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Abstract. The nature of dark matter (DM) remains one of the biggest mysteries in physics today. Dark matter
direct detection experiments look for nuclear recoil signals from DM-nucleus elastic scattering, which can be
used to characterise DM. Nuclear modelling of the target nucleus may impact the predicted DM-nucleus scat-
tering rates, and affect interpretation of experimental signals. In this work, we investigate the impact of nuclear
shell model interactions on DM nuclear responses for silicon and germanium targets using a SuperCDMS-like
experimental parameters. Nuclear uncertainties resulting from shell model interaction choice in the nuclear
form factors are roughly retained at the scattering rate and exclusion limit levels for certain nuclear responses.

1 Introduction

Understanding the nature of dark matter (DM) has been a
long-standing goal in physics, spanning many decades. In
response, a plethora of DM particle candidates have been
proposed, one class being the Weakly Interacting Massive
Particle (WIMP). WIMPs are expected to have a weak-
scale mass in the range of ∼ GeV/c2−TeV/c2, and are non-
relativistic (NR) with velocities ∼ 10−3c. Dark matter di-
rect detection experiments aim to study the nature of DM
through signals obtained from a WIMP elastically scatter-
ing off a target nucleus in a detector, causing this nucleus
to recoil. The DM-nucleus scattering rate consists of sev-
eral components, each which must be modelled accurately
– uncertainties present in any of these will impact the in-
terpretation and analysis of experimental signals. These
components include: the DM halo velocity distribution;
the high energy physics content employed; response func-
tions describing the direct detection experiment of interest;
and the target nuclear structure information.

Thus far, direct detection experiments have employed
a range of nuclear targets in order to better characterise
experimental signals. The WIMP-nucleus interaction may
be sensitive to different aspects of the nuclear structure,
which is unique to each of the experimental targets. As
such, accurate characterisation of the nuclear structure in-
formation and its impact on scattering rate predictions are
important. The standard characterisation of the WIMP nu-
clear response involves considering both spin-independent
(SI) and spin-dependent (SD) responses. The SI re-
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sponse receives a coherent enhancement proportional to
the atomic mass in the form of A2, and is hence typi-
cally expected to be the largest response with the strongest
limits. By accounting for the motion of nucleons within
the nucleus, additional momentum-suppressed terms are
included in the WIMP nuclear responses. The work of
Fitzpatrick et al. [1, 2] employed a non-relativistic ef-
fective field theory (NREFT) approach to consider these
additional nuclear responses, which depend on orbital an-
gular momentum L (LD) as well as both spin S and L
(LSD). In this work, we employ this NREFT framework to
investigate the impact of nuclear structure on silicon and
germanium targets for SuperCDMS-like experimental pa-
rameters. This is performed using large-scale nuclear shell
model calculations.

2 Scattering Rate

The DM-nucleus elastic scattering rate, expressed in cpd
(counts per day) per kilogram per keV, is given by

dRT

dER
=

NTρχ

mχ

∫
v>vmin

v f (⃗v)
dσT

dER
(⃗v) d3v, (1)

where mχ is the DM mass, ER is the nuclear recoil energy,
and NT is the number of target nuclei of type T per detec-
tor mass. dσT /dER is the differential cross section, which
holds information about the nuclear physics of the target
nuclei, as well as the particle physics content through high
energy coefficients. Here, f (⃗v) is the WIMP halo velocity
distribution in the Earth reference frame, ρχ is the local
DM density, and a sum

∑
T NT dσT /dER is performed for
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targets with more than one isotope/nucleus. The minimum
DM velocity required to produce a nuclear recoil ER is
given by

vmin(ER) =
q

2µT
=

1
µT

√
mT ER

2
, (2)

where µT = mT mχ/(mT + mχ) is the DM-nucleus reduced
mass and mT is the nuclear target mass. The WIMP-
nucleon momentum transfer is given by q⃗ = p⃗ ′− p⃗ = k⃗−k⃗′,
with p⃗ ′ ( p⃗) being the outgoing (incoming) χ momentum
and k⃗′ (⃗k) the outgoing (incoming) N momentum.

In this work the DM halo velocity distribution is taken
to be the standard halo model (SHM), which is modelled
as an isotropic halo distribution with the form [3, 4]

f (u⃗) =
1

(2πσ2
v )3/2NR,esc

exp
(
− |⃗u|

2

2σ2
v

)
Θ(vesc − |⃗u|) , (3)

where

Nesc = erf
(
vesc√
2σv

)
−
√

2
π

vesc

σv
exp
(
− v

2
esc

2σ2
v

)
. (4)

The Earth reference frame velocity distribution f (⃗v)
can be obtained through a Galilean transformation f (⃗v) =
f (u⃗ + v⃗E), where v⃗E is the Earth velocity with respect to
the galactic frame. Here, NR,esc is the normalisation fac-
tor, and σv is the DM isotropic velocity dispersion with
v0 =

√
2σv. The model parameters employed here are

ρχ = 0.3 GeV/c2 cm−3, v0 = 220 km s−1, and vesc = 544
km s−1 [3].

The differential cross section can be written as

dσT

dER
=

mT

2πv2
∑
i, j

∑
N,N′=p,n

c
(N)
i c

(N′)
j F(N,N′)

i, j (v2, q2), (5)

where c(N)
i are the high energy coefficients which hold in-

formation about the particle physics content of the model
employed. The nuclear form factors F(N,N′)

i, j can be ob-
tained from the NREFT Hamiltonian for this scattering
process, where they hold information about the specifics
of the nuclear structure. The nuclear uncertainty can be
studied through these form factors. Each F(N,N′)

i, j consists

of a combination of the form factors F(N,N′)
X,Y , where [1, 2]

F(N,N′)
X,Y (q2) ≡ 4π

2Ji + 1

2Ji∑
J=0

⟨Ji||X(N)
J ||Ji⟩⟨Ji||Y (N′)

J ||Ji⟩. (6)

Here, N,N′ = {p, n} denote the proton and neutron
components, where X(p)

J =
1+τ3

2 XJ and X(n)
J =

1−τ3
2 XJ ,

with τ3 begin the nucleon isospin operator. For the non-
interference responses (with X = Y) we have F(p,n)

X,Y (q2) =
F(n,p)

X,Y (q2), and we define F(N,N′)
X (q2) ≡ F(N,N′)

X,X (q2). The ex-
plicit definition of each F(N,N′)

i, j in terms of F(N,N′)
X,Y can be

found in Refs. [1, 2]. X, Y denote one of six nuclear oper-
ators MJM , Σ′′JM , Σ′JM , ∆JM , Φ′′JM and Φ̃′JM . Each of these

corresponds to a different aspect of the WIMP-nucleus
scattering process, with MJM describing the standard SI
response, and Σ′′JM , Σ

′
JM the Longitudinal and Trans-

verse SD responses, respectively. Additional momentum-
suppressed responses are now included – namely an or-
bital angular momentum dependent (LD) response ∆JM; a
spin-orbit response Φ′′JM; and a complex tensor response
Φ̃′JM . Both Φ′′JM and Φ̃′JM depend on angular momentum
and spin, and are hence referred to as LSD responses. The
explicit definitions of the nuclear operators X can be found
in Refs. [1, 2].

These nuclear channels correspond to a combination
of non-relativistic (NR) operators ONR

i , which enter into
the WIMP-nucleus interaction Lagrangian as

LNR
int =

∑
N=n,p

∑
i

c
(N)
i O

NR
i χ

+χ−N+N−, (7)

where χ represents the dark matter field and N a nucleon
field. In the NR regime the only terms kept are those which
depend on q⃗ up to second order. These NR operators have
the form

ONR
1 = 1 , ,

ONR
3 = i S⃗ N ·

(
q⃗ × v⃗⊥

)
, ONR

4 = S⃗ χ · S⃗ N ,

ONR
5 = i S⃗ χ ·

(
q⃗ × v⃗⊥

)
, ONR

6 =
(
S⃗ χ · q⃗

) (
S⃗ N · q⃗

)
,

ONR
7 = S⃗ N · v⃗⊥ , ONR

8 = S⃗ χ · v⃗⊥ ,
ONR

9 = i S⃗ χ ·
(
S⃗ N × q⃗

)
, ONR

10 = i S⃗ N · q⃗ ,

ONR
11 = i S⃗ χ · q⃗ , ONR

12 = v⃗
⊥ ·
(
S⃗ χ × S⃗ N

)
,

(8)

where the terms included are those which are at most
quadratic in either the spin S⃗ or velocity v⃗. Here, the
relative velocity is defined as v⃗⊥ ≡ v⃗ + q⃗/(2µN), where
v⃗⊥T ≡ v⃗T + q⃗/(2µT ). Table 1 presents a summary of the
dependence of the NR operators ONR

i on the nuclear chan-
nels X, where a factor of v⊥T

2 or q2 in the cell indicates a
dependence of the form v⊥T

2X or q2X.

Table 1. Summary of the dependence of the ONR
i operators on

the nuclear responses M, Σ′′, Σ′, ∆, Φ′′, Φ̃′. The suppression
factor (v⊥T

2 and/or q2) is also presented, with 1 representing no
suppression, and an empty cell indicating no dependence on the

nuclear response.

M Σ′′ Σ′ ∆ Φ′′ Φ̃′

ONR
1 1
ONR

3 v⊥T
2q2 q4

ONR
4 1 1
ONR

5 v⊥T
2q2 q4

ONR
6 q4

ONR
7 v⊥T

2

ONR
8 v⊥T

2 q2

ONR
9 q2

ONR
10 q2

ONR
11 q2

ONR
12 v⊥T

2 v⊥T
2 q2 q2

2
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targets with more than one isotope/nucleus. The minimum
DM velocity required to produce a nuclear recoil ER is
given by

vmin(ER) =
q

2µT
=

1
µT

√
mT ER

2
, (2)

where µT = mT mχ/(mT + mχ) is the DM-nucleus reduced
mass and mT is the nuclear target mass. The WIMP-
nucleon momentum transfer is given by q⃗ = p⃗ ′− p⃗ = k⃗−k⃗′,
with p⃗ ′ ( p⃗) being the outgoing (incoming) χ momentum
and k⃗′ (⃗k) the outgoing (incoming) N momentum.

In this work the DM halo velocity distribution is taken
to be the standard halo model (SHM), which is modelled
as an isotropic halo distribution with the form [3, 4]

f (u⃗) =
1

(2πσ2
v )3/2NR,esc

exp
(
− |⃗u|

2

2σ2
v

)
Θ(vesc − |⃗u|) , (3)

where

Nesc = erf
(
vesc√
2σv

)
−
√

2
π

vesc

σv
exp
(
− v

2
esc

2σ2
v

)
. (4)

The Earth reference frame velocity distribution f (⃗v)
can be obtained through a Galilean transformation f (⃗v) =
f (u⃗ + v⃗E), where v⃗E is the Earth velocity with respect to
the galactic frame. Here, NR,esc is the normalisation fac-
tor, and σv is the DM isotropic velocity dispersion with
v0 =

√
2σv. The model parameters employed here are

ρχ = 0.3 GeV/c2 cm−3, v0 = 220 km s−1, and vesc = 544
km s−1 [3].

The differential cross section can be written as

dσT

dER
=

mT

2πv2
∑
i, j

∑
N,N′=p,n

c
(N)
i c

(N′)
j F(N,N′)

i, j (v2, q2), (5)

where c(N)
i are the high energy coefficients which hold in-

formation about the particle physics content of the model
employed. The nuclear form factors F(N,N′)

i, j can be ob-
tained from the NREFT Hamiltonian for this scattering
process, where they hold information about the specifics
of the nuclear structure. The nuclear uncertainty can be
studied through these form factors. Each F(N,N′)

i, j consists

of a combination of the form factors F(N,N′)
X,Y , where [1, 2]

F(N,N′)
X,Y (q2) ≡ 4π

2Ji + 1

2Ji∑
J=0

⟨Ji||X(N)
J ||Ji⟩⟨Ji||Y (N′)

J ||Ji⟩. (6)

Here, N,N′ = {p, n} denote the proton and neutron
components, where X(p)

J =
1+τ3

2 XJ and X(n)
J =

1−τ3
2 XJ ,

with τ3 begin the nucleon isospin operator. For the non-
interference responses (with X = Y) we have F(p,n)

X,Y (q2) =
F(n,p)

X,Y (q2), and we define F(N,N′)
X (q2) ≡ F(N,N′)

X,X (q2). The ex-
plicit definition of each F(N,N′)

i, j in terms of F(N,N′)
X,Y can be

found in Refs. [1, 2]. X, Y denote one of six nuclear oper-
ators MJM , Σ′′JM , Σ′JM , ∆JM , Φ′′JM and Φ̃′JM . Each of these

corresponds to a different aspect of the WIMP-nucleus
scattering process, with MJM describing the standard SI
response, and Σ′′JM , Σ

′
JM the Longitudinal and Trans-

verse SD responses, respectively. Additional momentum-
suppressed responses are now included – namely an or-
bital angular momentum dependent (LD) response ∆JM; a
spin-orbit response Φ′′JM; and a complex tensor response
Φ̃′JM . Both Φ′′JM and Φ̃′JM depend on angular momentum
and spin, and are hence referred to as LSD responses. The
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These nuclear channels correspond to a combination
of non-relativistic (NR) operators ONR

i , which enter into
the WIMP-nucleus interaction Lagrangian as

LNR
int =

∑
N=n,p

∑
i

c
(N)
i O

NR
i χ

+χ−N+N−, (7)

where χ represents the dark matter field and N a nucleon
field. In the NR regime the only terms kept are those which
depend on q⃗ up to second order. These NR operators have
the form

ONR
1 = 1 , ,

ONR
3 = i S⃗ N ·

(
q⃗ × v⃗⊥

)
, ONR

4 = S⃗ χ · S⃗ N ,

ONR
5 = i S⃗ χ ·

(
q⃗ × v⃗⊥

)
, ONR

6 =
(
S⃗ χ · q⃗

) (
S⃗ N · q⃗

)
,

ONR
7 = S⃗ N · v⃗⊥ , ONR

8 = S⃗ χ · v⃗⊥ ,
ONR

9 = i S⃗ χ ·
(
S⃗ N × q⃗

)
, ONR
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⊥ ·
(
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,

(8)

where the terms included are those which are at most
quadratic in either the spin S⃗ or velocity v⃗. Here, the
relative velocity is defined as v⃗⊥ ≡ v⃗ + q⃗/(2µN), where
v⃗⊥T ≡ v⃗T + q⃗/(2µT ). Table 1 presents a summary of the
dependence of the NR operators ONR

i on the nuclear chan-
nels X, where a factor of v⊥T

2 or q2 in the cell indicates a
dependence of the form v⊥T

2X or q2X.

Table 1. Summary of the dependence of the ONR
i operators on

the nuclear responses M, Σ′′, Σ′, ∆, Φ′′, Φ̃′. The suppression
factor (v⊥T

2 and/or q2) is also presented, with 1 representing no
suppression, and an empty cell indicating no dependence on the

nuclear response.

M Σ′′ Σ′ ∆ Φ′′ Φ̃′

ONR
1 1
ONR

3 v⊥T
2q2 q4

ONR
4 1 1
ONR

5 v⊥T
2q2 q4

ONR
6 q4

ONR
7 v⊥T

2

ONR
8 v⊥T

2 q2

ONR
9 q2

ONR
10 q2

ONR
11 q2

ONR
12 v⊥T

2 v⊥T
2 q2 q2

3 Shell Model Calculations

Large-scale shell model calculations were performed us-
ing NuShellX [5], which employs a spherical shell model
basis. For each valence (model) space considered, the
shell model interaction is varied in the program, hence
resulting in different form factor values. Through these
different shell model interactions we quantify the nuclear
uncertainties present in the nuclear form factors and scat-
tering observables.

Calculations for the silicon isotopes 28,29,30Si were pre-
formed in the full sd model space with single particle lev-
els 1d5/2, 2s1/2, 1d3/2 for both protons and neutrons. Two
shell model interactions were employed, USD [6, 7] and
USDB [8], where the latter is an upgraded iteration of the
former. Theoretical shell model values for the 29Si en-
ergy levels and electromagnetic moments and transitions
were compared to the experimental counterparts, and can
be found in Ref. [9].

Calculations for the germanium isotopes 70,72,73,74,76Ge
were performed in the full f5 pg9 valence space, with
single-particle levels 2p3/2, 1 f5/2, 2p1/2, and 1g9/2. The
form factors were evaluated for two shell model interac-
tions, JUN45 [10] and jj44b [11]. These were compared
against the results of Fitzpatrick et al. [1, 2], where the
GCN2850 interaction [12] was used, with a valence space
truncation where the occupation number of the 1g9/2 level
is limited to no more than two nucleons above the min-
imum occupation for all isotopes. The experimental en-
ergy levels and electromagnetic moments and transitions
are compared against the theoretical jj44b and JUN45 val-
ues in Refs. [9, 13] for all germanium isotopes.

In Ref. [9] these shell model calculations were em-
ployed to calculate the nuclear form factors F(N,N′)

X (q2)
for each shell model interaction, which were compared
against one another to quantify the nuclear uncertainty
present. This comparison was facilitated through an in-
tegrated form factor (IFF) value for each nuclear channel
X, which acts as a gauge for the strength of each channel as
well as the magnitude of the sensitivity of the form factors
to shell model interaction choice. The extensive nuclear
uncertainty discussion for silicon and germanium can be
found in the aforementioned paper.

4 Experimental Functions and Rates

To evaluate rates and exclusion curves for a DM direct de-
tection experiment, the interaction rate in Eq. (1) must be
considered alongside functions which describe responses
specific to that experiment, such as efficiency, acceptance,
and energy resolution. In this work we model the signal as-
suming detector response values reported by SuperCDMS
[14]. The SuperCDMS SNOLAB experiment employs sil-
icon (Si) and germanium (Ge) target nuclei, and is located
in Sudbury, Canada. Two types of cryogenic detectors
are used, namely High Voltage (HV) and Interleaved Z-
sensitive Ionisation and Phonon (iZIP) detectors [15]. The
calculations here are restricted to the HV detectors. The
detector’s energy scale, in terms of the recoil energy ER, is
given by

Eph = ER

(
1 +
y(ER)
εeh

eV
)
, (9)

where Eph is the observed phonon energy, y(ER) is the ion-
isation yield, εeh is the energy required to produce a single
electron-hole pair, and V is the voltage applied to the de-
tector. The observed energy is written as

Eobs = ER

(
εeh + y(ER)eV
εeh + eV

)
, (10)

where the observation rate then has the form

dR
dE
=
ϵ(E)

(2π)1/2

∫ ∞
0

1
∆Eobs

dR
dEobs

exp
[
−(E − Eobs)2

2(∆Eobs)2

]
dEobs.

(11)
Here, ϵ(E) is the efficiency factor as a function of

energy, and a Gaussian resolution of the form ∆Eobs =√
DEobs + (CEobs)2 + σ2

E is employed. This resolution is
approximated by that of CDMSlite [14], where for both
germanium and silicon targets we take C = 5 × 10−3 and
D = 0.7 eV. Additionally, the values σE(Si) = 5 eV and
σE(Ge) = 10 eV are employed, with an 85% flat efficiency
for both nuclear targets. The ionisation yield expressions
are given by [16, 17]

y(ER)Ge =
k g(α)

1 + k g(α)
, y(ER)Si = y10keV

( ER

10keV

)B
,

(12)
where the germanium parameters are

k = 0.133Z2/3A−1/2, α = 11.5ERZ−7/3,

g(α) = 3α0.15 + 0.7α0.6 + α, (13)

and the silicon counterparts are

y10keV = 0.302, B = 0.261. (14)

The silicon and germanium total detector masses are
2.4 kg and 11.12 kg, respectively. The background
for both nuclei is taken to be flat, with a value of 0.1
cpd/kg/keV for silicon and 0.003 cpd/kg/keV for germa-
nium. Pseudo-data were employed for the energy region
0.1-10 keV assuming a total run time of 5 years, where the
Optimal Interval method [18] was used for the sensitivity
projections. A python code was developed to calculate the
rates for a range of target nuclei and NR operators [19].

5 Results

The scattering rate and exclusion limit results are pre-
sented for germanium in Sec. 5.1 and silicon in Sec. 5.2.
The scattering rates are all plotted for mχ = 10 GeV/c2 and
σp = 10−40 cm2. For the rate results, σp is taken to be arbi-
trary as it only impacts the magnitude of the rates, and not
the nuclear uncertainty analysis. This is also taken to be

3
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the case for mχ, as the uncertainties for silicon and germa-
nium are studied separately. Here, the high energy coeffi-
cients are set so that each NR operator is considered sep-
arately. For brevity, the nuclear uncertainty discussion is
only presented for a selection of NR operators ONR

i , those
of which display the largest nuclear uncertainties. A com-
plete discussion on the uncertainties displayed by all oper-
ators is left for a more detailed future work. The scattering
observable results are compared against the IFF nuclear
uncertainties presented in Ref. [9], where the propagation
of the nuclear uncertainty is discussed.

5.1 Germanium

Figure 1 presents the germanium interaction rates for the
NR operators ONR

3 and ONR
12 . The ONR

3 operator con-
sists of an SD response in addition to a spin-orbit one
(Φ′′), whereas ONR

12 consists of all SD and LSD responses.
The largest germanium scattering rate differences due to
nuclear shell model interaction choice exist between the
GCN2850 and the jj44b calculations for the ONR

3 and ONR
12

operators. In this case, the nuclear difference has a factor
of ∼ 2, which reflects the nuclear uncertainties in the IFF
values for the SD and LSD channels presented in Ref. [9].
As such, there is a retention of the nuclear uncertainties
at the scattering rate level, particularly showcasing the im-
portance of the LSD channel Φ′′ in quantifying these un-
certainties.

Figure 1. Germanium interaction rates for the NR operators
ONR

3 and ONR
12 , for the shell model calculations GCN2850 (solid),

JUN45 (dashed) and jj44b (dotted). Plotted using mχ = 10
GeV/c2 and σp = 10−40 cm2.

These nuclear uncertainties propagate to the exclusion
curves, presented in Fig. 2 for the germanium ONR

3 and
ONR

12 operators. The largest differences are observed be-
tween the GCN2850 and jj44b shell model calculations,
where a factor of ∼ 2 uncertainty is present for ONR

3 and
a factor of ∼ 2.5 for ONR

12 . The exclusion limits roughly
retain the nuclear differences seen in the scattering rates of
these NR operators.

5.2 Silicon

Figure 3 showcases the ONR
4 and ONR

10 silicon observation
rates, for the shell model calculations USD and USDB.
ONR

4 constitutes the standard SD response, whilstONR
10 con-

sists of the SD response Σ′′ (see Table 1). In both cases

Figure 2. SuperCDMS-like germanium ONR
3 and ONR

12 projec-
tions curves for three shell model calculations.

the maximum nuclear difference in the rates is of order
∼ 70%, which is larger than that displayed by the neu-
tron IFF silicon SD channels (of order 30 − 40%) [9]. For
silicon, the SD channels are significant in the analysis of
nuclear uncertainties in scattering observables.

Figure 3. Silicon observation rates for the ONR
4 and ONR

10 oper-
ators, for the shell model calculations USD (solid) and USDB
(dashed), using mχ = 10 GeV/c2 and σp = 10−40 cm2.

These nuclear differences at the scattering rate level
are also reflected in the ONR

4 and ONR
10 exclusion limits pre-

sented in Fig. 4. Both ONR
4 and ONR

10 display a nuclear dif-
ference of order 75−80% – a similar value to that is seen in
the scattering rates. In this case, the silicon experimental
observables of interest are sensitive to nuclear shell model
interaction choice.

Figure 4. SuperCDMS-like silicon ONR
4 and ONR

10 projection
curves for two shell model calculations.

6 Conclusion

Dark matter direct detection experiments aim to charac-
terise the signals resulting from the scattering of WIMPs
off nuclei, in order to better understand this elusive DM.
Accurate modelling of the uncertainties present in the

4
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uncertainties presented in Ref. [9], where the propagation
of the nuclear uncertainty is discussed.

5.1 Germanium

Figure 1 presents the germanium interaction rates for the
NR operators ONR

3 and ONR
12 . The ONR

3 operator con-
sists of an SD response in addition to a spin-orbit one
(Φ′′), whereas ONR

12 consists of all SD and LSD responses.
The largest germanium scattering rate differences due to
nuclear shell model interaction choice exist between the
GCN2850 and the jj44b calculations for the ONR

3 and ONR
12

operators. In this case, the nuclear difference has a factor
of ∼ 2, which reflects the nuclear uncertainties in the IFF
values for the SD and LSD channels presented in Ref. [9].
As such, there is a retention of the nuclear uncertainties
at the scattering rate level, particularly showcasing the im-
portance of the LSD channel Φ′′ in quantifying these un-
certainties.

Figure 1. Germanium interaction rates for the NR operators
ONR

3 and ONR
12 , for the shell model calculations GCN2850 (solid),

JUN45 (dashed) and jj44b (dotted). Plotted using mχ = 10
GeV/c2 and σp = 10−40 cm2.

These nuclear uncertainties propagate to the exclusion
curves, presented in Fig. 2 for the germanium ONR

3 and
ONR

12 operators. The largest differences are observed be-
tween the GCN2850 and jj44b shell model calculations,
where a factor of ∼ 2 uncertainty is present for ONR

3 and
a factor of ∼ 2.5 for ONR

12 . The exclusion limits roughly
retain the nuclear differences seen in the scattering rates of
these NR operators.

5.2 Silicon

Figure 3 showcases the ONR
4 and ONR

10 silicon observation
rates, for the shell model calculations USD and USDB.
ONR

4 constitutes the standard SD response, whilstONR
10 con-

sists of the SD response Σ′′ (see Table 1). In both cases

Figure 2. SuperCDMS-like germanium ONR
3 and ONR

12 projec-
tions curves for three shell model calculations.

the maximum nuclear difference in the rates is of order
∼ 70%, which is larger than that displayed by the neu-
tron IFF silicon SD channels (of order 30 − 40%) [9]. For
silicon, the SD channels are significant in the analysis of
nuclear uncertainties in scattering observables.

Figure 3. Silicon observation rates for the ONR
4 and ONR

10 oper-
ators, for the shell model calculations USD (solid) and USDB
(dashed), using mχ = 10 GeV/c2 and σp = 10−40 cm2.

These nuclear differences at the scattering rate level
are also reflected in the ONR

4 and ONR
10 exclusion limits pre-

sented in Fig. 4. Both ONR
4 and ONR

10 display a nuclear dif-
ference of order 75−80% – a similar value to that is seen in
the scattering rates. In this case, the silicon experimental
observables of interest are sensitive to nuclear shell model
interaction choice.

Figure 4. SuperCDMS-like silicon ONR
4 and ONR

10 projection
curves for two shell model calculations.

6 Conclusion

Dark matter direct detection experiments aim to charac-
terise the signals resulting from the scattering of WIMPs
off nuclei, in order to better understand this elusive DM.
Accurate modelling of the uncertainties present in the

WIMP-nucleus elastic scattering rate is important for this
characterisation and for experimental analysis. The scat-
tering rate consists of several components which must be
modelled and inputted, namely: the DM halo velocity dis-
tribution; the high energy physics coefficients describing
the particle physics of interest; functions describing the
experimental responses for the experiment in considera-
tion; as well as nuclear form factors encoding the nuclear
structure information of the target nuclei.

In this work we investigate the impact of nuclear mod-
elling on WIMP-nucleus scattering rates and exclusion
curves for silicon and germanium targets, quantifying the
nuclear uncertainties present and the degree of propaga-
tion of these uncertainties from the nuclear form factors to
experimental observables. This was done using nuclear
shell model calculations employing various shell model
interactions for each nuclear target, which were then com-
pared and their differences quantified in the WIMP observ-
ables. Here, the DM halo velocity distribution is taken to
be the SHM, and a NREFT framework was employed to
describe the nuclear response functions, where velocity-
and momentum-suppressed terms are considered in addi-
tion to the standard SI and SD responses.

The silicon and germanium scattering rates were plot-
ted for a selection of NR operators ONR

i which showed
non-negligible nuclear differences due to shell model in-
teraction choice. These differences reflect those observed
in the nuclear form factors, and can also be seen in the ex-
clusion limits for these NR operators. As such, the nuclear
uncertainties present at the form factor level are roughly
retained at the scattering rate and exclusion limit levels, in-
dicating a sensitivity of the WIMP scattering observables
on nuclear modelling. This showcases the importance of
improved and more accurate nuclear modelling for WIMP
direct detection experimental analysis and interpretation.
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