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Dark matter (DM) interacts with ordinary matter through weakly coupling to nucleons. We analyze
the coupling strength for DM-proton and DM-neutron respectively utilizing the available data from
the most sensitive experiments, XENON1T and SuperCDMS, for a higher (>10 GeV/c?) and a lower
mass (<10 GeV/c?) range of DM particles. Subsequently, we calculate the coupling strength constrained
by the DAMA claim and a similar experiment (KIMS) using Csl. The results indicate that XENON1T
and SuperCDMS are almost fully sensitive to the DM-nucleon coupling strength predicted by the
Keywords: Fermi weak interaction in the higher mass range. As a result, XENON1T is sensitive to the expected
Dark matter detection small energy associated with the DM-nucleon weak interaction and hence XENON1T provides a strong
WIMP constrain on the effective mass of DM from ~1 MeV/c? to ~100 MeV/c2, which excludes the mass
Coupling strength range of DM between 10 GeV/c? to 10* GeV/c? from being detected. In the lower mass range, four
experiments are all not sensitive to the DM-nucleon coupling strength expected from the Fermi weak
interaction. The DM-nucleon coupling strength, (Zf, + Nfy)?, determined by the DAMA data can be
fully ruled out by the most sensitive experiments. This work launches new direction for the current
DM experiments to provide the constrains on DM-nucleon coupling strength, which sheds light on DM-
nucleon coupling properties between impinging DM particles and target nucleons with null experimental
results.

Published by Elsevier B.V. This is an open access article under the CC BY license
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1. Introduction

Dark matter (DM) elastically scattering off ordinary matter via
weak interaction is the basis of direct searches for DM with un-
derground experiments [1-21]. These experiments have sensitivity
to WIMPs (weakly interacting massive particles) with mass greater
than 6 GeV/c2. The best sensitivity for WIMPs masses above 10
GeV/c2, with a minimum of 7.7 x 104 cm? for 35 GeV/c2, is
given by the most recent results from XENONIT [18,22]. Great
efforts have been made, WIMPs remain undetected. More exper-
imental results will soon become available through [23,24]. The LZ
experiment will push the experimental sensitivity for WIMPs with
mass greater than 10 GeV/c? very close to the boundary where
neutrinos induced backgrounds begin to constrain the experimen-
tal sensitivity [25,26].
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DM coupling to visible matter is assumed through weak in-
teraction and gravitational interaction [27,28]. A common search
channel is elastic scattering between incoming DM particles and
target nucleus. Current direct detection experiments search for nu-
clear recoils caused by DM scattering. The direct detection results
based on a differential rate with spin-independent (SI) interactions
is given below:

Vesc
dR v, t
FE0= o e e [ L0 )
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where g—’; is the differential event rate, dR, with respect to the

nuclear recoil energy interval, dE; E is the nuclear recoil energy;
t is the time of the measurement; po = 0.4 GeV/cm? (local DM
density) [29]; uyn is the reduced mass of DM-nucleus; my is
the mass of DM; 005’ is the DM-nucleus cross section at the zero
momentum transfer; €(E) is the detection efficiency for a given
energy transfer between DM and nucleus; F(E) is the nuclear form
factor; v is the velocity of DM particles; vese = 544 km/s (the
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escape velocity) [30], which is the maximum velocity of WIMPs
bound in the potential well of the galaxy; and the minimum ve-
locity is defined as:

Vmin= _[-—5> (2)

with E, being the detection energy threshold and my the mass of
nucleus. Finally, the DM velocity profile is commonly described by
an isotropic Maxwell-Boltzmann distribution [31]:
1 v2
V)= ———==exp(——), 3
where 0 = 4/3/2v. and v, = 220 km/s describing the average ve-

locity of the Sun around the galaxy. For SI interactions, the cross-
section at zero momentum transfer can be expressed as [32]:

2
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where o) is the DM-nucleon cross section; f, and f, are the con-
tributions of protons and neutrons to the total coupling strength,
respectively; wp is the WIMP-nucleon reduced mass; Z represents
the number of protons and A is the nuclear mass number. It is
common that f, = f, is assumed (isospin-conserving) and the
dependence of the cross-section with the number of nucleons A
takes an A? form or A* form when m, >my.

The detection efficiency, €(E), is usually determined experi-
mentally by calibrating a detector using various radiative sources.
The calibration can be normalized to a 100% efficiency for a well-
known energy peak, for instance 122 keV from 37Co, of electronic
recoils. This assumes that the electronic recoils from 122 keV y ray
can be fully observed in a given detector. Therefore, the detection
efficiency is also called a relative detection efficiency. The relative
detection efficiency of nuclear recoils is then determined by taking
into account the ionization efficiency and quenching effect [33].
The relative detection efficiency of low-energy electronic recoils
can also be determined through normalization. The discrimination
efficiency between nuclear recoils and electronic recoils, as part of
the relative detection efficiency, is often determined through cali-
bration and modeling [34-37].

A commonly used nuclear form factor, F, can be expressed in
the exponential form as below [38,39]:

F(E) =exp(—E/2Qp), (5)

where E is the energy transfered from the DM to the nucleus,
Qo = 1.5h2/(mNR(2,) is the nuclear coherence energy and Ry =
10713 cm [0.3 4+ 0.91(my/GeV)!/3] is the radius of the nucleus.
Note that h is the reduced Planck constant.

Using eqs. (1)-(5), the current experiments interpret their ex-
perimental results by extracting the parameter space of DM-
nucleon cross section versus the mass of DM particles when the
measurements are constrained by the background events in the
region of interest (ROI). As an example, we show the expected
DM-nucleon cross section versus the mass of DM particles from
the most recent XENON1T [18] (Fig. 1) by incorporating their mass
exposure, detection efficiency and the background events in the
ROL

It is important to point out that the plotted DM-nucleon cross
section (versus the mass of DM particles) in Fig. 1 is the product of
apfrip assuming f, = f;. However, f, is not necessarily equal to
fn for weak interaction. In fact, isospin can be violated in weak in-
teraction [40-48] between an incoming DM particle and a nucleus.
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Fig. 1. The expected DM-nucleon cross section versus the mass of DM particles from
XENONT1T [18]. Note that the most abundant elements '2°Xe, 3!Xe, and '32Xe are
used in the calculation. For the sake of simplicity, the reported background events
are treated uniformly across the entire ROIL (For interpretation of the colors in the
figure(s), the reader is referred to the web version of this article.)

If one sticks to eq. (4) by considering a more general form of re-
lation between coupling coefficients, f, and f;, the experimental
results can then be used to constrain the values of f, and f; with
respect to the mass of DM particles if o, is known.

2. Cross section

In eq. (4), op represents a cross section of nucleon subtended
to the impinging DM particles. A cross section can be well de-
fined as a measure of the effective surface area of a nucleon seen
by the impinging DM particles. For the weak interaction between
the impinging DM particles and a nucleon, the effective surface
area seen by the impinging DM particles can be expressed to be
Op=T- (h/Mzc)?, assuming that Z boson is the weak force me-
diator between a DM particle and a nucleon with Mz being the
mass of Z boson and c the speed of light in vacuum. Note that the
term (i/Mzc =2.17 x 10718 m) represents the effective range of
weak force. Beyond this range, the weak force between the im-
pinging DM particles and a nucleon is extremely small and no
effective weak interaction can occur. On the other hand, if DM par-
ticles enter this range, the observable quantity - the nuclear recoil
energy, is solely dependent upon the weak interaction coupling
coefficients, f, and f;, and their relationship. Since the coupling
coefficients, f, and fy, can be different from each other, the exper-
iments with sensitivity to f, and f, can be used to constrain the
values of f, and f,. This launches new direction for the current
DM experiments to provide their constrains on f, and f;, which
allows to derive a deeper understanding of DM-nucleon coupling
between impinging DM particles and target nucleons.

This effective range can also be derived by utilizing the energy
associated with the weak interaction that can be represented as
below:

8F M cr
E., — _ 6
w= e ( n ), (6)

where gr is the effective charge of weak interaction, My is
the mass of the carrier particles for weak interaction (W and Z
bosons). The square of the effective charge of weak interaction for
a proton and a DM particle can be expressed as:

* 2

4m Gpmpm’, ¢

- X, (7)

gt =
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where Gr = 1.436 x 10752 Jm? is the Fermi constant and m,, is the
mass of proton and m is the effective mass of DM participles that
responds to the weak force when interacting with nucleons. This
is because the movement of DM particles in a periodic weak po-
tential, over long distances larger than the size of nucleons, can be
very different from their motion in a vacuum. In the momentum

space, mj, = h?/ dzdigk). where E(k) is the energy of an incoming
DM particle at a wave-vector k. m’)‘( can be measured experimen-
tally if DM particles are found. A null experimental result can be
used to constrain the values of m}.

From eq. (6), we can obtain the effective range of weak inter-
action in the limit of r « 1/Mw for a given nucleon (proton or

neutron) as below:

2
r= £ . (8)
4mEw + ggMwc/h
Subsequently, the cross section o}, can be expressed as:
2
g
op= F 2 9)

b .
(47TEW +g%MWc/h

One can assume that the maximum energy associated with the
weak interaction is Eyy = %mx v2 and m;*( = my. DM-nucleon cross
section as a function of the mass of DM given by eq. (9) is a con-
stant (1.48 x 10731 cm?), since the energy scale associated with
the weak interaction is expected to be in the range of ~10 keV if

the mass of DM particles are in the range of ~100 GeV/c2.
3. Weak coupling strength

As can be seen in eq. (4), once o, is determined, the experi-
mental results can be used to constrain the coupling coefficients
fp and fy. From eq. (1) to (4), the integrated event rate R can be
expressed as below:

6x 102  2poopis NIZfp + (A —2) ful?
= X
A c2Jmmypd
E
fs(E)FZ(E) <v>dE s kg7l (10)

Ewn

R

Where < v >= fvvnj;: vf(v)dv. Rearranging the terms in eq. (10)
and using (A — Z = N, which stands for the number of neutrons),
we have:

A Jmmy uiR
12 x 108 poop fEEm e(E)F2(E) <v > dE
(11)

(Zfp +Nf)? =

One can define (Zf, + Nfn)? = awsw, since the term (Zfp +
Nfn)? represents the DM-nucleon coupling strength. The term, oy,
is the intrinsic weak coupling constant under the Fermi theory [49]
and s, stands for the super weak coupling strength contributed
by protons and neutrons. The intrinsic weak coupling strength
can be calculated using ay = 8Grm%/4w~/2(hc)* stated in the
standard (Fermi) weak interaction [50]. The super weak coupling
strength is also called “running coupling constant”, which is en-
ergy dependent. Using eq. (6), we define oy to be: oty = Ew/Eph,
where Ep, =hc/r and r is given by eq. (8). Therefore, oy is a rel-
ative weak coupling strength.

For an experiment with a null result in the ROI, R is given by
the observed background events that constrain the experimental
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Fig. 2. Shown is the effective coupling coefficients versus the mass of DM particles
constrained by the XENON1T data with a mass exposure of 1040 kg for 34.2 days
and the SuperCDMS data with a mass exposure of 612 kgdays. The most abun-
dant elements 12°Xe, 131Xe, 132Xe, 7°Ge, 72Ge, and 74Ge are employed in obtaining
DM-nucleon coupling coefficients, f2 and f7.
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Fig. 3. Shown is the effective coupling coefficients versus the mass of DM particles
constrained by the KIMS data with a mass exposure of 24524.3 kgdays and the
DAMA claim.

sensitivity. Utilizing the same Z and different N from an experi-
ment such as XENON1T and SuperCDMS [51], one can compute f,
and f, respectively with eq. (11). For DAMA [52] and KIMS [53],
we employ 23Na, 1271, and 133Cs for the calculations of f, and f;.
Figs. 2 and 3 show the coupling coefficients versus the mass of DM
particles.

One can use the effective atomic number and the average
atomic mass to obtain the coupling strength for Nal and Csl.
The effective atomic number can be calculated as [54]: Z.ff =

2»9\‘/f1 .2%94 +fr- Z§‘94, where f; = ﬁ fo= % Z1 and Z,
are atomic number of elements in Nal and Csl, respectively. Fig. 4
displays the DM-nucleon coupling for Xe, Ge, Nal, and Csl.

4. Results and discussion

It is noticed from Figs. 2 and 3 that: (1) XENON1T is more sen-
sitive to f;Z while SuperCDMS and KIMS are more sensitive to f2;

(2) DAMA is sensitive to fg or f,%, depending on the mass range of
DM particles; (3) in the lower mass range (<10 GeV/c?), f7 and f2

start to merge together; (4) the curves of fg and fn2 constrained by
the DAMA claim can be fully excluded in the lower mass range by
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Fig.4. Shown is the effective coupling strength, o5,y = (Z x fp +N x fn)? /oy, versus
the mass of DM particles.
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Fig. 5. Shown is the constrained energy scale versus the mass of DM particles de-
termined by the experimental data.

SuperCDMS with a sensitivity of greater than 6 GeV/c? and in the
higher mass range by XENON1T with a sensitivity of greater than
10 GeV/c?; and (5) KIMS can partially exclude the DAMA claim.

Fig. 4 shows the super weak coupling strength, osw = (Zfp +
Nfy)? /oy, constrained by the experimental data from XENONIT,
SuperCDMS, DAMA, and KIMS together with the predicted o, as
a function of the mass of DM particles assuming m")‘( =my. It
is clear that DAMA and KIMS are only partially sensitive to the
weak coupling strength predicted by the Fermi theory. This sug-
gests that the DAMA claim may not be due to the weak interaction
of DM-nucleon coupling under the standard Fermi coupling. Super-
CDMS has sensitivity to the predicted o, for the mass range from
15 GeV/c? to 10* GeV/c2. Only XENONIT excludes the predicted
values of oy from 10 GeV/c? to 10* GeV/c%. Note that the val-
ues of oy in the higher mass range (>10 GeV/c2) constrained by
the XENON1T data is much smaller than the predicted standard
Fermi weak coupling strength. This implies that the energy associ-
ated with the DM-nucleon weak coupling is really small.

Utilizing the values of «g, constrained by the experimental
data (see Fig. 4), one can obtain the constrained energy (E,, =
aswEpy) associated with the weak interaction, as shown in Fig. 5.
As can be seen that only XENONIT is sensitive to the expected
small energy in the range of ~10 keV associated with DM-nucleon
weak interaction. Since the constrained energy, E, is connected to
the effective mass of DM particles through eq. (6) and (7), one can

'n
L
>
[
e
—
o
©
=
X
@
=)
%5 107
@107

—4
= o, XENON1T
_g 10°¢ = SuperCDMS
[$] -
2 1077 — DAMA
m10°

10° — KIMS
10710 | | L
102 10° 10*

Mass of Dark Matter (keV/c?)

Fig. 6. Shown is the constrained effective mass of DM particles versus the mass of
DM particles determined by using the experimental data.

determine the constrained effective mass of DM particles for dif-
ferent targets, as shown in Fig. 6. It is shown that DAMA and KIMS
are sensitive to the effective mass of DM greater than 10 GeV/c2.
SuperCDMS has a sensitivity to the effective mass of DM down
to 1 GeV/c2. XENONIT provides a much stronger constrain on the
effective mass of DM from ~1 MeV/c? to ~100 MeV/c2, which ex-
cludes the mass range of DM between 10 GeV/c? to 10* GeV/c?
from being detected. This is because the effective mass range of
~1 MeV/c? to ~ 100 MeV/c? corresponds to the constrained en-
ergy available for weak interaction from ~100 keV to below 1 keV.
Hence, the resulted nuclear recoil energy would fall below the de-
tection threshold of XENON1T, since XENON1T has announced a
null result.

In summary, this work provides a new framework to analyze
the experimental data in the searches for DM. The result of a
super weak coupling strength implies that the effective mass of
DM is small, which results in a very small energy associated with
DM-nucleon coupling. XENON1T has largely excluded the effective
mass of DM particles. This suggests to search for DM for the mass
below 10 GeV/c? or even lower down to MeV/c? where the large
parameters space is unexplored [55,56].
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