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We investigate the phenomenological viability of real spin half, zero, and one dark matter candidates,
which interact predominantly with third-generation heavy quarks and gluons via the 28 gauge invariant
higher-dimensional effective operators. The corresponding Wilson coefficients are constrained one at a
time from the relic density ΩDMh2 ≈ 0.1198. Their contributions to the thermally-averaged annihilation
cross sections are shown to be consistent with the FermiLAT and H.E.S.S. experiments’ projected upper
bound on the annihilation cross section in the bb̄ mode. The tree-level gluonphilic and one-loop induced
heavy-quarkphilic dark matter (DM) nucleon direct detection cross sections are analyzed. The non-
observation of any excess over expected background in the case of recoiled Xe nucleus events for spin-
independent DM-nucleus scattering in XENON-1T sets the upper limits on the 18 Wilson coefficients. Our
analysis validates the real DM candidates for the large range of accessible mass spectrum below 2 TeV for
all but one interaction induced by the said operators.
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I. INTRODUCTION

Regardless of the unequivocal astrophysical evidences
from rotation velocity curves [1] via mass-to-luminosity
ratio, Bullet Cluster [2], and precision measurements of the
cosmic microwave background (CMB) from WMAP [3]
and PLANCK [4] satellites etc., we have no clue about the
fundamental nature of dark matter (DM) which forms the
dominant matter component of the Universe. Dedicated
experiments for the direct detection of DM such as LUX
[5], XENON-1T [6], DarkSide50 [7], PandaX-4T [8] and
CRESST-III [9], PICO-60 [10], and PICASSO [11] are
designed to measure the momentum of the recoiled atom
and/or nucleus due to the scattering of DM particles off the
subatomic constituents of the detector material [12–14]. We
have not seen any significant signal excess over the
expected background yet. PandaX-4T [8] and PICO-60
[10] have recently lowered the upper limits of the measured
sensitivities at 90% C.L. corresponding to (a) spin-inde-
pendent cross sections at 3.3 × 10−47 cm2 for 30 GeV DM

and (b) spin-dependent cross sections at 2.5 × 10−41 cm2

for 25 GeV DM, respectively. There are efforts being made
to understand the nature of DM interactions by indirectly
detecting DM resulting from DM pair annihilations to SM
particles using space-based facilities such as Fermi-LAT
[15], PLANCK data [4], MAGIC [16], and some ground-
based large neutrino detectors such as HESS [17], Ice Cube
[18], ANTARES [19], Super-Kamiokande [20], etc.
Several experiments, past and ongoing, have constrained a

plethora of viable UV complete dark matter models formu-
lated bywriting renormalizable Lagrangianswith heavynon-
SM mediators (spin 0�, 1=2, 1, 2) facilitating interactions
between DM and SM particles [21–31]. The models with
Higgs bosons as mediators have been excluded by the recent
collider experiments [32]. Analogous analysis has also been
performed in the domain of the effective field theory (EFT)
for the EW-Boson-philic DM operators [33–35]. Recently,
the GAMBIT Collaboration performed a global analysis for
signatures of SM gauge singlet Dirac fermion DM at LHC in
the EFT setup with simultaneous activation of 14 effective
operators constructed in association with light quarks,
gluons, and photons (up to mass dimension seven) where
the authors have disfavored the exclusive contribution of
DM ≤ 100 GeV [36]. The possibility of sterile neutrinos as
DM candidates interacting with the third-generation fer-
mions has been recently analyzed in the EFT approach in
Ref. [37]. The collider signatures of the effective leptophilic
DM operators have been studied for the proposed ILC
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through eþe− → γ þ ET [38–44] and eþe− → Z0 þ ET
[45,46] channels. Sensitivity analysis forDM-quark effective
interactions at LHC have been performed [47–51] in a
model-independent way for the dominant (a) monojetþ
ET, (b) mono-b jetþ ET, and (c) mono-t jetþ ET processes.
Various topphilic DM inspired models have been studied

and constrained [52–58] by the cosmological relic density
criteria, direct detection and indirect detection experiments.
The interactions of heavy-quarkphilic DM are also con-
strained by the ongoing collider experiments. The CMS
[59,60] and ATLAS [61] Collaborations investigated the
dominant scalar-mediated production of t-quarkphilic DM
particles in association with a single top quark or a pair of
tt̄. The CMS Collaboration recently conducted an exclusive
search analysis for the b-philic DM in reference [62]. Many
authors in the literature have explored monojetþ ET mode
at the LHC for the viable signatures of the scalar current
induced heavy-quarkphilic DM interactions [51,63–65]. A
comprehensive search analysis for heavy scalar mediated
topphilic DM models for monojets+ ET, mono-Z, mono-h,
and tt̄ pair productions at LHC can be found in [66,67].
The phenomenology of spin 1=2, 0, and 1 real DM

deserves a special mention in the context of their contri-
butions to the DM-nucleon scattering events in the direct
detection experiments. In the absence of the contributions
from vanishing vector operators for Majorana and real
vector DM, the spin-independent DM-nucleon scattering
cross sections are found to be dominated by the respective
scalar and dimension-8 twist operators [68–75]. The
pseudoscalar current contribution to the DM-nucleon
scattering cross section is found to be spin dependent
and velocity suppressed. Similar studies have also been
undertaken for leptophilic real DM candidates [39,40].
In this context, it is worthwhile to investigate the WIMP

DM phenomenology induced by heavy-quarkphilic and
gluonphilic scalar, pseudoscalar, axial-vector, and twist-2
real-DM operators and explore whether they satisfy the
relic density criteria and other experimental constraints for
a DM mass between 10 GeV and 2 TeV. We introduce the
effective Lagrangian for real spin 1=2, 0, and 1 DM
particles in Sec. II. In Sec. III, we discuss the phenom-
enology of the dark matter. We investigate the cosmological
constraints on the DM in Sec. III A. In Sec. III B, we predict
and analyze the thermally-averaged DM pair-annihilation
cross section. Section III C details the computation of
DM-nucleon scattering cross sections and expected recoil
nucleus event(s) for XENON-1T [6] setup. Section IV
summarizes our study and observations.

II. HEAVY-QUARK AND GLUONPHILIC DM
EFFECTIVE OPERATORS

It is a fact that in a beyond the standard model (BSM)
renormalizable gauge theory, as long as the energy range of
DM-SM interaction is much below the mediator mass, the

study of DM interactions can be restricted by the DM and
SM degrees of freedom and their symmetries.
The higher-dimensional effective operators are obtained

from the BSM Lagrangian by writing the operator product
expansion of currents in the limit p2=m2

Med: ≪ 1, where pμ

represents the four-momentum of the virtual mediator of
mass mMed. This facilitates the effective contact interaction
between DM and any SM third-generation heavy quark/
gluon, assuming that the mediator mass scale mMed. is of
the order of the effective theory cutoff ð∼ΛeffÞ, which is
much heavier than the masses of the SM and DM fields in
general.
For example, in renormalizable models, the interaction

between a Majorana DM χ and a third-generation quark ψ
can be written as

LDim: 4 ¼ ψ̄ðaþ bγ5Þχηþ ψ̄γμðcþ dγ5Þχζμ þ H:c: ð1Þ

where η and ζμ are electrically charged scalar and vector
fields, respectively. This interaction Lagrangian facilitates
the Majorana DM-quark interaction via t-channel exchange
of the heavy η and/or ζμ. Thus, expanding the propagator in
powers of p2=m2

Med, yields the higher-dimensional effective
four-fermion interaction for Majorana DM and heavy
quarks. The scalar, pseudoscalar, axial-vector, and twist-
2 operators are all induced by this expansion [68]. When
compared to a spin-2 graviton mediated model, the twist
operator corresponds to the contribution from traceless part
of the energy-momentum tensor Tμν [76]. In various
WIMP-inspired renormalizable electroweak models, such
effective interactions between the SM and Majorana DM
particles are also realized by s-channel processes, where
the interactions are mediated by non-SM heavy scalar/
pseudoscalar/axial-vector or spin-2 tensor particles [77,78].
Since the DM-gluon interactions can be naturally real-

ized via one-loop interactions of the DM particles either
with SM heavy quarks or BSM nonsinglet colored spin
1=2, 0, and 1 exotics at the next order in the strong coupling
constant, it becomes all the more necessary to include the
study of effective operators constructed independently with
a Majorana DM bilinear and a pair of gluons at the leading
order of ∼αs=π.
The phenomenological effective Lagrangian for the

heavy-quarkphilic and gluonphilic Majorana DM, χ, is
written as

Lχ
eff ¼

Cq
χS

Λ3
Oq

χS þ
Cq
χPS

Λ3
Oq

χPS þ
Cg
χS

Λ4
Og

χS þ
Cg
χPS

Λ4
Og

χPS

þ Cq
χAV

Λ2
Oq

χAV þ
Cp
χT1

Λ4
Op

χT1
þ Cp

χT2

Λ5
Op

χT2
: ð2Þ

The Oq
χS ;O

q
χPS ;O

q
χAV , and Oq

χTi
representing the third-

generation quarkphilic scalar, pseudoscalar, axial-vector
and twist-2 type-1 and type 2 operators, respectively along
with Og

χS ;O
g
χPS , and Og

χTi
representing the gluonphilic
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scalar, pseudoscalar, and twist-2 type-1 and type-2 oper-
ators, respectively are defined as

Oq
χS ¼mqðχ̄χÞðq̄qÞ; Og

χS ¼
αs
π
mχðχ̄χÞGA

μνGAμν;

Oq
χPS ¼mqðχ̄γ5χÞðq̄γ5qÞ; Og

χPS ¼
αs
π
mχðiχ̄γ5χÞGA

μν
gGAμν;

Oq
χAV ¼ ðχ̄γμγ5χÞðq̄γμγ5qÞ;

Oq
χT1

¼ ðχ̄i∂μγνχÞOq
μν; Og

χT1
¼ ðχ̄i∂μγνχÞOg

μν;

Oq
χT2

¼ ðχ̄i∂μi∂νχÞOq
μν; Og

χT2
¼ ðχ̄i∂μi∂νχÞOg

μν: ð3Þ

The second rank twist-tensor currents Oq
μν and Og

μν for the
heavy quarks and gluons respectively are given as

Oq
μν ≡ i

1

2
qL

�
DμLγν þDνLγμ −

1

2
gμνDL

�
qL

þ i
1

2
qR

�
DμRγν þDνRγμ −

1

2
gμνDR

�
qR ð4aÞ

Og
μν ≡

�
ðGAÞμρðGAÞνρ −

1

4
gμνðGAÞρσðGAÞρσ

�
; ð4bÞ

where DμL and DμR are the covariant derivatives for left-
and right-handed quarks respectively in SM. The contri-
bution from the vector operator vanishes for the real
particles. We exclude the contribution of the dimension-
9 twist-2 type-2 operators Og

χT2
in our analysis because we

are only interested in the effective operators up to mass
dimension-8.
We extend the domain of our analysis to include the

effective contact interactions of real scalar ϕ0 and vector V0
μ

DM candidates with SM third-generation heavy quarks and
gluons. The effective scalar DM Lagrangian are given as

Lϕ0

eff ¼
Cq
ϕ0
S

Λ2
Oq

ϕ0
S
þ
Cg
ϕ0
S

Λ2
Og

ϕ0
S
þ
Cp
ϕ0
T2

Λ4
Op

ϕ0
T2

; ð5Þ

where

Oq
ϕ0
S
¼ðϕ0ϕ0ÞmqðqqÞ; Og

ϕ0
S
¼αs

π
ðϕ0ϕ0ÞGA

μνGAμν;

Oq
ϕ0
T2

¼ðϕ0i∂μi∂νϕ0ÞOq
μν; Og

ϕ0
T2

¼ðϕ0i∂μi∂νϕ0ÞOg
μν: ð6Þ

The Oq=g
ϕ0
S
and Oq=g

ϕ0
T2

are the scalar and second rank twist-2

type-2 operators respectively. There are no contributions
from pseudoscalar and axial vector currents for the scalar
DM operators.

The effective vector DM Lagrangian is given as

LV0

eff ¼
Cq
V0
S

Λ2
Oq

V0
S
þ
Cq
V0
PS

Λ4
Oq

V0
PS
þ
Cg
V0
S

Λ2
Og

V0
S
þ
Cg
V0
PS

Λ4
Og

V0
PS

þ
Cq
V0
AV

Λ2
Oq

V0
AV

þ
Cp
V0
T2

Λ4
Op

V0
T2

: ð7Þ

The heavy quarkphilicOq
V0
S
,Oq

V0
PS
,Oq

V0
AV
,Oq

V0
T2

representing

the third-generation quarkphilic scalar, pseudoscalar, axial-
vector and twist-2 type-2 operators respectively and gluon-
philic Og

V0
S
, Og

V0
PS
, and Og

V0
T2

operators corresponding to the

scalar, pseudoscalar and second rank twist-2 type-2 inter-
actions, respectively are defined as

Oq
V0
S
¼ ðV0ÞρðV0Þρmqðq̄qÞ;

Og
V0
S
¼ αs

π
ðV0ÞρðV0ÞρGA

μνGAμν;

Oq
V0
PS
¼ ðV0Þρσ gðV0Þρσmqðiq̄γ5qÞ;

Og
V0
PS
¼ αs

π
ðV0Þρσ gðV0ÞρσGA

μν
gGAμν;

Oq
V0
AV

¼ iϵμνρσðV0Þμi∂νðV0Þρq̄γσγ5q;
Oq

V0
T2

¼ ðVρÞi∂μi∂νðVρÞOq
μν;

Og
V0
T2

¼ ðVρÞi∂μi∂νðVρÞOg
μν; ð8Þ

where ϵμνρσ is the totally antisymmetric tensor with
ϵ0123 ¼ þ1.
In this study, each operator’s phenomenology is inves-

tigated independently, assuming that the unique interaction
contributes to the total relic density for DM.

III. PHENOMENOLOGICAL CONSTRAINTS
ON REAL DM

A. Contribution of DM to the relic density

The present day relic abundance of the DM species
nDMðtÞ can be calculated by solving the Boltzmann
equation

dnDM
dt

þ 3H0nDM ¼ −hσannjv⃗DMjiððnDMÞ2 − ðneqDMÞ2Þ; ð9Þ

where neqDM is the DM number density at thermal equilib-
rium, H0 is the Hubble constant, jv⃗DMj is relative
velocity of the DM pair and hσannjv⃗DMji is the thermal
average of the annihilation cross section [79]. It is custom-
ary to parametrize ρDM ≡ΩDMh2ρc, where ρc ≡ 1.05373 ×
10−5h2=c2 GeV cm−3 is the critical density of the Universe
and dimensionless h is the current Hubble constant in units
of 100 km=s=Mpc. Solving the Boltzmann equation [80]
we then get
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ΩDMh2¼ ρDM

ρcritical
h2

≈ 0.12

�
2.2×10−26 cm3=s

hσannjv⃗DMji
��

80

geff

�
1=2

�
mDM=TF

23

�
;

ð10Þ

where parameter xF ≡mDM=TF is a function of degrees of
freedom of the DM g, the effective massless degrees of
freedom geff (∼106.75 and 86.75 above mt and mb mass
thresholds, respectively) at freeze-out temperature TF,

xF ¼ ln

�
aðaþ 2Þ

ffiffiffiffiffi
45

8

r
gMpl

2π3
mDMhσannjv⃗DMjiffiffiffiffiffi

xF
p

geffðxFÞ
�
;

a ∼Oð1Þ and Mpl ¼ 1.22 × 1019 GeV: ð11Þ

The predicted DM relic density ΩDMh2 of 0.1138�
0.0045 and 0.1198� 0.0012 by the WMAP [3] and
Planck [4] Collaborations, respectively restrict the thermal
averaged DM annihilation cross section hσjv⃗DMji ≥ 2.2 ×
10−26 cm3 s−1 as a smaller thermally-averaged cross section
would render a largeDMabundancewhichwill overclose the
Universe. We have analytically calculated the DM pair-
annihilation cross sections to a pair of third-generation heavy
quarks and gluons in Appendix A.
We investigate the DM relic density contributions

propelled by the thermally-averaged annihilation cross
sections given in Appendix B corresponding to the scalar,
pseudoscalar, axial-vector and twist-2 currents of the heavy
quarks for a given Majorana/scalar/vector DM. The anni-
hilation channels induced by the scalar, pseudoscalar, and
twist-2 currents of gluons also contribute to the relic
abundance of Majorana, scalar and vector DM.
Throughout our investigation, we assumed that the

operators would be actuated one at a time. As a result,
the constraints on all 28 Wilson coefficients jCq;g

DMiOj
=Λnj in

TeV−n (DMi ≡ χ;ϕ0; V0, and Oj ≡ S=PS=AV=T1=T2 are
derived by triggering the lone contribution from the
associated operator to fulfill the relic density ΩDMh2 ≈
0.1198� 0.0012 [4]. Due to its only action, these con-
straints can be regarded as a cosmologically acceptable
lower limits on the corresponding Wilson coefficients,
which translate to upper bounds on the respective cutoffs
jCq;g

DMiOj
j−1=nΛ in units of TeV for a given DM mass. When

the Wilson coefficient is greater than its lower limit for a
given DM mass, it partially meets the relic density.
It is important to note that because we can raise the

annihilation cross section by turning on more Wilson
coefficients, we can easily imagine a scenario in which
they all reside below their lower limit without overclosing
the Universe with DM. To put it another way, if we set two
distinct Wilson coefficients to their lower limits for a given
DM mass, we plainly underproduce DM because the
overall annihilation cross section is larger. Therefore, in

order to be consistent with a multiple species of DM model
satisfying the relic density constraint, this lower bound on
the specific Wilson coefficient will further reduce when
more than one coupling are triggered simultaneously.
However, the rest of our analysis is focused on the scenario
where the sole operator contributes to the relic density.
For numerical computation of the DM relic density, we

have usedMadDM [81,82], which implements the exact and
closed expression for thermally-averaged annihilation cross
section as discussed by the authors in Ref. [79]. The input
model file required by the MadDM is generated using
FeynRules [83,84], which calculates all the required cou-
plings and Feynman rules by using the full Lagrangian
given in Eqs. (3), (6), and (8) corresponding to Majorana,
scalar and vector DM particles, respectively. We have
further verified and validated our numerical results from
micrOMEGAs [85]. The constant relic density contours are
depicted in Figs. 1–3 corresponding toMajorana, real scalar
and real vector DM candidates respectively in the plane
defined by mDMi

− jCq;g
DMiOj

j−1=nΛ.
The thermally-averaged DM pair-annihilation cross sec-

tion is found to be ∼2 × 10−26 cm3 s−1 corresponding to a
relic density of 0.1198, which essentially provides the
functional dependence and shape profile of the Wilson
coefficients with the varying DM mass corresponding to
each four-point effective operator. In order to understand
the shape profile of the relic density contours, hσvi may be
expanded analytically in power series of jvDMj2 and then
the contribution of the leading terms may be investigated.
The velocity of the DM at freeze-out is considered to be
0.3c. We observe that
(a) Due to the constrained thermally-averaged cross sec-

tion, the cutoff Λ for Majorana DM scalar and
pseudoscalar operators in Figs. 1(a) and 1(b) varies
as ðmfmχÞ1=3 and therefore shows a steep rise for
topphilic DM in comparison to the bottomphilic case.
However, the pseudoscalar contribution dominates
over its scalar counterpart due to its contribution from
the leading velocity-independent term in Eq. (B1b).
The cutoffs for leading contributions from the quark-
philic twist operator and velocity suppressed gluon-
philic scalar, pseudoscalar, and twist operators are
found to increase monotonously with increasing DM
mass as m3=4

χ .
(b) The s-wave contribution in the thermal averaged

annihilation cross section hσAVjv⃗χ ji given in Eq. (B1c)
is proportional tom2

f which follows from the chirality-
conserving property of axial-vector operator [86]. The
variation of hσAVjv⃗χ ji with the increasing DM mass is
found to be largely determined by the terms propor-
tional to m2

χ in the converging power series expansion
as explicitly shown in Eq. (B1c). As a consequence, to
satisfy the relic density constraint, the cutoff varies
with respect to DM mass as ðmχ jv⃗χ jÞ1=2, i.e., faster
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than scalar and pseudoscalar but slower than the twist
operator, as shown in Figs. 1(a) and 1(b).

(c) The cutoffs for the scalar and twist operators induced
by heavy-quarkphilic scalar and vector DM candidates
are depicted in Figs. 2(a), 2(b), and 3(a), 3(b),
respectively. In case of scalar interactions, the cutoffs
are found to be independent of the DM masses,
whereas the cutoff for the heavy-quarkphilic vector
DM pseudoscalar operator is found to be monoto-
nously increasing as ðmV0Þ1=2. In case of twist oper-
ators, the cutoff variation goes as ðmϕ0Þ1=2 for scalar
DM, while for vector DM scenario, it is d-wave
suppressed and goes as jv⃗V0 j1=2ðmV0Þ3=4.

(d) the gluonphilic scalar, pseudoscalar, and twist inter-
actions corresponding to Majorana DM are p-wave
suppressed and the cutoff dependences are depicted
in Fig. 1(c). The cutoffs corresponding to gluonphilic
scalar, pseudoscalar, and twist operators for vector
DM candidates are constrained to vary as ðmV0Þ1=2,
jv⃗V0 j1=4ðmV0Þ3=4, and jv⃗V0 j1=2ðmV0Þ3=4, respectively,
as shown in Fig. 3(c). The observed relative sup-
pression of the constrained cutoff for the twist

operator is due to the velocity dependence. The same
follows for the scalar DM candidates corresponding
to the gluonphilic scalar and twist operators in
Fig. 2(c).

B. Indirect detection of DM pairs

Today, the WIMP dark matter in the Universe is expected
to be trapped in large gravitational potential wells, which
further enhances the number density of DM in the region,
resulting in frequent collisions among themselves. This
facilitates DM-DM pair annihilation into a pair of SM
particles (photons, leptons, hadronic jets, etc.) at the
galactic center, in dwarf spheroidal galaxies (dSphs),
galaxy clusters, and galactic halos. The dwarf spheroidal
satellite galaxies of the MilkyWay are especially promising
targets for DM indirect detection due to their large dark
matter content, low diffuse galactic γ-ray foregrounds as
they travel the galactic distance, and lack of conventional
astrophysical γ-ray production mechanisms. Their flux is
observed by the satellite-based γ-ray observatory Fermi-
LAT [87], PLANCK [4], primary cosmic rays measure-
ments by AMS-02 [88,89] on the International Space

FIG. 1. We depict relic density contours satisfyingΩχh2 ¼ 0.1198 [4] and shaded cosmologically allowed regions in the plane defined
by Majorana DM mass mχ and jCq=g

χS;PS;AV;T1
j−1=nΛ. The b-quarkphilic and t-quarkphilic Majorana DM contours in Figs. 1(a) and 1(b) are

drawn corresponding to scalar, pseudoscalar, axial-vector and twist-2 type-1 operators. The gluonphilic Majorana DM contours in
Fig. 1(c) are drawn for scalar, pseudoscalar, and twist-2 type-1 operators.
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Station, the ground-based Cherenkov telescope H.E.S.S.
[17,90–92], HAWC [93–95], and MAGIC [16].
t-quarkphilic DM annihilation yields a pair of tt̄, where

the tðt̄Þ decays into bðb̄Þ associated with Wþ (W−) with
100% branching fraction. The charged gauge bosons then
decays in either leptonic or semileptonic or hadronic
modes. The gluons and/or pair of bb̄ produced by DM
pair annihilation hadronize partially to neutral pions, which
then decay to photon pairs (π0 → γγ) with a 99% branching
fraction, yielding a broad spectrum of photons. In order to
compare the photon spectra observed in FermiLAT [15]
and H.E.S.S [17] experiments, the photon flux resulting
from the DM pair annihilations is realized by interfacing
the MadDM algorithm [82] with the showering and
hadronization simulated using PYTHIA 8.0 code [96]. In
this subsection, we compare the thermally-averaged DM
annihilation cross sections corresponding to the bb̄, tt̄, and
gg channels in the dSphs environment with the upper
bounds calculated from the respective recasted experimen-
tal limits of the observed photon spectra.
The analytic expressions of thermally-averaged DM

pair-annihilation cross sections hσjv⃗DMji for Majorana,

scalar, and vector DM are given in Appendix B and agree
with what is known for other fermions in the literature
[40,46,97,98]. These are derived from the cross sections in
Appendix A in which the center of mass energy squared s
is expanded as ≈4m2

DM þm2
DMjv⃗DMj2 þ 3

4
m2

DMjv⃗DMj4 þ
Oðjv⃗DMj6Þ. It is to be noted that DM velocity jv⃗DMj is
roughly of the order of ∼10−3c at the center of the Galaxy
and 10−5c at dSphs in contrast to that of 10−1c at freeze-
out. In comparison to all chiral blind s-dominated proc-
esses, the leading-term contributions from the p-wave and
d-wave channels in hσjv⃗DMji are proportional to jv⃗DMj2
and jv⃗DMj4, respectively, and are thus suppressed. This
renders the leading p-wave suppressed thermally-averaged
DM pair-annihilation cross section to be of the order of
10−32 cm3 s−1 in the galactic center and 10−36 cm3 s−1

at the dSphs respectively. Henceforth, our the numerical
analysis of the leading-order contribution to the velocity
dependent/independent thermally-averaged cross sec-
tions are performed for dSphs and only those hσjv⃗DMji
are depicted in the figures which are larger than
10−29 cm3 s−1.

FIG. 2. We depict relic density contours satisfying Ωϕ0

h2 ¼ 0.1198 [4] and shaded cosmologically allowed regions in the plane
defined by Majorana DM mass mϕ0 and jCq=g

ϕ0
S;T1

j−1=nΛ. The b-quarkphilic, t-quarkphilic and gluonphilic scalar DM contours in

Figs. 2(a)–2(c) are drawn corresponding to scalar and twist-2 type-2 operators, respectively.
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For varying mDM, we investigate the contributions to the
thermally-averaged DM pair-annihilation cross sections into
bb̄, tt̄, and gg pairs. Using the respective Wilson coefficients
satisfying the relic density constraint for a givenmχ as shown
in Fig. 1, we calculate and depict the variation of cosmo-
logical bound on the thermally-averagedMajorana DMpair-
annihilation cross sections with Majorana DM mass for
χχ̄→bb̄ and χχ̄→ tt̄ in Figs. 4(a) and 4(b) respectively.
We observe that the shape profile of the axial-vector

induced contribution to the thermally-averaged DM pair-
annihilation cross section with varying DM mass is

governed by the term ð1þ 1
3

m2
χ

m2
f
jv⃗χ j2 þ � � �Þ in Eq. (B1c),

which is approximately ∼1 for the range of DM masses of
phenomenological interest. This is in contrast to the case of
relic density computation, where the Wilson coefficient
decreases with increasing DM mass to satisfy the relic
density constraint. The use of these decreasing constrained
couplings with increasing DMmasses in Figs. 4(a) and 4(b)
is responsible for the negative slope of the hσjv⃗χ ji.
In case of the twist-2 type-1 operator the suppression due

to increment in the cosmological upper bound on Λ is

compensated with the increment in the DM mass alone.
The negligible contributions from the heavy-quarkphilic
scalar Oq

χS operator given in Eq. (B1a) is attributed to the
chiral suppression along with DM velocity dependence
while gluonphilic scalar Og

χS, pseudoscalar O
g
χPS, and twist-

2 type-1 Og
χT1

operators given in Eqs. (B2a)–(B2c) respec-
tively are p-wave suppressed (≪10−29 cm3 s−1) and hence
not shown in the graph.
Similarly, we plot the variation of the cosmological

bound of the thermally-averaged DM annihilation cross
section (ϕ0ϕ0 → bb̄=tt̄=gg) with scalar DM mass mϕ0 in
Fig. 5. The hσjv⃗ϕ0 ji induced by the heavy-quarkphilic
twist-2 type-2 operator Oq

ϕ0
T2

given in (B3b) is chirally

suppressed and therefore falls sharply with an increasing
DM mass as shown in Fig. 2. The sharp fall in the
t-quarkphilic case, on the other hand, is flattened for DM
mass ranges of less than 2 TeV. The gluonphilic twist-2
type-2 operator is d-wave ∝v4 suppressed as shown
in Eq. (B4b). Figure 6 shows the thermally-averaged
vector DM pair-annihilation cross sections of the third-
generation quarks and gluons with varying vector DM

FIG. 3. We depict relic density contours satisfyingΩV0

h2 ¼ 0.1198 [4] and shaded cosmologically allowed regions in the plane defined
byMajoranaDMmassmV0 and jCq=g

V0
S;PS;AV;T1

j−1=nΛ. Theb-quarkphilic and t-quarkphilic vectorDMcontours in Figs. 3(a) and 3(b) are drawn

corresponding to scalar, pseudoscalar, axial-vector and twist-2 type-2 operators. Thegluonphilic vectorDMcontours for Fig. 3(c) are drawn
corresponding to scalar, pseudoscalar, and twist-2 type-2 operators.
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FIG. 5. Figures 5(a)–5(c) depict the thermally-averaged cross sections for real scalar DM pair annihilation into bb̄, tt, and gg pairs,
respectively. The contributions from scalar and twist-2 type-2 operators in the panels are evaluated using their respective values for
jCq;g

ϕ0
S;T2

=Λnj satisfying Ωϕ0

h2 ¼ 0.1198� 0.0012 [4] as shown in Fig. 2 and hence, the unshaded regions above the respective curves are

cosmologically allowed. Regions above the recasted experimental limits obtained from FermiLAT [15] as well as H.E.S.S. [17] are
excluded.

FIG. 4. Figures 4(a) and 4(b) depict the thermally-averaged cross sections for Majorana DM pair annihilation into bb̄ and tt̄ pairs,
respectively. The contributions from pseudoscalar, axial-vector, and twist-2 type-1 operators in both the panels are evaluated using
values for jCq

χPS;AV;T1
=Λnj satisfying Ωχh2 ¼ 0.1198� 0.0012 [4] as shown in Fig. 1 and hence, the unshaded regions above the

respective curves are cosmologically allowed. Regions above the recasted experimental limits obtained from FermiLAT [15] as well as
H.E.S.S. [17] are excluded.
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mass corresponding to the respective cosmological
bound on the Wilson coefficient as shown in Fig. 3.
Unlike the chiral p-wave suppressed pseudoscalar and
axial-vector operators and d-wave suppressed twist-2
type-2 operators, we observe an appreciable contribu-
tion to the hσjv⃗V0 ji from the heavy-quarkphilic and
gluonphilic scalar operators which are of the order of
∼10−26 cm3 s−1.

C. DM-nucleon scattering

In direct detection experiments, the scattering of DM
particles can be broadly classified as (a) DM-electron
scattering, (b) DM-atom scattering, and (c) DM-nucleon
scattering. In the absence of heavy sea quarks and anti-
quarks inside nucleons at the direct detection energy scale,
the b-quarkphilic and t-quarkphilic DM interacts with the
constituent gluons via a loop, as shown in Fig. 7.

FIG. 6. Figures 6(a)–6(c) depict the thermally averaged cross sections for real vector DM pair annihilation into bb̄, tt, and gg pairs,
respectively. The contributions from scalar and pseudoscalar operators in the panels are evaluated using their respective values for
jCq;g

V0
S=PS

=Λnj satisfying ΩV0

h2 ¼ 0.1198� 0.0012 [4] as shown in Fig. 3 and hence, the unshaded regions above the respective curves are

cosmologically allowed. Regions above the experimental limits obtained from the recasted FermiLAT [15] as well as H.E.S.S. [17] are
excluded.

FIG. 7. One-loop Majorana DM gluon scattering diagrams where the blob represents the four fermionic effective interactions induced
by the scalar/axial-vector/twist-2 currents of heavy quarks.
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We compute the dominant DM-gluon one-loop elastic
scattering amplitudes induced by the scalar, axial-vector,
and twist-2 point interactions among DM and heavy
quarks. The mass scale mQ of the heavy quarks running
in the loop and the QCD coupling strength αs characterize
the loop amplitudes. We derive the phenomenological
effective DM gluon-interaction Lagrangians given in
(C1a)–(C1c) which correspond to Majorana, real scalar,
and real vector DM candidates, respectively.
Since the nonrelativistic DM particles scatter the

nucleons and not the free gluons, we perform the non-
relativistic reduction of the interaction Lagrangian given in
Appendix C. We connect the DM-gluon amplitudes
induced by the scalar and twist-2 currents of heavy quarks
at one-loop order with their respective DM-effective
nucleon interactions by evaluating the expectation values
of the zero-momentum scalar and twist-2 gluonphilic
operators between the initial and final nucleons in
Eqs. (C3) and (C5), respectively. The Majorana, real scalar,
and real vector DM-nucleon scattering cross sections
driven by the heavy-quark scalar, axial-vector, and twist-
2 currents are given as

σq
χN

S ¼ 8

81

1

π
ðCq

χSÞ2
�
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Λ

�
6
�

mN

1 GeV

�
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�
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�
2
�
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�
2

× jIggS j2jfNTGj2ð3.9× 10−46Þ cm2; ð12aÞ
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16
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ð14cÞ

where μNDM ≡ ðmNmDMÞ=ðmN þmDMÞ is the reduced
mass for the respective DM-nucleon system and the scale
μ is taken to beZ0-bosonmass. For the computation of scale-
dependent αsðμÞ; αsðΛÞ, and gðx;ΛÞ, we access CTEQ6l1
[99] PDF data set from the LHAPDF6 [100] library.
However, the scale dependence of the Wilson coefficients
is found to be smaller than that of αs, as noted by the authors
of the Ref. [101]. It is to be noted that the observed
logarithmically enhanced one-loop induced scattering cross
sections in Eqs. (12c), (13b), and (14c) result from the
explicit momentum dependence in the twist-2 operator
interaction Lagrangian given in Eqs. (3), (6), and (8),
respectively. The real vector DM-nucleon scattering cross
sections driven by the scalar and twist-2 type-2 currents of
heavy quarks in Eqs. (14a) and (14c) respectively are found
to be 1=3 of the scalar DM-nucleon scattering cross sections
corresponding to scalar and twist-2 type-2 currents of heavy
quarks in Eqs. (13a) and (13b), respectively. The velocity
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suppressed spin-dependent DM-nucleon scattering events
induced by the pseudoscalar operators are not analyzed.
For completion, we compute and display the tree-level

spin-independent Majorana DM nucleon, scalar DM
nucleon, and vector DM nucleon-scattering cross sections
induced by the scalar and twist-2 current of gluons in
Eqs. (15a)–(15b), (16a)–(16b), and (17a)–(17b), respec-
tively as
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FIG. 8. Figures 8(a)–8(c) depict the spin-independent b-quark, t-quark, and gluonphilic Majorana DM-nucleon scattering cross
sections respectively. The scalar and twist-2 type-1 contributions in all panels are evaluated using their respective values for jCq;g

χS;T1
=Λnj

satisfying Ωχh2 ¼ 0.1198� 0.0012 [4] as shown in Fig. 1 and hence, regions above the solid curves are cosmologically allowed.
Regions above the experimental limits obtained from XENON-1T [6] and PandaX-4T [8] are excluded.
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The analytical expressions for the gluonphilic DM-nucleon
scattering cross sections are in agreement with those given
in Ref. [74].
We display the spin-independent Majorana, real scalar

and real vector DM-nucleon scattering cross sections with
respect to DM mass in Figs. 8–10, respectively. The scalar
and twist-2 currents induced by b-quarkphilic and t-
quarkphilic DM interactions are depicted in the left and
right panels of all the three figures. Since, the cross sections
are evaluated using the Wilson coefficients obtained from
the relic density contours satisfying ΩDMh2 ¼ 0.1198 in
Figs. 1–3 for the Majorana, scalar and vector DM respec-
tively, the solid curves represent the cosmological lower
limits of the scattering cross sections.

Each panel in Figs. 8–10 also display the central values
of the spin-independent cross sections for a given DMmass
from the interpolation of the observed data in XENON-1T
[6] and PandaX-4T data [8] experiments. The data for these
cross sections is derived from the lack of any excess in the
aforementioned experiments using statistical analysis of the
recoil energy spectrum in the binned likelihood approach.
These curves from the experiments determine the upper
limit of direct detection spin-independent cross section. As
a result, the experimental upper bound validates the region
between the experimental upper bound and the specific
cosmological lower limit curve, where the relic density
constraint was satisfied using the corresponding fixed
Wilson coefficient.
The profile of the spin-dependent DM-nucleon scattering

cross sections induced by the axial-vector coupling of
heavy quarks with Majorana and vector DM is character-
ized by their respective DM-gluon effective pseudoscalar
interaction Lagrangians given in Eqs. (C1a) and (C1c)
respectively. Due to the entangled momentum dependency
of the cross section inside the velocity integral in the

FIG. 9. Figures 9(a)–9(c) depict the spin-independent b-quark, t-quark, and gluonphilic scalar DM-nucleon scattering cross sections,
respectively. The scalar and twist-2 type-2 contributions in all the panels are evaluated using their respective values for jCq;g

ϕ0
S;T2

=Λnj
satisfying Ωϕ0

h2 ¼ 0.1198� 0.0012 [4] as shown in Fig. 2 and hence, regions above the solid curves are cosmologically allowed.
Regions above the experimental limits obtained from XENON-1T [6] and PandaX-4T [8] are excluded.
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event-rate calculation, an exclusive numerical estimation of
the scattering cross section corresponding to such operator
is beyond the scope of our analysis. The upper limits on
Wilson coefficients corresponding to the effective spin and
momentum dependent pseudoscalar interaction of gluons
with fermionic DM have been extracted by interpolating
the data for event rates from the experimental data in
Refs. [102,103] for mDM less than 1 TeV.

1. Nuclear recoil spectrum

For a fixed target detector exposure ϵT and target nucleus
mass mnuc., the differential nuclear recoil event rate with
respect to nuclear recoil energy dRnuc=dEr corresponding
to the DM-nucleon scattering cross section σN and DM
velocity jv⃗j is given as

dRnuc

dEr
¼ ϵTρ0

mnucmDM

Z jv⃗escj

jv⃗jmin

jv⃗jfðjv⃗jÞ dσ
dEr

djv⃗j

¼ ϵTρDM
2mDM

σNA2

μ2N
jFðjq⃗jrnÞj2

Z jv⃗jmax

jv⃗jmin

1

jv⃗DMj
fðjv⃗jÞd3v⃗;

ð18Þ

where Fðjq⃗jrnÞ is the Helm form factor taking account
of the nonvanishing finite size of the nucleus [104]. Here
rn ≡ 1.2 × A1=3 is the effective radius of the nucleus with
atomic mass A and jq⃗j is the momentum transfer corre-
sponding to the recoil energy Er. Following Ref. [105], the
velocity integral for normalized Maxwellian DM velocity
distribution is solved as

Z jv⃗jmax
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mnucEr=ð2μ2nucÞ
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mDM þmnuc
: ð19bÞ

FIG. 10. Figures 10(a)–10(c) depict the spin-independent b-quark, t-quark, and gluonphilic vector DM-nucleon scattering cross
sections, respectively. The scalar and twist-2 type-2 contributions in all the panels are evaluated using their respective values for
jCq;g

V0
S;T2

=Λnj satisfying ΩV0

h2 ¼ 0.1198� 0.0012 [4] as shown in Fig. 3 and hence, regions above the solid curves are cosmologically

allowed. Regions above the experimental limits obtained from XENON-1T [6] and PandaX-4T [8] are excluded.
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For numerical computation we have taken the Earth’s
velocity relative to the Galactic frame to be jv⃗Ej¼232km=s,
jv⃗0j ¼ 220 km=s and the escape velocity jv⃗escj¼544km=s.
Further, in order to incorporate the detector-based effects,
the nucleus recoil event rate dRnuc=dEr is convoluted with
the detector efficiency [6]. Integrating over the recoil
energy from Eth ∼ 4.9 KeV to the maximum Emax for a
fixed duration and size of the detector, we can estimate the
expected recoil nucleus events.
As an illustration, we predict and plot the probable

number of Xe nuclear recoil events with respect to varying
DM masses in a XENON-1T [6] setup where 1.3 tonnes of
Xe target are exposed for a duration of 278.8 days, which is
equivalent to one Ton year of net target exposure.
The expected number of recoil nucleus events due to

Majorana DM-Xe nucleus scattering, scalar DM-Xe
nucleus scattering, and vector DM-Xe nucleus scattering,
respectively, are depicted in Figs. 11(a)–11(c), which are
induced by scalar and twist-2 currents of heavy quarks at
the one-loop level and of gluons at tree level. Since the
solid curves in the figures are created with the correspond-
ing lower bound on the Wilson coefficients satisfying the

relic density restriction ΩDMh2 ¼ 0.1198, they correspond
to the fixed number of events. This results in lower limits on
the estimated number of recoil nucleus events for a
particular DM mass. The regions above the respective
curves are cosmologically permissible.
The upper bound on the spin-independent scattering

events corresponding to the central value of the upper bound
obtained in the direct detection cross section for theXENON-
1T experiment [6] is then compared with the theoretical
predictions for the event ratewith fixedWilson coefficients in
each panel of Figs. 11(a)–11(c).We find that theXENON-1T
experiment rules out the contributions of b-quarkphilic and
gluonphilic Majorana DM scalar interactions for mχ ≤ 1.8
and 1.3 TeV, respectively. Barring the said two operators, we
find that contributions from all other operators pertaining to
Majorana, scalar and vector DM for mDM ≥ 200 GeV may
be probed in the ongoing and future direct detection experi-
ments with enhanced target exposure.

IV. SUMMARY AND CONCLUSIONS

In this article we assess the viability of the b-quarkphilic,
t-quarkphilic, and gluonphilic self-conjugated spin 1=2, 0,

FIG. 11. Figures 11(a)–11(c) depict the spin-independent recoiled nucleus event due to respective scattering of Majorana, scalar
and vector DM with Xe nucleus. The scalar and twist-2 interactions of b-quark, t-quark and gluon in all the three panels are evaluated
using their respective values for jCq;g

χS;T1
=Λnj, jCq;g

ϕ0
S;T2

=Λnj and jCq;g
V0
S;T2

=Λnj satisfying ΩDMh2 ¼ 0.1198� 0.0012 [4] as shown in

Figs. 1–3, respectively and hence, regions above the solid curves are cosmologically allowed. The shaded region is excluded from
XENON-1T data.
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and 1 DM candidates in the EFT approach. We have
formulated the generalized effective interaction Lagrangian
induced by the scalar, pseudoscalar, axial-vector, and
twist-2 operators for the real particles in Sec. II.
For a given DM mass, the relic abundance of Majorana,

scalar, and vector DM is computed in Sec. III A using
the thermally averaged cross sections in Appendix B.
Figures 1–3 show 28 interaction strengths in the form of
Wilson coefficients jCq;g

DMiOj
=Λnj in TeV−n (11 forMajorana

DM, six for scalar DM and 11 for vector DM) satisfying the
relic density constraint ΩDMh2 ≈ 0.1198 [4].
Using the constrained Wilson coefficients, we study the

thermally-averaged DM pair-annihilation cross sections for
the indirect detection of varying DM masses (0.01–2 TeV)
in Figs. 4–6. The contributions driven by the lower limit of
the effective couplings to the annihilation cross sections in
bb̄, tt̄, and gg channels are found to be consistent when
compared with the upper limits of the bb̄-annihilation cross
sections obtained from FermiLAT [15] and H.E.S.S. [17]
indirect experiments.
The scattering of the incident heavy-quarkphilic DM

particle off the static nucleon induced by the effective one-
loop interactions of the Majorana/scalar/vector DM with
gluons in the direct detection experiments are studied. The
contributions of gluonphilic Majorana, scalar, and vector
DM are revisited and found to be in agreement with results
in the literature [74]. Lower bounds on the dominant spin-
independent scalar and twist currents induced scattering
cross sections are derived by switching the respective
cosmological lower limits on Wilson coefficients one by
one for Majorana, scalar, and vector DM, as illustrated in
Figs. 8–10. They are compared with the available results
from XENON-1T [6] and PandaX-4T [8]. Furthermore,
with an identical target exposure of one tonne per year in
the XENON-1T experiment, we compute the lower bound
on the predicted number of recoil nucleus events due to

Majorana, scalar and vector DM nucleon scattering and are
shown in Figs. 11(a)–11(c).
Finally, Figs. 12–14 corresponding to real spin 1=2, 0,

and 1 DM candidates, respectively encapsulate the pre-
dicted range for the 18 Wilson coefficients associated
with scalar and twist-2 operators when activated individu-
ally. The cosmological relic density [4] puts the lower
bounds on the Wilson coefficients for varying DM mass
∼0.01 ≤ mDM ≤ 2 TeV, while the upper limits on spin-
independent scattering cross sections obtained in the
XENON-1T direct detection experiment [6] puts the upper
bounds on the Wilson coefficients. However, with the
simultaneous switching of these operators the shaded
allowed band of the Wilson coefficients shown in
Figs. 12–14 may shift below. Findings of our analysis
are summarized as follows:
(a) Contributions from b-quarkphilic, t-quarkphilic, and

gluonphilic Majorana DM scalar operators are found
to be viable solutions formχ ≥ 1.8 TeV, 200 GeV, and
1.25 TeV, respectively, as shown in Fig. 12(a). The
contributions of b-quarkphilic, t-quarkphilic, and
gluonphilic twist-2 type-1 Majorana DM operators
shown in Fig. 12(b) have been validated for a much
wider spectrum of mχ ≥ 60 GeV, 200 GeV, and
200 GeV, respectively.

(b) In Fig. 13(a) contributions from b-quarkphilic,
t-quarkphilic, and gluonphilic scalar DM scalar oper-
ators are found to be consistent with current exper-
imental data for mϕ0 ≥ 350 GeV, 200 GeV, and
350 GeV, respectively. The corresponding contribu-
tions induced by twist-2 type-2 DM operators are
validated formϕ0 ≥ 150 GeV, 200 GeV, and 280 GeV,
respectively as shown in the Fig. 13(b).

(c) In Fig. 14(a) contributions from b-quarkphilic,
t-quarkphilic, and gluonphilic vector DM scalar oper-
ators are validated for mV0 ≥ 350 GeV, 180 GeV, and

FIG. 12. The shaded region in Figs. 12(a) and 12(b) depict the allowed range of the Wilson coefficients corresponding to scalar and
twist-2 type-2 operators from the relic density constraint [4] and direct detection limits from XENON-1T experiment [6], shown in red,
blue, and green for the b-quark, t-quark, and gluonphilic Majorana DM, respectively.
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350 GeV, respectively. The corresponding contribu-
tions induced by twist-2 type-2 DM operators are
validated formV0 ≥ 100 GeV, 180 GeV, and 200 GeV,
respectively as shown in Fig. 14(b).

This analysis shows that the third-generation heavy-
quarkphilic and gluonphilic real DM are promising for
mDM ≥ 200 GeV and are likely to be probed and falsified
otherwise in the ongoing and future upgraded direct
detection experiments. This study also opens up the scope
for future collider-based DM search analysis through
additional channels induced by the cosmologically con-
strained operators.
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APPENDIX A: DM PAIR ANNIHILATION
CROSS SECTION

The annihilation cross sections of a pair of Majorana
DM χ to a pair of third-generation heavy quarks induced by
the scalar, pseudoscalar, axial-vector, and twist-2 type-1
operators are given as

σSðχχ̄ → ff̄Þ ¼ Ca

�
Cf
χS

Λ3

�2 1

16π
m2

fβ
3
fβχ s; ðA1aÞ

σPSðχχ̄ → ff̄Þ ¼ Ca

�
Cf
χPS

Λ3

�2 1

16π
m2

f

βf
βχ

s; ðA1bÞ

FIG. 13. The shaded region in Figs. 13(a) and 13(b) depict the allowed range of the Wilson coefficients corresponding to scalar and
twist-2 type-2 operators from the relic density constraint [4] and direct detection limits from XENON-1T experiment [6], shown in red,
blue, and green for the b-quark, t-quark and gluonphilic scalar DM, respectively.

FIG. 14. The shaded region in Figs. 14(a) and 14(b) depict the allowed range of the Wilson coefficients corresponding to scalar and
twist-2 type-2 operators from the relic density constraint [4] and direct detection limits from XENON-1T experiment [6], shown in red,
blue, and green for the b-quark, t-quark, and gluonphilic vector DM respectively.
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σAVðχχ̄ → ff̄Þ ¼ Ca

�
Cf
χAV

Λ2

�2 1

12π
½1 − 4ðxχ þ xfÞ

þ 28xχxf�
βf
βχ

s; ðA1cÞ

σT1
ðχχ̄ → ff̄Þ ¼ Ca

�
Cf
χT1

Λ4

�2
1

960π
½4x2χð92x2f þ 9xf − 8Þ

þ 3xχð12x2f þ 9xf þ 2Þ

− 32x2f þ 6xf þ 8� βf
βχ

s3; ðA1dÞ

where Ca ¼ 3, xi ¼ m2
i =s, and βi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4xi

p
.

As mentioned in the text, we include the study of
gluonphilic Majorana DM interactions induced by the
scalar, pseudoscalar, and twist-2 type-1 operators. The
annihilation cross sections of the Majorana DM pair to a
pair of gluons are given as

σSðχχ̄ → ggÞ ¼ CaCf

�
Cg
χS

Λ4

�
2 1

4π

�
αs
π

�
2

m2
χβχ s2; ðA2aÞ

σPSðχχ̄ → ggÞ ¼ CaCf

�
Cg
χPS

Λ4

�
2 1

2π

�
αs
π

�
2

m2
χβχ s2; ðA2bÞ

σT1
ðχχ̄→ggÞ¼CaCf

�
Cg
χT1

Λ4

�2 1

80π

�
1þ8

3
xχ

�
βχ s3; ðA2cÞ

where Cf ¼ 4=3.
The annihilation cross sections of a pair of real spin 0

DM ϕ0 to a pair of third-generation heavy quarks induced
by the scalar and twist-2 type-2 operators are given as

σSðϕ0ϕ0 → ff̄Þ ¼ Ca

�Cf
ϕ0
S

Λ2

�2
1

2π
m2

f

β3f
βϕ

; ðA3aÞ

σT2
ðϕ0ϕ0 → ff̄Þ ¼ Ca

�Cf
ϕ0
T2

Λ4

�
1

240π

β3f
βϕ

s3½2x2ϕð23xf þ 8Þ

− 4xϕð7xf þ 2Þ þ 6xf þ 1�: ðA3bÞ

The cross sections for the pair of scalar DM annihilation
into a pair of gluons induced by scalar and twist-2 type-2
operators are given as

σSðϕ0ϕ0 → ggÞ ¼ CaCf

�Cg
ϕ0
S

Λ2

�2�
αs
π

�
2 2

π

1

βϕ0

s; ðA4aÞ

σT2
ðϕ0ϕ0 → ggÞ ¼ CaCf

�Cg
ϕ0
T2

Λ4

�2
1

60π
β3
ϕ0 s3: ðA4bÞ

Similarly, the production of a pair of third-generation
heavy quarks as a result of the annihilation of a pair of real
vectors DM induced by the scalar, pseudoscalar, axial-
vector, and twist-2 type-2 operators is given as

σSðV0V0 → ff̄Þ ¼ Ca

�Cf
V0
S

Λ2

�2
1

72π
m2

f
1

x2V0

½1 − 4xV0

þ 12x2V0 �
β3f
βV0

; ðA5aÞ

σPSðV0V0 → ff̄Þ ¼ Ca

�Cf
V0
PS

Λ4

�2
2

9π
m2

fβfβV0 s2; ðA5bÞ

σAVðV0V0 → ff̄Þ ¼ Ca

�Cf
V0
AV

Λ2

�2
1

27π

1

xV0

½1 − 4ðxV0 þ xfÞ

þ 28xV0xf�βfβV0 s; ðA5cÞ

σT2
ðV0V0→ ff̄Þ¼ Ca

�Cf
V0
T2

Λ4

�2
1

8640π

1

x2V0

½ð1þ6xV0Þ

× ð1−4xV0 þ12x2V0Þ�β3fβ3V0 s3: ðA5dÞ

The annihilation cross sections of a pair of vector DM
induced by the scalar and twist-2 type-2 gluon currents are
given as

σSðV0V0 → ggÞ ¼ CaCf

�Cg
V0
S

Λ2

�2
1

18π

�
αs
π

�
2 1

x2V0

× ½1 − 4xV0 þ 12x2V0 � 1

βV0

s; ðA6aÞ

σPSðV0V0 → ggÞ ¼ CaCf

�Cg
V0
PS

Λ4

�2
1

9π
βV0 s3; ðA6bÞ

σT2
ðV0V0 → ggÞ ¼ CaCf

�Cg
V0
T2

Λ4

�2
1

2160π

1

x2V0

× ½1 − 4xV0 þ 12x2V0 �β3V0 s: ðA6cÞ

APPENDIX B: THERMALLY-AVERAGED
ANNIHILATION CROSS SECTION

In order to compute the probability of a DM particle
being annihilated by another one, the aforementioned
annihilation cross sections are rewritten in terms of the
magnitude of relative velocity jv⃗DM1

− v⃗DM2
j≡ jv⃗DMj and

the dimensionless ratio ξf ≡m2
f=m

2
DM.

The thermal average of the heavy-quarkphilic Majorana
DM pair-annihilation cross sections given in Eqs. (A1a)–
(A1d) corresponding to scalar and pseudoscalar operators,
respectively are given as
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hσSðχχ → ff̄Þjv⃗χ ji ¼ Ca

�
Cf
χS

Λ3

�2 1

8π
m2

fm
2
χð1 − ξfÞ3=2jv⃗χ j2; ðB1aÞ

hσPSðχχ → ff̄Þjv⃗χ ji ¼ Ca

�
Cf
χPS

Λ3

�2 1

8π
m2

fm
2
χð1 − ξfÞ1=2

�
4þ 1

2

ξf
1 − ξf

jv⃗χ j2
�
: ðB1bÞ

The axial-vector contribution is analytically expanded in terms of two independently converging series expansions in terms
of jv⃗χ j2 and given as

hσAVðχχ → ff̄Þjv⃗χ ji ¼ Ca

�
Cf
χAV

Λ2

�2
1

2π
ð1 − ξfÞ1=2

�
m2

χ

�
1

3

1

1 − ξf
jv⃗χ j2 þ

1

6

1

ð1 − ξfÞ2
jv⃗χ j4 þ � � �

�

þm2
f

�
1þ 1

24

ð−28þ 23ξfÞ
1 − ξf

jv⃗χ j2 þ
ð−72 − 48ξf þ 53ξ2fÞ

384ð1 − ξfÞ2
jv⃗χ j4 þ � � �

��

¼ Ca

�
Cf
χAV

Λ2

�2 1

2π
m2

fð1 − ξfÞ1=2
�
1þ 1

24

8ξ−1f − 28þ 23ξf
1 − ξf

jv⃗χ j2 þ � � �
�
: ðB1cÞ

And finally the contribution from the twist-2 type-1
operator induced by the heavy quarkphilic Majorana DM
interaction is given as

hσT1
ðχχ → ff̄Þjv⃗χ ji

¼ Ca

�
Cf
χT1

Λ4

�2
1

2π
m6

χð1 − ξfÞ1=2ð2þ ξfÞ

×

�
1þ 1

48

56 − 41ξ − 8ξ2f þ 11ξ3f
ð1 − ξfÞð2þ ξfÞ

jv⃗χ j2
�
: ðB1dÞ

Using annihilation cross sections in (A2a)–(A2c) the
thermally-averaged annihilation cross sections for the
gluonphilic Majorana DM are given as

hσSðχχ→ggÞjv⃗χ ji¼CaCf

�
Cg
χS

Λ4

�
2
�
αs
π

�
2 2

π
m6

χ jv⃗χ j2; ðB2aÞ

hσPSðχχ→ggÞjv⃗χ ji¼CaCf

�
Cg
χPS

Λ4

�
2
�
αs
π

�
2 4

π
m6

χ jv⃗χ j2; ðB2bÞ

hσT1
ðχχ→ ggÞjv⃗χ ji ¼ CaCf

�
Cg
χT1

Λ4

�2 2

3π
m6

χ jv⃗χ j2: ðB2cÞ

The thermal average of heavy-quarkphilic scalar DM
pair annihilation cross sections displayed in Eqs. (A3a) and
(A3b) are given as

hσSðϕ0ϕ0 → ff̄Þjv⃗ϕ0 ji ¼ Ca

�Cf
ϕ0
S

Λ2

�2
1

π
m2

fð1 − ξfÞ3=2

×

�
1 −

1

8

2 − 5ξf
1 − ξf

jv⃗ϕ0 j2
�
; ðB3aÞ

hσT2
ðϕ0ϕ0 → ff̄Þjv⃗ϕ0 ji ¼ Ca

�Cf
ϕ0
T2

Λ4

�2
1

4π
m2

fm
4
ϕ0ð1 − ξfÞ3=2

×

�
1þ 1

24

10 − ξf
1 − ξf

jv⃗ϕ0 j2
�
:

ðB3bÞ
Similarly, the thermal average of heavy-quarkphilic

scalar DM pair annihilation cross sections displayed in
Eqs. (A4a) and (A4b) are given as

hσSðϕ0ϕ0→ggÞjv⃗ϕ0 ji¼CaCf

�Cg
ϕ0
S

Λ2

�2�
αs
π

�
2 16

π
m2

ϕ0 ; ðB4aÞ

hσT2
ðϕ0ϕ0 → ggÞjv⃗ϕ0 ji ¼ CaCf

�Cg
ϕ0
T2

Λ4

�2
2

15π
m6

ϕ0 jv⃗ϕ0 j4:

ðB4bÞ
The thermal average of the vector DM pair-annihilation

cross sections given in Eqs. (A5a)–(A5d) corresponding to
the scalar, pseudoscalar, axial-vector, and twist-2 type-2
operators, respectively are given as

hσSðV0V0→ ff̄Þjv⃗V0 ji ¼ Ca

�Cf
V0
S

Λ2

�2
1

3π
m2

fð1−ξfÞ3=2

×
�
1þ 1

24

2þ7ξf
1−ξf

jv⃗V0 j2
�
; ðB5aÞ

hσPSðV0V0 → ff̄Þjv⃗V0 ji ¼ Ca

�Cf
V0
PS

Λ4

�2
16

9π
m2

fm
4
V0 jv⃗V0 j2;

ðB5bÞ
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hσAVðV0V0 → ff̄Þjv⃗V0 ji

¼ Ca

�Cf
V0
AV

Λ2

�2
2

9π
m2

fð1 − ξfÞ1=2jv⃗V0 j2; ðB5cÞ

hσT2
ðV0V0 → ff̄Þjv⃗V0 ji ¼ Ca

�Cf
V0
T2

Λ4

�2
1

90π
m6

V0ð1 − ξfÞ3=2

×

�
1þ 3

2
ξf

�
jv⃗V0 j4: ðB5dÞ

Similarly, the thermal average of the vector DM pair
annihilation to gluon channels as displayed in Eqs. (A6a)–
(A6c) corresponding to the scalar, pseudoscalar, and twist-2
currents, respectively, are given as

hσSðV0V0 → ggÞjv⃗V0 ji

¼ CaCf

�Cg
V0
S

Λ2

�2�
αs
π

�
2 16

3π
m2

V0

�
1þ 1

3
jv⃗V0 j2

�
; ðB6aÞ

hσPSðV0V0 → ggÞjv⃗V0 ji

¼ CaCf

�Cg
V0
PS

Λ4

�2�
αs
π

�
2 64

9π
m6

V0 jv⃗V0 j2; ðB6bÞ

hσT2
ðV0V0 → ggÞjv⃗V0 ji ¼ CaCf

�Cg
V0
T2

Λ4

�
2 2

45π
m6

V0 jv⃗V0 j4:

ðB6cÞ

APPENDIX C: EFFECTIVE DM-NUCLEON
INTERACTIONS FROM ONE-LOOP

DM-GLUON AMPLITUDES

The DM-gluon scattering arising due to the one-loop
Feynman-diagrams in Fig. 7 is induced by the scalar, axial-
vector, and twist-2 currents of the heavy quarks. We do not
consider the contributions of the pseudoscalar operators as
they are spin and velocity suppressed. These one-loop
amplitudes characterize the effective point interaction
Lagrangian for the gluon with Majorana, real scalar and
real vector DM candidates, respectively, and are given as

Lχχgg
eff ¼ Cq

χS

Λ3

αs
4π

ðχ̄χÞðGaÞαβðGaÞαβIggS

þ Cq
χAV

Λ2

αs
4π

mχðχ̄iγ5χÞ gðGaÞαβðGaÞαβ4IggAV

þ Cq
χT1

Λ4

αs
4π

�
4

3
ln

�
Λ2

m2
Q

��
ðχ̄i∂μγνχÞOg

μν; ðC1aÞ

Lϕ0ϕ0gg
eff ¼

Cq
ϕ0
S

Λ2

αs
4π

ðϕ0ϕ0ÞðGaÞαβðGaÞαβIggS

þ
Cq
ϕ0
T2

Λ4

αs
4π

�
4

3
ln

�
Λ2

m2
Q

��
ðϕ0i∂μi∂νϕ0ÞOg

μν; ðC1bÞ

LV0V0gg
eff ¼

Cq
V0
S

Λ2

αs
4π

ðV0ÞμðV0ÞμðGaÞαβ gðGaÞαβIggS

þ
Cq
V0
AV

Λ2

αs
4π

ðV0Þμν gðV0ÞμνðGaÞαβ gðGaÞαβ4IggAV

þ
Cq
V0
T2

Λ4

αs
4π

�
4

3
ln

�
Λ2

m2
Q

��
ðV0Þρi∂μi∂νðV0ÞρOg

μν:

ðC1cÞ

The dimensionless one-loop integrals IggS , I
gg
AV, and IggT

are defined as

IggS ¼
Z

1

0

dx
Z

1−x

0

dy
1 − 4xy

1 − q2

m2
Q
xy

; ðC2aÞ

IggAV ¼
Z

1

0

dx
Z

1−x

0

dy
x2 − x − xy

1 − q2

m2
Q
xy

; ðC2bÞ

where the square of the four-momentum transferred q2 ≈
2mNEr (Er ≲ 100 KeV is the recoil energy of the nucleon).
mQ and mN are the concerned heavy quark mass (mb=mt)
running in the loop and nucleon mass, respectively.
We observe that the one-loop effective contact inter-

actions generated from quark scalar, twist, and axial-vector
currents contain the scalar, pseudoscalar, and twist gluon
operators, respectively. We perform the nonrelativistic
reduction of these operators for zero-momentum partonic
gluons and evaluate the gluonic operators between the
nucleon states. The zero-momentum gluon contribution to
the hadronic matrix element fNTG ≈ :923 is extracted in
terms of light quarks as [106–108]

fNTG ≡ −
1

mN
hNj 9

8

αs
π
Ga

αβG
αβ
a jNi ¼ 1 −

X
q¼u;d;s

fNTq

≡ 1 −
X

q¼u;d;s

hNj mq

mN
ðq̄qÞjNi: ðC3Þ

According to [108,109], the pseudoscalar gluon operator
between nucleon states is computed as

hNjGa
αβ
gGαβ
a jNi ¼ mNm

X
q¼u;d;s

1

mq
ΔðNÞ

q ; where

m̄ ¼
�
1

mu
þ 1

md
þ 1

ms

�
−1
: ðC4Þ
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The axial-vector current hNjq̄γμγ5qjNi ¼ 2ΔðNÞ
q sμ speci-

fies the coefficient ΔðNÞ
q as the spin content of the nucleon’s

quark q. The coefficients for light quarks satisfy

ΔðpÞ
u ¼ ΔðnÞ

d , ΔðnÞ
u ¼ ΔðpÞ

d and ΔðpÞ
s ¼ ΔðnÞ

s , while the con-
tribution from heavy quarks is found to be vanishingly
small [110]. It is important to observe that a quark axial-
vector current is related to the gluonic pseudoscalar current

by PCAC [109]. The zero-momentum nucleonic matrix
element for gluon twist-2 operators is defined as

hNjOg
μνjNi ¼ −

1

mN

�
kμkν −

1

4
gμνm2

N

�
gð2; μRÞ;

where gð2; μRÞ ¼
Z

1

0

xgðx; μRÞdx: ðC5Þ
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