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Implications of the Gaia sausage for dark matter nuclear interactions
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The advent of the Gaia era has led to potentially revolutionary understanding of dark matter (DM)
dynamics in our galaxy, which has important consequences for direct detection (DD) experiments. In this
paper, we study how the empirical DM velocity distribution inferred from Gaia-sausage, a dominant
substructure in the solar neighborhood, affects the interpretation of DD data. We survey different classes of
operators in the nonrelativistic effective field theory that could arise from several relativistic benchmark
models and emphasize that the Gaia velocity distribution could modify both the total number of events
as well as the shape of the differential recoil spectra, the two primary observables in DD experiments.
Employing the Euclideanized signal method, we investigate the effects of the Gaia distribution on
reconstructing DM model parameters and identifying the correct DM model given a positive signal at future
DD experiments. We find that for light DM with mass ~10 GeV, the Gaia distribution poses an additional
challenge for characterizing DM interactions with ordinary matter, which may be addressed by combining
complementary DD experiments with different targets and lowering the detection threshold. Meanwhile,
for heavy DM with mass above ~30 GeV, depending on the type of DM model, there could be a (moderate)

improvement in the sensitivity at future DD experiments.
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I. INTRODUCTION

Confirming the existence of dark matter (DM) through a
variety of cosmological and astrophysical observations has
been one of the major successes of 20th century physics.
Simultaneously, questions regarding the particle nature of
DM and its interactions with ordinary matter beyond
gravity remain unresolved. Fortunately, there is a vibrant
research program that seeks to answer these questions on
the experimental and observational frontiers. A leading
probe in the hunt for DM is direct detection (DD) experi-
ments, which look for signals from DM particles scattering
in underground detectors. Although there have been no
statistically significant detections of nonbackground events
so far, next-generation experiments such as LUX-ZEPLIN
(LZ) [1], XENON-NT [2], PANDAX-XT [3], SupercDMS
SNOLAB [4], DAMIC-M [5], DARWIN [6] and DARKSIDE-20K
[7] serve as promising avenues not just for DM discovery,
but, as we argue below, for reconstructing its astroparticle
properties as well.
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The main physical observable in a DD experiment is the
differential recoil spectrum, typically quoted as a function
of the primary scintillation signal. Interestingly, modeling
the DM recoil spectra at DD experiments relies on several
independent aspects of its phenomenology. More specifi-
cally, DD experiments probe a combination of three
important DM properties: its mass, interaction type (with
nucleus and/or electrons) which we will refer to as the
model, and its astrophysical distribution, namely through
its density and velocity distribution in the solar neighbor-
hood. From the perspective of statistical inference, this
results in a three-fold degeneracy depicted in Fig. 1. As
corollary, determining the local astrophysical properties of

DD experiments

FIG. 1. Three-fold degeneracy in DM direct detection.
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DM precisely will be crucial in reconstructing its particle
physics properties.

The standard halo model (SHM) of DM velocity dis-
tribution [8] has been the cornerstone of DD analyses since
it was proposed nearly three decades ago. The SHM
follows from modeling the Milky Way (MW) as an
isotropic, isothermal halo in equilibrium formed through
the virialization of multiple subhalo merger residue.
However, observations [9—12] and results from N-body
simulations [13—18] have suggested the presence of diverse
stellar and DM substructures from recent mergers, chal-
lenging the MW'’s steady state characterization. There have
also been attempts to semianalytically model the local DM
velocity distribution using kinematic data [19-25], but
these rely on additional, potentially restrictive, assumptions
about the structure of the MW.

On the other hand, astrometric data released by the
European Space Agency’s Gaia mission [26,27] presents a
unique opportunity to study the MW’s accretion history,
and take first steps toward an empirical determination of the
DM phase-space distribution. Even with a subset of the full
data, a few groups [28-31] have reported evidence of tidal
debris from a dominant merger in the solar neighborhood,
the so-called Gaia sausage or Gaia Enceladus, with very
different kinematics compared to the old, virialized stellar
population. While the full implication of stellar data for the
astrophysical properties of DM will take decades to
analyze, pioneering work by Ref. [32] used the kinematics
of MW halo stars in the cross-matched Sloan Digital Sky
Survey (SDSS)-Gaia data set as tracers for the DM
velocity, and validated their analysis [33] with the FIRE-2
cosmological zoom-in simulation. Their analysis used a
mixture model to characterize the local DM velocity
distribution as a sum of the smooth halo and a radially
aniostropic substructure components, which we refer to
henceforth as the Gaia velocity distribution.

In this paper, we perform a systematic study of how the
DM velocity distribution affects the reconstruction of DM
model parameters at current or near-future DD experi-
ments. Our analysis expands the existing DM direct
detection literature in two important ways:

(i) We consider the effect of DM velocity distribution
for DM models that encompass a diverse set of
operators in nonrelativistic effective field theory
(NREFT) with different recoil energy and velocity
dependences. We show that the Gaia velocity dis-
tribution could significantly change not just the
overall rate, but also the shape of the DM recoil
spectrum at DD experiments.

(ii) Adopting the euclideanized signal (ES) method
developed by Refs. [34,35], we forecast the ability
of next-generation experiments to resolve DM
model parameters using SHM and Gaia velocity
distributions as two representative cases. We find
that both the DM mass and the recoil energy

dependence of the model could enhance or suppress
the effect of the Gaia velocity distribution vis-d-vis
the SHM while inferring the DM model parameters.
This is another example of the curious interplay
between different DM properties illustrated in Fig. 1.
Our approach is quite different from both traditional
forecasting approaches for DM direct detection that used
benchmark-dependent mock data sets [36—40], or analyses
which studied the effect of uncertainties in SHM on
constraining the DM particle physics properties [41-44].
The paper is organized as follows. We review the basic
ingredients to compute the recoil spectra at DD in Sec. 1I:
we summarize and review the velocity distribution taking
into account of the Gaia sausage in Sec. Il A, and review
the NREFT formalism along with several benchmark DM
models in Sec. II B. In Sec. III, we demonstrate how Gaia
velocity distribution could modify both the overall rate and
the shape of the recoil spectra in the NREFT framework. In
Sec. IV, we introduce the recently developed ES statistical
framework, which allows us to make forecasts without
running MC simulations. In Sec. V, we present our results
on the effects of Gaia distribution on reconstructing DM
model parameters and distinguishing between different
models at future DD experiments as well as setting
constraints using current data. We conclude in Sec. VI.

II. PHENOMENOLOGY OF DARK
MATTER-NUCLEAR INTERACTION

In this section, we briefly review the key ingredients to
compute the rate of DM scattering off nuclei in a DD
experiment. In particular, we summarize possible new DM
velocity distributions inferred from the Gaia data. We also
review both the model-independent framework, the non-
relativistic effective theory and some specific benchmark
models to study different types of DM-nucleus interactions.
We emphasize that this section is a review of the literature,
which are most relevant to our studies. Readers who are
familiar with the subject could skip this section. A more
extensive recent review on DD can be found in Ref. [45].

A. DM velocity distributions

Our key experimental observable, the differential recoil
rate (the full formula is provided in Appendix A), is
sensitive to the DM velocity distribution. In this section,
we first review the SHM and the Gaia distribution which
we use in our analysis and then compare the velocity
moments from different possible velocity distributions.

The local velocity distribution in the GC frame for the
SHM, i.e., for an isotropic, isothermal DM halo in
equilibrium, is well-modeled by a truncated Maxwell-
Boltzmann distribution [8],

1 1
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where we take the velocity dispersion and escape velocity
of the DM halo to be ¢, % 160 km/s and v, ~ 540 km/s
respectively [46], and the normalization constant N is
given by,

v 2 v 2 h 2
N = rf ese —_— €s¢ _Uesc/zo—m‘ 2

The DM velocity distribution in the Earth frame, f(%), can
be obtained by boosting GC frame distribution, f(7), with
the Earth’s velocity, Uy, (1),

F(@) = f (Vons (1) + ), (3)

where the ¢ dependence arises due to Earth’s orbital motion
around the Sun and is commonly referred to as annual
modulation [47,48]. Ignoring modulation effects, we
assume a time averaged value for the Earth’s velocity v, ~
230 km/s in our analysis.

A crucial assumption in the formulation of the SHM is
the condition of local equilibrium. However, if the MW has
undergone one or more recent mergers, the equilibrium
condition is then invalid, and we would need a method to
empirically determine the DM velocity distribution.
Assuming the CDM paradigm, hierarchical structure for-
mation implies that the MW halo should primarily consist
of virialized tidal debris from old subhalo mergers with
other spatial and kinematic substructure sourced by more
recent ones. Reference [49] used the Eris N-body
simulation to show the correlation between velocities of
old, metal-poor stars and the virialized DM component of a
MW-like halo. Along the same lines, Ref. [15] argued that
the velocity distribution of stars in a class of substructure
called debris flow' is a good kinematic tracer of its accreted
DM counterpart based on the Via Lactea simulation.

In unarguably the golden-age of data-driven astrophys-
ics, we can now obtain 7D information” for main-sequence
stars in the MW halo by cross-matching the Gaia data
releases [26,27] with the Sloan Digital Sky Survey (SDSS).
Using this cross-matched catalog, Refs. [28,29] found
signatures of a debris flow in the solar neighborhood (within
~4 kpc of the Sun)-the so-called Gaia-sausage—that con-
sists of metal-rich halo stars with high radial anisotropy.
Further investigation of other phase space substructures
[28,30,51] indicates that, in fact, the MW might have
experienced at least two different accretion events, namely
those of the Sausage [28] and Sequoia [52] dwarf galaxies.

'Debris flow consists of tidal debris of an accreted dwarf
galaxy that has made several orbits such that it is spatially mixed
on large scales while retaining a unique signature in velocity
space [50].

Including parallax, sky positions and proper motions on the
celestial sphere, and radial velocity measurements from Gaia,
along with metallicity data from SDSS. The stellar metallicity,
given by the iron-to-hydrogen abundance ratio, [Fe/H], is used as
a proxy for the star age.

The Gaia-Enceladus structure [29] hints at a possible third
event, although it appears to partially consist of debris from
the other two mergers [53].

For our analysis, we only focus on the effects of the Gaia-
Sausage, since it is the dominant merger in the solar
neighborhood contributing ~70% of all accreted low-
metallicity stars [28]. Reference [32] used the SDSS-Gaia
DR2 data set with a subsample of ~190, 000 stars to make the
first empirical determination of the local DM velocity
distribution. They performed a Gaussian mixture model
(GMM) analysis on the joint distribution of stellar velocities
and metallicities to classify stars in three populations with
distinct kinematic properties: metal-rich young disk stars
formed in-situ; accreted stars which include metal-poor stars
in the smooth isotropic halo, and intermediate metallicity stars
with a high radial anisotropy that constitute the Gaia-sausage
substructure. The total DM velocity can then be written as a
linear combination of the substructure and halo velocities,
weighted by the fraction of DM in each component,

f(’U) = (1 - ”sub)fhalo(v) + ﬂsubfsub(/u)v (4)

where 7., parametrizes the DM fraction in substructure. By
sampling the GMM model with the SDSS-Gaia DR2 sub-
sample, Ref. [32] inferred the best-fit velocity distribution for
each component3 as well as a posterior distribution of their
stellar fractions. Subsequently, Ref. [33] derived an approxi-
mate relation between the mass-to-light ratio and metallicity
for the MW [54,55] for using the stellar fraction posterior to
estimate the DM fraction distribution, p (), shown in the
left panel of Fig. 24 Importantly, however, the fraction of stars
in substructure relative to total accreted stars is typically a
poor tracer for 7., as simulations show that the halo DM
component may contain significant contributions from accre-
tion of diffuse DM and DM in nonluminous subhalos. In fact,
as demonstrated by Refs. [33,56,57], late-time accretion from
the latter component may affect both the shape and the
velocity distribution of all accreted DM. We postpone a
detailed study of these effects to future work.

We plot the Gaia DM velocity distribution in the
heliocentric frame for each component from ref. [32] in
the right panel of Fig. 2. We also note that there is no
smooth interpolation in 7, between the SHM and the Gaia
velocity distribution, i.e., 7, = 0 does not yield the SHM.’

3 Available publicly here: https://github.com/linoush/DM_
Velocity_Distribution.

*While Ref. [33] only provides the median value of 5y, with
its 1o error bar, the full distribution was provided to us by one of
the authors, L. Necib, in private communication.

>We note here that Ref. [58] uses the sphericity constraint of the
DM halo [59] to argue that 74, < 20%. However, this constraint
relies on the assumption that the observed stellar density of the
sausage is a reasonably good tracer for the density of its DM
component. In any case, as we show in Fig. 6, the qualitative
behavior of our result holds for a wide range of substructure
fractions.
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FIG. 2. Left: distribution of the DM fraction in substructure 7, determined using an empirical relation between the mass-to-light ratio
and metallicities for the MW (provided by L. Necib in private communication). Right: the normalized Gaia DM velocity distributions
for the halo (indigo dash dotted) and substructure (blue dashed) components weighted by the median DM substructure fraction, i.e.,
neap = 0.42. Also shown for reference are the total velocity distributions in the heliocentric frame for Gaia for the median value of DM
fraction (orange solid) and the SHM (cyan solid). The band of the Gaia distribution is obtained by varying 7, in the 1o range around its

median value.

Heuristically, the differences between the two velocity
distributions can be attributed to the Gaia one being
inferred through a better statistical modeling of the same
stellar population.

There has also been growing interest in studying the
effect of other phase-space substructures in the solar
neighborhood discovered using Gaia data, in particular
for the retrograde S1 [51], and the prograde Nyx [60,61]
streams. Stellar streams appear as a coherently moving
group of stars resulting from the tidal debris of a galaxy
localized in both position and velocity space, and presence
of a significant DM fraction in stream(s) could result in a
very different annual modulation signature compared to the
SHM. With this motivation, Ref. [62] revisited the DM
interpretation of the latest DAMA data with the S1 stream,
and found that absence of a DM signal at other experiments
rules out the preferred DM parameter space of DAMA even
if 100% of the local DM was present in such a stream.
Another promising avenue to look for interesting signatures
of DM substructure are axion searches and directional
detection experiments as discussed in Refs. [58,63,64]. The
main drawback of the aforementioned analyses is the
underlying assumption of a near perfect stellar-DM veloc-
ity correlation. As illustrated in Ref. [33] (see top panel of
Fig. 7 for example), stellar streams turn out to be poor
tracers of the DM velocity, since the tidal debris in the
stream has not had enough time to completely mix with the
halo. In addition, compared to the sausage substructure,
streams are expected to contribute only a subdominant
fraction of DM in the solar neighborhood. For example,
using the results of ref. [65], ref. [64] argued that the
progenitors of the S1 and S2 stream could contribute
~1-10% of the local DM fraction. Thus, we only focus
on the DM velocity distribution associated with the Gaia

sausage based on Refs [32,33] in our work, and ignore the
effect of streams in our analysis.

Dark matter interactions with the nucleus beyond the
simplest contact one could introduce additional factors of
incident DM velocity squared v into the velocity integra-
tion. We will consider two velocity moments:

m%mszw%ﬂm, (5)

v

min

M%M—/%¥wﬂw (6)

min

Eo - .. .
where v, = 4 /% is the minimum DM velocity for a
T

given recoil energy Ep, target mass my, DM-nucleus
reduced mass py. The velocity integrals are bounded from
above by the escape speed, v..., which we take to be co for
the Gaia velocity distribution following ref. [32].

We plot g(vmin) and h(vy,) as functions of vy, in
Fig. 3. From the left panel of Fig. 2, we note that fs,i,
peaks at a lower v and has a smaller high velocity tail
compared to fgyw. Integrating it with 1/v results in
g(”min)Gaiu > g(vmin)SHM for small Unmin> whereas  for
Umin z 250 km/S’ g(vmin)Gaia < g(vmin)SHM' Meanwhile
in case of h(vy;,), the preference for large velocities due
to an additional factor of v results in A(Vyin)gaia <
h(vmin)sum for all values of v,;,. These features are crucial
for us to understand how the Gaia distribution affects the
recoil spectra at the qualitative level in Sec. IIL.

B. DM-nucleus scattering theory

In this section, we will briefly review a model-independent
framework and some concrete models to study different
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Moments of the empirical Gaia velocity distribution (orange, dashed) and the SHM distribution (cyan, solid) relevant in our

analysis, g(vpin) (left) and A (v, ) (right), as functions of v,,. The value of g(vi,) (A(vmin)) has been multiplied (divided) by the speed
of light to be made dimensionless, for a better illustration of their relative magnitudes.

types of DM scattering off nucleus in DD experiments.
There is a huge literature on possible DM scattering in DD
and we do not intend to provide an exhaustive review here.
We will only refer the reader to the original papers and
papers we actually use for our analysis.

The typical DM velocity in our galaxy is » < 1073¢. The
incident DM kinetic energy is around O(10) keV for a DM
particle with mass ~10 GeV. Given that DM scattering in
DD experiments is nonrelativistic (NR), a simple model-
independent way to parametrize different types of DM-
nucleon interaction is the Galilean-invariant NR effective
field theory (NREFT), first proposed and developed in
Refs. [66,67]. The core result is that in the NR limit,
DM-nucleon interactions could be encoded in 16 NREFT
operators, 15 of which are linearly independent. These
operators are expressed in terms of four three-vectors: DM

spin S , nuclear spin §N, the momentum transfer ¢ =
p'— p with p (p') the incoming (outgoing) DM three-
momentum and the transverse velocity

=7+ (7)

4 \where vt-g=0.
2y

We will use only 12 linearly independent operators,
O;’s, listed in Table I. These 12 operators are usually
sufficient to describe the NR limit of many relativistic
operators that appear in simple models with spin-0 or
spin-1 mediators. In this paper, we only focus on spin-
independent scattering.

In the NR limit, a relativistic operator in the field theory
can be mapped onto a linear combination of NR operators.
Thus, a relativistic Lagrangian for a particular DM scatter-
ing model, which could contain several relativistic oper-
ators for DM-nucleon interaction, can be written in terms of
the NREFT operators as,

CgN) OSN)

12
LNreFT = Z Z—

, 8

N=np i=1 9+ mrzned;i ®)
where N = n, p labels the type of nucleon DM interacts
with, which could be either neutron or proton and i labels
NREFT operators. The coefficients, c;’s, depend on the
coupling coefficients in the relativistic theory and the
Wilson coefficients obtained by mapping the relativistic
operators to the NR ones. Compared to the standard
literature (e.g., Refs. [67-69]), we also take the mediator
propagator out of ¢;s and explicitly write it out, where
Mpeq; 18 the mediator mass for the ith interaction. Strictly
speaking, the formula above holds when the mediator is
light with mass below GeV. When the mediator is heavy
with mass above GeV, it could be integrated out and the

propagator in Eq. (8) is reduced to m_2,.

TABLE I. Summary of the NREFT operators. The second
column indicates the operators’ nuclear spin dependence.

Operators Form Spin-Dependence
O, 1 X
0, (v+)? X
Os iSy - (g x oY) 4
O, §){ .Sy 4
Os iS, - (G x o) X
Os (Sv- )3, - 3) v
O; Sy -t v
Oy S, vt X
Oy iS, - (§N X q) 4
N iSy-g v
On iS} -q X
On - (S, x Sy) X
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TABLE II.

Summary of the representative DM models used in our analysis. For brevity, only the SI NR operators

of each model are shown here. We also show the leading order E; and velocity moment dependences of the
corresponding spectra. The coupling constant in front of the operator defines the model parameter to be constrained,
e.g., coupling strength g, for contact interaction, charge fraction ¢, for millicharged DM, and the dipole moment 4,

for magnetic dipole DM.

Model Relativistic operator NREFT operator Er and DM velocity moment
Contact interaction 971, Ny'N g. O ~g(Vmin)
(heavy gauge boson mediator)
Millicharge (mC) ee, 1" A, e, L O(lp) ~ER9(Vmin)
w/ light mediator 1
Magnetic dipole (MD) %760,y 0°F o, % (ZTZ ng) _ 4@21’)) ~E%G(Vin) + Egh(Vpin)
w/ heavy mediator 4
Magnetic dipole (MD) LyoyF,, % (L olr) _ 4 o) ~g(Vmin) + Eg"h(vimin)
. . 2 \m 1 q2 5
w/ light mediator 4
Electric dipole (ED) i% 76"y yF,, 2ed, L O ~Ex"' 9(Vmin)
w/ light mediator 1
Anap()le igana)?yﬂyﬁ)(ayFm Zegana(’)gp) NERg(Umin) + h(vmin)

w/ heavy mediator

In the paper, we only consider the leading order spin-
independent (SI) elastic scattering in which DM scatters off
the entire nucleus coherently. To go from DM scattering
with individual nucleons to scattering with nucleus, one
needs to take into account of the nuclear response which is
encoded in the form factor

FIN = (Nucleus| 01" O |Nucleus),

ij
= > Fl @), 9)
n=0

where in the second line, we expand it as a power series
of v2 and F") are associated coefficients. Further develop-
ment of effective field theory from quarks to nucleons
could be found in Refs [70,71]. In NREFT, the differential
scattering rate [full formula in Eq. (A1)] in terms of the ¢;s
and the form factors is,

dR © . J(@) Ve
& Z dv 2 2 2 2
dER Vmin v (q + mmed;i)(q + mmed;j)

ij,
NN

(NN') 2 2
X Fi; (g%, v°),

ii (q2 + erzned;i)(q2 + m2 )

i,] med;j
0 1
% [9(min) FL (62) + B (vmin) FL (62) + 1. (10)

Note that our normalization of the form factors F’s differs
from that in the literature (e.g., Refs. [67,68]) by a factor of
(4m,my)* with my the nucleon mass. The form factors
used in our analysis are provided in Appendix B.

A DM model could contain several different DM-
nucleon interactions and a relativistic operator between

DM and nucleons could map onto multiple NR operators.
Moreover, the constraint on the coupling of the relativistic
operator could be a complicated sum of constraints on each
NR operator it corresponds to with different weights due to
interferences between different NR operators. Thus in
analyzing how the new velocity distribution affects inter-
pretation of DD data, we also consider a few simple
representative models. Again, we do not intend to be
exhaustive; we only select and compare a few models with
different E; and velocity dependences, which could be
affected by SHM and Gaia velocity distributions in differ-
ent ways.

We assume for simplicity that the DM is fermionic, and
analyze six SI DM models: DM interacting through heavy
scalar mediator (leading to the simplest contact interaction),
millicharged DM (mC), DM with magnetic dipole moment
(MD) with either heavy or light mediators, DM with
electric dipole moment (ED) with light mediator and
anapole DM with a heavy mediator. All the models are
summarized in Table II. More details of the models could
be found in Appendix C.

III. EFFECT OF THE DM VELOCITY
DISTRIBUTION ON DD RECOIL SPECTRUM

Before presenting the statistical method for DD fore-
casting and the results, we want to discuss how different
DM velocity distributions could affect the differential recoil
spectrum, the key quantity in DD experiments. Here we
present results using NREFT operators. This will help us
obtain some qualitative ideas and physical intuition of the
effects of DM velocity distribution on interpreting current
and future DD data in the context of a full-fledged model,
which we present in Sec. V.

The recoil spectrum depends on not only the velocity
moments but also the coefficients F l(-,"]-)(qz) /(q* 4+ m2.)>

063026-6



IMPLICATIONS OF THE GAIA SAUSAGE FOR DARK ...

PHYS. REV. D 101, 063026 (2020)

(n)
ij
nomial of g> multiplying an exponent suppression factor

The form factor function F,/(g?) is, in general, a poly-

—_2¢2 . . . . .
~e~ 75" in which the effective nuclear radius is s ~ 0.9 fm.
Since the exponential factor is common for all nuclei, we

will focus on the polynomial part of F 5'? (¢?) that depends

on the type of DM-nucleon interaction.
The momentum transfer is related to the recoiling energy
Er and v, as,
q* =2mrEg = 4z v, (11)
We could express ¢ in terms of v, and the differential
recoil rate as a function of v, only. To illustrate how the
recoil spectra vary with velocity distributions, we select

three NR operators as examples
|

Ol :g(vmin)’ OS : vrzning(vmin) + h(vmin)’
01 . g(amin) , 08: g(/l;min) =+ h(limin) ,
Vmin Vhin Vmin

To derive the spectrum’s dependence on v, for Og, we use
EL:§+2ﬂiT and v+ -g = 0.

We could understand some general features of the
spectra independent of the velocity distributions. Given
the exponential factor in the nuclear response function, all
spectra fall off at large recoiling energies. In the heavy
mediator limit, the spectrum of O; peaks at low recoil
energy (or equivalently, small v.;,) since g(vy,) is a
monotonic decreasing function of v,,;,. The differential rate
of O, contains an additional factor, v[znin, which prefers
larger Ey. Thus the spectrum peaks at a higher Ey, away
from the detection threshold, due to a balance between v2.
and g(v;,)- For Oy, the differential rate is a sum of two
terms with opposite behavior: v2. g(v,) peaks at large
recoiling energy while h(vy;,) peaks at threshold.
Numerically it turns out that h(v,;,) dominates over
2. g(Vmin) SO that the spectrum still peaks at low recoil
energy. The situation is much simpler in the light mediator
limit. The spectra for all operators peak at threshold due to
the mediator propagator 1/g°.

We present the spectra for both light and heavy DM with
masses at 12 and 50 GeV respectively in Fig. 4 (in the
heavy mediator limit) and Fig. 5 (in the light mediator
limit). In the plots, the cyan curves are based on SHM while
the orange curves are based on the Gaia distribution with
Neup = 0.42. Based on the discussion above, we could
understand further some details of the spectra for each
velocity distribution.

In the heavy mediator case,

(1) For both O, and Oy, spectra based on Gaia peaks at

a higher value at low recoiling energy and falls off

Og ::S:Z'l_))l, Oll :is}‘a, (12)

and compute their recoil spectra assuming a xenon target.
For simplicity, we consider only one NR operator at a time
with a single type of mediator. Let us consider two limits to
illustrate the effects of different DM velocity distributions:
heavy mediator with m?_, > ¢* so that the propagator is
approximately a constant, and light mediator with m2 ., <
g* so that the propagator is approximately 1/¢. It is not
difficult to generalize the discussion to cases in between the
two limits with m2_; ~ ¢*. In the two limits, we have the
dependence of the recoil spectrum on v, for each operator
schematically as

Oy :v2:.9(Vmin),  heavy mediator;

Umin
o, 9(Vmin)

2 b
Vhin

light mediator. (13)

faster compared to the one from SHM given the
shapes of g(vy,;,) shown in Fig. 3(a).

(i) For Oy, the spectrum based on Gaia distribution is
steeper for light DM than that for heavy DM. More
specifically, the recoiling energy at which the differ-
ential rate from SHM becomes larger than that from
Gaia for heavy DM (the cross-over of the two
curves) is larger than that for light DM. This is
because at v, ~250 km/s, the relative sizes of
9(Vmin)’s for Gaia distribution and SHM switches
(Fig. 3(a)). For a given v,,;,, the more heavy DM is,
the larger E it corresponds to, as one could see from
Eq. (11). Similar argument could be used to explain
the differences for spectral of light and heavy DM
scattering through Oy;.

(iii) For O, the spectra based on Gaia are always below
those based on SHM since the scattering is mostly
determined by A (v, )-

Similar features are present in the light mediator case

(though they are less evident in Fig. 5):

(1) For O, and Oy, the Gaia spectra are steeper than
those of SHM. At low Ey, the differential rate based
on the Gaia distribution is greater than that based
on SHM while the opposite is true at higher Ep.
Analogous to the heavy mediator case, the cross-
over happens at a larger Ey for heavy DM compared
to light DM.

(ii)) For Oy, Gaia’s differential rate is always below the
SHM’s mainly due to the dominance of A (vy,).

In general, the overall rate of light DM with mass

<10 GeV could be suppressed with a Gaia distribution
compared to that of SHM. This leads to weaker constraints
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FIG. 4. Top row: recoil spectra of Oy, O, and O with heavy mediators for DM with m, = 12 GeV. Bottom row: recoil spectra of the

same set of operators for m, = 50 GeV. The cyan (orange) curve assumes SHM (Gaia) velocity distributions. In this figure and the next
one, the differential recoiling rate is in arbitrary unit.
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FIG. 5. Recoil spectra of Oy, Og and Oy, for DM with mass m, = 12 (top) and 50 (bottom) GeV. Here we consider operators with
light mediators. The cyan (orange) curve assumes SHM (Gaia) velocity distributions.
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and poorer determinations of the light DM parameters using
Gaia velocity distribution. On the other hand, for heavy DM,
the relative sizes of scattering rate with either Gaia or SHM
distributions depends on the type of the interaction. The
scattering rate with Gaia could be enhanced when the
associated velocity moment is g(v,,;,) and the scattering
rate is proportional to a non-negative power of v, (or
equivalently, ¢). This could lead to stronger constraints and
better determinations of the DM parameters, e.g., when the
model maps onto O; and O;; with heavy mediators. For
interactions associated with A (v, ), however, the recoil rates
assuming Gaia distribution are suppressed compared to that
of SHM, resulting in a weaker constraint on the coupling.
Lastly, the differences of the spectral shapes in the light
mediator case, which depend on negative powers of v,;, (¢),
with either Gaia or SHM distributions are small. These
qualitative discussions based on the recoil spectra will indeed
be confirmed with numerical computations in Sec. V.

IV. STATISTICAL FRAMEWORK

In this section, we introduce the statistical framework to
study the effect of uncertainties in the DM velocity
distribution while reconstructing particle physics parame-
ters with DD data, followed by a short discussion on how to
interpret its results with a concrete example. As discussed
previously in the introduction, for a given DD experiment,
there is a three-fold degeneracy between the different
classes of DM parameters. At the same time, from a
statistical inference perspective, we can only access (a
combination of) these parameters through experimental
observables. For DM-nuclear interactions, these observ-
ables are simply the overall rate and the number of events
per bin or the shape of the recoil spectrum (which may also
include background events). The qualitative relationships
between these observables and DM parameters of interest
are summarized in Table III

However, no statistically significant number of DM
events have been detected at pico [72], Lux [73],
SuperCDMS  [74], PANDAX-II [75], and XENON-IT [76].
These null results in turn can be used to obtain constraints
on particle physics parameters, traditionally expressed
through 90% confidence level (CL) upper limit in the
plane of dark matter mass and scattering cross section per
nucleon. While studying upper limits is the most straight-
forward way to assess the impact of qualitatively different
velocity distributions on extracting particle physics param-
eters with DD experiments [32,42,58,62,63], we could gain
more information from forecasting the ability of next-
generation experiments to reconstruct model parameters
through pairwise comparison of neighboring points. We
also note that several analyses in the literature have
forecasted degeneracies between DM model parameter
by analyzing mock data sets generated for various exper-
imental configurations [36—41], but these methods rely on
the choice of several predefined benchmark points and
some of them could be computationally expensive.

TABLE III. Schematic summary of the relationship between
DM signal parameters and experimental observables in a typical
DD experiment.

Observables

Type Signal parameters Total rate Shape
Particle and nuclear DM mass [m, ] v v
physics Couplings [c’s] v X
Mediator mass [/7,ne4] v P
Form factor [F’s] v v
Astrophysics Local DM density [p,] v X
DM velocity distribution 4 v

[/ (v)]

“Exceptions occur when multiple relativisitc interactions are
relevant, each giving rise to a different shape. Then varying
couplings (nonuniformly) change the weights of each interaction.

Applicable only for light mediators, i.e., when m.q/q < 1 as
well as the case with multiple mediators.

A faster alternative for forecasting are techniques that
rely on the so-called Asimov data set [77], an artificial data
with no statistical fluctuations generated using the true
parameter values of a model. Consider a d-dimensional

parameter space, 6ecQ v € R for a given DM model M,
and the associated Asimov data set D4 (@) for each point.

Given two model parameter points 6,, € Q,, we can
construct a likelihood ratio test statistic (TS) [78],

TS — -2 In EX(DA(€2)|€1)
Lx(Da(6,)]65)

np
~ 2(91 —6,),1;;(0, = 6); ~ 12 (14)
i=1

which asymptotically has a y* distribution with d degrees
of freedom [79]. Here, I is the profiled Fisher information
matrix, and the summation runs from 1 to n,, the number of
data bins. While the TS is used to reject the null hypothesis

that 51 and 52 are indistinguishable at the (1 —a)%
confidence level, Eq. (14) can also be suitably modified
to obtain sensitivity projections for future experiments in
terms of 90/95% CL upper limits.

Despite using the Asimov data set, calculating the TS in
Eq. (14) for model comparison of N points in the parameter
space can be expensive when N is large. Thus, to facilitate
fast, benchmarkfree model comparison, Refs. [34,35] intro-
duced a novel method based on information theoretic
techniques.6 Noting that the profiled Fisher information

1 transforms as a metric on the parameter space 6, Ref. [80]

A PYTHON implementation of their results is available in the
open source swordfish code: https://github.com/cweniger/
swordfish, and a proof-of-concept application to future DD
searches has been demonstrated in Ref. [80].
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mapped the parameter space into a higher-dimensional
signal space and expressed the TS as a Euclidean distance
between two signals. More concretely, they used the

embedding, 61— x(é) € R™, to transform the parameter
space to the n,-dimensional signal space with unit Fisher
information matrix. After this transformation the TS can
be written in terms of the appropriately named Euclidean
signal x;,

TS ~ |%(8,) - %(6,)| (15)

Equation (15) is the main ingredient of our benchmark-
free forecasting approach. In the language of this method,
as long as the parameter space is sufficiently sampled,
signal discrimination is only possible at the (1 — a)% CL if
the signals from two parameter points are at least a distance
ro(M) apart in the projected signal space. The distance, in
turn, is related to the sampling distribution of the TS,

ra(M)? < P2(1-a), (16)

d

where Pﬁ is the cumulative distribution function (CDF) of

the y? distribution with d degrees of freedom.

The above procedure can be understood very loosely as
comparing two distributions, albeit incorporating the fact
that they arise from the same likelihood function. We
emphasize that there is no mock data generated at any stage
of our analysis. The use of Asimov data set in Eq. (15)
implies that the sampling distribution gives the median
significance for two hypothetical data sets which have the
parameter points @, as their maximum likelihood esti-
mates. We illustrate the efficacy of this method in Fig. 6, the
left panel of which shows the constraints in DM mass-
coupling space for a model with contact interaction
mediated by a heavy vector particle. The closed ellipses
represent the usual 68% CL contours in parameter space for
arbitrary benchmark points at a next-generation DARWIN-
like liquid Xenon (L.Xe) experiment [6] assuming SHM.
These are obtained by constructing hyperspheres of radius,
r.» in the Euclidean signal space, and back-projecting them
to the parameter space using a lookup table for the
embedding map. For a y? distribution with d =2,
Eq. (16) implies that 68% CL corresponds to a threshold
value of ro32 = 1.52.

V. RESULTS

In this section, we combine the formulas and method-
ology presented in previous sections for studying how DM
velocity distribution inferred from Gaia sausage could
affect reconstruction of various DM particle physics
parameters at next-generation DD experiments. For con-
creteness, we only consider a DARWIN-like liquid Xenon
(LXe) experiment and a complementary DARKSIDE-20K-like
Argon experiment with both high [7] and low mass [81]

search programs (see Appendix D for more details). Unlike
Sec. III, we present our results for the benchmark DM
models listed in Table II instead of individual operator in
NREFT. While examining recoil spectrum of each operator
is insightful, concrete models, especially those with well-
motivated UV completions and/or distinct phenomenolo-
gies, enable an easy comparison of our results with those in
the literature. In addition, since there could be nontrivial
mapping between a model and NREFT, it may not be
straightforward to find the sensitivity of DD to a full-
fledged model by combining the sensitivity to individual
NR operators. Yet we will still find the qualitative under-
standing developed in Sec. III a useful starting point for the
results discussed here.

A. DM mass-coupling

We forecast the sensitivity of a next-generation LXe,
DARWIN-like, experiment to simultaneously resolve the DM
mass and coupling for SHM and Gaia velocity distribu-
tions. Our first step is to investigate the effect of uncertainty
in the DM substructure fraction #,,, estimated by ref. [33]
to be g, = 0.42f8:§26. We show, in the right panel of Fig. 6,
the 68% CL contours and 90% CL upper limits corre-
sponding to a Gaia velocity distribution with the median
and £1¢ DM substructure fractions. Comparing them with
constraints for the SHM leads us to conclude: the primary
effect in reconstructing DM model parameters arises due to
the qualitative differences between the SHM and Gaia
velocity distributions, while the variation of the substruc-
ture fraction is only a subdominant effect beyond it. Thus,
for the rest of our analysis, we fix the DM substructure
fraction to its median value, 7y, = 0.42.” We have also
checked that varying 7, in its 1o range does not affect our
discussion for DM interactions beyond the minimal contact
interaction.

In Fig. 7, we show the 68% CL contours obtained using
the ES method for four DM models with characteristic Ep
and velocity moment dependences (outlined in Table II),
namely contact interaction, millicharged DM, DM with
electric and magnetic dipole moments, anapole DM with a
heavy mediator and magnetic dipole DM with a light
mediator for SHM and Gaia velocity distributions. For
reference, we also plot the 90% CL upper limits following
the latest XENON-IT results [76] and projected upper limits
for future LXe experiments using the equivalent counts
method [34,35]. We constrain couplings instead of cross
sections (cf. [39,80]) as we do not integrate over the entire
Er range to obtain the respective cross sections for the DM
models we consider here. Although, as illustrated in the left
panel of Fig. 6, the ES method allows us to plot the

"The ES method also provides a straightforward way to
marginalize over the uncertainty in nuisance parameters, such
as gy, through the inclusion of a penalization term; see
Appendix A of Ref. [80] for more details.
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FIG. 6. Left: the “fishnet” plot obtained using the ES method is capable of illustrating the degeneracies between various pairs of signal
parameters without recourse to computationally expensive MC simulations. The closed ellipses represent the usual 68% CL contours in
parameter space for arbitrary benchmark points at a DARWIN-like experiment. Also indicated for reference are 90% CL upper limits
following the latest XENON-1T results (yellow) and projected upper limits for a DARWIN-like experiment (indigo) assuming SHM (solid)
and Gaia (dashed) velocity distributions. Right: 68% CL contours and 90% CL upper limits assuming a Gaia velocity distribution with
different DM substructure fractions (dotted, dashed, and dot-dashed). These are shown alongside the SHM (solid) constraints to
demonstrate that the dominant uncertainty is due to differences in the velocity distributions, and not the DM substructure fraction.

degeneracy contour for any point in the parameter space,
we show our results at two benchmark points correspond-
ing to light (m, = 12 GeV) and heavy (m, = 50 GeV) DM
for easier interpretability of our results. To ensure we are
making an apples-to-apples comparison when studying the
changes in constraints across models, we choose couplings
such that the number of events is the same for each
benchmark point with SHM.

Before discussing the effect of DM velocity distribution,
we explain the general behavior of constraints in DM
coupling-mass space given in Fig. 7 in terms of the recoil
spectra shape and the total event rate. For a given DM
model, the recoil spectra for low mass DM peaks closer to
threshold than for heavy DM. Moreover, the shape of the
recoil spectra is degenerate only for a narrow range of
masses, whereas a change in the total rate can be compen-
sated by a wide range of couplings. As a result, in the light
DM regime, we observe a large degeneracy in the coupling
but a reasonable DM mass resolution. Conversely, for
heavier DM, a DD experiment is more sensitive to the
couplings but suffers from poor mass resolution, because
the recoil spectra shape is degenerate for a wide range of
DM mass. Thus, given a similar number of events, we can
heuristically treat the light and heavy DM regimes as shape-
and total rate-limited respectively.

While these interpretations hold generally, certain quali-
tative details like the shapes and sizes of the contours can
vary significantly between the SHM and Gaia velocity
distributions. For instance, in the light DM regime, we
observe that the contour size increases for all models with
Gaia velocities, implying that LXe experiments have

reduced sensitivity to Gaia distribution as compared to the
SHM. This observation is consistent with the weakening of
upper limits on SI cross-section for light DM first reported
by ref. [32] with the latest XENON-1T data. Our results also
indicate an interesting effect of Gaia velocity distribution that
has not been previously discussed in the literature: depending
on the model, there is a marginal improvement in the
sensitivity of LXe experiments to heavy DM for Gaia when
contrasted with the SHM. More concretely, in the case of
contact interaction, when dark matter mass is at 12 GeV, the
resolution of coupling assuming Gaia distribution is reduced
by a factor of 7 compared to SHM. On the other hand, when
dark matter mass is at 50 GeV, the mass resolution is
improved by a factor of 3 compared to SHM. We also note
that for models with light mediators, the experimental
sensitivity becomes poorer across the entire mass range
irrespective of the DM velocity distribution.

These results can be understood, at least to leading order,
in terms of the E; and velocity moment dependences of
each model. We start with the observation that contours of
the Gaia velocity distribution are less constraining than
those of SHM at low DM masses for all models we consider
here. These models have a leading order DM velocity
moment that scales as g(vy,;,) and/or h(vy,;,) suppressed or
enhanced by additional powers of Eg. Since light DM
corresponds to a high v, for a heavy target like xenon,
only the tail of the g(v.;,) and/or h(v.;,) distribution
(Fig. 3) contributes to the recoil rate, where the SHM
curves always dominate over the Gaia ones.

For heavy DM, on the other hand, varying DM mass

could lead to sharper changes in the recoil spectra shapes
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FIG. 7. Constraints and forecasts in the DM coupling-mass plane for all the benchmark models in Table II with varying ¢* and v?
dependence. The 68% CL forecast contours for SHM (cyan, solid) and Gaia (orange, dashed) velocity distributions are shown for both
light (red diamond, m, = 12 GeV) and heavy (black cross, m,, = 50 GeV) DM. Also indicated for reference are 90% CL upper limits
following the latest XENON-1T results (yellow) and projected upper limits for a DARWIN-like experiment (indigo) assuming SHM (solid)
and Gaia (dashed) velocity distributions. The constraints for MD with heavy mediator are quoted in units of electron Bohr magneton,
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m, plane for a DM with contact interaction mediated by a light scalar particle. Left: lattice of

nonoverlapping 68% CL forecast contours for the SHM. Right: 68% CL contours for SHM (cyan, solid) and Gaia (orange, dashed)
velocity distributions shown for three benchmark points corresponding to light (red diamond), intermediate (yellow square), and heavy

(black cross) DM with mediator masses in the 1-50 MeV range.

with the Gaia distribution as compared to the SHM. Thus,
there is an improvement in the sensitivity to DM mass as
evidenced by the shrinking of 68% CL forecast contours in
the mass direction in Fig. 7. Moreover, as shown in the top
row, this effect is most apparent for models with a heavy
mediator, or equivalently for non-negative powers of Ep.
We also note that there could be some subtle difference,
e.g., between models with contact interaction and magnetic
dipole interaction. For contact interaction, the upper limits
for DM with mass above 50 GeV are slightly tightened
with the Gaia distribution. This is due to an enhanced
recoil rate contributed by Gaia’s larger g(vyin) at vpin ~
150-200 km/s as compared to SHM. Whereas, in the case
of magnetic dipole DM, the Gaia upper limits for DM
with mass above 50 GeV are slightly weakened, since
the scattering rate of magnetic dipole DM scales as
E%g(vmin) + Egh(vmin). The second term proportional to
h(vmin) leads to a small reduction in the overall recoil rate
with the Gaia distribution, as compared to the SHM one.
Meanwhile, the positive powers of Ey for magnetic dipole
interaction result in an enhanced sensitivity of forecasts
using the Gaia distribution. This is an interesting example
where despite the reduction in the total number of events,
the sensitivity actually improves with the Gaia distribution.

In case of light mediators, the inverse powers of Er make
the recoil spectra peak sharply as Er — 0. Yet for a finite
threshold E ~ 5 keV, the DARWIN-like experiment is only
sensitive to the tail resulting in highly degenerate recoil
spectra for different velocity distributions. This leads to
poorer experimental sensitivity for both SHM and Gaia
velocity distributions across all DM masses for models with
light mediators, compared to the contact interaction model
with a heavy mediator. In this case, lowering the detection

threshold could improve the sensitivity to light mediators,
making another physical case for the low threshold
frontier.

B. Mediator—DM mass

DD experiments are best suited to constrain the mediator
mass my.q When it is at the same order of the momentum
exchange, i.e., myq ~ g ~ O(10 MeV) [41,82,83]. We use
the ES method to simultaneously constrain the mediator
and DM masses at a DARWIN-like experiment for a fixed
coupling. We also study the effect of the DM velocity
distribution on the forecast. For simplicity, we only con-
sider DM with contact interaction mediated by a light scalar
particle and fix the DM coupling to be the same for all
benchmark points.

In the left panel of Fig. 8, we show the 68% CL forecast
contours for SHM in the m;léd — m,, plane. Broadly, the
structure of these contours resembles the fishnet plot in the
DM mass-coupling plane shown in the left panel of Fig. 6.
On closer inspection, however, we can roughly delineate
three regimes of sensitivity in this parameter space. The
upper part of the plots is the light mediator (mq < q)
regime where the propagator squared simply scales as
~1/¢*. In this case, the m,,.; dependence drops out, and
DD experiment is insensitive to the mediator mass. Next,
we consider the heavy DM regime in the lower right part of
the plots, where we have chosen the mediator mass such
that m.q < ¢g. We find that the degeneracy in the recoil
spectra in this limit is due to the DM mass, and any change
in the mediator mass effectively acts as a rescaling of the
overall coupling. Lastly, for intermediate DM mass and
Mped < ¢, our DARWIN-like experiment can precisely recon-
struct both mediator and DM masses primarily due to the
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FIG. 9. Forecasts for model discrimination in case of a 12 GeV DM at a bARWIN-like experiment. The first two columns are recoil
spectra for the two models under comparison with either SHM or Gaia velocity distributions, where the light-colored bands indicate the
1o Poisson uncertainties. The third column shows the 68% CL forecast contours for SHM (cyan) and Gaia (orange) in the coupling-
coupling space for two comparison models: (first row) millicharge with a light mediator and contact interaction with a heavy mediator,
(second row) millicharge and magnetic dipole both with a light mediator (SM photon). We also include 90% CL upper limits from the
latest XENON-1T results (yellow) and projected upper limits for a DARWIN-like experiment (indigo) assuming SHM (solid) and Gaia

(dashed) velocity distributions.

high number of signal events (a factor of a few greater than
the other benchmark points) in this regime.

We also illustrate the differences between SHM and
Gaia velocity distributions in the right panel of Fig. 8 by
plotting the 68% CL contours for three benchmark points:
light (m, = 10 GeV), intermediate (m, = 30 GeV), and
heavy (m, = 100 GeV) DM with mediator masses in the
1-50 MeV range. The constraints for SHM and Gaia
velocity distributions at the light and heavy DM benchmark
points broadly follow the trend discussed for Fig. 7 in the
previous section, while the difference between them is
negligible in the intermediate DM mass regime.

C. Model discrimination

In presence of a positive signal at a future DD experi-
ment, one of the most important goals is to determine the
type of DM-nuclear interaction and discriminate between
different model candidates. To demonstrate the model
selection, we postulate a scenario in which there are two
candidate models of interest. We parametrize our model as
the sum of a pair of interactions,

Cq Oa
2 2
q + mmed;a

Oy
2 2 :
q + mmed;h

Line = (17)

While holding m, and my.4 fixed, we sample different values
of (¢, ¢;) and test how well a given recoil spectrum shape
can determine the model parameters at 68 % confidence level.
We test the two pairs of models: (1) a, b =contact inter-
action, millicharge, and (2) a, b = magnetic DM with light
mediator and millicharge respectively. We present the results
in Fig. 9 for light DM with mass at 12 GeV and Fig. 10 for
heavy DM with mass at 50 GeV. These results are all based on
a DARWIN-like L.Xe experiment.

In Fig. 9, we present 68% CL forecast contours in the
coupling-coupling space for a 12 GeV DM particle. In the
top row, we have a millicharged DM giving rise to an
experimental signal and we want to test whether we would
confuse it with the simplest contact interaction as both
interactions lead to spectra peaking at experimental thresh-
old. This scenario is equivalent to setting ¢, # 0, ¢, = 0 in
Eq. (17), where ¢, = ¢,e for the millicharge model and
¢, = g, for the contact interaction. In the bottom row, we
have a DM particle with both magnetic dipole moment and
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FIG. 10. A similar plot as Fig. 9, showing the same set of model pairs comparison, except that the DM mass is 50 GeV.

millicharge interacting with the nucleus through the SM
photon contributing with comparable rates, where c, =
e, /2 and ¢, = €¢,e. We want to test how well we could
constrain the two relevant electromagnetic moments.

Contact interaction w/ heavy mediator (SHM)

From the third column, one could see that while it is
possible to reconstruct the model parameters (with large
uncertainties) assuming SHM, the discrimination power is
entirely lost with the Gaia distribution. The millicharged

Contact interaction w/ heavy mediator (Gaia)
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FIG. 11.

Forecasts in the DM coupling-mass plane for DM contact interaction assuming SHM (left) and Gaia (right) velocity

distributions. Unlike Fig. 7, the 68% CL contours here represent forecasts for two complementary next-generation experiments: a
DARWIN-like experiment (indigo) and a DARKSIDE-20K-like experiment (olive) with xenon and argon targets respectively. Also indicated
for reference are two benchmark points for light (red diamond, m, = 12 GeV) and heavy (black cross, m, = 100 GeV) DM.
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TABLE IV. Schematic outline of the next-generation experi-
ments included in our results.

Exposure Energy window

Experiment Target [ton - year] [keV]
DARWIN [6] BBlxe 200 [5-40]
DARKSIDE-20K (High) [7] 40Ar 200 [32-200]
DARKSIDE-20K (Low) [81]  4Ar 200 [0.6-15]

light DM could be misidentified as a light DM with simple
contact interaction at 68% C.L, as shown in the last plot in
the top row. DM with both millicharge and magnetic dipole
moment could not be distinguished from DM with only one
of them, as shown in the last plot in the bottom row. This
result could be understood from the recoil spectra shown in
the first two columns, in which we fix the couplings of
different DM models to give the same event numbers with
SHM. Comparing the spectra based on the Gaia velocity
distribution with those from SHM, one find that with Gaia
distribution: (i) the total number of events is significantly
lower, which, in turn, increases the Poisson uncertainty;
(ii) the spectral shapes of different models, especially the
tails of the distributions, are more degenerate. This is
consistent with what we find in Sec. III using NREFT.

Results of model discrimination for heavy DM with mass
at 50 GeV are presented in Fig. 10. In this case, we find that
reconstructing the couplings is more accurate as compared to
the light DM case, independent of the model combinations.
We could almost distinguish different models or different
combinations of model parameters equally well for both
SHM and the Gaia distribution. The main reason is that the
total number of events and the spectral shape do not change
much when the velocity distribution varies.

D. Combining forecasts for different targets

The idea of combining different targets for a more
accurate identification of momentum dependence of DM
interactions, or for precise reconstruction of DM mass and
model parameters is well-documented in the literature
[36,39,84-86]. We revisit this idea by using the ES method
to forecast the sensitivity of two complementary next-
generation experiments with different targets. In particular,
we focus on a DARWIN-like and a DARKSIDE-20K-like
experiment with xenon and argon targets respectively.
Besides forecasting for high mass DM as officially pro-
posed by the DARKSIDE-20K collaboration [7], we also
include results for a dedicated low DM mass search with
a low threshold configuration similar to Ref. [81].

For simplicity, we consider the contact interaction as an
example. Figure 11 shows the 68% CL contours in the DM
mass-coupling space for each of these experiments at two
benchmark points corresponding to light (m, = 12 GeV)
and heavy (m, = 50 GeV) DM. We find that combining
forecasts from both xenon and argon targets could

dramatically improve the sensitivity for low mass DM
and, to a lesser extent, high mass DM. This result is
independent of the model for DM velocity distribution. The
extremely high resolution for low mass DM is due to the
low threshold version of a DARKSIDE-20K-like experiment as
listed in Table IV of Appendix D. An advantage of using a
lighter target like argon is that low DM masses correspond
to much lower values of v,,;, as compared to xenon. This
implies that the sensitivity forecast for a DARKSIDE-20K-like
experiment are largely unaffected by the suppressed Gaia
9(vmin) distribution at large v,.

VI. CONCLUSIONS AND OUTLOOK

The new insight into the substructure of MW’s DM
distribution provided by the Gaia survey forces us to move
away from the simplest SHM and to re-evaluate astro-
physical uncertainties in DD experiments. In this paper, we
investigate the effect of Gaia sausage, one of the most
established and representative substructures, on interpret-
ing DD data for different DM models. We demonstrate that
the new Gaia velocity distribution could result in poten-
tially large modifications of both the overall scattering rate
and the recoil spectral shape. Given the limited information
from existing data sets, we focus on how the Gaia velocity
distribution could affect forecasting at the next generation
DD experiments with the Euclideanized signal method.®

We study the sensitivity of DD experiments to different
combinations of model parameters for representative DM
benchmark models and its potential to distinguish different
DM models given the Gaia distribution. We summarize our
main findings below:

(i) While there is still uncertainty in the fraction
of DM in the substructure, the primary effect in
reconstructing DM model parameters is due to the
qualitative differences between the shapes of Gaia
and SHM distributions, which are independent of the
precise value of 7g,.

(ii) For light DM with mass at or below 10 GeV, the
Gaia velocity distribution leads to a significantly
weakened constraint for all the models we consider.
Moreover, it poses a serious challenge for identify-
ing the DM interaction and determining its strength
assuming discovery at a DARWIN-like experiment
with threshold Ex ~ 5 keV.

(iii) On the contrary, for heavy DM with mass above
~30 GeV, there could be a (moderate) improvement

¥Current experiments perform the full event-by-event like-
lihood analysis, e.g., as described in Refs. [87,88], which cannot
be easily reproduced by researchers outside the collaboration. We
hope that highlighting the importance of spectral shape informa-
tion could motivate the experimental collaborations to release the
full three dimensional likelihood function for reconstructed DM
events in case of a positive detection.
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in the sensitivity of the next generation DD experi-
ments when the mediator is heavy.

Moreover, our results show that for positive (neg-
ative) powers of E in the DM model, the sensitivity
of a DARWIN-like experiment is improved (wors-
ened) irrespective of the DM mass and velocity
distribution.

The additional challenge in probing light DM due
to the Gaia distribution could be overcome using
complementary experiments with lighter targets and
lower thresholds.

As mentioned in the Introduction, our work, along with
several others, consists the early stages of a larger program to
determine the DM phase space distribution, and assess its
impact on various terrestrial experiments searching for DM in
the Gaia era. In this paper, we restrict ourselves to models
with leading order SI elastic scattering for DM with mass
above GeV. It will also be of interest to extend the work to
models with leading order spin-dependent and/or inelastic
scattering. We intend to explore how the substructures
discovered using Gaia data affect the new DD experiments
probing DM-electron scattering in a future publication.

(iv)
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APPENDIX A: DD BASICS

The rate of DM scattering off nucleus in a DD experi-
ment is given by R = n,(cv,), where n, and v, are the local
DM number density and speed relative to the Earth
respectively, o is the scattering cross section and (...)
indicates an average over the local DM velocity distribu-
tion. The differential recoil rate for a target 7 per unit
recoiling energy can be written as,

dR p UE:SC ~ - dG
dE, = (ETNT);(([M d*v vf(v)E(U’ER)
& py [ ) !
=——F—5 X > X M|?, Al
32amim? " my J, 0 (@I 1) (2T, + 1) pz| (A1)
astrophysics particle/nuclear physics
where in the second line, we use
do TV T — 1
— . with |[M?= M2, A2
dEx  32n mimp ME =577 D27, + 1) ;' (A2)

and group together different factors by the main type of
physics they rely on. In the master equation for the differ-
ential rate, &7 is the mass fraction for each type of target
nucleus 7 (the detector could be composed of different
nuclides), my is the target nucleus mass and Ny = 1/my is
number of scattering centers per unit mass. p, is the local DM
density in the solar system, which we take to be p, =
0.4 GeV/cm?® [93-95]. While there could be an O(1)
uncertainty in the determination of p, due to nonequilibrium
effects in the dynamical modeling of the MW, we can always
absorb it into the overall normalization of the recoil rate. In
other words, local DM density only affects the overall rate but
not the recoil shape. Thus in our paper, we will ignore
uncertainty in the local DM density, focusing instead on the
more interesting effects from varying the velocity distribu-

tions. f(7) is the local DM velocity distribution in the Earth

063026-

frame. The velocity integration range is bounded from above
by the escape velocity of DM particles v.,.. The minimal
velocity for DM to scatter with recoiling energy Ep, in the

case of elastic scattering, is
mrEg
2uz

where y7 is the DM-nucleus reduced mass. Lastly, in the part
that depends on particle and nuclear physics, J and J, are

(A3)

Umin

nuclear and DM spins respectively. |M|? is the scattering
matrix element squared averaged over 2J, + 1 and 2J + 1
initial DM and nuclear spins, and summed over the final
spins. Note that the recoiling spectrum depends on the
detector material in multiple ways. For example, in the
velocity integration, v,,;, depends on the target nucleus mass
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and the matrix element depends on the nuclear form factor,
which is determined by the type of the target.

In terms of the form factors, the spin-averaged amplitude
squared is then

(N) (N/)
|./\/l|2 16m3m’,
! IJZINN’an q J’_mmed )(q +mmedj)
x F{7M (g2, 7). (A4)

APPENDIX B: NUCLEAR FORM
FACTORS IN NREFT

An important ingredient for calculating the recoil rate
is the form factor, F %’N )~ O(aN) X OE,N), that encodes
nuclear response functions. Reference [67] showed that the
complete basis of NREFT operators corresponds to six

different types of nuclear response functions F I(N'N ), where

i€ {M,AY Y @& &"} and the superscripts N, N' = n,
p indicates the type of nucleon. Listed below are the
nuclear form factors for the relevant operators in terms of
the response functions,

FON = Fy (BI)
NN | N NN
FON = E(F< VL FOM, (B2)
FON) 4 (2L @\ 4 g (B3)
5.5 A )M A ;
! 4 ~ !
Foe =TGN, (B4)
16
! 1 7\ ; NN') | 47 (NN
FWN 2 (2 2 4R F . (B5
8.8 2 y2) + m (B5)
! 2 ~ !
FNN) = L N, (B6)
16
2
N.N' q~ =(N.N
]'—(1111):?}7;4 >» (B7)
2
(N.N') 4~ =(N.,N')
Fus S Foa s (B8)
! 2 ~ !
FON) = L NN, (BY)
g 16
2
N.N' q- =(N.N
FON = L FY, (B10)

where the subscripts indicate the NREFT operator(s). The

(N.N')

response functions F; for the nuclides relevant in our

analysis (see Appendix D) have been adopted from
Appendix A.3 of Ref. [67].

APPENDIX C: SOME BENCHMARK MODELS

In this appendix, we present a few more details of
benchmark models listed in Table II.

Heavy gauge boson mediator: In this case, quarks and
DM are both charged under a broken gauge symmetry with
a heavy gauge boson. The interactions are given by,

L2 gurxZ" + 9,9r,9Z", (C1)
where Z’ is the heavy gauge boson that could be integrated
out, giving rise to a four fermion contact operator.

Millicharged DM: DM carries a small electric charge €, e
and couples to the SM photon, A,

LDe,eA gr'y +A,J" (C2)
x particle can either carry a fractional electric charge
directly [96-98] or charged under other U(1) which
kinetically mixes with the SM hypercharge [99]. Aﬂ
couples to the SM current, which is given by

= p(K) (e(k . ig}wqy) p(k)

2mN 2 2mN
_ gnio"q,
-0 (S5

where g, and g, are the g-factors of protons and neutrons
respectively.

Magnetic dipole DM with a light mediator: DM does not
carry electric charge, but it could still couple to the SM
photon through a loop of other charged species. This could
generate an anomalous magnetic dipole moment of the DM
particle [100]:

(C3)

£ 2 T F . (C4)

Magnetic dipole DM with a heavy mediator: magnetic
dipole DM can also interact with the SM electromagnetic
current through a heavy mediator. One way is through the

kinetic mixing of a broken dark U(1),, with the SM U(1),,,,

D
LD 'L; Jot yFho, + eFh Fr, (C5)
where the dark photon is heavy with a mass larger than the
momentum transfer in DD, m?, > ¢°. Integrating out the
heavy dark photon leads to a coupling between DM and
the SM photon as listed in Table II.

Electric dipole DM with a light mediator: if a dark sector
has CP violating interaction, it is also possible that the DM
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carries an electric dipole moment which aligns with the
DM spin.

Anapole DM with a heavy mediator: if DM is a majorana
fermion, monopole and dipole interactions with electro-
magnetism is forbidden by CPT symmetry. The only
allowed EM coupling is the anapole coupling. For example,
the majorana DM could have the anapole moment under
a dark broken U(1), which kinetically mixes with the
SM photon [101]. Integrating out the heavy dark photon,
we have

LD igana 27" v ¥ F . (Co)
Early references on anapole DM could be found in
[102,103].

APPENDIX D: NEXT-GENERATION
EXPERIMENTS

We describe configurations of the next-generation experi-
ments used in our forecasts in this appendix. Although there
is a rich experimental program underway with different
targets, we only focus on experiments that use the dual-
phase (liquid-gas) time projection chamber (TPC) technol-
ogy with noble elements as targets. Table IV contains a
schematic outline of three experiments: a DARWIN-like
liquid Xenon (LXe) experiment, a DARKSIDE-20K-like liquid
Argon (LAr) experiment with both a high and low DM mass
program. Each of them are discussed in turn below:

(1) pARWIN: The DARk matter WImp search with liquid
xenoN (DARWIN) is Generation-3 LXe experiment
proposed by the XENON collaboration. With a 40 ton
active volume and 5 year observation time, it’s
projected 200 ton x year exposure will allow DM
probes to reach the neutrino-floor for DD experi-
ments. We model it based on the conceptual design
report [6] and the latest XENON-1T configuration. We
choose the observation window in recoil energy to
be [5-40] keV (cf. [104]) and divide it into 19
equally spaced bins for a primary scintillation signal
(S1)-only analysis. This assumes near-perfect elec-
tron recoil (ER) background subtraction that is
ensured by focusing only on the events in the
nuclear recoil (NR) region. In practice, we achieve

(@)

3

this by convolving our theory recoil spectra with the
efficiency curve from the latest XENON DM analysis
(given in Fig. 1 of Ref. [76]) and multiplying by a
factor of 0.5. Following Ref. [35], we conservatively
adopt the rate for NR background components (in-
cluding a 10% uncertainty) from Ref. [46], rescaling
them with the appropriate exposure factors. The
precise choice of the background should not affect
our results, since all our constraints are derived for the
signal-limited region with ©O(100) total events.
DARKSIDE-20K (High): We follow the official pro-
posal for a neutrino-floor LAr experiment with an
integrated exposure of 200 ton X year achieved over
a 10 year observation period. Our model detector has
an Sl-only search region with 19 linearly spaced
bins in the range [32-200] keV that provides us a
unique probe of O(0.1-1) TeV DM candidates. An
advantage of using Ar targets is their superior pulse-
shape discrimination (PSD) of the S1 signal
allowing for nearly background-free detection of
any DM events. Thus, we only consider a back-
ground rate of 0.1 events over the entire observation
period along with a 10% systematic uncertainty.
Finally, we adopt the efficiency curve for NR
detection from Fig. 6 of Ref. [105].

DARKSIDE-20K (Low): Although there is no outlined
for a low DM mass search using the Gen3 DARK-
SIDE-20K setup discussed above, we make the science
case for one in Sec. V D as a complementary probe
to the DARWIN experiment. We borrow the configu-
ration in Ref. [81] that used the DARKSIDE-50
apparatus to perform an ionization (S2)-only analy-
sis, albeit with a 200 ton x year exposure. There are
two major differences compared to the high DM
mass search: (i) an S2-only analysis allows a far
lower recoil energy threshold, (ii) the PSD is no
longer available and we need to contend with higher
background rates. Thus, our fiducial analysis has a
recoil energy observation window of [0.6-15] keV
and an optimistic background rate of 1 event for the
entire observation period. We also use a constant
acceptance of 0.43 following the discussion below
Fig. 1 of Ref. [81].

[1] D.S. Akerib et al. (LUX-ZEPLIN Collaboration),
Projected WIMP sensitivity of the LUX-ZEPLIN (LZ)
Dark Matter Experiment, Phys. Rev. D 101, 052002
(2020).

[2] G. Plante (Xenon Collaboration), https://conferences.pa
.ucla.edu/dm16/talks/plante.pdf.

(3]

[4]

063026-19

H. Zhang et al. (PandaX Collaboration), Dark matter direct
search sensitivity of the PandaX-4T experiment, Sci. China
Phys. Mech. Astron. 62, 31011 (2019).

R. Agnese et al. (SuperCDMS Collaboration), Projected
sensitivity of the SuperCDMS SNOLAB experiment,
Phys. Rev. D 95, 082002 (2017).


https://doi.org/10.1103/PhysRevD.101.052002
https://doi.org/10.1103/PhysRevD.101.052002
https://conferences.pa.ucla.edu/dm16/talks/plante.pdf
https://conferences.pa.ucla.edu/dm16/talks/plante.pdf
https://conferences.pa.ucla.edu/dm16/talks/plante.pdf
https://conferences.pa.ucla.edu/dm16/talks/plante.pdf
https://conferences.pa.ucla.edu/dm16/talks/plante.pdf
https://doi.org/10.1007/s11433-018-9259-0
https://doi.org/10.1007/s11433-018-9259-0
https://doi.org/10.1103/PhysRevD.95.082002

BUCH, FAN, and LEUNG

PHYS. REV. D 101, 063026 (2020)

[5] M. Settimo (DAMIC Collaboration), The DAMIC experi-
ment at SNOLAB, in 53rd Rencontres de Moriond on
QCD and High Energy Interactions (Moriond QCD 2018)
La Thuile, Italy, 2018 (2018).

[6] J. Aalbers et al. (DARWIN Collaboration), DARWIN:
Towards the ultimate dark matter detector, J. Cosmol.
Astropart. Phys. 11 (2016) 017.

[7] C.E. Aalseth et al., DarkSide-20k: A 20 tonne two-phase
LAr TPC for direct dark matter detection at LNGS, Eur.
Phys. J. Plus 133, 131 (2018).

[8] A.K. Drukier, K. Freese, and D.N. Spergel, Detecting
cold dark-matter candidates, Phys. Rev. D 33, 3495 (1986).

[9] R. A. Ibata, G. Gilmore, and M. J. Irwin, A dwarf satellite
galaxy in Sagittarius, Nature (London) 370, 194 (1994).

[10] K. V. Johnston, D.N. Spergel, and L. Hernquist, The
disruption of the Sagittarius dwarf galaxy, Astrophys. J.
Lett. 451, 598 (1995).

[11] R. Ibata, G. F. Lewis, M. Irwin, E. Totten, and T. Quinn,
Great circle tidal streams: Evidence for a nearly spherical
massive dark Halo around the Milky Way, Astrophys. J.
551, 294 (2001).

[12] V. Belokurov et al., The field of streams: Sagittarius and its
siblings, Astrophys. J. 642, L137 (20006).

[13] M. Vogelsberger, A. Helmi, V. Springel, S. D. M. White,
J. Wang, C.S. Frenk, A. Jenkins, A. Ludlow, and J.F.
Navarro, Phase-space structure in the local dark matter
distribution and its signature in direct detection experi-
ments, Mon. Not. R. Astron. Soc. 395, 797 (2009).

[14] M. Kuhlen, N. Weiner, J. Diemand, P. Madau, B. Moore,
D. Potter, J. Stadel, and M. Zemp, Dark matter direct
detection with non-Maxwellian velocity structure, J. Cos-
mol. Astropart. Phys. 02 (2010) 030.

[15] M. Kuhlen, M. Lisanti, and D. N. Spergel, Direct detection
of dark matter debris flows, Phys. Rev. D 86, 063505
(2012).

[16] M. Kuhlen, M. Vogelsberger, and R. Angulo, Numerical
simulations of the dark universe: State of the art and the
next decade, Phys. Dark Universe 1, 50 (2012).

[17] Y.-Y. Mao, L. E. Strigari, and R. H. Wechsler, Connecting
direct dark matter detection experiments to cosmologically
motivated Halo models, Phys. Rev. D 89, 063513 (2014).

[18] N. Bozorgnia, F. Calore, M. Schaller, M. Lovell, G.
Bertone, C. S. Frenk, R. A. Crain, J. F. Navarro, J. Schaye,
and T. Theuns, Simulated Milky Way analogues: Impli-
cations for dark matter direct searches, J. Cosmol. As-
tropart. Phys. 05 (2016) 024.

[19] M. Lisanti, L. E. Strigari, J. G. Wacker, and R. H. Wechsler,
The dark matter at the end of the galaxy, Phys. Rev. D 83,
023519 (2011).

[20] R. Catena and P. Ullio, The local dark matter phase-space
density and impact on WIMP direct detection, J. Cosmol.
Astropart. Phys. 05 (2012) 005.

[21] P. Bhattacharjee, S. Chaudhury, S. Kundu, and S.
Majumdar, Sizing-up the WIMPs of Milky Way: Deriving
the velocity distribution of Galactic Dark Matter particles
from the rotation curve data, Phys. Rev. D 87, 083525
(2013).

[22] N. Bozorgnia, R. Catena, and T. Schwetz, Anisotropic
dark matter distribution functions and impact on WIMP

direct detection, J. Cosmol. Astropart. Phys. 12 (2013)
050.

[23] M. Fornasa and A. M. Green, Self-consistent phase-space
distribution function for the anisotropic dark matter halo of
the Milky Way, Phys. Rev. D 89, 063531 (2014).

[24] S. Mandal, S. Majumdar, V. Rentala, and R. B. Thakur,
Observationally inferred dark matter phase-space distribu-
tion and direct detection experiments, Phys. Rev. D 100,
023002 (2019).

[25] M. Petac and P. Ullio, Two-integral distribution functions
in axisymmetric galaxies: Implications for dark matter
searches, Phys. Rev. D 99, 043003 (2019).

[26] A.G. A. Brown, A. Vallenari, T. Prusti, J. H. J. de Bruijne,
F. Mignard et al. (Gaia Collaboration), Gaia Data Release
1. Summary of the astrometric, photometric, and survey
properties, Astron. Astrophys. 595, A2 (2016).

[27] A.G. A. Brown, A. Vallenari, T. Prusti, J. H. J. de Bruijne,
C. Babusiaux er al. (Gaia Collaboration), Gaia Data
Release 2. Summary of the contents and survey properties,
Astron. Astrophys. 616, A1 (2018).

[28] G.C. Myeong, N. W. Evans, V. Belokurov, J. L. Sanders,
and S.E. Koposov, The sausage globular clusters, As-
trophys. J. Lett. 863, L28 (2018).

[29] A. Helmi, C. Babusiaux, H. H. Koppelman, D. Massari, J.
Veljanoski, and A. G. A. Brown, The merger that led to the
formation of the Milky Way’s inner stellar halo and thick
disk, Nature (London) 563, 85 (2018).

[30] G. C. Myeong, N. W. Evans, V. Belokurov, J. L. Sanders,
and S. E. Koposov, The Milky Way Halo in action space,
Astrophys. J. Lett. 856, L26 (2018).

[31] A.J. Deason, V. Belokurov, S.E. Koposov, and L.
Lancaster, Apocenter pile-up: Origin of the stellar halo
density break, Astrophys. J. Lett. 862, L1 (2018).

[32] L. Necib, M. Lisanti, and V. Belokurov, Inferred evidence
for dark matter kinematic substructure with SDSS-Gaia,
Astrophys. J. 874, 3 (2019).

[33] L. Necib, M. Lisanti, S. Garrison-Kimmel, A. Wetzel, R.
Sanderson, P. F. Hopkins et al., Under the firelight: Stellar
tracers of the local dark matter velocity distribution in the
Milky Way, arXiv:1810.12301.

[34] T.D.P. Edwards and C. Weniger, A fresh approach to
forecasting in astroparticle physics and dark matter
searches, J. Cosmol. Astropart. Phys. 02 (2018) 021.

[35] T.D.P. Edwards and C. Weniger, Swordfish: Efficient
forecasting of new physics searches without Monte Carlo,
arXiv:1712.05401.

[36] S.D. McDermott, H.-B. Yu, and K. M. Zurek, The dark
matter inverse problem: Extracting particle physics from
scattering events, Phys. Rev. D 85, 123507 (2012).

[37] R. Catena, Prospects for direct detection of dark matter in
an effective theory approach, J. Cosmol. Astropart. Phys.
07 (2014) 055.

[38] V. Gluscevic and A. H. G. Peter, Understanding WIMP-
baryon interactions with direct detection: A roadmap, J.
Cosmol. Astropart. Phys. 09 (2014) 040.

[39] V. Gluscevic, M. 1. Gresham, S. D. McDermott, A. H. G.
Peter, and K. M. Zurek, Identifying the theory of dark
matter with direct detection, J. Cosmol. Astropart. Phys. 12
(2015) 057.

063026-20


https://doi.org/10.1088/1475-7516/2016/11/017
https://doi.org/10.1088/1475-7516/2016/11/017
https://doi.org/10.1140/epjp/i2018-11973-4
https://doi.org/10.1140/epjp/i2018-11973-4
https://doi.org/10.1103/PhysRevD.33.3495
https://doi.org/10.1038/370194a0
https://doi.org/10.1086/176247
https://doi.org/10.1086/176247
https://doi.org/10.1086/320060
https://doi.org/10.1086/320060
https://doi.org/10.1086/504797
https://doi.org/10.1111/j.1365-2966.2009.14630.x
https://doi.org/10.1088/1475-7516/2010/02/030
https://doi.org/10.1088/1475-7516/2010/02/030
https://doi.org/10.1103/PhysRevD.86.063505
https://doi.org/10.1103/PhysRevD.86.063505
https://doi.org/10.1016/j.dark.2012.10.002
https://doi.org/10.1103/PhysRevD.89.063513
https://doi.org/10.1088/1475-7516/2016/05/024
https://doi.org/10.1088/1475-7516/2016/05/024
https://doi.org/10.1103/PhysRevD.83.023519
https://doi.org/10.1103/PhysRevD.83.023519
https://doi.org/10.1088/1475-7516/2012/05/005
https://doi.org/10.1088/1475-7516/2012/05/005
https://doi.org/10.1103/PhysRevD.87.083525
https://doi.org/10.1103/PhysRevD.87.083525
https://doi.org/10.1088/1475-7516/2013/12/050
https://doi.org/10.1088/1475-7516/2013/12/050
https://doi.org/10.1103/PhysRevD.89.063531
https://doi.org/10.1103/PhysRevD.100.023002
https://doi.org/10.1103/PhysRevD.100.023002
https://doi.org/10.1103/PhysRevD.99.043003
https://doi.org/10.1051/0004-6361/201629512
https://doi.org/10.1051/0004-6361/201833051
https://doi.org/10.3847/2041-8213/aad7f7
https://doi.org/10.3847/2041-8213/aad7f7
https://doi.org/10.1038/s41586-018-0625-x
https://doi.org/10.3847/2041-8213/aab613
https://doi.org/10.3847/2041-8213/aad0ee
https://doi.org/10.3847/1538-4357/ab095b
https://arXiv.org/abs/1810.12301
https://doi.org/10.1088/1475-7516/2018/02/021
https://arXiv.org/abs/1712.05401
https://doi.org/10.1103/PhysRevD.85.123507
https://doi.org/10.1088/1475-7516/2014/07/055
https://doi.org/10.1088/1475-7516/2014/07/055
https://doi.org/10.1088/1475-7516/2014/09/040
https://doi.org/10.1088/1475-7516/2014/09/040
https://doi.org/10.1088/1475-7516/2015/12/057
https://doi.org/10.1088/1475-7516/2015/12/057

IMPLICATIONS OF THE GAIA SAUSAGE FOR DARK ...

PHYS. REV. D 101, 063026 (2020)

[40] G. B. Gelmini, V. Takhistov, and S. J. Witte, Casting a wide
signal net with future direct dark matter detection experi-
ments, J. Cosmol. Astropart. Phys. 07 (2018) 009.

[41] F. Kahlhoefer, S. Kulkarni, and S. Wild, Exploring light
mediators with low-threshold direct detection experiments,
J. Cosmol. Astropart. Phys. 11 (2017) 016.

[42] Y. Wu, K. Freese, C. Kelso, P. Stengel, and M. Valluri,
Uncertainties in direct dark matter detection in light of
Gaia, J. Cosmol. Astropart. Phys. 10 (2019) 034.

[43] G. Besla, A. Peter, and N. Garavito-Camargo, The highest-
speed local dark matter particles come from the Large
Magellanic Cloud, J. Cosmol. Astropart. Phys. 11 (2019)
013.

[44] A. Hryczuk, E. Karukes, L. Roszkowski, and M. Talia,
Impact of uncertainties in the halo velocity profile on direct
detection of sub-GeV dark matter, arXiv:2001.09156.

[45] M. Schumann, Direct detection of WIMP dark matter:
Concepts and status, J. Phys. G 46, 103003 (2019).

[46] E. Aprile et al. (XENON Collaboration), First Dark Matter
Search Results from the XENONIT Experiment, Phys.
Rev. Lett. 119, 181301 (2017).

[47] C. Savage, K. Freese, and P. Gondolo, Annual modulation
of dark matter in the presence of streams, Phys. Rev. D 74,
043531 (2006).

[48] S.K. Lee, M. Lisanti, and B.R. Safdi, Dark-matter
harmonics beyond annual modulation, J. Cosmol. Astro-
part. Phys. 11 (2013) 033.

[49] J. Herzog-Arbeitman, M. Lisanti, P. Madau, and L.
Necib, Empirical Determination of Dark Matter Velocities
Using Metal-Poor Stars, Phys. Rev. Lett. 120, 041102
(2018).

[50] M. Lisanti and D. N. Spergel, Dark matter debris flows in
the Milky Way, Phys. Dark Universe 1, 155 (2012).

[51] G.C. Myeong, N. W. Evans, V. Belokurov, J. L. Sanders,
and S. E. Koposov, Discovery of new retrograde substruc-
tures: The shards of Omega Centauri?, Mon. Not. R.
Astron. Soc. 478, 5449 (2018).

[52] R. H. Barba, D. Minniti, D. Geisler, J. Alonso-Garcia, M.
Hempel, A. Monachesi, J. 1. Arias, and F. A. Gémez, A
Sequoia in the garden: FSR 1758—Dwarf galaxy or giant
globular cluster?, Astrophys. J. Lett. 870, L24 (2019).

[53] G.C. Myeong, E. Vasiliev, G. Iorio, N. W. Evans, and V.
Belokurov, Evidence for two early accretion events that
built the Milky Way stellar halo, Mon. Not. R. Astron. Soc.
488, 1235 (2019).

[54] E. N. Kirby, J. G. Cohen, P. Guhathakurta, L. Cheng, J. S.
Bullock, and A. Gallazzi, The Universal stellar mass-stellar
metallicity relation for dwarf galaxies, Astrophys. J. 779,
102 (2013).

[55] S. Garrison-Kimmel, J. S. Bullock, M. Boylan-Kolchin,
and E. Bardwell, Organized chaos: Scatter in the relation
between stellar mass and halo mass in small galaxies, Mon.
Not. R. Astron. Soc 464, 3108 (2017).

[56] N. Bozorgnia, A. Fattahi, D. G. Cerdeno, C. S. Frenk, F. A.
Gomez, R.J.J. Grand, F. Marinacci, and R. Pakmor, On
the correlation between the local dark matter and stellar
velocities, J. Cosmol. Astropart. Phys. 06 (2019) 045.

[57] N. Bozorgnia, A. Fattahi, C.S. Frenk, A. Cheek, D.G.
Cerdeno, F. A. Gémez, R. J. J. Grand, and F. Marinacci,

The dark matter component of the Gaia radially anisotropic
substructure, arXiv:1910.07536.

[58] N. W. Evans, C. A.J. O’Hare, and C. McCabe, Refinement
of the standard halo model for dark matter searches in light
of the Gaia sausage, Phys. Rev. D 99, 023012 (2019).

[59] C. Wegg, O. Gerhard, and M. Bieth, The gravitational
force field of the Galaxy measured from the kinematics of
RR Lyrae in Gaia, Mon. Not. R. Astron. Soc. 485, 3296
(2019).

[60] L. Necib, B. Ostdiek, M. Lisanti, T. Cohen, M. Freytsis,
and S. Garrison-Kimmel, Chasing accreted structures
within Gaia DR2 using deep learning, arXiv:1907.07681.

[61] L. Necib, B. Ostdiek, M. Lisanti, T. Cohen, M. Freytsis, S.
Garrison-Kimmel er al., Evidence for a vast prograde
stellar stream in the solar vicinity, arXiv:1907.07190.

[62] M. R. Buckley, G. Mohlabeng, and C. W. Murphy, Direct
detection anomalies in light of Gaia data, Phys. Rev. D
100, 055039 (2019).

[63] C. A.J. O’Hare, C. McCabe, N. W. Evans, G. Myeong, and
V. Belokurov, Dark matter hurricane: Measuring the S1
stream with dark matter detectors, Phys. Rev. D 98,
103006 (2018).

[64] C. A.J. O’Hare, N. W. Evans, C. McCabe, G. Myeong, and
V. Belokurov, Dark Shards: Velocity substructure from
Gaia and direct searches for dark matter, Phys. Rev. D 101,
023006 (2020).

[65] N. C. Amorisco, Contributions to the accreted stellar halo:
An Atlas of stellar deposition, Mon. Not. R. Astron. Soc.
464, 2882 (2017).

[66] J. Fan, M. Reece, and L.-T. Wang, Non-relativistic effec-
tive theory of dark matter direct detection, J. Cosmol.
Astropart. Phys. 11 (2010) 042.

[67] A.L. Fitzpatrick, W. Haxton, E. Katz, N. Lubbers, and Y.
Xu, The effective field theory of dark matter direct
detection, J. Cosmol. Astropart. Phys. 02 (2013) 004.

[68] M. Cirelli, E. Del Nobile, and P. Panci, Tools for model-
independent bounds in direct dark matter searches, J.
Cosmol. Astropart. Phys. 10 (2013) 019.

[69] E. Del Nobile, Complete Lorentz-to-Galileo dictionary
for direct dark matter detection, Phys. Rev. D 98, 123003
(2018).

[70] F. Bishara, J. Brod, B. Grinstein, and J. Zupan, Chiral
effective theory of dark matter direct detection, J. Cosmol.
Astropart. Phys. 02 (2017) 009.

[71] F. Bishara, J. Brod, B. Grinstein, and J. Zupan, From
quarks to nucleons in dark matter direct detection, J. High
Energy Phys. 11 (2017) 059.

[72] C. Amole et al. (PICO Collaboration), Dark Matter Search
Results from the PICO-2L C3Fg Bubble Chamber, Phys.
Rev. Lett. 114, 231302 (2015).

[73] D.S. Akerib et al. (LUX Collaboration), Results from a
Search for Dark Matter in the Complete LUX Exposure,
Phys. Rev. Lett. 118, 021303 (2017).

[74] R. Agnese et al. (SuperCDMS Collaboration), Results
from the Super Cryogenic Dark Matter Search Experiment
at Soudan, Phys. Rev. Lett. 120, 061802 (2018).

[75] X. Cui et al. (PandaX-II Collaboration), Dark Matter
Results From 54-Ton-Day Exposure of PandaX-II Experi-
ment, Phys. Rev. Lett. 119, 181302 (2017).

063026-21


https://doi.org/10.1088/1475-7516/2018/07/009
https://doi.org/10.1088/1475-7516/2017/11/016
https://doi.org/10.1088/1475-7516/2019/10/034
https://doi.org/10.1088/1475-7516/2019/11/013
https://doi.org/10.1088/1475-7516/2019/11/013
https://arXiv.org/abs/2001.09156
https://doi.org/10.1088/1361-6471/ab2ea5
https://doi.org/10.1103/PhysRevLett.119.181301
https://doi.org/10.1103/PhysRevLett.119.181301
https://doi.org/10.1103/PhysRevD.74.043531
https://doi.org/10.1103/PhysRevD.74.043531
https://doi.org/10.1088/1475-7516/2013/11/033
https://doi.org/10.1088/1475-7516/2013/11/033
https://doi.org/10.1103/PhysRevLett.120.041102
https://doi.org/10.1103/PhysRevLett.120.041102
https://doi.org/10.1016/j.dark.2012.10.007
https://doi.org/10.1093/mnras/sty1403
https://doi.org/10.1093/mnras/sty1403
https://doi.org/10.3847/2041-8213/aaf811
https://doi.org/10.1093/mnras/stz1770
https://doi.org/10.1093/mnras/stz1770
https://doi.org/10.1088/0004-637X/779/2/102
https://doi.org/10.1088/0004-637X/779/2/102
https://doi.org/10.1093/mnras/stw2564
https://doi.org/10.1093/mnras/stw2564
https://doi.org/10.1088/1475-7516/2019/06/045
https://arXiv.org/abs/1910.07536
https://doi.org/10.1103/PhysRevD.99.023012
https://doi.org/10.1093/mnras/stz572
https://doi.org/10.1093/mnras/stz572
https://arXiv.org/abs/1907.07681
https://arXiv.org/abs/1907.07190
https://doi.org/10.1103/PhysRevD.100.055039
https://doi.org/10.1103/PhysRevD.100.055039
https://doi.org/10.1103/PhysRevD.98.103006
https://doi.org/10.1103/PhysRevD.98.103006
https://doi.org/10.1103/PhysRevD.101.023006
https://doi.org/10.1103/PhysRevD.101.023006
https://doi.org/10.1093/mnras/stw2229
https://doi.org/10.1093/mnras/stw2229
https://doi.org/10.1088/1475-7516/2010/11/042
https://doi.org/10.1088/1475-7516/2010/11/042
https://doi.org/10.1088/1475-7516/2013/02/004
https://doi.org/10.1088/1475-7516/2013/10/019
https://doi.org/10.1088/1475-7516/2013/10/019
https://doi.org/10.1103/PhysRevD.98.123003
https://doi.org/10.1103/PhysRevD.98.123003
https://doi.org/10.1088/1475-7516/2017/02/009
https://doi.org/10.1088/1475-7516/2017/02/009
https://doi.org/10.1007/JHEP11(2017)059
https://doi.org/10.1007/JHEP11(2017)059
https://doi.org/10.1103/PhysRevLett.114.231302
https://doi.org/10.1103/PhysRevLett.114.231302
https://doi.org/10.1103/PhysRevLett.118.021303
https://doi.org/10.1103/PhysRevLett.120.061802
https://doi.org/10.1103/PhysRevLett.119.181302

BUCH, FAN, and LEUNG

PHYS. REV. D 101, 063026 (2020)

[76] E. Aprile et al. (XENON Collaboration), Dark Matter
Search Results from a One Ton-Year Exposure of XEN-
ONIT, Phys. Rev. Lett. 121, 111302 (2018).

[77] G. Cowan, K. Cranmer, E. Gross, and O. Vitells, Asymp-
totic formulae for likelihood-based tests of new physics,
Eur. Phys. J. C 71 (2011) 1554.

[78] J. Neyman and E. S. Pearson, On the problem of the most
efficient tests of statistical hypotheses, Phil. Trans. R. Soc.
A 231, 289 (1933).

[79] S.S. Wilks, The large-sample distribution of the likelihood
ratio for testing composite hypotheses, Ann. Math. Stat. 9,
60 (1938).

[80] T.D.P. Edwards, B. J. Kavanagh, and C. Weniger, Assess-
ing Near-Future Direct Dark Matter Searches with Bench-
mark-Free Forecasting, Phys. Rev. Lett. 121, 181101
(2018).

[81] P. Agnes et al. (DarkSide Collaboration), Low-Mass Dark
Matter Search with the DarkSide-50 Experiment, Phys.
Rev. Lett. 121, 081307 (2018).

[82] E. Del Nobile, M. Kaplinghat, and H.-B. Yu, Direct
detection signatures of self-interacting dark matter with a
light mediator, J. Cosmol. Astropart. Phys. 10 (2015) 055.

[83] E. Aprile et al. (XENON Collaboration), Constraining the
Spin-Dependent WIMP-Nucleon Cross Sections with
XENONIT, Phys. Rev. Lett. 122, 141301 (2019).

[84] M. Pato, L. Baudis, G. Bertone, R. Ruiz de Austri, L. E.
Strigari, and R. Trotta, Complementarity of dark matter
direct detection targets, Phys. Rev. D 83, 083505 (2011).

[85] J.F. Cherry, M. T. Frandsen, and I. M. Shoemaker, Halo
independent direct detection of momentum-dependent
dark matter, J. Cosmol. Astropart. Phys. 10 (2014) 022.

[86] N. Bozorgnia, D. G. Cerdeo, A. Cheek, and B. Penning,
Opening the energy window on direct dark matter detec-
tion, J. Cosmol. Astropart. Phys. 12 (2018) 013.

[87] E. Aprile et al. (XENON100 Collaboration), Likelihood
approach to the first dark matter results from XENON100,
Phys. Rev. D 84, 052003 (2011).

[88] E. Aprile et al. (XENON Collaboration), XENONIT dark
matter data analysis: Signal and background models and
statistical inference, Phys. Rev. D 99, 112009 (2019).

[89] F. Perez and B.E. Granger, IPython: A system for
interactive scientific computing, Comput. Sci. Eng. 9,
21 (2007).

[90] J.D. Hunter, Matplotlib: A 2D graphics environment,
Comput. Sci. Eng. 9, 90 (2007).

[91] E. Jones, T. Oliphant, P. Peterson et al., SciPy: Open
source scientific tools for Python, 2001.

[92] S. van der Walt, S.C. Colbert, and G. Varoquaux, The
NumPy Array: A structure for efficient numerical compu-
tation, Comput. Sci. Eng. 13, 22 (2011).

[93] S. Sivertsson, H. Silverwood, J. I. Read, G. Bertone, and P.
Steger, The local dark matter density from SDSS-SEGUE
G-dwarfs, Mon. Not. R. Astron. Soc. 478, 1677 (2018).

[94] J. Buch, S.C.J. Leung, and J. Fan, Using Gaia DR2 to
constrain local dark matter density and thin dark disk, J.
Cosmol. Astropart. Phys. 04 (2019) 026.

[95] P.E de Salas, K. Malhan, K. Freese, K. Hattori, and M.
Valluri, On the estimation of the local dark matter density
using the rotation curve of the Milky Way, J. Cosmol.
Astropart. Phys. 10 (2019) 037.

[96] L. B. Okun, M. B. Voloshin, and V. I. Zakharov, Electrical
neutrality of atoms and grand unification models, Phys.
Lett. 138B, 115 (1984).

[97] R. Foot, G. C. Joshi, H. Lew, and R.R. Volkas, Charge
quantization in the standard model and some of its
extensions, Mod. Phys. Lett. A 05, 2721 (1990).

[98] R. Foot, H. Lew, and R.R. Volkas, Electric charge
quantization, J. Phys. G 19, 361 (1993).

[99] B. Holdom, Two U(1)’s and epsilon charge shifts, Phys.
Lett. 166B, 196 (1986).

[100] N. Weiner and I. Yavin, UV completions of magnetic
inelastic and Rayleigh dark matter for the Fermi Line(s),
Phys. Rev. D 87, 023523 (2013).

[101] E.E. Radescu, On the electromagnetic properties of
majorana fermions, Phys. Rev. D 32, 1266 (1985).

[102] M. Pospelov and T. ter Veldhuis, Direct and indirect limits
on the electromagnetic form-factors of WIMPs, Phys. Lett.
B 480, 181 (2000).

[103] A.L. Fitzpatrick and K. M. Zurek, Dark moments and the
DAMA-CoGeNT puzzle, Phys. Rev. D 82, 075004 (2010).

[104] C. Blanco, M. Escudero, D. Hooper, and S.J. Witte, Z’
Mediated WIMPs: Dead, dying, or soon to be detected?,
J. Cosmol. Astropart. Phys. 11 (2019) 024.

[105] P. Agnes et al. (DarkSide Collaboration), First results from
the DarkSide-50 dark matter experiment at Laboratori
Nazionali del Gran Sasso, Phys. Lett. B 743, 456 (2015).

063026-22


https://doi.org/10.1103/PhysRevLett.121.111302
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.1098/rsta.1933.0009
https://doi.org/10.1098/rsta.1933.0009
https://doi.org/10.1214/aoms/1177732360
https://doi.org/10.1214/aoms/1177732360
https://doi.org/10.1103/PhysRevLett.121.181101
https://doi.org/10.1103/PhysRevLett.121.181101
https://doi.org/10.1103/PhysRevLett.121.081307
https://doi.org/10.1103/PhysRevLett.121.081307
https://doi.org/10.1088/1475-7516/2015/10/055
https://doi.org/10.1103/PhysRevLett.122.141301
https://doi.org/10.1103/PhysRevD.83.083505
https://doi.org/10.1088/1475-7516/2014/10/022
https://doi.org/10.1088/1475-7516/2018/12/013
https://doi.org/10.1103/PhysRevD.84.052003
https://doi.org/10.1103/PhysRevD.99.112009
https://doi.org/10.1109/MCSE.2007.53
https://doi.org/10.1109/MCSE.2007.53
https://doi.org/10.1109/MCSE.2007.55
https://doi.org/10.1109/MCSE.2011.37
https://doi.org/10.1093/mnras/sty977
https://doi.org/10.1088/1475-7516/2019/04/026
https://doi.org/10.1088/1475-7516/2019/04/026
https://doi.org/10.1088/1475-7516/2019/10/037
https://doi.org/10.1088/1475-7516/2019/10/037
https://doi.org/10.1016/0370-2693(84)91884-7
https://doi.org/10.1016/0370-2693(84)91884-7
https://doi.org/10.1142/S0217732390003176
https://doi.org/10.1088/0954-3899/19/3/005
https://doi.org/10.1016/0370-2693(86)91377-8
https://doi.org/10.1016/0370-2693(86)91377-8
https://doi.org/10.1103/PhysRevD.87.023523
https://doi.org/10.1103/PhysRevD.32.1266
https://doi.org/10.1016/S0370-2693(00)00358-0
https://doi.org/10.1016/S0370-2693(00)00358-0
https://doi.org/10.1103/PhysRevD.82.075004
https://doi.org/10.1088/1475-7516/2019/11/024
https://doi.org/10.1016/j.physletb.2015.03.012

