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Abstract. In this article we investigate the benefits of increasing the maximum nuclear

recoil energy analysed in dark matter (DM) direct detection experiments. We focus on elastic

DM-nucleus interactions, and work within the framework of effective field theory (EFT) to

describe the scattering cross section. In agreement with previous literature, we show that an

increased maximum energy leads to more stringent upper bounds on the DM-nucleus cross

section for the EFT operators, especially those with an explicit momentum dependence. In

this article we extend the energy region of interest (ROI) to show that the optimal values

of the maximum energy for xenon and argon are of the order of 500 keV and 300 keV,

respectively. We then show how, if a signal compatible with DM is observed, an enlarged

energy ROI leads to a better measurement of the DM mass and couplings. In particular, for

a xenon detector, DM masses of the order of 200 GeV (2 TeV) or lower can be reconstructed

for momentum-independent (-dependent) operators. We also investigate three-dimensional

parameter reconstruction and apply it to the specific case of scalar DM and anapole DM. We

find that opening the energy ROI is an excellent way to identify the linear combination of

momentum-dependent and momentum-independent operators, and it is crucial to correctly

distinguish these models. Finally, we show how an enlarged energy ROI also allows us to test

astrophysical parameters of the DM halo, such as the DM escape speed.
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1 Introduction

Over the past decades, direct detection experiments have searched for DM particles through

their elastic scattering off a target material in underground detectors [1, 2]. A worldwide

experimental effort has resulted in extremely sensitive experiments, which have probed DM

interactions with ordinary matter with unprecedented precision, albeit not observing any

confirmed excess. This has resulted in stringent upper bounds on the DM elastic scattering

cross section with nuclei [3–9] (bounds on DM-electron interaction and inelastic scattering

can also be derived). Currently, liquid xenon experiments, such as LUX [10], XENON1T [3],

and PandaX [5], dominate the search for DM masses above 10 GeV, whereas the low-mass

region of ∼ 10 GeV and less is being explored by a range of experiments using noble liquids

and crystals as targets. The next-generation of liquid noble gas detectors, using xenon (such

as LZ [11], XENONnT [12], and DARWIN [13]) or argon (DarkSide-20k [14] and DEAP

[15]) will probe the parameter space of weakly interacting massive particles (WIMPs) with

unprecedented precision.

In order to optimise the discovery potential of current and future detectors, one must

have an excellent control over the experimental background, either by reducing it through

the use of shielding and employing extremely radiopure materials or by understanding any

source of irreducible background. Likewise, the characteristics of the expected signature from

DM interactions must be well understood, as this defines the region of interest in which a

signal might be expected. In direct detection experiments, DM particles can undergo elastic

collision with the target nuclei, leaving an energy deposit (spectrum) in the keV–MeV range.

The most general DM-nucleus scattering cross section can be expressed in terms of

non-relativistic EFT operators [16–20], which originate from different terms in the micro-
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scopical Lagrangian that describes DM-quark interactions. Traditionally, the velocity and

momentum-independent spin-independent (SI) and spin-dependent (SD) operators, are con-

sidered to interpret results from direct detection experiments and derive bounds on the DM-

nucleon scattering cross section. For these operators, the expected nuclear recoil spectrum

is approximately exponential, with most of the signal concentrated in the keV and sub-keV

region and a slope that decreases with increasing DM mass. Thus, in order to capture most

of the DM signal, a great effort is made in lowering the experimental energy threshold. This

also helps probing lighter DM particles, which leave a smaller energy deposit in the detector.

However, the shape of the DM spectrum changes substantially for other EFT operators,

mainly for those with a non-trivial momentum dependence, which display a characteristic

bump at large recoil energies [21]. Likewise, the higher end of the recoil spectrum is par-

ticularly sensitive to some of the astrophysical parameters that describe the DM velocity

distribution in the Solar neighbourhood, for example, to changes in the DM escape speed

from the Galaxy. All of this motivates widening the energy window analysed in direct detec-

tion experiments.

The possibility of extending the energy range of direct detection experiments to include

the high energy end of the recoil spectrum has been addressed in the literature. Earlier work

in this area [22–25] studied inelastic and exothermic DM [23, 25, 26], and more recent works

have pointed out the effects on EFT operators for elastic scattering [27–29]. The prospects

of reconstructing the DM speed distribution and particle physics parameters from direct

detection data for an extended energy window up to 1 MeV has also been studied in ref. [30]

for the canonical SI cross section. In this article we will study in detail the advantages of

extending the energy window in direct detection experiments, with emphasis on xenon and

argon based detectors. We consider large values for the maximum nuclear recoil energy, and

study the optimal energy ranges for xenon and argon to maximise the sensitivity to EFT

operators. Then, assuming a DM detection, we investigate how an extended energy range

affects the reconstruction of DM parameters (mass and couplings), and we take into account

the effect of nuclear form factors and the neutrino floor in this energy range. We also extend

our study to investigate how a larger energy range can give us access to some astrophysical

parameters of the DM halo.

This article is organised as follows. In section 2, we review the principles of direct DM

detection and the computation of the expected rate of DM events. In section 3, we explain

the various aspects of DM detection that would benefit from an increase in the maximum

energy, thereby utilizing a larger part of the overall spectrum. This will lead to a significant

improvement in the exclusion limits for momentum-dependent EFT operators in section 3.1,

a better reconstruction of the DM mass and couplings in section 3.2, and a better sensitivity

to astrophysical parameters such as the escape speed in section 3.3. Finally, our conclusions

are presented in section 4.
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2 Principles of dark matter scattering and signal generation

The expected event rate from the elastic scattering of a DM particle, χ, with mass mχ off a

target nucleus with mass mN is given by

N =
ρ0 ǫ

mN mχ

∫ Emax

R

Emin

R

ε(ER) dER

∫

vmin

dv vf(v, t)
dσχN
dER

, (2.1)

where dσχN/dER is the DM-nucleus scattering cross-section, ρ0 is the local DM density, v

is the relative velocity between the DM particle and the nucleus, f(v, t) is the DM velocity

distribution in the detector frame normalized to unity, and ǫ is the total exposure, given by

the product of the detector mass and the run-time. The total DM count is calculated by

integrating the differential event rate over the nuclear recoil energy, ER, within an energy

ROI, defined as the range between the minimum (threshold) energy, Emin
R , and a maximum

energy Emax
R . The energy ROI is normally chosen to maximise the potential for DM discovery

while keeping the background under control. The detector efficiency ε(ER) is an energy-

dependent function that describes the fraction of recoil events that will be observed in the

given energy ROI. For simplicity, we will assume ε(ER) = 1.

The integration over the DM velocity is performed from the minimum DM speed needed

to induce a nuclear recoil of energy ER, vmin =
√

mNER/2µ2
N , where µN is the DM-nucleus

reduced mass. It is customary to assume the Standard Halo Model (SHM) [31] for the DM

distribution in our Galaxy. The local DM velocity distribution in the SHM is described in

terms of an isotropic Maxwell-Boltzmann distribution in the Galactic rest frame, truncated

at the escape speed from the Galaxy. However, the true DM distribution may be significantly

different from the SHM. In the rest of this work up to section 3.3 we will assume the SHM for

the local DM distribution with parameters given in table 3 (in section 3.3). We will consider

an alternative halo model motivated by recent hydrodynamic simulations in section 3.3.

The DM-nucleus differential cross section, dσχN/dER, is traditionally split into an SI

and SD contribution. However, the general Lagrangian describing DM interactions with

nuclei in the non-relativistic limit is much more diverse and can be described in terms of an

EFT which features different operators, some of which display a non-trivial dependence on

the DM velocity and the momentum exchange [16, 17],

Lint =
∑

τ

∑

i

cτiOiχχττ . (2.2)

The EFT operators can be understood as the non-relativistic reduction from a microscopic

Lagrangian that describes the DM interactions with quarks [19]. In this expression, τ can

either represent proton and neutron interactions or isoscalar and isovector interactions, and

the list of viable operators can be found in table 1 [17], classified according to their dependence

on the momentum exchange, q. We have limited ourselves to DM candidates of spin 1/2 or

1, but results for higher spin can be found in ref. [19].
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q-independent q-dependent q2−dependent

O1 = 1χ1N

O4 = Ŝχ · ŜN

O7 = ŜN · v̂⊥

O8 = Ŝχ · v̂⊥

O12 = Ŝχ ·
[

ŜN × v̂⊥

]

O3 = iŜN ·
[

q̂

mN

× v̂⊥

]

O5 = iŜχ ·
[

q̂

mN

× v̂⊥

]

O9 = iŜχ ·
[

ŜN × q̂

mN

]

O10 = iŜN · q̂

mN

O11 = iŜχ · q̂

mN

O13 = i
[

Ŝχ · v̂⊥

] [

ŜN · q̂

mN

]

O14 = i
[

Sχ · q

mN

] [

ŜN · v̂⊥

]

O15 = −
[

Ŝχ · q̂

mN

] [(

ŜN × v̂⊥

)

· q̂

mN

]

O6 =
[

Ŝχ · q̂

mN

] [

ŜN · q̂

mN

]

Table 1. List of non-relativistic EFT operators for spin-1/2 and spin-1 DM particles, classified

according to their dependence on the momentum exchange.

The total DM-nucleus cross section is calculated by adding these contributions coher-

ently, using nuclear wave functions, which results in the following expression,

dσχN
dER

=
mN

2πm4
v

1

v

∑

ij

∑

τ,τ ′=0,1

cτi c
τ ′

j F
τ,τ ′

i,j (v2, q2) . (2.3)

Here, F τ,τ ′

i,j are the nuclear form factors (see e.g., Refs. [17, 18] for their expressions in the

isospin and nuclear basis, respectively). There are interference terms between the two isospin-

components within each operator, as well as between the following pairs of EFT operators,

(O1,O3), (O4,O5), (O4,O6), and (O8,O9). We choose the couplings ci to be dimension-

less, using the Higgs vacuum expectation value, mv = 264 GeV, as a normalisation factor,

following the prescription of refs. [18, 20].

As an explicit example of a particle DM model that features momentum-dependent

interactions, we will consider the case of anapole DM, defined by the interaction Lagrangian

Lint = Aχγµγ5χ∂νF
µν . This is the only dimension six operator that interacts with the

electromagnetic field for Majorana particles [32]. In the non-relativistic limit, the effective

operator for anapole interactions, OA, is a linear combination of the momentum-independent

operator O8 and the momentum-dependent O9 with the Lagrangian as follows1 [33–35],

LA =
∑

N=p,n

A e(2QNO8 − gNO9)χχNN, (2.4)

where e is the electron charge, QN is the nucleon charge, and gN are the nucleon g-factors

(gp = 5.59 and gn = 3.83). We can parameterize the coupling strength as σA = A2µ2
N/π

[33].

1The relative sign between the two terms depends on the convention used for the choice of the transfer

momentum direction.
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In this work, we focus on the effect of higher recoil energies in noble liquid detectors

which employ either liquid xenon or liquid argon. Although the qualitative results can be

extrapolated to other targets and experiments, the main advantage is for heavy DM particles,

where noble liquid detectors excel. Both detectors are dual phase time projection chambers

(TPC), utilizing two type of signals: a prompt photon signal from the scintillation in the

liquid xenon and a proportional charge signal amplified in the gas phase. The ratio of the

two allows to distinguish electron from neutron recoils. The position of the interaction in

the TPC can be determined from the drift times and light pattern of the signals, allowing to

define a background-free fiducial volume due to the excellent self-shielding of xenon.

The primary DM signature is the spectrum of nuclear recoils reconstructed using the

resulting charge and light signals in liquid and double phase noble gas detectors. There is

also a series of background sources that limit the experimental sensitivity. These originate

either from natural radioactivity, mostly from naturally occurring 238U and 232Th chains,

as well as cosmic muon and spallation induced fission products. The dominant backgrounds

for many DM searches are neutrons that interact with nuclei in the detector target via

elastic scattering. This produces a nuclear recoil similar to the expected signal. High energy

cosmogenic neutrons of up to a few GeV might be produced by spallation reactions of cosmic

muons on nuclei in the detector or the surrounding rock. Further (α, n) reactions where an

α particle can initiate nuclear reactions in the target nucleus while emitting a neutron and

spontaneous fission reactions produce neutrons at moderately low energies of around a few

MeV. Just as for standard low recoil DM searches, such energy depositions can end up in

the region of interest for our searches. Typically the background levels decrease by orders

of magnitude from the low energy DM search region of 10 keV to higher energies above

100 keV [36]. Thus searches in the high nuclear recoil energy range can achieve very good

sensitivities.

DM is expected to scatter only once in the detector because of its low interaction prob-

ability. In contrast most backgrounds are expected to scatter multiple times. Therefore

experimentally these backgrounds are identified and rejected by removing multiple scatter

events. In the case of high energy nuclear recoils certain instrumental background processes

(such as accidental coincidence between single-electron and single-photon noise) might be-

come relatively more important. Another type of instrumental background relevant for the

high nuclear energy regime occurs when one of the multiple scatters takes place outside of

the sensitive volume and the other one inside the sensitive volume. Then the multiple scatter

is mis-characterized as single-scatter and also its charge yield is not properly reconstructed.

These effects are highly dependent on detector geometry and cannot be generally assessed

here.

When reconstructing the energy of an incoming particle from the measured light and

charge yields, calibration data is necessary. Current noble liquid detectors have developed
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Target Exposure [ton yr] Nominal ROI [keV] Extended ROI [keV]

Xe 15.3 3− 30 3− 500

Ar 20 5− 50 5− 300

Table 2. Specifications of the xenon and argon experiments considered in this work inspired by future

LZ and DarkSide experiments, respectively.

a comprehensive understanding of backgrounds and calibrations for low recoil energies. If

the energy ROI is to be widened, these studies have to be extended as well. The energy

scale is determined either directly by using mono-energetic neutron sources or by comparing

measured neutron energy with simulations. While the former method is more robust, only

a fairly small amount of possible neutron sources can be used. Monte Carlo simulations can

be used over a wider energy range, but they require additional assumptions and have large

uncertainties. Currently energies only up to about 76 keV nuclear recoil energy are calibrated,

although with good accuracy [37]. Presently the highest energy calibrations performed are

using D–D neutron generators, providing neutrons of about 2.5 MeV, thus leading to maximal

recoils in liquid xenon of about 76 keV [37]. D–T neutron generators could provide much

higher energies, up to about 14.1 MeV, enabling the calibration of nuclear recoils up to an

energy of approximately 430 keV in a xenon detector which is very well suited to the extended

search window which we propose in this work. Argon, because of its lower atomic mass, can

use the same sources to calibrate recoils of about 230 and 1300 keV, respectively [38].

In this analysis, we consider two simplified xenon and argon experimental setups, shown

in table 2, which are motivated by future detectors such as LZ, XENONnT, PandaX, and

DARWIN [5, 13, 39, 40] (for Xe), as well as DarkSide and DEAP [13, 15] (for Ar). For each of

these setups, we have adopted two configurations: a nominal range for the energy ROI, based

on current specifications, and an extended ROI motivated by the possible improvements in

calibrating/reducing the high energy background, as explained in the previous section.

In this work we adopt the nuclear responses from ref. [17], where a comprehensive set

of responses is presented. Notice that when considering nuclear recoils at high energies, such

approximate nuclear responses can be subject to uncertainties [41]. There are also chiral

effective theory effects which can induce corrections to the recoil spectra due to inter-nucleon

interactions mediated by meson exchange [42, 43]. These can, in turn, alter the shape of

the nuclear responses [44]. We have not included these uncertainties in our analysis. On

the one hand, they would not alter the end point of the nuclear recoil spectrum as this

only depends on kinematics. On the other hand, the changes in the shape can be relevant

for momentum-dependent operators. Determining how much these uncertainties translate

into uncertainties on the exclusion limits or parameter reconstruction is beyond the scope

of this work. Nonetheless, this work can be seen as a motivation to better understand such

uncertainties.
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3 Benefits of enlarging the energy window

In this section we provide concrete examples that illustrate the advantages of enlarging

the energy window in the search for DM signals. We will address the effect that a wider

ROI has on deriving exclusion limits for EFT operators if no DM signal is found, on the

reconstruction of DM parameters in the event of a positive signal, and on gaining sensitivity

to the astrophysical parameters describing the DM halo.

3.1 Exclusion limits

The first advantage of increasing the energy range in direct detection data analysis is to obtain

better upper bounds on the DM-nucleus cross section, if no excess over the background is

found. This argument strongly relies on the expected recoil spectrum from DM interactions

and therefore it varies significantly for different EFT operators.

In particular, for the canonical SI and SD (O1 and O4, respectively) the nuclear recoil

spectrum has an approximate exponential behaviour as a function of the recoil energy. A

similar behaviour is observed for those EFT operators without an explicit momentum depen-

dence, namely O7,8,12, although the different form factors induce some variation. In general,

if DM interactions are dominated by any of these operators one would expect that most of

the DM signal is concentrated at low energies, and thus the usual strategy of lowering the en-

ergy threshold to enlarge the ROI would be optimal. On the other hand, the recoil spectrum

for operators with an explicit momentum dependence exhibit a characteristic peak at high

energies, and vanish when ER → 0. The position of this peak is shifted to higher energies

as the mass of the DM particle increases. The structure of the nuclear form factors at high

energy can also induce further features in the recoil spectrum. As we can see in table 1,

this applies to the vast majority of EFT operators O3,5,6,9,10,11,13,14,15. On top of these, O6

depends quadratically on the transferred momentum. For these operators, it is possible that

a significant part of the signal lies at large recoil energies and could be missed if the analysis

window is not large enough [28, 29].

To illustrate the discussion above, in figure 1 we compare the recoil spectrum of a typical

q-independent operator (O1) with that of a q-dependent operator (O10), and a q2-dependent

operator (O6), as they would be observed in a xenon detector. We also include the non-trivial

example of an anapole interaction, which involves a linear combination of operators O8 and

O9. We display the spectra for three DM masses, mχ = 100, 500, and 1000 GeV, and fix the

couplings such that each example produces 100 nuclear recoil events in the nominal energy

range [3, 30] keV. The vertical dashed lines represent the maximum energy in the nominal

and extended ROI cases, namely Emax
R = 30 and 500 keV, respectively.

Irrespectively of the EFT operator, the DM spectrum for elastic scattering displays a

maximum energy as a function of the DM escape speed from the Galaxy, vesc, and the DM
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Figure 1. The expected recoil spectrum for EFT operators, O1 (top left panel), O6 (top right panel),

O10 (bottom left panel), and for anapole interactions (bottom right panel) in a xenon experiment.

The DM mass is chosen to be mχ = 100 GeV (solid), 500 GeV (dashed), and 1000 GeV (dotted).

The vertical dashed lines represent Emax

R
= 30 keV and 500 keV. The coupling for each operator has

been fixed to produce 100 events in the energy range [3, 30] keV.

and target nucleus masses,

Eend
R = 2

m2
χmN

(mχ +mN )2
v2esc . (3.1)

For large DM masses, the maximum energy is a function of the target mass, Eend
R ≈ 2mNv2esc.

Using the SHM parameters, we obtain Eend
R ≈ 1600 keV for a xenon target and Eend

R ≈

500 keV for an argon target.

As we can observe, if Emax
R is increased, a significant part of the DM signal for momentum-

dependent operators can be accessed, especially for heavy DM particles, with a more sub-

stantial improvement for O6. In the case of anapole interactions, an enlarged energy range

would allow us to probe the region where the momentum-independent O8 dominates over

the momentum-dependent O9 (which displays a bump at large energies).

In figure 2 we present the upper limits at 90% confidence level on the c21, c
2
6 , and c210

coefficients, as well as on the coupling of the anapole moment A, assuming no DM signal in

a xenon detector with an exposure of 15.3 ton yr (as given in table 2). The solid, dashed,
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Figure 2. Projected exclusion limits for a xenon detector for EFT operators, O1, O6, O10, and for

anapole interactions. The solid, dashed, and dotted lines correspond to Emax

R
= 30, 250 and 500 keV,

respectively.

and dotted lines show the results for Emax
R = 30, 250 and 500 keV, respectively. As we can

observe, the improvement for momentum-independent operators (such as O1) is negligible,

whereas momentum-dependent operators greatly benefit from the increased energy range. In

the case of O6, the exclusion limit can improve by more than one order of magnitude for DM

masses above mχ ≈ 300 GeV. We have explicitly checked that in the case of a xenon detector,

the improvement in the exclusion limits that one obtains when Emax
R increases from 500 keV

to 1600 keV is minimal, and therefore the optimal value of the maximum recoil energy is

Emax
R ≈ 500 keV.

We obtain qualitatively similar results for an argon detector. Figure 3 shows the ex-

clusion limits obtained for operators O1 and the q-dependent O11. Notice that argon is

insensitive to O6 and O10. We present the results for Emax
R = 50, 100, and 300 keV. Once

again, the improvement in momentum-independent operators is marginal, but the sensitivity

for momentum-dependent ones is greatly enhanced. The improvement for higher values of

Emax
R is minimal and hence the optimal value of the maximum energy for an argon detector

is Emax
R ≈ 300 keV.
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Figure 3. Projected exclusion limits for an argon detector for EFT operators, O1 and O11. The

solid, dashed, and dotted lines correspond to Emax

R
= 50, 100 and 300 keV, respectively.

We have checked that the results for other momentum-dependent operators are quali-

tatively similar to those of O10, with small differences that can be attributed to the corre-

sponding form factors.

3.2 Dark matter parameter reconstruction

If an excess compatible with DM is obtained in direct detection experiments, the mass and

couplings of the DM particle can be inferred from the nuclear recoil spectrum [45–47]. From

the discussion in the previous section, we can also infer that an increased energy range in the

analysis window would lead to a better measurement of the recoil spectrum and, consequently,

to a better measurement of the DM parameters.

In particular, the endpoint of the nuclear recoil spectrum, Eend
R (see eq. 3.1), provides a

good measurement of the DM mass, irrespectively of the EFT operator. This complements

other information that can be obtained from the spectral shape. As we can observe in figure 1,

the endpoint for a 100 GeV DM particle is above the canonical energy window considered

in xenon experiments, but could be observed with a larger Emax
R . Notice that in the limit of

very heavy DM particles, the endpoint is only a function of the target mass and therefore

the capability of reconstruction is eventually lost.

We have chosen a set of representative benchmark points and use eq. (2.1) to compute

the simulated spectrum, Nobs
k , which we take as the observed event rate. We explore the

DM parameter space and for each point, λ = {mχ, ci}, in the DM mass and EFT coupling

plane, we compute the expected number of DM events in a given energy bin, Nk(λ). We

then construct the following binned likelihood

L(Nobs|λ) =
∏

k

(N th
k )N

obs

k

Nobs
k !

exp
(

−N th
k

)

, (3.2)
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Figure 4. Mass reconstruction parameter, ∆m (defined in eq. 3.3), as a function of the DM mass

for operators O1, O6, and O10 from the left to right panels in a xenon detector. We have assumed a

benchmark point, for each value of the DM mass, that produces 100 nuclear recoil events. The light

to dark grey regions correspond to different energy ROIs, with Emax

R
= 30, 250 , 500 keV, respectively.

where N th
k = Nk(λ)+Nb

k is the total number of counts predicted in bin k, taking into account

the number of background events N b
k . We assume a bin width of 1 keV in the nominal ROIs.

For the extended ROIs we increase the bin size to 50 keV in xenon and 10 keV in argon2.

In order to calculate the profile likelihood and to effectively scan the parameter space, we

use MultiNest [48]. The confidence intervals in the parameter space are then extracted using

Superplot [49]. To speed up the computation of the number of DM events in the EFT

framework, we use the surrogate model RAPIDD [50].

In order to quantify the improvement in the DM mass reconstruction when the energy

range is extended, we simulate a future DM excess, assuming a given EFT operator and DM

mass. Then we attempt to reconstruct it using the binned likelihood defined in eq. (3.2). By

construction, the best fit point coincides with the simulated DM mass, but we also determine

the 1σ confidence interval of the reconstructed masses, (m−

1σ, m
+
1σ), from which we define

∆m =

(

m−

1σ

mχ

,
m+

1σ

mχ

)

. (3.3)

By construction, the true value is at ∆m = 1 and ∆m ∈ [0, ∞]. For concreteness, we will

consider benchmark points that predict observation of 100 DM-induced nuclear recoil events.

Figure 4 shows the resulting ∆m as a function of the DM mass for a reconstruction

using 100 events for each value of the DM mass. From the left to right panels, we present

the results for EFT operators O1, O6, and O11. The different coloured areas correspond to

different energy ROIs, with Emax
R = 30, 250, and 500 keV.

Let us first concentrate on the canonical spin-independent operator O1. For the nominal

ROI, with Emax
R = 30 keV the 1σ region is unbounded from above for DM masses above

2Lacking information about energy calibration in the extended ROI, we have decided to take a conser-

vative approach and increase the bin size. A smaller bin size could in principle lead to a better parameter

reconstruction.
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60 GeV. As Emax
R increases, larger DM masses can be accessed and with Emax

R = 250 keV

one can successfully reconstruct DM masses up to 100 GeV. The optimal energy range of

Emax
R = 500 keV would allow us to reconstruct DM masses up to just 200 GeV. For any DM

mass above this value, there is no upper bound in the reconstructed value. Interestingly, the

lower limit of the reconstruction also benefits from a larger Emax
R . It should also be noted that

the relative improvement in reconstruction from having a maximum energy above 500 keV

is minimal. The reconstruction for 100 nuclear recoil events shows that the limitation in the

reconstruction of DM masses is not due to poor statistics. Indeed, even with a larger number

of events, there is no proper DM mass reconstruction for O1 above mχ ∼ 200 GeV.

The benefit of enlarging the energy ROI is more pronounced for momentum-dependent

operators, such as O6 and O10. In both cases, increasing Emax
R leads to a much better DM

mass reconstruction, where DM masses as heavy as mχ ∼ 2 TeV can be resolved. This is

in contrast with the nominal ROI, which only allows reconstruction up to mχ ∼ 60 GeV. It

should be noted that even when the upper limit of the reconstructed mass becomes unbounded

(∆m → ∞) the lower limit can still improve substantially if Emax
R is further increased.

Having a good reconstruction of the DM mass also helps in measuring the DM couplings

and removing degeneracies in the parameter space. We illustrate this with an example,

motivated by the case of scalar DM with a scalar mediator, in which the parameter space is

three-dimensional and consists of the DM mass and operators O1 and O10. We have selected

a benchmark point with mχ = 1 TeV and equal contributions from O1 and O10 that give 100

counts in the usual [3, 30] keV energy window. This benchmark point is special because, as

we saw in the discussion above, mχ values can be bounded from above in the extended energy

ROI. Figure 5 represents the 2σ reconstructed region in the 3D parameter space (mχ, c
0
1, c

0
10)

for the three choices Emax
R = 30, 250, and 500 keV. As we can observe, the nominal ROI is

insufficient to determine any of the three parameters and large degeneracies are observed in

the three planes. For example, the data can be consistent with light DM that interacts mainly

through O10 or with heavier DM and a linear combination of O1 and O10. When the energy

ROI is extended, the light DM solution disappears and eventually, with Emax
R = 500 keV, a

full reconstruction of the three parameters is possible.

As a second example, we have selected a benchmark point that corresponds to anapole

DM, with mχ = 500 GeV and c8 = cp8 = 2Ae, cn8 = 0, c9 = c8 = −(2/gp)c
p
9 = −(2/gn)c

n
9 .

For simplicity we have already imposed the correct relation among the couplings to protons

and neutrons and we have attempted to reconstruct the DM parameters in the 3D plane

(mχ, c8, c9). The results are shown in figure 6, and in the (c8, c9) plane we indicate the

anapole relation between both couplings by means of a dashed black line. As in the previous

example, the results with the nominal ROI are not sufficient to provide a good measurement of

any of the parameters and large degeneracies are visible. For Emax
R = 250 keV, the region with

low DM mass and a leading O9 contribution disappears and although there is still a residual
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Figure 5. Results from a 3D parameter scan, fitting mock data from our benchmark point with mass

mχ = 1 TeV and a coupling to O1 and O10 which produces 100 counts in the [3, 30] keV window. The

2σ countours are shown from light gray to dark gray for Emax

R
= 30, 250 and 500 keV, respectively.

The white star represents the benchmark point.

degeneracy in the (c8, c9) plane, the results already reproduce the anapole relation along the

dashed line. Notice that, from the spectrum in the bottom right panel of figure 1, we can

see that this energy is enough to observe the characteristic shape of O9 but it is insufficient

to measure the end point of the spectrum. With the extended ROI (Emax
R = 500 keV), a

good measurement is obtained for the three parameters. Without enlarging the energy ROI,

it would be impossible to properly identify this scenario as anapole DM.

3.3 Astrophysical uncertainties

One of the major sources of uncertainty which enters in the predicted event rate is the

uncertainty in the local DM distribution. In particular, changes in the DM density and

velocity distribution in the Solar neighborhood lead to large variations in the allowed regions
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Figure 6. Same as figure 5 but for mχ = 500 GeV and a coupling via the anapole moment. The

black dashed line in the (c9, c8) plane represents the relation among these couplings in an anapole

DM model.

or exclusion limits obtained in the plane of DM-nucleon coupling and DM mass from direct

detection experiments.

An important way to obtain information on the DM velocity distribution is to extract it

from cosmological simulations. High resolution cosmological simulations including baryonic

physics have recently become available and are able to reproduce important galactic prop-

erties with significant agreement with observations. Recently it was shown that the local

DM velocity distribution extracted from state-of-the-art hydrodynamic simulations fits well

a Maxwellian distribution, but with a peak speed which can be different from the local cir-

cular speed [51–54]. Ref. [51] used the EAGLE and APOSTLE high resolution simulations

which include both DM and baryons and identified 14 simulated Milky Way-like galaxies by

taking into account observational constraints on the Milky Way. The range of the best fit

peak speeds of the Maxwellian distribution for the simulated Milky Way-like galaxies was
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Parameter vpeak [km s−1] vc [km s−1] vesc [km s−1] ρ0 [GeV cm−3]

SHM 220 220 544 0.4

EAGLE 288.64 254.06 874.76 0.68

Table 3. The peak speed of the Maxwellian velocity distribution, local circular speed, Galactic escape

speed, and the local DM density assumed in the SHM (row 1) and extracted from the simulated MW-

like galaxy in the EAGLE simulation farthest from the SHM (row 2).

found to be 223 − 289 km/s. To include in the analysis of direct detection data the largest

possible deviation with respect to the SHM predicted by simulations, we will consider the

simulated MW-like galaxy in EAGLE/APOSTLE with the local DM velocity distribution

furthest from the SHM. The parameters of this halo, along with the fiducial parameters of

the SHM are given in table 3. For both halo models, we consider the velocity of the Earth

with respect to the Sun and the peculiar velocity of the Sun as given in ref. [51].

For the current recoil energy range probed by direct detection experiments, uncertainties

in the high velocity tail of the DM velocity distribution become especially important for light

DM masses. This is because for a fixed maximum recoil energy, low DM masses lead to a

high minimum DM speed, vmin, where the experiments probe the tail of the DM velocity

distribution. In particular, the range of the best fit peak speeds for the Maxwellian velocity

distribution allowed by hydrodynamic simulations of MW-like galaxies [51, 54] translates into

an uncertainty in the allowed regions or exclusion limits set by direct detection experiments,

for low mass (10’s of GeV) DM particles. However, if the maximum recoil energy in an

experiment is significantly increased, even larger DM masses (100’s of GeV) lead to high

vmin, where the experiments become sensitive to the tails of the DM velocity distribution.

In order to disentangle astrophysical uncertainties, one has to consider results from

multiple targets. As discussed extensively in the literature, this complementarity will also

help with particle parameter reconstruction [55–60]. Hence, we will once again consider

future Xe and Ar detectors. To determine whether increasing the energy window will help

us overcome astrophysical uncertainties for large DM masses, we produce a series of data

resulting in 100 and 1000 counts in the two detector configurations given in table 2, for a

100 GeV DM, and arising from the two halo models (SHM and EAGLE) we are considering,

which we take as the true halo model. We then perform a parameter reconstruction for each

experiment separately, assuming the SHM for both cases. If one was to observe some tension

between the two experiments, it would suggest that the assumption of the SHM would be

incorrect.

Figure 7 shows the profile likelihood for the reconstruction of DM parameters for a

100 GeV benchmark point that produces 100 counts in our Xe (red) and Ar (blue) detector

configurations using the nominal (top row) and extended (bottom row) ROIs given in table 2,

for a coupling to O1. It is clear from figure 7 that by opening the energy window for both
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Figure 7. Profile likelihoods for the reconstruction of DM parameters for a 100 GeV DM benchmark

point that produces 100 counts in our future Xe and Ar detector configurations given in table 2, for a

coupling only to O1. Red and blue shaded regions correspond to 2σ (light shade) and 1σ (dark shade)

regions obtained from the individual targets of Xe and Ar, respectively. The top row corresponds to

the nominal configuration of the experiments assuming an energy window of [3, 30] keV for Xe and

[5, 50] keV for Ar. The bottom row corresponds to the extended configuration assuming an energy

window of [3, 500] keV for Xe and [5, 300] keV for Ar. The left and right panels correspond to the

SHM and EAGLE halo models, respectively, which were assumed to generate the data (i.e. the true

halo model). Every parameter scan has been performed assuming the SHM with values given in

table 3.

experiments, we achieve stronger constraints on the coupling and DM mass and this in turn

can put tension between the two experiments for the EAGLE halo model. However, we see

that with 100 counts this tension is not very strong, and it would be difficult to rule out the

SHM at high significance.

There are some general comments to be made. If the halo assumed in the reconstruction

of the DM parameters has a vesc below the true value, then the spectra will appear to come

from a DM particle with a larger mχ. Notice that the smaller the mass of the target nucleus,

the greater the effect. Furthermore, for mχ ≫ mN , the higher the value of mχ, the higher is
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Figure 8. Same as figure 7, but with an experimental exposure increased by a factor of 10, i.e. a

benchmark point that produces 1000 counts.

the coupling strength, causing the reconstructed region to move upwards. This can be seen in

figure 7, where the reconstructed region for the EAGLE halo which has a larger escape speed

compared to the SHM, is shifted to masses larger than 100 GeV. This shift is even larger

for the Ar experiment which has a smaller target nucleus mass. These results complement

the findings of ref. [30], where it was found that the reconstructed areas could significantly

improve with an extended analysis window. Our results strengthen the complementary role

between xenon and argon targets for the study of large mass DM.

In order to see whether greater statistics would improve our ability to distinguish be-

tween different halos we ran the analysis again but with ten times the original exposure given

in table 2 for both the Xe and Ar experiments. To do this, we had to include the neutrino

floor as a known background into the calculation. Figure 8 shows the results for the O1

benchmark that produces a 1000 counts. We see that for both halos, the different exper-

iments are completely consistent in the nominal setup. Once we open the energy window

we start to have tension between different experiments for the EAGLE halo. In particular,
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Figure 9. Same as figure 7 but with a coupling only to operator O11.

the 2σ regions for the different detectors are completely separated for the EAGLE halo, and

hence the SHM could be ruled out in this case.

As an example of an operator with a different behavior with respect to O1, we next

consider the O11 operator which exhibits a q-dependence. Figure 9 shows the results for

coupling to O11 for a 100 GeV benchmark point that produces 100 counts in Xe and Ar. We

can see that even with a 100 counts, when the energy window is opened, O11 interactions

can cause greater tension between the two experiments for the EAGLE halo, resulting in

separated 1σ regions for Xe and Ar.

4 Conclusions

In this article, we have investigated the benefits of enlarging the region of interest of the

nuclear recoil energy in the analysis of direct DM detection data. In particular, we have

studied how increasing the maximum recoil energy, Emax
R , will allow us to extract more

information from the tail of the nuclear recoil spectrum. We have concentrated on elastic

DM-nucleus scattering and considered an EFT approach to describe the interaction. Focusing
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on future xenon and argon detectors, we have investigated the implications that a larger Emax
R

has on setting limits on DM couplings, on measuring the DM parameters, and on obtaining

information about the astrophysical parameters of the DM halo.

In agreement with previous studies, we find that a larger Emax
R would lead to more

stringent upper bounds on the DM-nucleus cross section, especially for momentum-dependent

operators. For example, in xenon experiments, the sensitivity to O6 and O10 can increase by

approximately an order of magnitude for DM masses above approximately 300 GeV, and in

argon a similar improvement can be achieved for O11. We have determined that the optimal

values of the maximum energy are Emax
R ≈ 500 keV for xenon and Emax

R ≈ 300 keV for argon.

This would require a good knowledge of the experimental background at those energies, as

well as proper calibration (that could be achieved using a D–T source).

We have also studied how well the mass and couplings of the DM particle could be

reconstructed from future data if an excess over the background is observed. We point out

that a larger Emax
R would allow for a much better measurement of the DM mass, mainly from

the observation of the end-point of the nuclear recoil spectrum. For momentum-independent

operators, the improvement is modest. For example, in the case of O1 the extended ROI

allows to reconstruct DM masses up to approximately 200 GeV. However, the improvement

for momentum-dependent operators is much more impressive. For example, for operator O6

DM masses as large as 2 TeV can be reconstructed with an extended ROI.

We have also investigated three-dimensional parameter reconstruction, concentrating

on two examples: scalar DM with scalar mediator, and anapole DM. Our results show that

opening the energy ROI is an excellent way to identify the linear combination of momentum-

dependent and momentum-independent operators. This is crucial to distinguish different

DM models in the range of heavy DM masses.

Finally, we have shown that an extended energy ROI can also be used to test astro-

physical parameters of the DM halo, such as the DM escape speed. In a series of examples,

we have simulated direct detection data using two different halo models and attempted to

reconstruct the DM couplings and mass using the Standard Halo Model. We have observed

that an extended ROI and target complementarity can help in identifying when the wrong

hypothesis is used in the data analysis.
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