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Abstract

We show how the material used in direct detection experiments of Dark Matter (DM), in the presence of 
a signal of it, can afford one with the possibility of extracting the nature of the underlying candidate. We do 
so for the case of a U(1)′ Supersymmetric Standard Model (USSM) of E6 origin, by exploiting benchmark 
points over its parameter space that yield either a Singlino- or Higgsino-like neutralino as DM candidate, 
the latter being defined in presence of up-to-date constraints, from low to high energy and from collider 
to non-collider experiments. However, as our method is general, we also introduce a model-independent 
description of our analysis, for the purpose of aiding similar studies in other Beyond the Standard Model 
(BSM) scenarios. This has been made possible by adapting a rather simple χ2 analysis normally used for 
signal extraction in direct detection experiments and the procedure has been applied to Xenon, Germanium 
and Silicon detectors, those showing maximal and complementary sensitivity to gauge- and Higgs-portal 
induced interactions of DM with their nuclei.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Understanding the nature of Dark Matter (DM) is one of the most fundamental problems of 
particle physics and astronomy. Today, the vast majority of particle physicists and astronomers 
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believe that more than 20 percent of the mass that exists in our universe is composed of non-
luminous matter, indeed, called DM. Since 1933, when the astronomer Fritz Zwicky first ob-
served the dispersion of the velocities of the galaxies in the Coma cluster [1], which could only 
be accounted for by such a new form of matter, no direct information is available about DM 
(e.g., its mass, spin, composition, the symmetry responsible for its stable structure, how it in-
teracts with the Standard Model (SM) particles, etc.). Further, the existence of DM is one of the 
most obvious reason to seek Beyond SM (BSM) physics, simply because the SM has no DM can-
didate. Today, observations on the cosmological scale allow us to quantify the abundance of DM 
in the universe. Due to the observed abundance, the majority of DM cannot be in baryonic form, 
since the Big Bang Nucleosynthesis (BBN) puts an upper bound on the density of baryons in the 
universe [2]. In that case, some BSM scenarios, like Supersymmetry, can provide non-baryonic 
DM candidates, so-called Weakly Interacting Massive Particles (WIMPs), which are stable, mas-
sive and weakly interacting with the ordinary matter. WIMPs are particularly attractive as they 
can give the right amount of relic abundance in the universe measured by Planck [3] and WMAP 
[4]. Moreover, WIMPs are experimentally appealing DM candidates because of the possibility 
of their detection.

Currently, experimental searches for WIMPs as DM are performed under three main ap-
proaches. The first of these is searches carried out at colliders, like the Large Hadron Collider 
(LHC) at CERN. The others are cosmological searches in which the effects of DM are observed 
directly or indirectly on or under the Earth’s surface as well as in space. Searches for DM at col-
liders assume DM production which relies upon the existence of interactions between the (B)SM 
particles and the DM particles. Such DM particles pass invisibly through the detector so that the 
main search channels are events with missing energy, stemming from a collision in which a part 
of the energy goes to undetected particles, which could indeed be WIMPs.

Indirect detection of DM is based on the idea that WIMPs may self-annihilate into SM parti-
cles as a flux of cosmic rays, γ -rays, neutrinos and/or antimatter which can appear as an excess 
over the expected astrophysical background. Such an excess is expected to be detected at cosmic 
rays detectors [5], γ -ray telescopes [6] or neutrino observatories [7].

Direct detection of DM, on which we focus in this work, aims at detecting WIMPs via the 
nuclear recoils that arise from an elastic scattering of a WIMP on a target nucleus. Such scat-
terings occur in the framework of weak interactions, mostly with the exchange of a Z boson, 
the so-called Spin-Dependent (SD) scattering for Majorana fermions such as neutralino, and the 
exchange of a Higgs boson, the so-called Spin-Independent (SI) scattering, between the WIMP 
and the nuclei of the target material.1 So, the rate of the interactions is extremely small and it 
is needed to have low-background detectors, which are generally placed underground to shield 
from the cosmic ray background. There are many direct detection experiments worldwide, in 
which different type of nuclear targets are used with various background subtraction techniques 
[8–20].

From a phenomenological perspective, it is important to determine the type of WIMP DM 
which satisfies the possible signal observed in any direct detection experiment. A brief review of 
the ideas and methods to unveil WIMP properties in direct detection experiments can be found in 
Refs. [21–24]. In order to compare potential WIMP candidates in the same or different theoretical 
models, we need to know whether different direct detection signals of the DM candidates are 

1 In Supersymmetry (SUSY), sfermion exchanges can contribute to the WIMP-nucleus scattering. However, their con-
tributions are typically small, even for light squarks.
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separable. The present work is devoted to the analysis of direct detection signals which belong 
to two different type of neutralino DM candidates emerging in the same SUSY model, the latter 
being of E6 origin with a low energy appearance typical of a U(1)′ Supersymmetric Standard 
Model (UMSSM). In our analysis, we employ a χ2 test as simple statistical approach to measure 
the difference between two signals. We use Singlino- and Higgsino-like neutralino solutions, 
which satisfy all current experimental bounds, as studied in detail in our previous work [25]. This 
present analysis aims at explaining to what extent such two kind of neutralinos are separable for 
different exposures and target materials in future direct detection experiments. We also observe 
the effects of the SI and SD cross sections, local DM density and nuclear form factors on the 
discrimination of DM direct detection signals using model-independent benchmarks.

The organisation of the paper is the following. We will focus on DM direct detection in 
Section 2. Then, we present our results in Section 3. Finally, we summarise and conclude in 
Section 4.

2. Direct detection of dark matter

As mentioned, the idea of DM direct detection relies on the observation of the nuclear recoil 
caused by the weak interactions of WIMPs with the nuclei in detector materials [26]. The recoil 
energy of a nucleus after a collision with a DM particle can be written as:

ER = μ2
Nv2(1 − cos θCM)

mN

, (1)

where μN = mχmN

mχ+mN
is the so-called WIMP-nucleus reduced mass, with mχ and mN the masses 

of the WIMP and nucleus, respectively. Here, v is the relative velocity between the WIMP and 
nucleus while θCM is the scattering angle in the Center-of-Mass (CM) frame. Eq. (1) shows that 
the amount of transferred energy ER to the nucleus by the WIMP depends on the scattering angle 
in the CM frame as well as the two masses and relative velocity. This energy is maximal in the 
case the WIMP backscatters, i.e., θCM = π , while there is no transferred energy if the WIMP 
passes through the detector without interaction, i.e., θCM = 0. So, the maximal recoil energy of a 
nucleus scattered by a WIMP for a given velocity v is obtained as:

Emax(v) = 2μ2
Nv2

mN

. (2)

Moreover the minimal velocity vmin for a WIMP mass mχ to be able to induce a nuclear recoil 
of energy ER is

vmin(ER) =
√

ERmN

2μ2
N

. (3)

In Eq. (1), if we express the recoil energy ER as a function of the mass of the target nucleus 
mN for any given DM mass mχ , with velocity v and θCM = π , it can be seen that ER is maximal 
in the case of mN = mχ , which satisfies the equation dER/dmN = 0. This means that the maxi-
mal transfer of energy, i.e., the maximal recoil energy, for a given WIMP mass takes place when 
using a target nucleus with mass approximately equal to that of the WIMP. As a consequence, 
the sensitivity of a detector increases as the mass of the nucleus to be used as a target in the 
detector get closer to the mass of the WIMP to be probed in the detector. Heavier nuclei will give 
3
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a detector more sensitive to heavier WIMPs. In fact, other than for discovery, the detector sen-
sitivity is also important for the differentiation of possible signals, so a dedicated detector (i.e., 
with suitable material chosen) could be designed in responsive mode to a discovery in another 
medium.

The differential event rate, called the nuclear recoil spectrum or the nuclear recoil energy 
distribution, expressed in terms of the number of events per unit energy per unit time per unit 
target material mass (in general /keV/kg/day, referred to as a differential rate unit) for a WIMP 
with mass mχ and a nucleus with mass mN is given by [27]

dN

dER

= ρ0

mN mχ

∫
v>vmin

vf (v)
dσ

dER

(v,ER)dv , (4)

where ρ0 is the local WIMP density, dσ
dER

(v, ER) is the differential cross section for the WIMP-
nucleus elastic scattering and f (v) is the WIMP speed distribution in the detector frame. In 
this work, we take into account two different speed distribution models, which are the standard 
isotropic Maxwellian one and its updated version, so-called SHM++ [28], in order to investigate 
the effects of astrophysical uncertainties on the local DM density. The lower limit of the integra-
tion over WIMP speed vmin is equal to the minimal WIMP velocity shown in Eq. (3) while the 
upper limit is the maximum speed in the Galactic rest frame for WIMPs which are gravitationally 
bound to the Milky Way. The total number of recoil events (per kilogram per day) can be found 
by integrating the differential event rate over all the possible recoil energies:

N =
Emax∫
ET

dER

ρ0

mN mχ

∫
v>vmin

vf (v)
dσ

dER

(v,ER)dv , (5)

where ET is the threshold energy, the smallest recoil energy which the detector is capable of 
measuring, and Emax is the maximal recoil energy expressed in Eq. (2). Note that Eq. (5) holds 
only for an ideal detector in which the detector efficiencies, finite energy resolution effects, etc. 
are neglected.

The differential scattering cross section dσ
dER

(v, ER) includes different types of WIMP-
nucleus interactions. These interactions mainly depend on the WIMP-quark interaction strength, 
however, the resulting cross section is translated into the WIMP-nucleon cross section by using 
hadronic matrix elements which describe the nucleon content in terms of quarks and gluons. As 
intimated, two types of interaction are considered [26]: the spin-spin interaction (SD), where the 
WIMP couples to the spin of the nucleus by the exchange of a Z boson, and the scalar interaction 
(SI), where the WIMP couples to the mass of the nucleus by the exchange of a Higgs boson. In 
this work, we analyse the combination of both interactions:

dσ

dER

=
(

dσ

dER

)
SI

+
(

dσ

dER

)
SD

. (6)

The contributions of the SI WIMP-nucleus scattering result from the scalar and vector inter-
action terms in the Lagrangian. The presence of these, terms shown in Eq. (7), which include the 
couplings between SM particles and WIMP candidate, directly depends upon the particle physics 
model (see Ref. [29] for Feynman diagrams),

LSI = αS
q χ̄χq̄q + αV

q χ̄γμχq̄γ μq . (7)

The SI differential cross section can be written as:
4
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(
dσ

dER

)
SI

= mNσ SI
0 F 2(ER)

2μ2
Nv2

, (8)

where F 2(ER) is the nuclear form factor for SI interactions which is a Fourier transform of the 
nucleon density and parametrised in terms of the momentum transfer as [30]:

F 2(q) =
(

3j1(qR1)

qR1

)2

exp
[
−q2s2

]
, (9)

where j1 is a spherical Bessel function, s � 1 fm is a measure of the nuclear skin thickness 
and R1 = √

R2 − 5s2 with R � 1.2 A1/2 fm, A being the mass number of the nucleon. The form 
factor is normalised to unity at zero momentum transfer, F(0) = 1. Here, σ SI

0 is the SI zero 
momentum WIMP-nucleus cross section and leads to the following expression:

σ SI
0 = 4μ2

N

π

[
Zf p + (A − Z)f n

]2
, (10)

where Z is the nucleus atomic number, fp and fp are the WIMP-proton and WIMP-neutron 
couplings, respectively. In most cases the WIMP coupling to neutrons and protons is very similar, 
f p ≈ f n, and Eq. (10) can be expressed as

σ SI
0 = 4μ2

NA2f p

π
. (11)

The SD scattering is due to the interaction of a WIMP with the spin of the nucleus through 
the part of the Lagrangian given by the axial-vector interaction terms such as

LSD = αA
q (χ̄γ μγ5χ)(q̄γμγ5q) . (12)

The SD differential cross section is [31](
dσ

dER

)
SD

= 16mN

πv2 	2G2
F J (J + 1)

S(ER)

S(0)
, (13)

where F 2
SD(ER) = S(ER)

S(0)
is the SD form factor, which depends on the spin structure of a nucleus. 

Furthermore, 	 = (an 〈Sn〉 + ap
〈
Sp

〉
)/J , where J is the spin of the target nucleus, ap(an) is 

the axial WIMP-proton(-neutron) coupling and 
〈
Sp

〉
(〈Sn〉) is the expectation value of the spin 

of protons (neutrons) in the nucleus. The SD form factors arise from nuclear models which 
describe the distribution of spins within the nucleus in response to the interaction and this can 
differ substantially depending upon a given target nucleus. In this work, we use the SD form 
factors given in Ref. [32]. The SD zero momentum cross section σ SD

0 can be expressed as:

σ SD
0 = 32

π
μ2

N	2G2
F J (J + 1) . (14)

As seen from Eqs. (11) and (14), the SI contribution is directly proportional to the square of the 
number of nucleons, A2, whereas the SD one is a function of the nuclear angular momentum, 
(J + 1)/J .

Finally, the total WIMP-nucleus cross section can be calculated by adding the gauge and 
scalar components shown in Eqs. (8) and (13). The form factor, F(ER), encodes the dependence 
on the momentum transfer, q = √

2mNER , and accounts for the coherence loss which leads to a 
suppression in the event rate for heavy WIMPs or nucleons. We can rewrite the differential cross 
section in Eq. (6) as
5



Y. Hiçyılmaz and S. Moretti Nuclear Physics B 967 (2021) 115404
Table 1
The model-dependent DM benchmarks selected from the results shown in Figure 7 of 
Ref. [25] and used to generate direct detection signals.

DM benchmark m
χ0

1
[GeV] σSI

n [pb] σSD
n [pb] Composition [%]

BM-DPT I 1134 1.07x10−11 1.06x10−6 Higgsino-like, 98%

BM-DPT II 1181 1.02x10−11 1.67x10−6 Singlino-like, 96%

BM-DPT III 1161 7.92x10−12 1.83x10−6 Singlino-like, 96%

BM-DPT IV 1013 7.83x10−12 2.21x10−6 Singlino-like, 97%

BM-DPT V 1135 2.01x10−11 1.49x10−6 Singlino-like, 95%

BM-DPT VI 1114 3.41x10−11 1.54x10−6 Singlino-like, 95%

dσ

dER

= mN

2μ2
Nv2

(
σ SI

0 F 2
SI(ER) + σ SD

0 F 2
SD(ER)

)
. (15)

In this work, we employ MicrOMEGAs (version 5.0.8) [33] to calculate the nuclear recoil 
spectrum shown in Eqs. (4) and (5). For the discrimination between the signal and background, 
it is needed to calculate the variance χ2 [34,35]:

χ2 =
n∑

i=1

(
N tot

i − N
bkg
i

σi

)2

, (16)

where N tot = N sign + Nbkg is the total rate (per kilogram per day) measured by the detector, 
with N sign and Nbkg the signal and background yields, respectively. However, we can also use 
this same χ2 analysis to separate different type of signals in the case that we assume, e.g., one 
type of them being the nuclear recoil distribution for Higgsino-like neutralino (as signal) and the 
other one being the nuclear recoil distribution for Singlino-like neutralino (as background).

Of course, this presumes a signal being detected. With this in mind, we will divide the energy 
range between 5 and 50 keV in n = 9 equidistant energy bins. Here, we assume a Gaussian error 

σi =
√

Ntot
i

M·T on the measurement, where M is the detector mass and T the exposure time. We 
require χ2 > 15.51 to separate two direct detection signals at the 95% Confidence Level (CL). 
In our work we calculate χ2 values and probe the discrimination of the direct detection signals, 
which results from different type of DM candidates, for four different exposures, 2 t · y, 6 t · y, 
20 t ·y and 200 t ·y. Especially, the exposures of 20 t ·y and 200 t ·y are the maximum expected 
exposures for the next generation direct detection experiments, XENONnT/LUX-ZEPLIN [36,
37] and DARWIN [38], respectively.

3. Results

In this section, we will present the results of our analysis on the comparison of DM di-
rect detection signals, in presence of various nuclei, for different kinds of DM candidates in 
model-dependent and model-independent frameworks. In order to do so, we have selected some 
benchmarks in both frameworks, shown in Tables 1 and 2, respectively. The model-dependent 
benchmarks are selected from the UMSSM model results worked out in Ref. [25] while the 
model-independent ones, which do not result from any physical model, are created to compare 
the direct detection signals by varying arbitrarily the values of the SI and SD cross sections. For 
the Singlino-like benchmarks, the main annihilation channel of DM to get correct relic density is 
6
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Table 2
The model-independent DM benchmarks used to generate di-
rect detection signals.

DM benchmark mχ [GeV] σSI
n [pb] σSD

n [pb]
BM-IND I 1000 1.0x10−11 1.0x10−6

BM-IND II 1000 1.0x10−11 1.5x10−6

BM-IND III 1000 1.0x10−11 2.0x10−6

BM-IND IV 1000 1.0x10−11 2.5x10−6

BM-IND V 1000 1.5x10−11 1.0x10−6

BM-IND VI 1000 2.0x10−11 1.0x10−6

BM-IND VII 1000 2.5x10−11 1.0x10−6

the production of the lightest Higgs state and Z boson via (off-shell) Z boson mediation. Also, 
the Bino and Wino masses, to which the DM nucleon interaction is sensitive, are larger than 
10 TeV for all benchmarks in Table 1. In fact, the model dependent SI and SD cross sections 
shown in Table 1 are related to interaction terms in the model. The SD interaction terms for 
Higgsino- and Singlino-like DM depend on (|N14|2 − |N15|2) and |N16|2, respectively. Here, 
|N14|2 and |N15|2 are the H̃u and H̃d components of the lightest neutralino while |N16|2 give the 
Singlino component. So, if one has a parameter space which satisfies all experimental bounds 
with |N14|2 ∼ |N15|2, the SD cross sections for Singlino-like solutions would mostly be greater 
than the SD cross sections for Higgsino-like ones. The relevant relation can be seen in Figure 7 of 
[25]. Furthermore, neglecting the gaugino components, the SI interaction term which arise from 
SM-like Higgs mediated scattering shown in Eq. (7) depends on N16(N14 + N15), the mixing 
between Singlino and Higgsino. Unlike the SD case, we are not able to make an exact inference 
about the relation between the SI cross sections of Singlino- and Higgsino-like solutions. It can 
also be noted that we tried to choose model-independent benchmarks which have cross section 
and WIMP mass values similar to those of the model-dependent ones.

As seen from Table 1, there is only one Higgsino-like DM benchmark BM-DPT I with 
|N14|2 ∼ |N15|2, whereas there are five Singlino-like DM benchmarks with various SI and SD 
cross sections. We will assess whether the described χ2 analysis can statistically enable us to 
separate the former from the latter. Therefore, BM-DPT I can be regarded as our signal (in the 
sense discussed above) while the others are backgrounds. They all correspond to actual discrete
parameter space points in the UMSSM. Conversely, the model-independent benchmarks shown 
in Table 2 are used to describe the typical continuous behaviour over the relevant recoil spectra.

In this analysis, the direct detection signals of the benchmarks shown in Tables 1 and 2 are cal-
culated as the differential event rate in /keV/kg/day for a Xenon, Germanium and Silicon target 
nucleus. Each detector composed of these targets surely has different experimental backgrounds. 
The experimentalists deal with reducing these backgrounds in direct detection experiments to 
increase sensitivity. In this work, however, we assume that our signals are larger than the ex-
perimental backgrounds and any uncertainties are suppressed since we intend to focus on the 
discrimination between the expected direct detection signals of two different DM candidates, 
one Higgsino- and the other Singlino-like. In the forthcoming figures, for each type of target, 
the model-independent differential event distributions are displayed in large plots in the top pan-
els. In these plots, a black line refers to the distribution for the benchmark BM-IND I while 
the rates for other benchmarks are tagged as coloured lines. The small plots in the top panels 
indicate instead the ratio of the coloured lines to the black signal with the same colour coding. 
7
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Fig. 1. The direct detection signals of the benchmarks with varying neutralino LSP masses and same SI and SD cross 
sections (σSI

n = 10−11 and σSD
n = 10−6) as a function of the nucleus recoil energy (Er ≡ ER ) for Xenon (top left panel), 

Germanium (top right panel) and Silicon (bottom panel) targets. We use the standard Maxwellian isothermal model with 
ρ0 = 0.3 GeV/cm3. The colour coding can be read from the legend of the plots. (For interpretation of the colours in the 
figure(s), the reader is referred to the web version of this article.)

In the model-dependent case shown in the bottom panels, the colour coding is same as with the 
model-independent case and we show only the plots with the ratio of coloured rates to black 
signal (again, corresponding to the benchmark BM-DPT I). In both cases, the right (left) panels 
display the different recoil shapes of signals according to varying SI (SD) cross sections.

Before presenting the results of our detailed analysis on the direct detection of the LSP 
neutralinos with different compositions, in Fig. 1, we show the direct detection signals of the 
model-independent benchmarks with varying neutralino LSP masses and same SI and SD cross 
sections (σ SI

n = 10−11 and σ SD
n = 10−6) as a function of the nucleus recoil energy (Er ≡ ER) 

for Xenon (top left panel), Germanium (top right panel) and Silicon (bottom panel) targets. As 
expected from Eq. (4), the lighter the DM the larger the differential event rate. Furthermore, ac-
cording to the figure, the shape of the recoil energy distributions varies with the type of target 
material.

Fig. 2 shows the direct detection signals of the benchmarks shown in Tables 1 and 2 for a 
Xenon target nucleus with the mass number of 131. According to the top left panels, the effect of 
8
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Fig. 2. The direct detection signals of the benchmarks shown in Tables 1 and 2 as a function of the nucleus recoil energy 
(Er ≡ ER ) for a Xenon target. We use the standard Maxwellian isothermal model with ρ0 = 0.3 GeV/cm3. The model-
independent differential event distributions are displayed in the large plots of the top panels. In these plots, a black line 
refers to the benchmark BM-IND I while the other benchmarks are tagged in coloured lines. The small plots of the top 
panels indicate the ratio of the coloured benchmarks to the black one. In the model-dependent case shown in the bottom 
panels, the colour coding is the same as in the model-independent case but we only show the plots with the ratios of the 
benchmarks. For both cases, the right (left) panels display the different recoil spectra according to varying SI (SD) cross 
sections.

changing the SD cross section on the difference between black and any coloured signal is small 
up to 50 keV of the nuclear recoil energy, compared to the rate of changing the SD cross section. 
For larger recoil energies, the coloured to black signal ratio, shown in the small plots in the top 
panels, approximates the ratio between the SD cross sections of two signals. The reason is due 
to the distribution of the SI nuclear form factor for the Xenon atom shown in Eq. (9). According 
to Ref. [27], the value of the SI nuclear form factor drops significantly for a Xenon target as the 
nuclear recoil energy increases. Therefore, the contribution of the SI interaction cross section to 
the event rate shown in Eq. (15) decreases rapidly for larger recoil energies, although Xenon has 
9
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Fig. 3. Same as in Fig. 2 for the SHM++ distribution model with ρ0 = 0.55 ± 0.17 GeV/cm3.

large a mass number of nucleon, A, upon which the SI zero-momentum cross section shown in 
Eq. (11) depends. In the case of varying SI cross sections with same DM masses and SD cross 
sections (top right panel), it can be noted that the aforementioned result is verified, since it seems 
that there is no difference between the signals with same SD cross sections for larger recoil 
energy. When we look at the ratio between the model-dependent distributions (bottom panels), it 
can easily be seen that the variation in the SI cross sections shown in Table 1 largely affects the 
difference of the direct detection signals for smaller recoil energies than about 50 keV, as the SD 
cross section becomes important for larger recoil energies.

The main energy range for the signal in the direct detection experiments with Xenon target 
has generally been between the recoil energies of 5 and 50 keV [36]. Looking at the results of 
Fig. 2, it can be concluded that the SI cross sections of the DM candidates play a more significant 
role than the SD cross sections in determining the type of DM in direct detection experiments 
with Xenon target. Moreover, in Figs. 3 and 4, we compose the recoil spectrum shown in Fig. 2
for different WIMP velocity distribution models and SD form factors. It can be noted that the 
10
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Fig. 4. Same as in Fig. 2 for a different SD form factor.

shape of the Xenon recoil spectrum and normalisation of the signals shown in the bottom panels 
are almost the same in all these figures. In Table 3, we display the χ2 values of the benchmarks 
shown in Fig. 2 for the exposures of 20 t · y and 200 t · y, the proposed maximum exposures 
for the upcoming direct detection experiments XENONnT/LUX-ZEPLIN [36,37] and DARWIN 
[38], respectively. According to the table, separating the black benchmark from the coloured ones 
with varying SI or SD cross sections and same masses cannot generally be possible for exposure 
of 20 t · y (i.e., in the near future) while exposure of 200 t · y (i.e., in the far future) can easily 
provide the separation conditions for the various DM assumptions. Certainly, though, the larger 
gaps between the signals which belong to different DM candidates can be exploited in presence 
of exposures of 20 t · y, as documented in the last χ2 result of the bottom right panel.

In Fig. 5, we extend the previous analysis to the case of a Germanium target nucleus with a 
mass number of 73. Unlike the case of a Xenon target nucleus (with a mass number of 131), the 
effect of the SI cross section on the differentiation of the signals is quite small for the whole range 
of nuclear recoil energies (top right panel), since the SI zero-momentum cross section shown in 
11
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Table 3
χ2 values for the panels in Fig. 2.

Nsign/Nbkg χ2 values for top left panel χ2 values for top right panel

χ2(20 t · y) χ2(200 t · y) χ2(20 t · y) χ2(200 t · y)

Blue/Black 0.97 9.75 1.74 17.49
Red/Black 3.32 33.25 5.71 57.13
Green/Black 6.51 65.18 10.86 108.62

Nsign/Nbkg χ2 values for bottom left panel χ2 values for bottom right panel

χ2(20 t · y) χ2(200 t · y) χ2(20 t · y) χ2(200 t · y)

Blue/Black 0.39 3.93 − −
Red/Black 0.15 1.53 6.65 66.55
Green/Black 2.51 25.11 22.53 225.39

Table 4
χ2 values for the panels in Fig. 5.

Nsign/Nbkg χ2 values for top left panel χ2 values for top right panel

χ2(20 t · y) χ2(200 t · y) χ2(20 t · y) χ2(200 t · y)

Blue/Black 3.59 35.98 0.18 1.85
Red/Black 11.12 111.20 0.68 6.87
Green/Black 20.38 203.84 1.44 14.44

Nsign/Nbkg χ2 values for bottom left panel χ2 values for bottom right panel

χ2(20 t · y) χ2(200 t · y) χ2(20 t · y) χ2(200 t · y)

Blue/Black 2.12 21.27 − −
Red/Black 3.13 31.36 3.45 34.53
Green/Black 10.27 102.76 8.23 82.31

Eq. (11) is proportional to the square of the atomic mass number (as already mentioned). Beside 
this, the scaling factor of Germanium for the SD cross sections, (J + 1)/J , is larger than for 
Xenon [39]. This also ensures a event rate at the same level as with Xenon. In short, the difference 
between the SD cross sections of DM candidates gives a dominant contribution to be able to 
separate those signals from each other in the direct detection experiments with a Germanium 
target (top left and bottom left panels). Due to the same reason, unlike Fig. 6, the changes in the 
SD form factor give rise to visible differences in the recoil spectrum as seen in Fig. 7. The χ2

values for the distributions in Fig. 5 are presented in Table 4 and the most interesting result is that 
the recoil signals of two DM candidates with same SD cross sections cannot be discriminated in 
direct detection experiments with a Germanium target even for an exposure of 200 t · y (these 
are the χ2 values for the top right panel). Fig. 6.

Fig. 8, showing the nuclear recoil distributions for a Silicon target nucleus with mass num-
ber of 29, leads to conclusions similar to those of the Germanium case. However, as shown in 
Table 5, differentiating the recoil distributions of different DM candidates in a Silicon detector 
is harder, since the event rate is lower than for Germanium due to the smaller mass number and 
also scaling factor for the SD cross section. As seen from Fig. 9 and Fig. 10, the shape of the 
Silicon recoil spectrum and normalisation of the signals can not be separated for different DM 
velocity distribution and SD form factors. Moreover, in Tables 3–5, it is clear that the χ2 values 
obtained for a given set of two benchmarks simply scale linearly with the exposure due to taking 
into account only the Gaussian error of the signal. In the case of negligible backgrounds and un-
12
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Fig. 5. Same as in Fig. 2 for Germanium.

Table 5
χ2 values for the panels in Fig. 8.

Nsign/Nbkg χ2 values for top left panel χ2 values for top right panel

χ2(20 t · y) χ2(200 t · y) χ2(20 t · y) χ2(200 t · y)

Blue/Black 0.97 9.72 0.019 0.19
Red/Black 2.97 29.72 0.074 0.74
Green/Black 5.41 54.12 0.16 1.60

Nsign/Nbkg χ2 values for bottom left panel χ2 values for bottom right panel

χ2(20 t · y) χ2(200 t · y) χ2(20 t · y) χ2(200 t · y)

Blue/Black 0.95 9.56 − −
Red/Black 1.50 15.09 0.95 9.58
Green/Black 4.41 44.18 1.80 18.08

certainties, this simple scaling could also be useful to calculate the exposure needed to separate 
different benchmarks.
13
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Fig. 6. Same as in Fig. 3 for Germanium.

In the remainder of our analysis, we investigate that how the ratio between the total number 
of nuclear recoil events of the Singlino- and Higgsino-like DM neutralinos changes in terms of 
different exposures. In this part, we only use the model-dependent results, which satisfy all ex-
perimental bounds, shown in Figure 7 of Ref. [25]. The plots in Fig. 11 show the ratio between 
Singlino- and Higgsino-like DM masses in the range of [0.99,1.01] versus the ratio between 
Singlino- and Higgsino-like DM total number of events between 5 and 50 keV nuclear recoil en-
ergy for Xenon (top left panel), Germanium (top right panel) and Silicon (bottom panel) targets. 
The yellow, purple, green and red points shows the regions over which the nuclear recoil distri-
butions, which are derived from the parameter space of the UMSSM model, can be separable for 
2 t · y, 6 t · y, 20 t · y and 200 t · y exposures, while the blue points refer to the case when this 
cannot be done via our χ2 analysis. The following list summarises the relation between colours 
and exposures in Fig. 11.
14
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Fig. 7. Same as in Fig. 4 for Germanium.

• Yellow: The nuclear recoil spectra can be separable with an exposure of 2 t · y.
• Yellow+Purple: The nuclear recoil spectra can be separable with an exposure of 6 t ·

y.
• Yellow+Purple+Green: The nuclear recoil spectra can be separable with an exposure of 20 

t · y.
• Yellow+Purple+Green+Red: The nuclear recoil spectra can be separable with an exposure 

of 200 t · y.
• Blue: The nuclear recoil spectra cannot be separable.

Clearly, when the total (SD plus SI) event rate is very similar for Singlino- and Higgsino-like 
DM, separation of these two DM candidates is not really possible, irrespectively of their mass 
15
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Fig. 8. Same as in Fig. 2 for Silicon.

ratio. Conversely, even when the latter is close to one, separation is indeed possible even for 
small event rate differences so long that sufficient exposure is afforded by the experiment. Here, 
a detector exploiting Xenon would overall be better placed than one using Germanium or Silicon, 
as less exposure is needed to achieve a similar level of separation of the DM nature.

4. Conclusions

In this work, we have shown that a χ2 analysis usually adopted in separating DM signals from 
backgrounds in case of direct detection experiments, when a signal has indeed been established, 
can also be used to distinguish the nature of the DM candidate. Specifically, we have shown 
that Singlino- and Higgsino-like signals emerging from a UMSSM model of E6 origin can be 
distinguished from each other. While we have shown this to be the case in this model-dependent 
example, we have also used a model-independent setup to provide a backdrop illustrating the 
origin of such a difference, using a variety of materials used in such DM experiments.
16



Y. Hiçyılmaz and S. Moretti Nuclear Physics B 967 (2021) 115404
Fig. 9. Same as in Fig. 3 for Silicon.

Specifically, we have found that varying the SI cross sections largely impacts the difference 
between the signals in Xenon detectors while it is insufficient in the case of Germanium and 
Silicon ones. In the latter detectors, instead, varying SD cross sections have a powerful effect 
in order to discriminate the evidenced signals from the two DM candidates. On the one hand, 
this means that it cannot be possible to extract the DM nature in Xenon detectors in case of 
similar scalar and vector interactions. On the other hand, in Germanium and Silicon detectors, 
the same is true for the DM candidates with similar axial-vector interactions. Hence, different 
detector materials are differently suited in direct detection experiments in extracting the nature 
of a detected DM signal.
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Fig. 10. Same as in Fig. 4 for Silicon.
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Fig. 11. The ratio between Singlino- and Higgsino-like DM masses in the range of [0.99,1.01] versus the ratio between 
Singlino- and Higgsino-like DM total number of events between 5 and 50 keV nuclear recoil energy for Xenon (top left 
panel), Germanium (top right panel) and Silicon (bottom panel) targets. The yellow, purple, green and red points show 
the regions that the nuclear recoil distributions, which are derived from the parameter space of the UMSSM model, can 
be separable for 2 t · y, 6 t · y, 20 t · y and 200 t · y exposures, respectively, while the blue points refer to that case when 
this is not possible with our χ2 analysis. The colour coding is detailed in the text.
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