
frame: vE(t) = (0, v0, 0)+ (U, V,W ) +uE(t). Explicitly,
this means that the Earth frame velocity distribution is
flab(v) = f(v + vE(t)). The Earth’s velocity is time
dependent owing to the time dependence of uE(t), the
Earth’s velocity around the Sun. Expressions for uE(t)
are given in Refs. [107–109].

We plot the Earth frame distribution of velocities and
speeds in Fig. 1. The velocity distribution (left panel) is
displayed as the two-dimensional distribution flab(vr, v✓),
where we have marginalised over v�. The blue contours
associated with the Sausage component clearly show the
radial bias in velocity space compared to the circular
red contours associated with the round component of the
halo. In the right panel, we show the speed distribution,
flab(v) = v2

R
d⌦flab(v), for the SHM, SHM++ and the

isolated Sausage component. For the SHM distribution
(red dashed line), we have used the parameters in the
upper half of Table I. For the SHM++ distribution (blue
shaded), we have used the parameters in the lower half of
Table I with the exception of ⌘, which we have allowed to

vary in the range ⌘ = 0 (corresponding to only a round
halo component) to ⌘ = 0.3. The solid blue line shows
the contribution from only the Sausage component with
⌘ = 0.2.

Comparing the SHM and SHM++ distributions, we see
that the SHM++ distribution is everywhere shifted to
higher speeds. This is primarily because of the larger
value of v0. Comparing the SHM++ distribution with
⌘ = 0 (the lightest edge in the shaded region) to the
distribution with ⌘ 6= 0, we see that the impact of the
Sausage component is to increase the peak-height of the
speed distribution while decreasing the overall dispersion
of the distribution, i.e. the Sausage component makes the
total speed distribution colder compared to a halo with
only the round, isotropic component. The di↵erence in
the dispersion arises from the di↵erent expressions for
the velocity dispersions in the Sausage distribution (fS)
compared to the round halo (fR).

B. Constraining ⌘

The fraction ⌘ of DM locally in the Gaia Sausage is
not known, but an upper limit can be estimated. The
stellar density distribution of the Sausage is triaxial with
axis ratios a = 1, b = 1.27±0.03, c = 0.57±0.02 near the
Sun, and falls o↵ like ⇠ r�3 [105]. As a simple model,
we assume that the Sausage DM density is stratified on
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Local escape speed
Sausage component
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FIG. 5. Top: Using a set of toy experimental setups, we
demonstrate the impact of the SHM++ on the sensitivity
limits for three classes of detectors: a germanium experi-
ment (purple), a directional He:SF6 experiment (orange) and
a xenon experiment (green). The lower blue shaded region
shows the neutrino floor for a xenon target while the grey
shaded region shows the already excluded parameter space
(assuming the SHM). The dashed lines indicate the sensitivity
assuming the SHM while the solid lines assume the SHM++.
For the SHM++ limits in the top panel, we have used the
parameters from the lower half of Table I. Bottom: The ra-
tio between the SHM and the SHM++ cross sections. The
shading indicates the ratio for di↵erent values of ⌘ (⌘ = 0.2
corresponds to the ratio for the top panel). The black dotted
line indicates the di↵erence that arises solely from the di↵er-
ent values of ⇢0 in the SHM and SHM++; deviations from this
line arise from the di↵erent velocity distributions.

the SHM to the SHM++ for three hypothetical experi-
ments using a xenon (green), germanium (purple) and
a He:SF6 (red) target material. In the upper panel, the
dashed lines show the limits for the SHM with parameters
in the upper half of Table I, while the solid lines show the
limits for the SHM++ with our new recommended values
for the astrophysical parameters given in the lower half
of Table I. The limits are calculated as median discov-
ery limits, where we use the profile likelihood ratio test
under the Asimov approximation to calculate the cross
sections discoverable at 3� (see Ref. [134] for more de-
tails). WIMP 90% CL exclusion limits will follow the
same behaviour as the discovery limits shown in Fig. 5.

The green limits correspond to a toy version of a liquid
xenon experiment like DARWIN [135] with a ⇠200 ton-

year exposure. As a proxy, we have used the background
rate and e�ciency curve reported for LZ [82]. The low
threshold germanium result (purple limits) is a toy ver-
sion of the SuperCDMS [136] or EDELWEISS [137] ex-
periments, where we assume a simple error function pa-
rameterisation for the e�ciency curve, which falls sharply
towards a threshold at 0.2 keV. The He:SF6 target (red
limits) is a toy version of the 1000m3 CYGNUS direc-
tional detector using a helium and SF6 gas mixture (dis-
cussed in more detail in Sec. VC). We have also included
realistic estimates of the detector resolutions in our re-
sults.
The upper gray shaded regions in Fig. 5 show the exist-

ing exclusion limits on the SI WIMP-proton cross section
(calculated assuming the SHM with the parameters in the
upper half of Table I). This is an interpolation of the lim-
its of (from low to high masses) CRESST [138], DarkSide-
50 [139], LUX [140], PandaX [141] and XENON1T [80].
The lower blue region shows the ‘neutrino floor’ region
for a xenon target. The neutrino floor delimits cross sec-
tions where the neutrino background saturates the DM
signal, so is therefore dependent upon the shape of the
signal model that is assumed [142]. We calculate the floor
in the same manner as described in Refs. [142–144]
Fig. 5 shows a noticeable shift between the SHM and

SHM++ limits. This is mostly due to the di↵erent values
of ⇢0, which can be most clearly seen from examining
the ratio between the limits shown in the lower panel.
The black dotted line in the lower panel indicates the
ratio 0.55/0.3, the ratio of the di↵erent ⇢0 values. It
is only as the limits approach the lowest DM mass to
which each experiment is sensitive that the ratio of cross
sections deviate significantly from the black dotted line.
The small impact on the shape of the exclusion limits
can be understood as follows. Contrasting the SHM and
SHM++ signals, there are two competing e↵ects which
act to push the limits in opposite directions. Increasing
v0 strengthens the cross section limits because it increases
the number of recoil events above the finite energy thresh-
old. However, the Sausage reverses this e↵ect since, as
we saw in Fig. 3, the Sausage component decreases the
maximum recoil energy so there are fewer events above
the finite energy threshold.
The neutrino floor has a more complicated relationship

with the velocity distribution and the WIMP mass. The
cross section of the floor depends upon how much the
neutrino background overlaps with a given DM signal.
The neutrino source that overlaps most with a DM signal
depends on m�. This leads to the non-trivial dependence
of the neutrino floor on the Sausage fraction ⌘ shown in
the lower panel.

Altogether, our refinement of the SHM ultimately leads
to only slight changes to the cross section limits which,
for the most part, are simple to understand. This can
be considered a positive aspect of our new model, since
while it includes refinements accounting for the most re-
cent data, it simultaneously allows existing limits on DM
particle cross sections to be used with confidence. The

Sausage leads to modest changes
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…but generally leads to modest 
changes in experimental signals

Gaia Sausage is Beyond the 
Standard Halo Model…



Going further beyond the SHM



Finding local structure ‘Shards’ in action space
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FIG. 2. Action-energy distributions for the full sample of stars (top row) and after being partitioned into the sausage and
disk feature (middle row), and halo (bottom row). In the top row we show also the hulls of stars belonging to Shards. We
highlight the three highest significance shards (S1, S2 and C2) and group the retrograde (Rg-x) and prograde (Cand-x) candidate
substructures together. We also show the seven retrograde globular clusters that are potentially linked with the Sequoia event
producing S1 and the retrograde structures. In the middle and bottom rows which are the result of fitting the distribution to
our three population Gaussian mixture model, we also show logarithmically space contours over the distribution to highlight
the overall shape.

tions. This turns out to be the case for several of the ac-
tion space substructures, and is not entirely unexpected.
Stars will cluster in action space if they have been ac-
creted together, however the leading and trailing tidal
tails of stellar streams can stretch over large distances
and will wrap the galaxy multiple times. There will be

instances of multiple wraps of a single stellar stream coin-
ciding with the footprint of theGaia survey. In fact such
is the power of searching for stars in action space, that
it allows for an object like this to be identified, whereas
a search in phase space would find two distinct objects,
but only if each wrap had enough stars in the footprint

substructures

S1 and S2 are the most interesting for terrestrial experiments



More general substructure: ‘Dark Shards’
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FIG. 5. The distributions of the three components of the galactic rest frame velocities. The solid black lines in the upper
panels show the total distribution, including the isotropic Round Halo,Gaia Sausage and Dark Shard components assuming
the Dark Shards contribute 10% to the local DM density (⇠tot = 10%). The distribution without the Dark Shards is shown
as the black dashed line. The coloured regions show the contribution from each of the S1, S2, Retrograde, Prograde, and Low
Energy categories: these distributions are stacked one upon the other in reverse order to aid the visibility of all the features.
The lower panels show the stacked distributions from the Dark Shards alone.

components listed in Table II. This assumption is prob-
ably not true in detail. For instance, numerical simula-
tions have shown that the DM stream associated with the
Sagittarius stream are more extended and are misaligned
from the stellar component [107, 108]. However, the
progenitor of the Sagittarius stream is a dwarf irregular
galaxy [109], which had its stars initially distributed in a
disk and its DM in a round halo, so this mismatch is an
extreme case. The dwarf spheroidals, which are believed
to have produced S1, S2, and the other Shards [11], have
DM and stellar populations that have similar spheroidal
shapes before they were accreted. Nonetheless, the veloc-
ity dispersion of the DM and stars in the progenitor is not
exactly the same, and so mismatches between DM and
stellar streams are still expected, albeit on a smaller scale
than for the Sagittarius stream. Our approximation is
reasonable for the dwarf spheroidal regime, though work
to fully test its accuracy using a numerical simulations is
desirable.

A. Weighting the halo components

From Eq.(2), we also need to specify ⇠R, ⇠S and ⇠i,
the fractional contribution that each component makes
to the local DM density. Although these cannot be deter-
mined fromGaia data, there are some general statements
that we can make about their relative values. For exam-
ple, the gravitational potential is nearly spherical [110],
so the DM associated with the Sausage and the Shards

is subdominant. In Ref. [70] it was argued that theGaia
Sausage can contribute around 20% to the local DM den-
sity without exceeding the bound of 1% on the ellipticity
of the equipotentials of the Milky Way. A value ⇠ 20% is
also consistent with the fraction obtained from the FIRE-
2 simulations [69], and is in accordance with the inter-
pretation of the Sausage’s formation determined using
the Auriga simulations [111]. As the stellar Shards are
not the dominant component of the main sequence stel-
lar halo sample, it is unlikely that their progenitors will
have brought more DM into the inner halo than, say, the
Sausage. So ⇠tot will certainly be smaller than 20%.

To motivate us towards a lower limit to ⇠tot , we can
refer to the library of N-body minor merger accretion
events [112], as used in the interpretation of S1 and S2
in Ref. [11]. Streams originating from ⇠ 1010M� and
⇠ 5 ⇥ 109M� subhalos, believed to be the approximate
total masses of the S1 and S2 progenitors, were found to
contribute O(1%) to the local DM density at the solar
location. The simulations made simplifying approxima-
tions about the DM distribution in the in-falling satellite
and the host galaxy, and the impact of the Milky Way
disk was not included. Despite these limitations, they
suggest that a reasonable range for the total contribu-
tion from all of the substructures in Tables II and III
is 1% . ⇠tot . 10%. Following Ref. [70], we will fix
⇠S = 20% and the round DM halo contributes the rest:
⇠R = 80% � ⇠tot.

After this, we are still left with the task of specifying
⇠i, the contribution from each individual Dark Shard. As

O’Hare, Evans, CM et al 
arXiv:1909.04684



More general substructure: ‘Dark Shards’
O’Hare, Evans, CM et al 

arXiv:1909.04684

10

�50
0
�40

0
�30

0
�20

0
�10

0 0
10

0
20

0
30

0
40

0
50

0

vR [km s�1]

0.25

0.5010
3 f

ga
l(
v i

)
[k

m
�

1
s]

S1
S2
Rtg
ProLow-E

�50
0
�40

0
�30

0
�20

0
�10

0 0
10

0
20

0
30

0
40

0
50

0

v� [km s�1]

S1
S2

Rtg Pro
Low-E

�50
0
�40

0
�30

0
�20

0
�10

0 0
10

0
20

0
30

0
40

0
50

0

vz [km s�1]

S1
S2

Rtg Pro
Low-E

1

2

3
90% SHM++ + 10% Shards

90% SHM++

S1

S2

Rtg

Pro

Low-E

FIG. 5. The distributions of the three components of the galactic rest frame velocities. The solid black lines in the upper
panels show the total distribution, including the isotropic Round Halo,Gaia Sausage and Dark Shard components assuming
the Dark Shards contribute 10% to the local DM density (⇠tot = 10%). The distribution without the Dark Shards is shown
as the black dashed line. The coloured regions show the contribution from each of the S1, S2, Retrograde, Prograde, and Low
Energy categories: these distributions are stacked one upon the other in reverse order to aid the visibility of all the features.
The lower panels show the stacked distributions from the Dark Shards alone.

components listed in Table II. This assumption is prob-
ably not true in detail. For instance, numerical simula-
tions have shown that the DM stream associated with the
Sagittarius stream are more extended and are misaligned
from the stellar component [107, 108]. However, the
progenitor of the Sagittarius stream is a dwarf irregular
galaxy [109], which had its stars initially distributed in a
disk and its DM in a round halo, so this mismatch is an
extreme case. The dwarf spheroidals, which are believed
to have produced S1, S2, and the other Shards [11], have
DM and stellar populations that have similar spheroidal
shapes before they were accreted. Nonetheless, the veloc-
ity dispersion of the DM and stars in the progenitor is not
exactly the same, and so mismatches between DM and
stellar streams are still expected, albeit on a smaller scale
than for the Sagittarius stream. Our approximation is
reasonable for the dwarf spheroidal regime, though work
to fully test its accuracy using a numerical simulations is
desirable.

A. Weighting the halo components

From Eq.(2), we also need to specify ⇠R, ⇠S and ⇠i,
the fractional contribution that each component makes
to the local DM density. Although these cannot be deter-
mined fromGaia data, there are some general statements
that we can make about their relative values. For exam-
ple, the gravitational potential is nearly spherical [110],
so the DM associated with the Sausage and the Shards

is subdominant. In Ref. [70] it was argued that theGaia
Sausage can contribute around 20% to the local DM den-
sity without exceeding the bound of 1% on the ellipticity
of the equipotentials of the Milky Way. A value ⇠ 20% is
also consistent with the fraction obtained from the FIRE-
2 simulations [69], and is in accordance with the inter-
pretation of the Sausage’s formation determined using
the Auriga simulations [111]. As the stellar Shards are
not the dominant component of the main sequence stel-
lar halo sample, it is unlikely that their progenitors will
have brought more DM into the inner halo than, say, the
Sausage. So ⇠tot will certainly be smaller than 20%.

To motivate us towards a lower limit to ⇠tot , we can
refer to the library of N-body minor merger accretion
events [112], as used in the interpretation of S1 and S2
in Ref. [11]. Streams originating from ⇠ 1010M� and
⇠ 5 ⇥ 109M� subhalos, believed to be the approximate
total masses of the S1 and S2 progenitors, were found to
contribute O(1%) to the local DM density at the solar
location. The simulations made simplifying approxima-
tions about the DM distribution in the in-falling satellite
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FIG. 8. Angular distribution of the Dark Shards (with the ex-
ception of the Low Energy category). For each component we
delineate contours enclosing 68% and 95% of the flux distribu-
tion in angle. We see that S1 and the Retrograde Shards are
focused around the Cygnus constellation, while the Prograde
and S2 Shards are spread over much wider angles.

where ma is the axion mass, x is position, and � is an
arbitrary phase. The amplitudes of the oscillations of the
axion field are expressed in terms of the axion density
⇢a, which is stochastically varying under an exponential
distribution with mean ⇢0 (see e.g., Refs. [97, 114, 115]
for further details).

The axion field is coherent according to Eq.(11) for
timescales of the order ⌧a . (mav2)�1, where v is a
“typical” DM speed. The axion oscillations will decohere
over timescales longer than ⌧a and the subsequent tempo-
ral variation in frequency and phase will e↵ectively map
out the DM speed distribution when observed for long
enough. Haloscope designs generically involve the mon-
itoring of some electromagnetic response to a(t). The

spectral density of photons (usually the Fourier trans-
form of time series data) measured over a time t � ⌧a is
proportional to flab(v) up to stochastic variations. Hence
the signal lineshape in axion haloscopes is very sensitive
to the DM halo model.
The central problem in detecting the axion however

is that we do not know the frequency, ! ' ma(1 +
v2/2) at which the electromagnetic response to the ax-
ion field should be monitored. To search for this fre-
quency, haloscopes either enforce a resonance or con-
structive interference condition for a signal oscillating at
⇠ ma (as in e.g., ADMX [116, 117], MADMAX [118,
119], HAYSTAC [120–123], CULTASK [124–126], OR-
GAN [127, 128], KLASH [129] and RADES [130]), or are
sensitive to a wide bandwidth of frequencies simultane-
ously (e.g., ABRACADABRA [131–133], BEAST [134]
and DM-Radio [135]). See Ref. [136] for a recent review.
For most of the haloscope techniques discussed, the

spectral density of axion-induced photons is proportional
to the speed distribution, up to a change of variables
between frequency and speed (see e.g., Refs. [37, 137])

dP

d!
= ⇡H(!) g2a� ⇢0 flab(!) , (12)

where ga� is the axion-photon coupling on which the ex-
periment will set a limit. We use H(!) to note that a
haloscope will often have an underlying frequency de-
pendence, but over the small width of the axion signal
this is usually going to be flat. The relevant object for
us is,

flab(!) =
dv

d!
flab(v) . (13)
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arbitrary phase. The amplitudes of the oscillations of the
axion field are expressed in terms of the axion density
⇢a, which is stochastically varying under an exponential
distribution with mean ⇢0 (see e.g., Refs. [97, 114, 115]
for further details).
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“typical” DM speed. The axion oscillations will decohere
over timescales longer than ⌧a and the subsequent tempo-
ral variation in frequency and phase will e↵ectively map
out the DM speed distribution when observed for long
enough. Haloscope designs generically involve the mon-
itoring of some electromagnetic response to a(t). The

spectral density of photons (usually the Fourier trans-
form of time series data) measured over a time t � ⌧a is
proportional to flab(v) up to stochastic variations. Hence
the signal lineshape in axion haloscopes is very sensitive
to the DM halo model.
The central problem in detecting the axion however

is that we do not know the frequency, ! ' ma(1 +
v2/2) at which the electromagnetic response to the ax-
ion field should be monitored. To search for this fre-
quency, haloscopes either enforce a resonance or con-
structive interference condition for a signal oscillating at
⇠ ma (as in e.g., ADMX [116, 117], MADMAX [118,
119], HAYSTAC [120–123], CULTASK [124–126], OR-
GAN [127, 128], KLASH [129] and RADES [130]), or are
sensitive to a wide bandwidth of frequencies simultane-
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For most of the haloscope techniques discussed, the
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A dark matter hurricane…

Earth goes round Sun, Sun goes round Galaxy

SHM halo~220 km/s

S1 stream~550 km/s

WIMP Hurricane

S1: ‘Dark matter hurricane’
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Small effect for high mass searches
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Axion haloscopes: precision astronomy?
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Modulation signals: peak day changes
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Summary

• Robust particle physics constraints/measurements requires 
robust halo model

• Gaia has opened a new era in understanding the Milky Way

• We have investigated the impact on nuclear recoils and axion 
haloscopes of 
★ the Gaia Sausage (modest) 
★ the S1, S2 streams and other substructure (more dramatic) 

Next: 
• work with simulations to refine properties
• investigate properties on wider range of experiments
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Axion power spectrum: S1 and S2 leave distinctive features
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SHM++: 2 component model
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2

to update the Galactic constants in the SHM++, as the
familiar choices for the SHM represent the state of knowl-
edge that is now over a decade or more old. In Section IV,
we discuss how our model compares with other comple-
mentary strategies for determining the local velocity dis-
tribution of DM. Then, Section V discusses the impli-
cations for a range of WIMP and axion direct detection
experiments. We sum up in Section VI.

II. THE SHM: A CRITICAL DISCUSSION

At large radii the rotation curve of the Milky Way is
flat to a good approximation [54]. The family of isother-
mal spheres (of which the most familiar example is the
singular isothermal sphere) provide the simplest spheri-
cal models with asymptotically flat rotation curves [55].
These models all have Gaussian velocity distributions.

The SHM was introduced into astroparticle physics
over thirty years ago [56]. It models a smooth round dark
halo. The velocity distribution for DM is a Gaussian in
the Galactic frame, namely

fR(v) =
1

(2⇡�2
v)

3/2NR,esc
exp

✓
�
|v|2

2�2
v

◆

⇥⇥(vesc � |v|) , (1)

where �v is the isotropic velocity dispersion of the DM
and v0 =

p
2�v is the value of the asymptotically flat

rotation curve. The isothermal spheres all have infinite
extent, whereas Galaxy halos are finite. This is achieved
in the SHM by truncating the velocity distribution at
the escape speed vesc, using the Heaviside function ⇥.
The constant NR,esc is used to renormalize the velocity
distribution after truncation,

NR,esc = erf

✓
vesc
p
2�v

◆
�

r
2

⇡

vesc
�v

exp

✓
�
v2esc
2�2

v

◆
. (2)

Hence to describe the velocity distribution of DM in
the galactic frame under the SHM we only need to pre-
scribe two parameters, v0 and vesc. The value of v0 is
usually taken as equivalent to the velocity of the Local
Standard of Rest (or the circular velocity at the Solar po-
sition). The assumed value of vesc has also typically been
inspired by various astronomical determinations. The
standard values for these quantities in the SHM are listed
in Table I. These values are, however, now somewhat out
of date having undergone significant revision in recent
years. One motivation for updating the SHM is to incor-
porate the more recent values for these parameters.

The SHM has some successful features that we want
to maintain. Current theories of galaxy formation in
the cold dark matter paradigm envisage the build-up
of DM halos through accretion and merger. In the in-
ner halo (where the Sun is located), the distribution
of DM particles extrapolated via sub-grid methods in

SHM

Local DM density ⇢0 0.3GeV cm�3

Circular rotation speed v0 220 km s�1

Escape speed vesc 544 km s�1

Velocity distribution fR(v) Eq. (1)

SHM++

Local DM density ⇢0 0.55± 0.17 GeV cm�3

Circular rotation speed v0 233± 3 km s�1

Escape speed vesc 528+24
�25 km s�1

Sausage anisotropy � 0.9± 0.05

Sausage fraction ⌘ 0.2± 0.1

Velocity distribution f(v) Eq. (3)

TABLE I. The astrophysical parameters and functions defin-
ing the SHM and the SHM++. We include a recommenda-
tion for the uncertainty on each parameter for analyses that
incorporate astrophysical uncertainties. While the uncertain-
ties associated with ⇢0, v0 and vesc are based on direct mea-
surements, the uncertainties associated with � and ⌘ are less
certain. We refer the reader to the discussion in Section IIIA
and IIIB respectively for more details.

high resolution dissipationless simulations like Aquar-
ius is rather smooth [57], so a smooth velocity distri-
bution is a good assumption. Furthermore, recent hy-
drodynamic simulations [58–61] have recovered speed
distributions for DM that are better approximated by
Maxwellian-distributions than their earlier N-body coun-
terparts [3, 6–9, 62]. In this light, the assumption in the
SHM of a Gaussian velocity distribution is surprisingly
accurate.
There is, however, a significant shortcoming to the

SHM. Gaia data has provided significant new informa-
tion about the stellar and dark halo of our own Galaxy.
The halo stars in velocity space exhibit abrupt changes
at a metallicity of [Fe/H] ⇡ �1.7 [49]. The metal-poor
population is isotropic, has prograde rotation (hv�i ⇡ 50
km s�1), mild radial anisotropy and a roundish morphol-
ogy (with axis ratio q ⇡ 0.9). In contrast, the metal-rich
stellar population has almost no net rotation, is very
radially anisotropic and highly flattened with axis ra-
tio q ⇡ 0.6� 0.7.
The velocity structure of the metal-rich population

forms an elongated shape in velocity space, the so-called
“Gaia Sausage” [47, 63]. It is believed to be caused by
a substantial recent merger [47, 51, 52]. The “Sausage
Galaxy” must have collided almost head-on with the
nascent Milky Way to provide the abundance of radi-
ally anisotropic stars. Even if its orbital plane was orig-
inally inclined, dynamical friction dragged the satellite
down into the Galactic plane. Similarly, though its orig-
inal orbit may only have been moderately eccentric, the
stripping process created tidal tails that enforced radi-
alisation of the orbit [64], giving the residue of highly
eccentric stars in the Gaia Sausage. Therefore, the
⇠ 1010 � 1011 M� of DM in the Sausage Galaxy [47, 63]
will have been continuously stripped over a swathe of
Galactocentric radii, as the satellite sank and disinte-
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S1 stellar stream

S1: Identified with SDSS-Gaia (DR1) Catalogue
94 member stars
G. Myeong et al. 1712.04071 

Passes very close to solar position (orange arrow)



Sun

S1 Stream

S1 stream: very fast moving DM subcomponent



ADMX: precision astronomy
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Impact on the nuclear recoil spectrum is always small
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pendence, but over the small width of the axion signal
this is usually going to be flat. The relevant object for
us is,

flab(!) =
dv

d!
flab(v) . (13)

We show flab(!) as a function of frequency in Fig. 9.
The coloured shading from dark green to dark red in-
dicates the changes to the lineshape as ⇠tot is increased
from 0% (the SHM++) to 10%. The contribution from
the five Dark Shard categories when ⇠tot = 10% and the
equal weighting scheme (cf. Sec. IVA) is shown at the
bottom of the figure. We see similar e↵ects to those
shown in Fig. 6, but with an important di↵erence: since
! / v2, the lineshape is more concentrated around low
values than the speed distribution shown earlier. In fact,
the peak itself is notably sharper relative to the SHM++

due to S2. However overall, the lineshape ends up being
slightly wider due to the presence of S1 and the Retro-
grade Shards at higher frequencies. The e↵ect from S1
was considered in detail in Ref. [60], including also the
dependence on the S1 velocity dispersion.

In both resonant and broadband haloscopes, the sen-
sitivity to ga� is dependent upon how prominently the
signal can show up over the experiment’s noise floor.
In a generic statistical methodology, this means that
the sensitivity of an axion experiment scales as ga� ⇠
(
R
f(!)2 d!)�1/4. Signals that are sharper in frequency

are more prominent over white noise and hence easier to
detect. Since the e↵ect from S2 appears at the peak of
the lineshape, if the local DM density had a larger con-
tribution from S2, we would expect an even sharper line-
shape. To demonstrate this explicitly, the pink dashed
line in Fig. 9 shows the lineshape when half of ⇠tot = 10%
is weighted towards S2 (as opposed to a fifth under the
equal weighting scheme). This distribution is notably
sharper and further increases the sensitivity of axion
haloscopes to the coupling ga� . To obtain more robust
results from axion haloscopes, it is therefore important
that the properties of S2 are characterised precisely.

A. Dependence on the dark matter direction

Some classes of axion experiments are also sensitive to
the directionality of the DM flux. The CASPEr experi-
ments for example [123] utilise spin-precession to detect
the nuclear coupling of ultra-light axions. The generic
Hamiltonian that CASPEr is sensitive to has the form
H ⇠ g IN · D, where IN represents the polarised nuclear
spins and D is an e↵ective field. The CASPEr-wind [124]
experiment assumes that the e↵ective field is given by the
spatial gradient of the axion field,

Da(t) ' �
p
2⇢(t) sin(mat+ �)v(t) . (14)

In this case, the Hamiltonian is proportional to the scalar
product of the axion velocity and the polarised nuclear
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FIG. 10. Time-averaged di↵erential event rate as a function
of energy for a 20 GeV WIMP-like particle scattering through
the spin independent interaction on xenon. The coloured
shading from green to red indicates how the event rate changes
as the fraction ⇠tot is increased from 0% to 20%. The coloured
lines at the bottom of the figure show the individual contri-
bution from each category: S1, S2, Retrograde, Prograde and
Low Energy. The dominant change in the spectrum comes
from S1 although the e↵ect is always small, even when we
increase the maximum limit of ⇠tot to 20% to make the e↵ect
more noticeable.

spin so the experiments are most sensitive when these two
vectors are aligned. For higher mass axions (and elec-
tron and photon couplings), the ferromagnetic haloscope
QUAX [125–127] also measures an e↵ective field depen-
dent on the axionic gradient in the same way. One typi-
cally assumes a smooth DM flux that on average points
in the direction of Cygnus x̂Cyg. Yet we saw in Fig. 8
that one of the e↵ects of the Dark Shards was to dis-
place slightly the peak of the DM flux from the direction
of Cygnus and to introduce a prominent high latitude
component due to S2. This means that the gradient of
the axion field as it varies over the coherence length and
time will therefore be more likely to point at large an-
gles away from Cygnus than under the assumption of
the SHM. This will modify the daily modulation [82],
and may potentially a↵ect experimental sensitivities for
CASPEr and QUAX. Similar arguments may also apply
to experimental methods involving atomic clocks and co-
magnetometers that are searching for a wider class of
ultra-light particles [128–130]. We leave a more detailed
investigation of this subject to future work.

VII. NUCLEAR RECOIL SIGNALS

Many DM experiments currently operating search for
signals from WIMP-like particles from the Milky Way

More general substructure
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Modulation signals: amplitude changes
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Directional signals: hotspots away from Cygnus
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Directional signals: hotspots away from Cygnus
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