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Dark matter direct detection experiments

▶ Heavy WIMP:

TeV mass M ≫ mW , cross section tiny,
around neutrino floor. (QC and Hill, PLB

1912.07795 ; QC, Ding and Hill, PRD

2309.02715)

▶ HQET application in WIMP nucleon
scattering, parametrized by the low
velocity v of DM.

▶ All low spin electroweak multiplets cross
sections around neutrino floor, except
Higgsino-like WIMP deep below neutrino
floor.

15 27. Dark Matter

Backgrounds, including neutrinos: Early direct detection experiments employing low-
background Ge spectrometers featured background levels around 2 events/(kg d keV), while the
latest generation of liquid Xe experiments reduced this noise by almost five orders of magnitude, to
4◊10≠5 events/(kg d keV). In liquid xenon detectors, the measured ER spectra at low energies are
for the first time dominated by solar pp neutrino interactions, second-order weak decays, as well as
214Pb —-decays from radon mixed with the xenon. Other backgrounds are due to the radioactivity
of detector components, followed by cosmic muons and their secondaries such as fast neutrons. The
cosmic and environmental radiation are suppressed by going deep underground and surrounding the
experiments with appropriate shielding structures (mainly large water Cherenkov detectors for the
current and next-generation detectors). Activation of materials via cosmic-ray interactions produce
long-lived radio-nuclides (e.g., 39Ar, 60Co, 68Ge, 32Si, etc), while long-lived, human-made isotopes
(85Kr, 137Cs, etc) can mix with detector materials or generate surface backgrounds. For details, we
refer to Section 36.6 of this Review.

Figure 27.1: Upper limits on the SI DM-nucleon cross section as a function of DM mass.

The final backgrounds are due to the irreducible neutrino flux from the Sun, the atmosphere and
the di�use supernovae background [150]. Solar pp-neutrinos start dominating the electronic recoil
background due to elastic neutrino-electron scatters, at a level of ≥ (10 ≠ 25) events/(t y) below
energies of ≥100 keV, while coherent elastic neutrino-nucleus scatters (CE‹NS) from 8B solar neu-
trinos will induce up to ≥ 103 events/(t y) for high-A targets, at nuclear recoil energies below ≥few
keV. Nuclear recoils from atmospheric neutrinos and the di�use supernovae neutrino background
will yield event rates in the range (1 ≠ 5) events/(100 t y), depending on the detector material. In
general, 8B and atmospheric neutrinos will impact light (Æ 6 GeV) and heavy (100 GeV and above)
DM searches for cross sections on nucleons below ≥ 10≠45 cm2 and ≥ 10≠49 cm2, respectively. The
precise cross-sections where neutrinos constitute a dominant background strongly depend on the
systematic uncertainties on the neutrino flux normalisation for each source [151]. For very low
energy thresholds to nuclear recoils, e.g. 10-30 eV in Ge and Si detectors, CE‹NS due to the 7Be
neutrino flux become relevant for exposures of ≥50 kg y [152]. For DM searches with electron re-
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Dark matter direct detection experiments

▶ Heavy WIMP:

TeV mass M ≫ mW , cross section tiny,
around neutrino floor. (QC and Hill, PLB

1912.07795 ; QC, Ding and Hill, RRD

2309.02715)

▶ Light DM:

sub GeV mass M , 1 MeV∼ 1 GeV

▶ Nuclear recoil energy of cold DM:

2M2v2/mT , v ∼ 0.001c, mT : nuclear
target mass
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Light portal dark matter

▶ Core-cusp problem:
contradiction between cold DM
simulation and observed flat core
density profile

▶ Solution:
DM self-interaction at small scale via
a light mediator, m ∼ 1 MeV to 10
GeV, coincidentally in the sub GeV
regime.
(Spergel and Steinhardt, PRL 9909386; Tulin and
Yu, Phys. Rept. 1705.02358)

Figure 1. Shapes of 3D (left), and sky-projected 2D (right) density profiles of DARKexp halos of
di↵erent �0. DARKexp of �0 = 0.2 and 1.0 were rescaled in radius and density so that their central
profiles coincide, to illustrate their similarity. With this rescaling it is apparent that these models
are very similar except for somewhat di↵erent outer slopes. DARKexp profiles of high �0 & 8 behave
similarly to each other, and have central 3D slope that scale as r�2 (gray line segment), resulting in
flat rotation curves. DARKexp �0 ⇡ 3.2 � 3.3 are well approximated by NFW (red) in this radial
range. DARKexp �0 ⇡ 4 is well approximated by Einasto profile of index 0.17 (magenta).

5 ⇥ 10�3, achieve cores [29]. It also appears that multiple episodes of star formation may
be required to create cores, more than observations indicate [30]. A further problem for
simulations is to reproduce the diversity of rotation curve shapes, observed for galaxies with
similar maximum rotational velocity [12, 31].

The apparent inconsistency between observations vs. N-body simulations, and the in-
ability of baryonic feedback within hydrodynamic simulations to solve the problem in a
consistent way for a wide range of disk galaxies is one of the prime reasons for considering
dark matter properties other than cold and/or collisionless: self-interacting, warm, or wave
[7, 32, 33], or even modified gravity theories.

In this paper we revisit the issue of the consistency of the galaxies’ observed properties
with cold collisionless dark matter by comparing rotation curves of a range of galaxies and
projected stellar density profiles of UFD, described in Section 2, to the theoretical predic-
tions. Our dark matter model, DARKexp, is described in Section 3; we emphasize that
our model is not based on simulations of any kind, but solely on analytical theory. We also
demonstrate, in Appendix A, that simply producing cored profiles is not necessarily su�cient
to fit the rotation curves of low-mass galaxies by examining the predictions from fuzzy/wave
dark matter theory. Section 4 presents the fits to 96 galaxy rotation curves, and 6 surface
brightness profiles of UFD. Section 5 summaries our findings. Appendix B presents the fits
to the Milky Way galaxy.

– 2 –

Figure: DM density profile

Qing Chen (Anhui U. of Sci. & Tech) Effective theory for light portal dark matter detection 4 / 27



Light dark matter

▶ Cosmic ray boosted energetic DM:
(semi)relativistic, high enough nuclear
recoil.

2

like) momentum transfer in the collision is given by Q2 =
2m�T�. For isotropic CR-DM scattering, both T� and
Q2 thus follow a flat distribution, with T� ranging from
0 to Tmax

� . Inverting Eq. (1) gives the minimal incoming
CR energy required to obtain a DM recoil energy T�:
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where the + (�) sign applies for T� > 2mi (T� < 2mi).
The local interstellar (LIS) population of CRs is well

measured and typically described by their di↵erential in-
tensity dI/dR, where R is the particle’s rigidity. We
adopt parameterizations [17, 18] for dIi/dRi of protons
and 4He nuclei, the two dominant CR components. The
di↵erential CR flux (number of particles per area, ki-
netic energy and time) is then obtained as d�/dT =
4⇡ (dR/dT ) (dI/dR). For an elastic scattering cross sec-
tion ��i, the collision rate of CR particles i with energy in
the range [Ti, Ti + dTi] inside a volume dV thus becomes

d�CRi!� = ��i ⇥
⇢�
m�

d�LIS
i

dTi
dTidV . (3)

The resulting CR-induced DM flux is thus obtained by
dividing by 4⇡d2, where d is the distance to the source,
implying that the volume integration reduces to an an-
gular average over a line-of-sight integral:
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Here we introduced an e↵ective distance De↵ out to which
we take into account CRs as the source of a possible
high-velocity tail in the DM velocity distribution. The
local gradient in the DM density is relatively well con-
strained [19, 20], and that in the cosmic-ray density is
very small [21]. The main uncertainty in De↵ thus derives
from the extension of the di↵usion zone, which reaches
out to at least a few kpc from the galactic disk [22–24].
Assuming an NFW profile [25, 26] for the DM distribu-
tion and a homogeneous CR distribution, e.g., perform-
ing the full line-of-sight integration out to 1 kpc (10 kpc)
results in De↵ = 0.997 kpc (De↵ = 8.02 kpc). Using
Eq. (1), we can finally express the DM flux in terms of
the DM energy by integrating over all CR energies Ti:
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Z 1
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� (Ti) � T�

⇤
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The flat distribution over recoil energies that follows
from Eq. (1) for isotropic scattering is an assumption
that we modify by the inclusion of the hadronic elastic
scattering form-factor in the simplest dipole form [27],

Gi(Q
2) = 1/(1 + Q2/⇤2

i )
2 . (6)

Here, ⇤i scales inversely proportional with the charge
radius and is hence smaller for heavier nuclei; for proton
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FIG. 1. Expected flux of CRDM for di↵erent DM masses
m� = 0.001, 0.01, 0.1, 1, 10 GeV (from top to bottom). Dot-
ted lines show the contribution from CR proton scattering
alone. The flux is directly proportional to the e↵ective dis-
tance De↵ and the elastic scattering cross section ��, chosen
here as indicated. The inset compares the corresponding 1D
velocity distributions f(v), in units where c = 1, to that of
the standard halo model (dashed line).

(Helium) scattering due to a vector current, one has ⇤p '
770 MeV (⇤He ' 410 MeV) [28]). We thus relate the
scattering cross section to that in the point-like limit by

d��i

d⌦
=
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G2
i (2m�T�) . (7)

Putting everything together, we expect the following
CR-induced DM flux:
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Here, we only include i 2 {p, 4He} in the sum. In
Fig. 1 we plot these CRDM fluxes for various DM masses,
for spin-independent �� = �n = �p. The contribution
from Helium can be even larger than that from pro-
tons, but is formfactor-suppressed at large recoil ener-
gies. The flux is related to the 1D velocity distribu-
tion f(v), more familiar in the context of direct DM
searches, as f(v) = m2

�(⇢local
� )�1�3d��/dT�. For illus-

tration, we compare this to the Maxwellian distribution
of the standard halo model [29], displayed as a dashed line
in the inset. As expected, the CRDM population peaks
at (semi-)relativistic velocities, and is highly subdomi-
nant at the galactic DM velocities typically considered.

Step 2: Attenuation of CRDM flux.— Very large
scattering cross sections generally constitute a blind spot
for direct DM detection, because they would lead to a sig-
nificant attenuation of the DM flux from the top of the
atmosphere to the location of the detector [30–33]. The
degradation in energy should also occur for the CRDM

Figure: Flux of CRDM for different DM masses
from 1 MeV to 10 GeV, (Bringmann and Pospelov,
PRL 1810.10543)
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High threshold experiments

Large-volume neutrino experiments with recoil
energies in the 10-100 MeV.

▶ Super/Hyper Kamiokande

▶ JUNO

▶ DUNE

Chapter 1: Executive Summary 1–5

• measurements of neutrino oscillation phenomena using atmospheric neutrinos;

• a rich neutrino interaction physics program utilizing the DUNE near detector, including a
wide-range of measurements of neutrino cross sections, studies of nuclear e�ects;

• searches for dark matter.

Further advancements in the LArTPC technology during the course of the DUNE far detector
construction may open up the opportunity to observe very low-energy phenomena such as solar
neutrinos or even the di�use supernova neutrino flux.

1.3 The LBNF Facility

The Long-Baseline Neutrino Facility (LBNF), hosted by Fermilab, is separate from the DUNE
collaboration and is intended to enable the construction and operation of the DUNE detectors in
South Dakota and Illinois. The DUNE collaboration will construct a deep-underground neutrino
observatory in South Dakota based on four independent 10 kt LArTPCs. LBNF will provide
facilities in Illinois and South Dakota to enable the scientific program of DUNE. These facilities
are geographically separated into the near site facilities, those to be constructed at Fermilab, and
the far site facilities, located at SURF. Figure 1.2 shows a schematic of the facilities at the two
sites, and Figure 1.3 shows the cavern layout.

Figure 1.2: LBNF/DUNE project: beam from Illinois to South Dakota.

Specifically, the Long-Baseline Neutrino Facility (LBNF) provides

• the technical and conventional facilities for a powerful 1.2 MW neutrino beam utilizing the
PIP-II upgrade of the Fermilab accelerator complex, to become operational by 2026 at the
latest, and to be upgradable to 2.4MW with the proposed PIP-III upgrade;

• the civil construction, or conventional facilities (CF), for the near detector systems at Fer-
milab; (see Figure 1.4);

Physics, Technologies, and Strategies The DUNE Far Detector Interim Design Report
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Effective operators of light-portal dark matter

Energetic light DM scattering on nucleus target via a light mediator with mass m,
χ(k)+N(p) → χ(k′)+N(p′) with momentum transfer Q ∼ m (q = p′− p,Q2 = −q2)

Oχ
Ξ

∂2 −m2
Oq/g

Building blocks: Field contents, Lorentz
structures and derivatives

1, iγ5, γµ, γµγ5, σµν

i∂µ−, iD
µ
−, ∂

µ
+

Oµ⌫
�

⌅µ⌫↵�

@2 �m2
O↵�

q/g (2.3)

where m is the mass of the mediator. The propagators will be abbreviated as P (0), P
(1)
µ⌫

and P
(2)
µ⌫↵� below.

light portal

q

�

q

�

light portal

g

�

g

�

Explicitly, we tab the QCD bilinear operators in through dimension-5 for quarks in

table 1 and gluons in table 2. Along with DM bilinear operators, not counting the dimension

of the propagator, the total dimension of the e↵ective interaction that we are considering

is up to eight. The reason is that for spin-2 process, QCD has dimension-4 operators at

lowest order and for a fermion DM, a spin-2 operator is also dimension-4 at lowest order.

So we need dimension-8 interaction in total. The scalar and fermion dark matter bilinear

operators are constructed through dimension-5 in table 3 and table 4.

We have used the following QCD equation of motion (EOM) identities involving one

derivative and two derivatives to derive a non-redundant basis. The higher derivative

operators can be reduced to operators with lower orders of derivatives by equation of

motion and integration by part. Whenever there is a total derivative @µ
+ on the QCD

side, we move it to the dark matter side. From perturbation calculation perspective, we

focus on bilinear operators, which are at lowest order in perturbative QCD and contribute

dominantly. Therefore, we also use these identities to remove operators which are not

quark bilinear operators, i.e. gluon field strength and quark mixing terms, and rather keep

the bilinear ones even though they are with higher derivatives.

QCD EOMs involving one derivative are

q̄i /D�q = mq q̄q , (2.4)

q̄ /@+q = 0 , (2.5)

q̄i /D��
5q = 0 , (2.6)

q̄ /@+�
5q = �2mq q̄i�

5q , (2.7)

q̄iD� ⌫q �
1

2
q̄�µ⌫@+µq = mq q̄�

⌫q , (2.8)

q̄D� ⌫�
5q = �1

2
q̄�µ⌫@+µi�5q , (2.9)

�q̄@+ ⌫q = 2q̄�µ⌫iD�µq , (2.10)
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Figure: DM and quarks/gluons interaction via a
light mediator.
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Effective operators of QCD sector reduction

Effective quark and gluon operators with Equation-of-Motion & Integration-By-Part to
remove redundancy
▶ EoM:

q̄i /D−q = mq q̄q , q̄ /∂+q = 0 , q̄i /D−γ
5q = 0 ,

q̄γ[αiD
ν]
−q +

1

4
ϵµναβ q̄∂+µγβγ

5q = 0 ,

q̄D2
−q +

1

4
q̄∂2+q −

gs
2
q̄σµνGµνq = −m2

q q̄q ,

q̄∂+νiD−αq − 2q̄Dµ
−σµνD−αq + igsq̄σµνG

µ
α q + gsq̄Gανq = 0 , ...

▶ IBP:

|ϕ|2q̄∂µ+∂ν+q → ϕ∗∂µ+∂
ν
+ϕq̄q
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Effective operators of QCD sector

Effective quark and gluon bilinear operators through dim-5

Dimension Quark operators

3 q̄�µq q̄�µ�5q

4

mq q̄q mq q̄i�
5q

q̄(�{µiD
⌫}
� � gµ⌫

4 i /D�)q q̄�{µiD
⌫}
� �
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imq q̄�
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5
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⌫}
� i�5q
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� D
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�q q̄D2
��
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Table 1: Quark bilinear operators. The operator q̄D
{�
� D

[µ}
� �⌫]

�q ⌘ �2q̄D⇢
��⇢

[⌫D�µ]q +

igsq̄�⇢
[⌫Gµ]⇢q and can alternatively be replaced by q̄G↵⌫q upon moving the total derivative

term to the dark matter side in Eq. (2.17). However, we still keep it this way to allow only

bilinear operators in the basis.

Dimension Gluon operators

4
GA µ⌫GA

µ⌫ GA µ⌫G̃A
µ⌫

�GAµ�GA⌫
� + 1

dgµ⌫(GA
↵�)2

5 GA↵�iDµ
�GA

↵� GA↵�iDµ
�G̃A

↵�

Table 2: Gluon bilinear operators. We define G̃A
µ⌫ = ✏µ⌫↵�GA

↵�/2 with total antisymmetric

✏0123 = +1 notation.

Dimension Scalar DM
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Table 3: Scalar dark matter bilinear operators.
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where m is the mass of the mediator, ⌅’s are dimensionless tensors, specifically, ⌅ = i,

⌅µ⌫ = �igµ⌫ and ⌅µ⌫↵� = �i
�

1
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with ⌘̃µ⌫ = �⌘µ⌫+@µ@⌫/m2.

The propagators will be abbreviated as P (0), P
(1)
µ⌫ and P

(2)
µ⌫↵� below.
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Dimension Quark operators
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where m is the mass of the mediator, ⌅’s are dimensionless tensors, specifically, ⌅ = i,

⌅µ⌫ = �igµ⌫ and ⌅µ⌫↵� = �i
�
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2 ⌘̃µ� ⌘̃⌫↵ � 1
3 ⌘̃µ⌫ ⌘̃↵�

�
with ⌘̃µ⌫ = �⌘µ⌫+@µ@⌫/m2.
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µ⌫ and P
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Effective operators of dark matter sector

Scalar DM effective bilinear operators

Dimension Quark operators

3 q̄�µq q̄�µ�5q

4

mq q̄q mq q̄i�
5q

q̄(�{µiD
⌫}
� � gµ⌫

4 i /D�)q q̄�{µiD
⌫}
� �

5q

imq q̄�
µ⌫�5q

5

q̄D2
�q q̄D2

�i�5q

q̄(D
{µ
� D

⌫}
� � gµ⌫

4 D2
�)q q̄D

{µ
� D

⌫}
� i�5q

q̄D
{�
� D

[µ}
� �⌫]

�q q̄D2
��

µ⌫q

Table 1: Quark bilinear operators. The operator q̄D
{�
� D

[µ}
� �⌫]

�q ⌘ �2q̄D⇢
��⇢

[⌫D�µ]q +

igsq̄�⇢
[⌫Gµ]⇢q and can alternatively be replaced by q̄G↵⌫q upon moving the total derivative

term to the dark matter side in Eq. (2.17). However, we still keep it this way to allow only

bilinear operators in the basis.

Dimension Gluon operators

4
GA µ⌫GA

µ⌫ GA µ⌫G̃A
µ⌫

�GAµ�GA⌫
� + 1

dgµ⌫(GA
↵�)2

5 GA↵�iDµ
�GA

↵� GA↵�iDµ
�G̃A

↵�

Table 2: Gluon bilinear operators. We define G̃A
µ⌫ = ✏µ⌫↵�GA

↵�/2 with total antisymmetric

✏0123 = +1 notation.

Dimension Scalar DM

2 |�|2
3 �⇤i@µ

�� �⇤@µ
+�

4

�⇤@2
+� �⇤@2

��

�⇤(@µ
�@

⌫
� � gµ⌫

4 @2
�)� �⇤(@µ

+@
⌫
+ � gµ⌫

4 @2
+)�

�⇤i@{µ
+ @

⌫}
� � �⇤i@[µ

+ @
⌫]
��

5
�⇤i@2

�@
µ
�� �⇤@2

�@
µ
+�

�⇤i@2
+@

µ
�� �⇤@2

+@
µ
+�

Table 3: Scalar dark matter bilinear operators.

Oµ⌫
�

⌅µ⌫↵�

@2 �m2
O↵�

q (2.27)

where m is the mass of the mediator, ⌅’s are dimensionless tensors, specifically, ⌅ = i,

⌅µ⌫ = �igµ⌫ and ⌅µ⌫↵� = �i
�

1
2 ⌘̃µ↵⌘̃⌫� + 1

2 ⌘̃µ� ⌘̃⌫↵ � 1
3 ⌘̃µ⌫ ⌘̃↵�

�
with ⌘̃µ⌫ = �⌘µ⌫+@µ@⌫/m2.

The propagators will be abbreviated as P (0), P
(1)
µ⌫ and P

(2)
µ⌫↵� below.
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Effective interaction

Lowest order DM and QCD interaction, classified by the mediator’s spins,

 ̄
⇣
�{µ@

⌫}
+ � gµ⌫

4
/@+

⌘
  ̄�{µ@

⌫}
+ �5 

 ̄i�[µ@
⌫]
�  ̄�[µi@

⌫]
��

5 

 ̄�[µ@
⌫]
+  ̄�[µ@

⌫]
+�

5 

✏µ⌫⇢� ̄i�[⇢@��] ✏µ⌫⇢� ̄�[⇢i@��]�
5 

✏µ⌫⇢� ̄�[⇢@+�] ✏µ⌫⇢� ̄�[⇢@+�]�
5 

5

 ̄@2
�  ̄@2

�i�5 

 ̄@2
+  ̄@2

+i�5 

 ̄�µ⌫i@
[µ
� @

⌫]
+ ✏↵�µ⌫ ̄�

↵�i@
[µ
� @

⌫]
+ 

 ̄i/@�i@µ
�  ̄i/@�i@µ

��
5 

 ̄i/@�@
µ
+  ̄i/@�@

µ
+�

5 

 ̄/@+i@µ
�  ̄/@+i@µ

��
5 

 ̄/@+@
µ
+  ̄/@+@

µ
+�

5 

 ̄@µ
�@

⌫
�  ̄@µ

�@
⌫
�i�5 

 ̄@
{µ
+ i@

⌫}
�   ̄@

{µ
+ @

⌫}
� �5 

 ̄@
[µ
+ i@

⌫]
�  ̄@

[µ
+ @

⌫]
��

5 

 ̄@µ
+@

⌫
+  ̄@µ

+@
⌫
+i�5 

 ̄�µ↵i@↵�i@�⌫  ̄i�5�µ↵i@↵�i@�⌫ 

 ̄�µ↵@
↵
+i@�⌫  ̄i�5�µ↵@

↵
+i@�⌫ 

 ̄�µ↵i@↵�@+⌫  ̄i�5�µ↵i@↵�@+⌫ 

 ̄�µ↵@
↵
+@+⌫  ̄i�5�µ↵@

↵
+@+⌫ 

Table 4: Fermion dark matter bilinear operators.

portal scalar DM fermion DM

spin-0

|�|2P (0)mq q̄q -

|�|2P (0)mq q̄i�
5q -

|�|2P (0)GA µ⌫GA
µ⌫ -

|�|2P (0)GA µ⌫G̃A
µ⌫ -

spin-1

�⇤i@µ
��P

(1)
µ⌫ q̄�⌫q  ̄�µ P

(1)
µ⌫ q̄�⌫q

�⇤i@µ
��P

(1)
µ⌫ q̄�⌫�5q  ̄�µ P

(1)
µ⌫ q̄�⌫�5q

�⇤@µ
+�P

(1)
µ⌫ q̄�⌫q  ̄�µ�5 P

(1)
µ⌫ q̄�⌫q

�⇤@µ
+�P

(1)
µ⌫ q̄�⌫�5q  ̄�µ�5 P

(1)
µ⌫ q̄�⌫�5q

spin-2

|�|2gµ⌫P
(2)
µ⌫↵� q̄

⇣
�{↵iD

�}
� � g↵�

4 i /D�
⌘

q -

|�|2gµ⌫P
(2)
µ⌫↵� q̄�{↵iD

�}
� �5q -

|�|2gµ⌫P
(2)
µ⌫↵�

h
�GA↵�GA�

� + 1
4g↵�

�
GA

⇢�

�2i
-

Table 5: Dimension-6 e↵ective operators of dark matter and QCD fields.
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Nucleon matrix elements

Amplitude χ(k) +N(p) → χ(k′) +N(p′)

M =
∑

i

∑

q, g

ci⟨χ(k′)|Oi
χ|χ(k)⟩P i⟨N(p′)|Oi

q/ g|N(p)⟩ ,

Non-perturbative nucleon matrix elements of QCD operators

⟨N(p′)|Oq/g|N(p)⟩

e.g., spin-2 matrix elements involving gravitational form factors (Tong, Ma & Yuan, JHEP

2203.13493; Hackett, Pefkou & Shanahan, PRL 2310.08484; Cao, Guo, Li & Yao, Nat.Comm. 2411.13398;

Nair et al. 2506.07554)

⟨N(p′)|q̄
(
γ{µiD

ν}
− − gµν

4
i /D−

)
q|N(p)⟩

=
1

mN
ū
(
p′
) [

PµP νAq(t) + iP {µσν}ρqρJq(t) +
1

4

(
qµqν − gµνq2

)
Dq(t)

]
u (p)
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Relativistic fermi gas model

Dark matter direct detection experiments
take place on compound nuclei versus

isolated nucleons .

N → N ?

Direct Detection
Dark matter particles fly through Earth and 
scatter with nuclei of the detection material 
(Xenon, Argon, etc.)

3
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Figure 2: Neutrino-induced nuclear recoil spectra for the different neutrino sources, for a Ge target (left) and a Xe target
(right).

and diffuse supernova neutrinos. Note that we are not
considering geoneutrinos nor reactor neutrinos in this
study. Indeed, as shown in [6], the contribution of the
geoneutrinos to the neutrino-induced recoil energy spec-
trum is at least 2 orders of magnitude below the solar
neutrino contribution over the whole energy range. The
reactor neutrinos are strongly dependent on the location
of the experiment with respect to the surrounding nuclear
reactors and on the power these reactors are working
at. While this contribution should be estimated indepen-
dently for each experiment, we are not considering them
as this is beyond the scope of this paper and will there-
fore only discuss the case of cosmic neutrinos as shown
in Fig. 1.

III. WIMP AND NEUTRINO BACKGROUND
EVENT RATE CALCULATIONS

A. WIMP-induced nuclear recoil rate calculation

Like most spiral galaxies, the Milky Way is believed to
be immersed in a halo of WIMPs which outweighs the
luminous component by at least an order of magnitude
[4, 22, 23]. The velocity distribution of dark matter in the
halo is traditionally modeled as a Maxwell-Boltzmann,
characterized by a density profile that scales as 1/r2 and
leading to the observed flat rotation curve [24]. Recent
results from N-body simulations in fact indicate that
this Maxwell-Boltzmann assumption is an oversimplifi-
cation [25–27], as there is a wider peak and there are fe-
wer particles in the tail of the distribution ; this result has
important implications for interpretation of experimental
results [28]. Further, substructures, streams, and a dark
disk may create distinct features in the velocity distribu-
tion [29–32]. Since the goal of this paper is to examine
the effects of the neutrino background on the extraction
of a WIMP signal, to make the connection to previous

experimental studies in this paper we just consider the
Maxwell-Boltzmann model, which is characterized by the
following WIMP velocity distribution in the Earth frame,

f(v⃗) =

⎧
⎨
⎩

1
Nesc(2πσ2

v)3/2 exp

[
− (v⃗+V⃗lab)

2

2σ2
v

]
if |v⃗ + V⃗lab| < vesc

0 if |v⃗ + V⃗lab| ≥ vesc

(1)
where σv is the WIMP velocity dispersion related to
the local circular velocity v0 such that σv = v0/

√
2,

V⃗lab and vesc are respectively the laboratory and the
escape velocities with respect to the galactic rest frame,
and Nesc is the correction to the normalization of the
velocity distribution due to the velocity cutoff (vesc).

The differential recoil energy rate is then given by [24],

dR

dEr
= MT × ρ0σ0

2mχm2
r

F 2(Er)

∫

vmin

f(v⃗)

v
d3v (2)

where ρ0 is the local dark matter density, mχ is the
WIMP mass, mr = mχmN/(mχ + mN ) is the WIMP-
nucleus reduced mass and σ0 is the normalized to nucleus
cross section. Note that we will assume that the WIMP
couples identically to the neutrons and protons, though
generically a larger theoretical parameter space is avai-
lable [33]. F (Er) is the nuclear form factor that describes
the loss of coherence for recoil energies above ∼10 keV.
In the following, we will consider the standard Helm form
factor [24]. For the sake of comparison with running ex-
periments, we will consider the standard values of the dif-
ferent astrophysical parameters : ρ0 = 0.3 GeV/c2/cm3,
v0 = 220 km/s, Vlab = 232 km/s and vesc = 544 km/s.

ρχ = 0.3GeV ⋅ c− 2 ⋅ cm− 3, σv = v0 / 2 = 220km ⋅ s− 1/ 2,

Vlab = 232km ⋅ s− 1, vesc = 544km ⋅ s− 1

7

Dark matter distribution:

σ ∼ m2
χ m2

N

2π(mχ + mN)2 G2
FQ2

wY2 ∼ 10− 38cm2

Qw = N − (1 − 4sin2θw)ZGF ∼ 10− 5GeV− 2

Neutron numberN :
Z :Proton number

Y : WIMP hypercharge

Billard, Figueroa-Feliciano, Strigari  2008

mN : Nucleon mass

Recoil

�������

��
�

	���

��
������

Sun

Earth

Relativistic fermi gas model Smith & Moniz NPB, 1972:

σnuclear = 2V

∫
d3p

(2π)3
ni(p)σfree

[
1− nf (p

′)
]

ni(p) = θ (pF − p) , nf (p
′) = θ

(
pF − p′) V = 3π2A/(2p3F )
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Relativistic fermi gas model

Cross section of DM scattering on a nucleus. Introduce the binding energy ϵb such

that p0 = Ep − ϵb, and p
′ 0 = Ep′ , with Ep = (m2

N + |p|2)1/2 and
Ep′ = (m2

N + |p′|2)1/2.
Key step: nucleon to nucleus tensor conversion

∫
d3p pµpνpαpβ →

∫
d3p f(p)× tensor of{pµT, qν}
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Example: spin-1 portal

Simple spin-1 portal effective interaction in momentum space

Lint = α1
ψ̄γµψq̄γµq

q2 −m2
eff

+ α2
ψ̄γµγ5ψq̄γµγ

5q

q2 −m2
eff

+ α3
ψ̄γµγ5ψq̄γµq

q2 −m2
eff

+ α4
ψ̄γµψq̄γµγ

5q

q2 −m2
eff

Possible UV Lagrangian

Lspin−1 = ψ̄
(
i/∂ + g1 /V + g2 /V γ

5 −M
)
ψ + q̄

(
g1 /V + g2 /V γ

5
)
q

−1

4
(∂µVν − ∂νVµ) (∂

µV ν − ∂νV µ) +
1

2
m2

effVµV
µ

Matching
α1 = g21, α2 = g22, α3 = α4 = g1g2
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Example: spin-1 portal

Amplitude squared

∑

spins

|M|2 = 1
(
q2 −m2

eff

)2T
χ
µνT

N µν

Nucleon tensor

TN µν = gµνH1 +
pµpν

m2
N

H2 +
pµqν + pνqµ

2m2
N

H3 +
qµqν

m2
N

H4 + iϵαβµν
pαqβ
m2

N

H5

Hi are form factors.
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Example: spin-1 portal

Nucleon level and nucleus level conversion

TN µν = gµνW1 +
pµT pνT
m2

T

W2 +
pµT qν + pνT qµ

2m2
T

W3 +
qµqν

m2
T

W4 + iϵαβµν pTαqβ

m2
T

W5

Rest target pµT = mT δµ0 , basis integral Anmk =
∫
d3p

pn0 pmz |p|2k
mr

N
f(p, q0, q)

W1 = A000H1 +
1

2
(A020 −A001)H2 ,

W2 =

[
1

2

(
1− q20

|q|2
)
A001 − 1

2

(
1− 3

q20
|q|2

)
A020 +A200 − 2

q0

|q|A110

]
H2 ,

W3 =
mT

mN

(
A100 −A010

q0

|q|

)
H3 +

mT

|q|

[
(A001 − 3A020)

q0

|q| + 2A110

]
H2 ,

W4 =
m2

T

m2
N

[
A000H4 +

m2
N

|q|2
(
3

2
A020 − 1

2
A001

)
H2 +A010

mN

|q| H3

]
,

W5 =
mT

mN

[
A010

q0

|q| −A100

]
H5 ,
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Example: spin-1 portal

Differential cross section of spin-1 portal
DM scattering on Argon (A=40) nucleus
target, M = 0.1 GeV, T = 1 GeV,
pF = 0.27GeV, meff = 0.001 GeV to 0.1
GeV (Tulin, Yu and Zurek, 1302.3898),

▶ vector α1 = 0.001, α2 = α3 = α4 = 0

▶ axial-vector
α2 = 0.001, α1 = α3 = α4 = 0

▶ mixed α1 = α2 = α3 = α4 = 0.001

0.01 0.10 1.00
Q 2(GeV2)

10 34

10 33

10 32

10 31

10 30

10 29

10 28

d
/d

Q
2 (

cm
2 G

eV
2 )

Spin-1 Portal Fermion DM

vector
axial-vector
mixed
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Example: spin-2 portal

Bi-gravity portal model (QC and Zhou, 2310.03079),symmetry breaking DiffL ×DiffR → DiffV

Sbi−gravity =
1

2
M2

pl

∫
d4x

√
|det g|R[g] + 1

2
M2

f

∫
d4x

√
|det f |R[f ]

+
1

4
M2

fm
2

∫
d4x

√
|det f |

4∑

n=0

αnUn[K[g, f ]]

S = Sbi−gravity +

∫
d4x

√
|det geff | LSM +

∫
d4x

√
|det f eff | LDM
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Example: spin-2 portal

Effective QCD operators for spin-2 portal model

O(0)
q = mq q̄q , O(0)

g = GA
µνG

Aµν

O(2)µν
q =

1

2
q̄

(
γ{µiDν}

− − gµν

d
i /D−

)
q

O(2)µν
g = −GAµλGAν

λ +
1

d
gµν(GA

αβ)
2

Massive spin-2 propagator

P
(2)
µναβ =

(
1

2
η̃µαη̃νβ +

1

2
η̃µβ η̃να − 1

3
η̃µν η̃αβ

) −i
q2 −m2

eff + iϵ

with η̃µν = −ηµν + qµqν/m
2
eff
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Example: spin-2 portal

0.01 0.10 1.00
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Figure: Differential cross sections for spin-2 portal (semi)relativistic dark matter and Argon
nucleus scattering.
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Summary and Outlook

▶ A general framework for cross section computation on detecting light-portal dark
matter with proper treatment of finite momentum transfer.

▶ Effective DM and QCD non-local interaction through dimension-8.

▶ LQCD matrix elements input and Relativistic Fermi gas model being applied and
developed to higher ranks to account for nuclear effect.

▶ With DM flux information input, event rate can be computed and compared with
experiments.
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Thank you!
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Heavy WIMP EFT

Self-conjugate (Majorana) particle χ is a representation of SU(2)W × U(1)Y with mass
M ≫ mW . The effective theory in the one-heavy-particle sector takes the form

LHWET = χ̄(µ)
v

[
iv ·D − δM − D2

⊥
2M

− f(H)

M
− g(W,B)

M
+ . . .

]
χv(µ)

where Dµ
⊥ = Dµ − vµ(v ·D).

▶ Kinetic terms: Universal

▶ Interaction terms: UV and representation-dependent
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Matching

Figure 2: Diagrams contributing to up to 1/M quark matching, with the same notation as in Fig. 1
except that the zigzag lines are symmetry broken gauge bosons. Diagrams with crossed W lines are not
displayed.

Figure 3: Diagrams contributing to up to 1/M gluon matching, with the same notation as in Fig. 2.
Curly lines denote gluons. Diagrams with both gluons attached to the upper quark line or with one gluon
attached to each of the upper and lower quark lines are not shown.

6 Matching below electroweak scale

Integrating out the weak scale, matching to five-flavor QCD scale e↵ective theory up to 1/M� order,

L = h̄low
0 hlow

0 {
X

q=u,d,s,c,b

[c(0)
q O(0)

q + c(2)
q vµv⌫O(2)µ⌫

q ] + c(0)
g O(0)

g + c(2)
g vµv⌫O(2)µ⌫

g } (41)

The bare coe�cients are as follows

c
(0)
U =

⇡�(1 + ✏)g4
2

(4⇡)2�✏

⇢
� m�3�2✏

W

4x2
h

(1 +
1

2c3
W

) +
m�3�2✏

Z

32c4
W

(c
(U)2
V � c

(U)2
A ) + O(✏)

�

+
m�2

W

M

(a + |b| + c)

x2
h

(42)

c
(0)
D =

⇡�(1 + ✏)g4
2

(4⇡)2�✏

⇢
� m�3�2✏

W

4x2
h

(1 +
1

2c3
W

) +
m�3�2✏

Z

32c4
W

(c
(D)2
V � c

(D)2
A )

��Dbm
�3�2✏
W

xt

16(xt + 1)3
+ O(✏)

�
+

m�2
W

M

(a + |b| + c)

x2
h

(43)

c(0)
g =

⇡[�(1 + ✏)]2g4
2g

2

(4⇡)4�2✏

⇢
m�3�4✏

W

12


1

x2
h

⇣
1 +

1

2c3
W

� 4

↵2
2

mW

⇡M
(a + |b| + c)

⌘
+ 1 +

1

2(xt + 1)2

�

6

Figure: Diagrams contributing to quark operators matching. Double line denotes heavy WIMP, dashed line
denotes Higgs boson, solid line denotes quark, zigzag line denotes W/Z bosons, encircled cross denotes insertion
of a 1/M effective theory vertex.Figure 2: Diagrams contributing to up to 1/M quark matching, with the same notation as in Fig. 1

except that the zigzag lines are symmetry broken gauge bosons. Diagrams with crossed W lines are not
displayed.

Figure 3: Diagrams contributing to up to 1/M gluon matching, with the same notation as in Fig. 2.
Curly lines denote gluons. Diagrams with both gluons attached to the upper quark line or with one gluon
attached to each of the upper and lower quark lines are not shown.

6 Matching below electroweak scale

Integrating out the weak scale, matching to five-flavor QCD scale e↵ective theory up to 1/M� order,
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The bare coe�cients are as follows
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Cross Sections
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Figure: Scattering cross section for different bosonic WIMP multiplets on proton. (Qing Chen, Gui-Jun
Ding and Richard J. Hill, PRD 2023, arXiv:2309.02715)
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Figure: Scattering cross section for different fermionic WIMP multiplets on proton. (Qing Chen,

Gui-Jun Ding and Richard J. Hill, PRD 2023, arXiv:2309.02715)
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